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Motivation and outline of the thesis 

Identification of infectious disease causes is the first step for adequate 

patient management and to avoid possible infectious spreads. This research 

field has benefited from uncountable technological advancement, enabling to 

decrease the turnaround time of the traditional diagnostic cycle from 48 hours 

down to 2 hour by using molecular detection methods. However, there is still 

lack of fully integrable polymeric Lab-on-a-chips that are easy to fabricate in few 

steps for micro total analysis systems. For pathogen detection in particular, the 

challenge remains at miniaturizing different detection steps in order to achieve 

a portable, low cost, universal, fast and automate analysis device. The aim of 

this thesis is to develop miniaturized analysis protocols that will bring together 

all these requirements without any previous sample treatment.  

In Chapter 1 a brief introduction to pathogen detection is given, together 

with a recompilation of materials, fabrication methods, valves and pumping 

methods used in microfluidics. Finally, the chosen method for DNA detection 

along the thesis, real time polymerase chain reaction (qPCR), is described.  

In the following chapters, different steps involved in microfluidic pathogen 

detection are developed and the state of the art behind these steps is described 

in each chapter. 

Goal of Chapter 2 is the development of a cell lysis device that works in 

continuous flow for DNA release. Working in continuous flow allows handling 

large volumes, which is a key requirement in many analysis processes that 

involve swab sampling, this way previous off-chip sample treatment is avoided. 

The resulting device is inspired by traditional bead beating and magnetic stirrer 

and it has been carefully optimized to identify key parameters that affect on 

DNA release. Furthermore, the capability of the device to homogenize cell 

aggregates has been studied, in collaboration with Applied Microfluidics for 

BioEngineering Research (AMBER) group of University of Twente. 

The objective of Chapter 3 is to concentrate previously released DNA in 

order to increase the sensitivity of the analysis and remove the cell debris. DNA 

extraction is commonly done by solid phase extraction methods due to their 

efficiency, however they comprise several fabrication steps. Therefore, we have 

used magnetic beads for this attempt taking advantage of their magnetic 

behavior to manipulate the sample along with their capability of tying or 

releasing DNA just by switching the pH of the solution. Different architectures 



that have been employed along the development of these devices are also 

discussed. 

Chapter 4 explores a new spatial multiplexing DNA detection method, since 

standard multiplexing is limited by the spectral overlap between dyes. For that 

purpose, a tree-like closed ramification has been fabricated. The aliquoting 

method is based on the equilibrium between the compressed air trapped in 

each sample sub-division. The straightforward working principle of the method 

avoids the use of valves and can be easily automated. 

Chapter 5 intends to concatenate previously explained analysis steps to 

validate the entire process. To ensure the potential of our method, the analysis 

protocol is compared to a bench-top commercial product.  

Finally, Chapter 6 consists of a short summary highlighting the main 

conclusions, and finally, future work is presented. 



 
1.  
INTRODUCTION 
 

 

 

 

This chapter serves as an introduction to 

microfluidic molecular diagnosis devices. First, the 

workflow of common pathogen detection devices is 

explained. Subsequently, a brief compilation of critical 

issues, such as materials and fabrication methods, that  

must be taken into account for a diagnosis device 

design are addressed. And finally, the technique 

employed for DNA detection along the thesis is 

described in detail.  
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1.1. Introduction 

Micro pathogens are the responsible for infectious diseases that cause illness 

or even mortality. Actually, in the lands known as developed countries, 

infectious diseases are the third major cause of mortality as reported by the 

World Health Organization (WHO), and it is even more severe in under-

developed countries[1]. In order to avoid infection related problems, prevention 

must be the goal to achieve, rather than detection of infection. This idea 

emerged owing to the limitations of conventional microbiological methods. For 

instance, traditional cell culturing takes at least 24 hours to produce big enough 

colonies for detecting a pathogen, and a negative result will not be known 

before 48 hours. Such delay could mean that a room has been shared between 

colonized and non colonized patients. In this line, on time detection of 

pathogens is critical in fields like disease diagnose in hospitals and healthcare 

facilities, in particular for those patients who have weak immune system. 

Furthermore, owing to the resistivity that some bacteria are developing against 

anti-microbial drugs, such as methicillin resistant Staphylococcus aureus 

(MRSA)[2, 3] or Streptococcus pneumoniae[4], it is getting more and more difficult 

to fight against them. 

During the last decades, molecular methods based on DNA detection have 

emerged as substitute for traditional methods driven by the innumerable 

technological advances. These techniques usually detect a specific nucleic acid 

sequence extracted from the target micro-organism, improving considerably the 

analysis specificity. However, to date the analyte DNA concentration is not high 

enough for direct detection and a previous amplification step is required. The 

key discovery for molecular diagnosis development was the polymerase chain 

reaction in the 80s, which allows multiplying a target DNA sequence relatively 

fast. Molecular methods have experienced a really fast development owing to 

their miniaturization. 

Miniaturization of both electronics (microelectronics) and fluidics 

(microfulidics) has brought a new research field with immense applications in 

life sciences. This scale down offers several advantages as low reagent 

consumption, fast response time and the possibility to automate the process. 

These advantages has made possible to develop the concept of Lab-on-a-Chip 

(LOC) devices for chemical analysis applications in a single miniaturized device 

where all the fluidic components are integrated. At the same time, development 
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of LOC devices has enabled its use for Point of Care (POC) diagnostics, which is 

defined as diagnostic testing at or near the site of patient care to make the test 

convenient and immediate[5]. These tests are suitable for pathogen detection 

and need to comply with some requirements; sensitivity, specificity, accuracy 

and if it is possible multiplexing capability. Moreover, the need for speed is 

essential in this tests, since the provided diagnosis can adequate the 

management of the patient.  

An ideal pathogen detection device must be able to achieve the “sample in- 

answer out” goal in an automated way, and thus, the entire protocol must be 

designed according to this demand. Pathogen sensing process consists of three 

main steps:  

 Sample preparation for DNA extraction 

 Target amplification 

 Product detection  

Sample preparation is often a necessary step for DNA identification, 

especially for pathogen sensing in food samples[6], whole blood[7], urine[8], nasal 

and oral samples[9], waste water[10]... Basically, it consists on cell lysis and nucleic 

acid extraction. Cell lysis or cell disruption is the stage designed to release target 

DNA, and unless it succeed there will not be genetic material for microorganism 

detection. During last years, many microfluidic devices capable to perform cell 

lysis have been reported. Among them, chemical[11] and mechanical[12] based 

methods are the most popular. However, the lysis of large volume samples still 

has not been demonstrated in microfluidics. 

Once target DNA is released, sample preparation follows with a purification 

and concentration stage, which consists on separating desired DNA from cell 

debris and other matters. This step is fundamental not just to eliminate 

undesired products, but also to increase the sensitivity of the analysis. Solid 

phase extraction is commonly used for sample enrichment, wherein target 

molecules are first attached to a substrate and afterwards are eluted in a lower 

sample volume. Traditionally, the extraction substrate used to be stationary 

(micro-structures[13]), but nowadays mobile substrates (e.g. magnetic beads[14]) 

are being used worldwide due to their high efficiency and the potential they 

offer for being magnetically manipulated. Nevertheless, using these beads 

implies the need of a mixing step, which still is a challenging issue in 

microfluidics as will be explained later in Chapter 3. 
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The following step is DNA amplification, where multiple copies of target DNA 

sequence are produced. Finally, once sufficient DNA is amplified, it is detected. 

Altogether, nucleic acid detection is a sensitive and specific detection method 

owing to target amplification and base pairing interactions.  

There are several matters that must be considered before designing an 

automatic multi- function chip for pathogen detection that integrates the 

previously explained steps. In the following section some of these issues are 

described. 

1.1.1. Materials and fabrication methods 

First microfluidic devices were fabricated either in silicon or glass 

substrates[15, 16]. While the field advanced, other materials, such as polymers, 

were evaluated as cheap and versatile candidates for microfabrication. 

Polymeric materials are a good alternative to conventional materials, since they 

offer a wide range of properties and allow for a fast fabrication of disposable 

chips.  

Polymer selection must be done according to different requirements of the 

analytical process. It must stand the temperatures applied during the analytical 

process, has to be biocompatible without inhibiting any reaction and must be 

friendly with fabrication and experimental protocols. According to the thermo-

physical behavior, polymeric materials suitable for microlfluidic applications can 

be roughly classified into two different groups: thermo-plastic and elastomers.  

Elastomeric polymers are weakly cross-linked chains which can be stretched 

by applying an external force, once the force is removed the polymer goes back 

to its original state. Nowadays, polydemethylsiloxane (PDMS) is one of the most 

used polymers in microfluidics[17-19]. PDMS structures are easily fabricated at low 

cost by curing the material in molds that are previously fabricated by machining 

or photolithography. Nevertheless, it presents several disadvantages: (i) its 

aging affects the mechanical properties, (ii) it can release undesired 

contaminants to the sample that can be harmful for biological reactions if bad 

cross-linking process occurs, (iii) it is not the best material for mass production 

and, (iv) it does not resist pressure above few bars. 

Thermo-plastics are a set of macromolecules arranged by high inter-

molecular forces. Above a certain temperature specific for each polymer (glass 

transition temperature), these materials became malleable and can be molded 
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or desired structures can be stamped on them. Typical thermoplastics for micro-

fabrication are PC[20], PMMA[21], PS[22] and PP[23]. Among the variety of 

thermoplastics, cyclic olefin polymers (COP) are increasingly popular owing to 

the excellent properties they have for bio-medical applications[24, 25]. They are 

biocompatible and have high chemical resistance, making appropriate for 

biological analysis. Furthermore, they show stability in a large temperature 

range, low autofluorescense and high transparency, which are indispensable 

requisites to carry out optical DNA detection. Finally, they are suitable to be 

fabricated by several techniques. 

There are several micro-fabrication techniques that have been employed 

with thermoplastic materials. On the one hand, there are techniques that 

produce identical micro-structures using a precision master or template. For 

instance, in hot embossing the desired pattern is stamped into a polymeric 

substrate by applying temperature and pressure[26, 27]. Another replicating 

technique is injection moulding, where the desired polymer is melted and 

pushed with pressure inside a mold under pressure, and once it is cooled the 

piece is ejected[28]. These technique is the most widely used for large scale 

production of disposable chips due to the low cost and short fabrication cycle 

times. Another replicating technique is soft lithography[29], here an elastomer is 

poured onto a master template where it is cured. On the other hand, there is 

the group of direct fabrication techniques, which structure individual chip 

surfaces without the need of masters. The possibility of changing the layout of 

the chip without any over cost is the main advantage of these techniques. Laser 

ablation[30], 3D printing[31], milling[32] and X-ray lithography[33] are some 

examples. It must be remarked that the chip design must be done considering 

the limitations of the fabrication method. 

1.1.2. Sample pumping 

Sample propulsion is necessary to drive the samples in the microstructures in 

order to carry out a dynamic analytical protocol. Depending on the sample 

volume there are different propulsion mechanisms. When low sample volumes 

are used, techniques such as capillary driven flow[34], electrokinetics[35] and, 

electrowetting[36] or surface acoustic waves[37] for droplet transportation are 

suitable. These techniques are really precise, however, the techniques used for 

“large” volume samples usually are easier to integrate in the final platform 

owing to their simplicity. The most popular methods are the following: linear 

actuation by plunger to displace the liquid mechanically[38], pressure driven 



Introduction 

9 
 

flow[39], which is consequence of a pressure difference between two points and 

peristaltic pumps[40], where the fluid is forced to move through a elastic tube by 

means of the compression caused by a rotor. 

1.1.3. Valves  

Fluid control is critical to guarantee success on the microfluidic protocols. For 

that purpose, microvalves are essential since they have to allow/close sample 

injection, seal liquids and regulate by on/off switching the flow. The main 

requisites of the valves include minimal dead volumes, lack of leakages at high 

input pressures, low power consumption and rapid response. 

Depending on the actuation method, several microvalves have been 

reported. They can be roughly classified into two main groups: active and 

passive microvalves. Most of the active microvalves involve a flexible membrane 

that can be actuated. Among the actuating methods, we can find pneumatic[41], 

mechanic[42], thermopneumatic[43], piezoelectric[44], electrostatic[45] and 

electromagnetic[46] forces. Despite the need of external systems, pneumatic and 

mechanic valves are advantageous according to costs, designing and fabrication. 

In reference to passive microvalves, also known as check valves, these witty 

mechanisms are moving structures such as flaps[47] or spherical balls[48] that only 

open to forward pressure. Capillary microvalves that use either abrupt[49] or 

hydrophobic[50] phenomena are considered also passive valves. Despite the 

simplicity and easy integration of these valves, the one way working condition is 

an important drawback for their widespread use. 

The analysis steps designed in this thesis are compatible with injection 

muolding mass production technique. Furthermore, all the microfluidic cards 

have been fabricated in COP, taking advantage of the possibilities it offers. 

According to sample pumping and valves, we have chosen syringe pumping and 

membrane valves for sample handling owing to their simple but effective 

functioning.  

1.1.4. DNA detection by qPCR 

As mentioned before target DNA requires a previous amplification step 

before it is detected. The Polymerase Chain Reaction (PCR) is a well known 

technique that multiplies DNA template molecules by temperature cycles 

thanks to a polymerase found in thermophilic bacteria. This procedure involves 

two temperature stages: 
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1- Denaturing (at 95ºC): double stranded DNA is divided to single stranded 

DNA. It must be taken into account that large exposure or higher 

temperatures can denature the enzyme decreasing considerably the 

reaction efficiency. 

2- Annealing and extension (about 58-60ºC): first, primers are attached to 

complementary single strand DNA. These primers indicate to the 

polymerase which is the DNA string that must be amplified. It is 

important to use the correct annealing temperature, since the 

specificity of the annealing depends on this temperature. Finally, the 

polymerase replicates the desired DNA strings.  

When hot start enzymes are used, the sample is pre-heated till 95ºC for 2 

minutes in order to activate the enzyme. Then, denaturing and annealing steps 

are repeated 40 times. If the efficiency of the process is 100%, at the end of 

each cycle the number of target DNA strings is doubled. Amplification procedure 

is depicted in Figure 1. 1. 

 

Figure 1. 1 Representation of PCR amplification: i) schematic procedure and ii) exponential 
increase of DNA templates. Note that in our work we have fused the last two steps. (from 
http://users.ugent.be/avierstr/principles/pcr.html).  

Once DNA is amplified, it can be detected by an end point analysis such as 

chromatography[51]. However, more recent techniques allow following in situ 

the amplification reaction by real-time PCR (qPCR). Here, amplified targets are 

detected thanks to probes labeled at one end with fluorescent markers and with 

i) ii)

http://users.ugent.be/avierstr/principles/pcr.html
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a quencher at the other end. At the initial state, the quencher of the probe 

absorbs the fluorescence emitted by the excited fluorophore. When the 

amplification reaction is taking place, the probe is hybridized with its 

complementary target DNA and afterwards is hydrolyzed by the polymerase 

while this amplifies the template DNA. Thus, the fluorescence emission can be 

collected by a detector as shown in Figure 1. 2. 

 

Figure 1. 2. Representation of the working principle used by probe technique for amplification 
reaction detection. (from http://ipc.nxgenomics.org/teaching/BioInfGX/pcrTaqmanOnly.htm).  

Amplification reactions normally present sigmoidal curves if fluorescence 

signal is represented against amplification cycle. In the beginning, the detector 

is not sensitive enough to detect the fluorescence and just background noise is 

observed, even though DNA templates are being accumulated. Once there are a 

certain amount of templates, the fluorescent signal is detectable and the 

fluorescence increases linearly as the amount of templates doubles in each 

cycle. This phase is called the exponential phase. As the reaction goes on, the 

reagents are consumed and the template concentration remains constant, 

thereby the fluorescence signal is not changed either. This final stage is called 

plateau phase. 

DNA concentration in a sample is calculated relative to a standard curve built 

with identical DNA. For that purpose a fluorescence threshold value is set and 

the cycle threshold (Ct) is determined. The cycle threshold is the cycle where 

the amplification curve crosses a pre-defined fluorescence value.  

Unbound probe

Bound probe

Probe hydrolysis

Fluorophore
Quencher

http://ipc.nxgenomics.org/teaching/BioInfGX/pcrTaqmanOnly.htm
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Typical amplification curves are shown in Figure 1. 3, which were carried out 

by a Biorad CFX96 Touch qPCR analyzer to detect 10 fold serial dilutions of 

Staphylococcus epidermidis standard DNA. In the plot, PCR cycle is shown on the 

x axis, while the fluorescence signal is shown on the y axis. As the initial amount 

of DNA is higher in concentrated samples, they have lower Ct values. It will be 

explained later on how the amplification efficiency and the sample 

concentration are calculated. 

 

Figure 1. 3. Real time PCR analysis representation of 10 fold serial dilutions of Staphylococcus 
epidermidis standard DNA, fluorescence intensity vs cycle.  
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2.  

BEAD BEATING-BASED 
CONTINUOUS FLOW CELL LYSIS IN 

A MICROFLUIDIC DEVICE 
 

 

 

 

In this chapter, a microfluidic device capable of 

lysing Gram positive bacteria in continuous flow is 

described. The method is based on bead beating and 

allows the analysis of large volumes of samples without 

previous treatment. Characterization of the lys is 

process is done using Staphylococcus epidermidis as 

the target cell yielding 43% efficiency relative to off 

chip bead beating. Moreover, this device is not 

restricted to single cells analysis but is also a useful 

tool for homogenizing cell aggregates.  
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2.1. Introduction 

The first step in DNA detection devices is the cell lysis, which involves the 

action of breaking the cell wall and release of intracellular components. The 

throughput of cell lysis affects on the downstream analysis steps and thus on 

the overall device performance. Moreover, cell lysis can be a critical step, 

specially working with microorganisms that show resistivity to lysis such as 

Gram positive bacteria and fungi[1, 2].  

Bacteria are classified in two different groups: Gram positive and Gram 

negative. The main difference between them resides in the structure of the 

different cell covering layers that play a protective role against external stress 

(see Figure 2. 1). As all living cells, both kinds contain a first cell membrane or 

plasma membrane that separates the interior of the cell from the external 

environment. It consists of a phospholipid bilayer where the hydrophobic side is 

sandwiched between the hydrophilic groups. Further on, there is a cell wall 

specific to the bacterial world called peptidoglycan layer which allows bacteria 

to resist the pressure difference existing between the external and internal 

parts of the cell. The peptidoglycan is a polymer consisting of polysaccharide 

chains crosslinked by short peptides, assembling a continuous rigid frame 

around the cell. Peptidoglycan layer is about 2nm thick in Gram negative 

bacteria while in Gram positive bacteria it can be up to 80nm, providing an extra 

strength to the structure[3]. Finally, there is a last membrane in Gram negative 

bacteria. It is made of lypopolysaccharides and is impermeable to enzymes. 

 

Figure 2. 1. Structural features of i) gram positive and ii) gram negative bacteria cell wall (from 
http://biology-forums.com/index.php?action=gallery;sa=view;id=752) 

i) ii)
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In order to overcome the deformation resistance that bacteria show, an 

external action is required for DNA release. Many works have reported 

microfluidic integrated DNA extraction methods. These can be roughly classified 

into two groups: chemical methods and physical methods. 

Chemical methods release cellular DNA by solubilising/digesting/destabilizing 

membrane proteins and lipids. Different lytic agents are collected in literature, 

such as detergents (sodium dodecyl sulphate (SDS)[4]), enzymes (lyzozyme[5]) or 

combinations of different agents[6, 7]. Nevertheless, the emerging methods for 

chemical lysis are based on a chaotropic agent, guanidine thiocyanate (GuSNC). 

Sauer Budge et al.[8] lyse Gram positive Bacilus subtilis in a microfluidic network. 

Both the sample and lysis buffer containing GuSCN are loaded into a common 

channel by a T junction and the lysis occur in a mixing microchannel. In another 

study, Heirstraetan et al.[9] use the same lysis buffer but this time mixing process 

is carried out by means of air bubbles in a reservoir plugged to a LOC cassette. 

Despite chemical methods need a prior mixing step, they are easy to 

implement as they do not need any additional equipment and can handle large 

volumes. However, the employed chemicals can denaturalize the proteins and 

inhibit downstream reactions, thus a thorough cleaning step is necessary. 

Moreover, different lysing agents must be selected depending on the cell type. 

Generally, physical methods require additional hardware components that 

increase complexity for microsystem integration. Conversely they present many 

advantages, since they do not leave residual substances, are faster and more 

efficient. Several works have reported lysis microdevices based on different 

phenomena as thermal treatment[10-12], sonolysis[13, 14], electroporation[15-17], 

laser induced cell wall disruption[18] and mechanical lysis[19, 20]. Among them, 

mechanical lysis based on bead beating is the commonly used method working 

with hard to lyse samples because of its effectiveness and reproducibility.[21]  

Considering these advantages, Claremont BioSolutions have developed a 

device that can lyse Bacillus subtilis spores achieving efficiencies as high as 

benchtop products within 2 minutes. The device is called Micro Bead-BeaterTM 

and consists of a cartridge full of beads that oscillates in arc motion as it is 

shown in Figure 2. 2.i, breaking the cell wall of the pathogens by the shear rates 

occurring between beads[22]. Nevertheless, this device requires tubes and 

pertinent connections for sample transport, hindering integration into a 

monolithic sample to answer system. 
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Some authors along the line have successfully implemented the bead beating 

strategy into microfluidic systems. Siegrist et al.[23] have adapted potential 

advantages of centrifugation into a microfluidic labcard. Milling beads and a 

permanent magnet are placed in each of the four chambers of the labcard, and 

the labcard is located above a stationary magnet holder that contains four 

permanent magnets. The working mechanism is shown in Figure 2. 2.ii. In few 

words, when the labcard is rotating, the magnetic fields of on-chip and off-chip 

permanent magnets are coupled. Thus on-chip magnets are moving from side to 

side of the chamber causing intense mixing and subsequent collision between 

beads and cells. The main drawback is that sample volume is limited by the 

chamber volume (70 L) and the method can be applied just in centrifugal 

microfluidics. 

 

Figure 2. 2. Different microfluidic bead beating devices. i) Disposable Micro Bead-Beater oscillating 
in arch motion 

[22]
 ii) Schematic showing the working principle of the cell lysis in a centrifugal 

labcard
[23]

 and iii) cross section of the bead beating device based on the vibration of PDMS 
membrane.

[24]
 

Hwang et al.[24] have constructed a device that consists in two patterned 

glass structures sandwiching a monolithic PDMS layer (Figure 2. 2.iii). 

Functionalized glass beads are packed in a chamber and are employed to 

capture bacteria from 1mL sample solution. Then, lysis is performed by 

pneumatic vibration of an elastomeric membrane of PDMS and the lysate is 

eluted with 10L elution buffer. They have concluded that the liquid volume 

i) ii)

iii)
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fraction in the lysis chamber play a key role in DNA recovery because it 

determines the PDMS layer mobility and thus, bead motion. Although this 

method is able to lyse efficiently large amounts of Gram positive bacteria, such 

as MRSA, neither the fabrication method nor the materials used are the best for 

mass production.  

Seeing the different alternatives to efficiently lyse Gram positive bacteria, a 

cell lysis device which is inspired by traditional bead beating and magnetic 

stirrer is proposed. The device has been designed according to injection 

moulding requirements and it is thought to handle large samples by lysing in 

continuous flow. This way, previous off-chip treatments are avoided enabling a 

complete sample to answer device. 

2.2. Experimental procedure 

2.2.1. Chip fabrication 

The chip was designed in a compatible way with injection moulding 

fabrication methods. It consisted of a 2mm high hexagonal prism lysis chamber 

of 115 L, which had fluidic inlet and outlet at opposite sides as it is shown in 

Figure 2.3. The fluidic channels were 100 m high near the chamber and 

became wider up to 400 m. In this way, chamber outlet and inlet showed low 

fluidic resistance and worked as bead weir at the same time, since the used 

smallest beads were larger than 100 m in diameter.  

 

Figure 2.3 Schematic illustration of the bead beating device: (1) inlet, (2) outlet, (3) stirring 
magnet, (4) silica beads, (5) bead weir, (6) rotating magnet and (7) electric motor coupling. 

mm

1)
2)

5)3)

4)

6)

7)
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The device was fabricated by a fast prototyping technique based on self 

alignment folding[25], stacking and bonding of 100 m thick COP foils (ZF 14-100, 

ZEON chemicals). The process was as follows: firstly, the 3D CAD of the structure 

was sliced into different layers. The number of layers was given by the ratio 

between the thickness of the device and the chosen polymeric foil. These slices 

were ordered as mirror images in a 2D CAD design, so that they could match 

with the contiguous layer once they were folded. The layers were separated by 

dotted lines that worked as folding guides. Secondly, the 2D design was cut in 

the COP film by a cutting plotter (GRAPHTEC FC8000-601) provided with a 

CB09UA blade (Figure 2. 4. i). Afterwards, the non desired material was 

manually removed and the layers were alternatively folded following the guide 

lines as it is seen in Figure 2. 4. ii. Finally, the assembled structure was placed 

between two glasses and bonded by thermo-compression at 135ºC and 3 bar 

for 75 minutes. The resulting structure can be seen in Figure 2. 4. iii.  

 

Figure 2. 4 i) Structured COP slide, ii) folded layers that build up the final labcard iii) and the final 
device, beads and magnet are placed within the chamber and the inlet connector is screwed to the 
structure. 

i)

ii) iii)
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2.2.2. Experimental set-up 

Zirconia/silica beads (BioSpec and OPS Diagnostics) and a NdFeB stirring 

permanent magnet (Supermagnete) (1.3 x 1.3 x 6 mm) with radial magnetization 

were accommodated in the lysis chamber and it was sealed with pressure 

sensitive adhesive (Progene from Ultident). Luer connectors made by 

stereolitography were used for fluidic connections to the sample inlet and 

outlet. 

The rotating magnetic field was induced by a permanent magnet (12 mm in 

diameter and 4 mm long cylindrical body, Supermagnete) with radial 

magnetization coupled to an electrical motor (Maxon A-max, 12 mm in diameter 

and 21 mm long) that was located in the vertical axis of the chamber. The 

electrical motor was fed by a variable DC power supply (Tektronix PS280). The 

distance between the rotating magnet and the bottom of the chip was 

approximately 4 mm. 

For sample handling, the chamber inlet was connected to a syringe 

containing the sample to lyse via a Luer connector, whereas the outlet was 

connected to an empty syringe. The plunger of the sample syringe was 

computer controlled displaced at a determinate flow rate by a mechanical 

pusher. While the sample flowed through the system the magnet was actuated. 

2.2.3. Cell strain and culture 

Gram positive Staphylococcus epidermidis (ATCC#12228TM) was used for 

the verification and optimization of the system. Strains were grown for 5 hours 

under aerobic conditions at 37ºC using trypticase in soy agar sheep blood 

plates. Grown colonies were recovered with a sterile Digralsky spreader and 

resuspended in 1 mL of phosphate-buffered saline (PBS). Resuspended cells 

were twice harvested by centrifugation at 5000 rpm for two minutes and 

washed with PBS in order to eliminate supernatant DNA. Bacteria concentration 

was calculated from plate counting by plating 10 fold dilutions, and required 

dilutions were done with 20% glycerol-PBS to a final concentration of 107 and 

106 colony forming units (CFU) mL-1. These solutions were divided into 100 L 

aliquots and stored at -80ºC. 
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2.2.4. Lysis performance / quantification methods 

2.2.4.1. Bacterial streaking 

Qualitative performance of lysis process was studied by bacterial streaking. 

100 L of the initial solution and lysate were spread across the surface of 

trypticase in soy agar sheep blood plates and were grown at 37ºC overnight. 

Finally, the colony forming units were counted. 

2.2.4.2. Real time PCR 

Real-time polymerase chain reaction was performed on a Biorad CFX96 

Touch for DNA detection by targeting a nucleic acid metabolism related gene 

(gmk) of S. epidermidis[26]. The reaction mixture was composed of 10 L Premix 

Ex TaqTM (Takara), 2 L of primers and probe with a final concentration of 500 

nM and 250 nM, respectively, 4 L of nuclease free water and 4 L sample, 

yielding an amplicon of 93 bp. Primers and probe were purchased from IDT 

(Table 2. 1). Cycling conditions were: 90 s at 95 ºC (initialization), 40 cycles of 15 

s at 95 ºC (denaturalization) and 45 s at 59 ºC (annealing and elongation). 

Purified genomic DNA (12228D-5™) was used to build an external standard 

curve to quantify lysis performance and validate linearity in the operating 

concentration range. Efficiency of the qPCR was calculated by plotting the cycle 

threshold versus the logarithmic concentration of the standard DNA in 4 

consecutive days. The cycle threshold was set at 100 arbitrary units for all the 

experiments. 

Table 2. 1 List of primers and probe sequences used in qPCR reactions for different microorganism 

targets. 

Microorganism Forward 5´-3´ Reverse 5´-3´ Probe 5´-3´ 

Staphylococcus 

epidermidis[26] 

CAACAAGACGTTCTTTCA

AGTCATCT 

AAGGTGCTAAGCAAGTAA

GAAAGAAATT 

/56-

FAM/ATGCGTTGT/ZEN/TCATA 

TTTTTAGCGCCTCCA/3IABkFQ 

Methicillin resistant 

staphylococcus 

aureus[27] 

CATTGATCGCAACGTTCA

ATTT 

TGGTCTTTCTGCATTCCTG

GA 

/5TET/TGGAAGTTA/ZEN/GATT 

GGGATCATAGCGTCAT/3IABk

FQ/ 

Streptococcus 

uberis[28] 

AGAGGAATTCATCATGTTT

TAACA 

AATTGTAGAAGAACCATTT

GATGT 

/56-FAM/AGCGTCTAACAAC 

TCGGCCTTTG/3IABKFQ/ 
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2.2.5. Tissues 

Cell aggregates are used to emulate in vitro how external factors affect on 

tissues of interest by analyzing their protein expression. The focus of these 

studies has shifted from monolayer culture models towards 3D cultures as they 

are more representative, nevertheless the protein extraction methods still are 

based on chemical buffers. Depending on the aggregates dimensions, sample 

homogenization can take over one hour, thus we have tested our lysing method 

as an alternative to existing chemical buffers.  

2.2.5.1. Cell aggregates formation 

Cell aggregates were formed on structured Petri dishes as described Shridar 

et al.[29] in collaboration with AMBER group of the University of Twente. In brief, 

microwell arrays were patterned on PDMS stamps and this was hot embossed 

on 35 mm Petri dishes. The hot embossing was carried out on a custom setup at 

180ºC for 10 minutes. The result was a Petri dish with 64 cillindrical 

compartments of 500 m in diameter and 400 m in depth.  

According to the spheroid formation, 4T1 (mouse breast cancer) and 3T3 

(mouse fibroblast) cells were used in order to represent mouse breast cancer 

tissues. Patterned Petri dishes were sterilized with ethanol and coated with 

Pluronic F-127 protein repellent (1% w/v). After overnight incubation, the 

solution was removed and ca. 1,000,000 4T1 and 3T3 cells in 1/1 ratio were 

seeded. The dishes were centrifuged at 3000 RPM to deposit the cells in the 

microwells. The excess was removed and the dish was cleaned three times with 

2mL PBS. The co-cultures were grown overnight at standard conditions (37ºC 

and 5%CO2) in DMEM (Dulbecco´s Modified Eagle Medium) media with 10% FBS 

and 1% L-glutamine. 

2.2.5.2. Fluorescence staining 

Cell distribution in the co-culture was imaged by green cell trackerTM (3t3) and 

red cell trackerTM (4T1) staining, both purchased from ThermoFisher Scientific. 

Each dye was dissolved in DMSO with a final concentration of 1mg/mL, followed 

1 L of each solution was added to 1mL of respective cell line and incubated at 

37ºC for 30 minutes. After incubation, samples were centrifuged at 1000 RPM 

for 5 minutes and cleaned twice with PBS. Finally, 4T1 and 3T3 cells were mixed 

in 1/1 ratio and seeded in Petri dishes for aggregate formation. Seeded cells and 

aggregate formation after 24 hours were photographed with Evos FL Cell 

Imaging Sytem microscope (ThermoFisher Sientific).  
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2.2.5.3. Aggregate lysis 

One day after seeding, cell aggregates were popped out from the microwells 

with a pipette and recovered in a common tube. Aggregates were split in 

different aliquots and counted by microscopy. Half of the aliquots were used to 

test the performance of our device and the other half were used as a control. 

On chip lysis was performed filling 45% of the chamber with beads of 100 m 

in diameter and the electric motor set at 7 V. 200 L PBS were introduced in a 

syringe for lysate elution. As the aggregates were too large to go through the 

inlet, 20 L PBS containing the aggregates was poured in the chamber along 

with the beads and magnet before it was sealed. Once the chamber was wetted 

with the elution solution, the chamber was stirred for 1 minute without any 

flow. Finally, the lysate was recovered with the elution buffer at a flow rate of 

300 L/min.  

Chemical lysis was used as a control. Aggregates were lysed in 200 L RIPA 

buffer (1mM EDTA, 150 mM NaCl, 50 mM Tris HCl pH 8, 1% Igepal CA-630, 

0.25% sodium deoxicholate and Halt protease inhibitors) at 4ºC for 1 hour, it 

was vortexed every 15 minutes.  

2.2.5.4. Protein quantification 

Protein quantification in lysate was done by PierceTM BCA Protein Assay Kit 

purchased from ThermoFisher Scientific. This method combines the reduction of 

Cu 2+ to Cu 1+ by proteins in alkaline medium with the highly sensitive 

colorimetric detection of the Cu 1+ cation using a unique reagent containing 

bicinchoninic acid (BCA). The protocol was as follows, 25 L of each sample was 

mixed with 200 L of working reagent in a microplate well, in triplicate. The 

plate was covered and incubated at 37ºC for 30 minutes. Once the plate 

reached room temperature, the absorbance of the samples was measured at 

562nm in a plate reader (MultiskanTM Go Microplate Spectrophotometer, 

Thermo Scientific). The protein concentration was calculated relative to a 

standard curve build with bovine serum albumin (BSA). 
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2.3. Results 

2.3.1. First trials 

A first lysis attempt was carried out to see if the continuous lysis microdevice 

concept was valid. A sample containing 105 CFU mL-1 was lysed in-chip at a 

constant flow rate of 50 L min-1 with beads of 200 m in diameter occupying 

35% of the lysis chamber and the electric motor set at 7V. As result, the qPCR 

signal of the lysate increased in 4 cycles compared to the initial solution, which 

means that bead beating based continuous lysis device was able to release DNA 

from Gram positive bacteria cells (see Figure 2. 5). Nevertheless, the sigmoidal 

curve of the lysate sample reached lower plateau value and its slope was 

smaller than the initial solution sample.  

 

Figure 2. 5 Real time PCR detection of Staphylococcus epidermidis, i) Amplification curves of 
standard DNA 10 fold dilutions to validate qPCR linearity and 10

5
 CFU mL

-1
 bacteria solution signal 

before and after on-chip lysis. Off-chip bead beating is used to determine the lysis efficiency 
(section 2.3.2 Efficiency) ii) Amplification efficiency calculation using standard DNA. 

To assess possible inhibition or other undesired effects when lysate solution 

was introduced into the thermocycler without any purification step, an internal 

control was added to the reaction mixture. 4 L of nuclease free water used in 

the initial reaction mixture was replaced with 1 L of methicillin resistant 

Staphylococcus aureus (MRSA) genomic DNA (33591-DTM), 2 L of primers and 

probe designed to detect mecA gene of MRSA (Table 2. 1) and 1 L of nuclease 

free water. Compatibility between primers and probes used in the duplex 

reaction was checked by Oligo Analyzer 3.1 software (IDT). The polymerase 
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chain reaction was run under the same thermocycling conditions as described 

previously.  

The study was carried out comparing qPCR results of eight lysis replicates 

containing the internal control with eight replicates containing just internal 

control. The Ct average values of the internal control were similar for samples 

with lysate and without lysate, 31.3 ± 0.2 and 31.1 ± 0.1, respectively (see Figure 

2. 6). This means that there were not adverse effects during the logarithmic 

phase of the amplification process and characterization of the lysis process 

could be done without any purification of cell debris. 

 

Figure 2. 6. qPCR amplification curves for lysate along with internal control (in purple) and just 
internal control (red). 

2.3.2. Efficiency 

The performance of the lysis method is given by the efficiency. In literature, 

the efficiency is usually determined relative to another method[30, 31], and not as 

an absolute value. It must be remarked that actually there is not a “gold 

standard method” for calculating the relative efficiency, each laboratory uses its 

“home protocol”. Herein, it was calculated relative to a well established off-chip 

method known as in tube bead beating[21]. 250 L sample (105 CFU mL-1) along 

with 650 mg silica beads of 100m in diameter were added to 2 mL tubes and 

vortexed for 2 minutes in triplicate. Bacteria concentration was measured by 

plate counting before and after bead beating, showing that this off-chip method 

was able to lyse more than 99% of the initial colony forming units as it is shown 

in Figure 2. 7. Thus, the method was considered 100% efficient. 
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Figure 2. 7 Amount of colony forming units in i) initial solution sample, ii) and iii) samples after 
lysing in tube for 1 and 2 minutes respectively. 

On the other hand, qPCR efficiency was given by (for slope see Figure 2. 5. b): 

                                                 

Yielding 100 ± 0.1% efficiency, which means that in each cycle the DNA 

concentration was doubled. Therefore, lysis efficiency was calculated by the 

following equation:  

                 
    

    
 

ΔCt= Ctin-chip – Ctoff-chip (bead beating) 

As it has been mentioned before, cells can be lysed by thermal treatment. In 

order to avoid the overestimation of the process performance, the possible 

contribution of the unlysed bacteria to the lysis efficiency due to the 

thermocycling heating steps was measured and considered as a control. The 

study was done comparing the Ct values of untreated samples and samples 

lysed by off-chip bead beating. The ΔCt between both was of 7.7 cycles (Figure 

2. 5.a). Thus, according to the equations shown above, the supernatant DNA 

and DNA released during qPCR heating steps represent 0.5% of the total 

amount of DNA recovered by the off chip method. Therefore, DNA contribution 

of the unlysed bacteria is considered negligible. What is more, it seems that 

thermal lysis method may not be effective working with this Gram positive 

bacterium.  

 

i) ii) iii)
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2.3.3. Parameters optimization 

A fractional factorial experimental design was carried out to identify 

variables influencing significantly on the lysis process, it was designed with 

STATISTICA 10 software. Basically, the software generated a series of 

experiments changing the values of the variables selected by the user. The 

results of the experiments were introduced as input to the software and it 

calculated the ANOVA effect estimates of each variable on lysis performance 

and built a prediction model. The variables that were considered with their 

major and minor values are summarized in Table 2. 2. 

A negative control variable was considered for validation purposes, which did 

not change experimental conditions. Along the variable screening, 16 

experiments in replicate were done divided into 4 blocks, one per day, resulting 

in a 2(7-3) design. This was done to avoid the variability inherent to daily sample 

preparation process such as sample manipulation and sample aliquoting. The 

cycle differences between the crossing points (ΔCt) of the initial solution and 

each lysate were introduced as input to the software. 

Table 2. 2 List of analyzed variables in the experimental design. 

 Minor value Major value 

Bead diameter 100m
a 

200 m
b 

Bead quantity
c 

40% 45% 

Flow rate 30 L/min 60 L/min 

Bacteria conc. 10
5
 CFU/mL 10

6
 CFU/mL 

Stirrer voltage
d 

7 V (5200 rpm) 9 V (6800 rpm) 

Tween 20 Absence 0.05% 

Control (neg) - - 
a Supplied by BioSpec 
b Supplied by OPS Diagnostics 
c Bead quantity refers to the free volume occupied by beads in the chamber. 
d The voltage applied to the electric motor. 

One of the chosen variables for the study was the size of the beads. Two 

different sizes were purchased, catalogued as 100 and 200 m in diameter by 

the suppliers. Beads were examined under microscope (Figure 2. 8.i) and their 

diameter measured by ImajeJ software. A statistical population of 55 samples 

gave a mean value of 194±19 m for small beads and the mean value for 33 

samples of large beads was 355±49 m (Figure 2. 8.ii). Measured bead sizes 
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almost doubled the diameter specified by the supplier and showed a variation 

coefficient of 10% (100 m) and 14% (200 m). 

 

Figure 2. 8 i) Microscope images of the beads used. Beads are catalogued as 100 m (a) and 200 

m (b) in diameter. Pictures are taken with 60:1 visual magnification. ii) Box plot distribution of 
the bead diameter, diamond symbols represent outliers. 

The r square value of the prediction model built by the software after 

introducing experimental results was 0.8, suggesting that experimentally 

observed and model predicted ΔCt values fit considerably. According to 

variables influence, the software calculated the significance of the effect that 

each variable had on the lysis process, shown in Table 2. 3. The value of those 

variables that increased the lysis throughput could be extracted from the Pareto 

graph given by the software (not shown). 

Results show that both bead size and bead quantity affect notably on 

efficiency. Small beads size and 45% of chamber filling increases the amount of 

released DNA, possibly due to higher probability of collision and shear. 

Nevertheless, none of these variables were suitable for subsequent 

a) b)i)

ii)
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optimization. On one hand, larger amount of beads in the lysis chamber 

hindered the rotation of the magnet. And on the other hand, despite the beads 

were larger than specified by the supplier, smaller beads could go through the 

barrier increasing the fluidic resistance or even clogging the channels. Likewise, 

usage of Tween 20 would improve DNA recovery, since its detergent nature 

weakens the cell wall[32]. However, higher concentration of surfactant could 

bring on bubble formation, which is a problem to avoid in microfluidics. 

Table 2. 3 Probability values of analyzed variables and blocking effect for a confidence interval of 

95%. Values affecting significantly on lysis are highlighted in bold. 

 Value P 

Blocks - <0.01 

Bacteria conc. - 0.68 

Bead size 100 m <0.01 

Flow rate 30 L/min <0.01 

Bead quantity 45% 0.03 

Stirrer voltage - 0.60 

Tween 20 0.05% 0.02 

Control (neg) - 0.88 

After the adjustment of these factors, the cycle difference between the 

initial solution and lysate increased from 4 cycles (Figure 2. 5) up to 6.5 cycles.  

2.3.4. Lysis efficiency versus flow rate 

Flow rate was the only adjustable significant variable, so that the effect of 

the flow rate on lysis efficiency was further studied. Three lysis replicates were 

performed at four different flow rate values (30, 60, 90 and 180 L min-1), while 

the other parameters remained unchanged (i.e. 100 m bead size, 45% bead 

quantity, 0.05% Tween 20, 106 CFU mL-1 and 7 V). 

Results are shown in Figure 2. 9, where it can be seen that the lowest flow 

rate achieved the highest efficiency (56%). On the contrary, the highest flow 

rate gave 30% lysis efficiency within three minutes. Summarizing, fast lysis 

process leaded to poor lysis efficiency while the opposite situation was a time 

consuming efficient process. Moreover, the higher the flow rate the lower the 

deviation of the measurements. 
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Considering time to results and efficiency, 60 L min-1 flow rate was chosen 

as the optimal flow rate. With this flow rate the whole lysis process took 8 

minutes. 

 

Figure 2. 9 Effect of flow rate on DNA recovery efficiency in relation to off-chip bead beating vortex 
system. Three replicates were performed at each flow rate. 

2.3.5. Reproducibility 

In order to evaluate reproducibility, 12 replicates were run and showed high 

reproducibility. Results gave 43±3% of cell lysis efficiency in comparison with 

off-chip vortex method. In addition, these results were in agreement with those 

obtained at a flow rate of 60 L min-1 in previous section. Despite the deviation 

approximated to 6%, it was much lower than the deviation that can arise during 

sampling (swab selection[33], sampling[34] and sample transport system 

selection[35]) in nasal or oral bacteria analysis processes. So, reproducibility of 

the method was in accordance with our requirements. 

2.3.6. Streptococcus uberis 

The lysis device was validated with another Gram positive bacterium using 

Streptococcus uberis (ATCC#27958) as target. Bacteria samples with 

concentrations of 3x108, 3x107 and 3x106 CFU mL-1 were prepared as described 

previously in section 2.2.3 Cell strain and culture. Lysis efficiency was 

determined comparing off-chip method (duplicate) with the on-chip (triplicate 

in conditions used in 2.3.5 Reproducibility) by means of qPCR with specific 

primers and probe for S. Uberis[28] (Table 2. 1). Linearity of the qPCR within the 

working DNA concentration range was verified prior to lysis analysis with 

standard DNA as depicted in Figure 2. 10 i and ii, the calibration curve gave an 

efficiency of 104%. 
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Figure 2. 10. Real time PCR detection of Streptococcus Uberis, i) amplification curves of standard 
DNA and ii) representation of the cycle threshold versus the logarithmic concentration for 
amplification efficiency calculation.  

Lysis efficiencies were 39±5, 36±2% and 41±6% which correspond to 3x106, 

3x107 and 3x108 CFU mL-1, respectively as shown in (Figure 2. 11). Firstly, no 

trend was observed among different initial bacteria concentration, 

corroborating the fact that lysis efficiency was not bacterial concentration 

dependent as concluded in the experimental design. The existing variability 

could be a consequence of using a single quencher probe, which increases 

background signal and subsequently reduces sensibility and precision of the 

detection[36]. And secondly, method performance was close to that observed 

with S. epidermidis.  

 

Figure 2. 11 Lysis efficiency relative to off-chip method and qPCR cycle threshold for 3x10
6
, 3x10

7
 

and 3x10
8
 CFU mL

-1
 Streptococcus uberis. Three replicates were carried out for each cell number. 
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2.3.7. Cell aggregates lysis 

The formation of aggregates is shown in Figure 2. 12. Owing to the pluronic 

treatment, cell-substrate interactions are prevented giving advantage to cell-cell 

interactions. These interactions made the cells to form a compact aggregate 

that shrugged over time. According to the cell lines distribution before and after 

aggregate formation, it seems that both cell lines were uniformly distributed. 

 

Figure 2. 12. Fluorescence microscopy images of 4T1 (green cell tracker) and 3T3 (red cell tracker) 
cell lines i) after seeding and ii) 24 hours later. 

It is well known that proteins are adsorbed on silica surfaces[37], so the 

possible underestimation that can arise from this phenomenon was studied 

prior to lysis trials. A initial standard of 1,6 mg/mL BSA in PBS was serially 

diluted and each dilution was split in two aliquots. 200 L of each aliquot was 

placed in an Eppendorf tube containing 180 mg of silica beads and were stirred. 

After 15 minutes, the samples were recovered for protein quantification. BCA 

assay absorbance of the untreated standards and samples kept with silica beads 

are shown in Figure 2. 13. As it is seen, the regression curves were overlapped, 

which means that the effect of protein loss by unspecific adsorption was 

negligible. On the other hand, linearity of the detection method from 0 to 1.6 

mg/mL BSA was demonstrated. 

i)

ii)
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Figure 2. 13 Spectrophotometer measurements of standard BSA samples and samples kept with 
silica beads. Each measurement was done in triplicate.  

Once the protein quantification method was validated, lysis experiments 

were done. The number of replicates carried out each day was limited by the 

amount of produced aggregates and the number of aggregates used in each 

replicate (between 25 and 40). On-chip and control protein extraction results 

are given in Table 2. 4. It can be seen that protein expression of the aggregates 

varies from day to day (between 2.94 and 1.44 g/aggregate), indicating that 

the size of the formed aggregates were not reproducible. What is more, it was 

observed by microscopy that the size distribution of the aggregates formed in 

the same Petri dish was not uniform, which is an important error source when 

replicate results are compared. Nevertheless and despite these variations, the 

ratio between the extracted protein concentrations with both methods 

demonstrates that on chip bead beating method is a useful tool for protein 

extraction. To further study and compare the efficiencies of the methods, 

protein concentration could be normalized with another variable that is 

aggregate size dependant, such as DNA amount. 

Table 2. 4 Summary of protein extraction by on chip and control lysis methods. 

 
Chip lysis Chemical lysis 

Chip/Chemic 
ratio 

 
Protein conc. 

(g_protein/aggregate) Replicate Protein conc. 
(g_protein/aggregate) 

Replicate 

Day 1 2.94±0.3 3 2.56±0.2 3 1.15 

Day 2 1.71±0.1 2 1.54±0.1 2 1.11 

Day 3 1.44±0.1 3 1.47±0.04 3 0.98 

Day 4 2.38±0.1 2 2.03±0.1 2 1.17 
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2.4. Conclusions 

We have developed an efficient cell lysis technique based on microfluidic 

bead beating capable of extracting DNA from Gram positive bacteria without 

leaving any residual molecules that can inhibit subsequent amplification 

reactions. This device works in continuous flow, being adequate for large 

sample volumes. Furthermore, it is well suited to lyse single cells efficiently but 

also has potential to homogenize cell aggregates for protein extraction.  

The developed device is small and fully compatible with mass production 

techniques, which makes it suitable for subsequent integration into an 

automatic lab-on-a-chip based platform for DNA detection. 
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3.  

INCREASE OF ANALYSIS 
SENSITIVITY BY DNA 

CONCENTRATION AND ELUTION 
USING MAGNETIC BEADS 

 
 
 

In this chapter, two different strategies based on 

magnetic beads are used to concentrate DNA in order 

to increase the sensitivity of the analytical method. The 

main difference between the approaches resides on the 

mixing method to benefit DNA binding to magnetic 

beads. The first strategy uses lateral flow of magnetic 

beads for sample mixing in continuous flow. 

Nevertheless it is set aside for future applications due 

to its low efficiency. The other strategy performs mixing 

inside a syringe by means of fluid perturbation 

generated by raising air bubbles. In this case, the 

efficiency is about 36% compared to the theoretical 

maximum that could be achieved.   
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3.1. Introduction 

Pathogen sensing procedures commonly start from large volume samples to 

lyse and end up with low volume DNA detection. An effective way to reduce 

sample volume and increase the sensitivity of the method is to concentrate 

previously released DNA and its posterior elution. This way, not only DNA is 

concentrated, but non desired elements that can inhibit subsequent detection 

steps are also eliminated. 

First approaches for DNA extraction in microfluidic devices were done 

miniaturizing conventional techniques based on non specific adsorption on silica 

surfaces. For instance, DNA was extracted in micro-channels where silicon 

micropillar arrays were structured [1], in micro chambers where silica beads 

were packed [2] or passing the sample through a silica membrane[3] providing in 

all the cases high surface to volume ratio. As the efficiency of the method was 

inversely proportional to flow rate, time consuming low flow rates were 

habitual[4]. Moreover, they required fabrication methods comprising several 

steps. In order to overcome these limitations, magnetic beads have emerged as 

a powerful alternative to stationary solid phase extraction techniques. They 

offer the possibility to manipulate biological molecules using either 

electromagnets or permanent magnets, avoiding expensive or complex 

instrumentation. 

Superparamagnetic particles are commonly built up from separate 

ferromagnetic mono domains embedded within a polymeric matrix, and are 

known as magnetic particles. The surface of these particles can be easily coated 

with silica or functionalized with carboxyl groups for biomolecules extraction 

and are typically about 0.1-2 m in diameter[5]. The processes of DNA extraction 

where magnetic particles are used require a critical mixing step between the 

particles and target. Efficient mixing has been one of the challenges faced by 

microfluidics since the diffusivity of DNA molecules is low[6] and inertial forces 

are negligible at low Reynolds number flows. Mixing techniques can be 

categorized either as passive or active mixing, and have been reviewed by 

several authors [7-10]. In brief, passive mixing strategies are based on chaotic 

advection or diffusion and implicate complex microfluidic structures, while 

active mixing is carried out by means of the disturbance caused on the fluid by 

an external field.  
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There are many works that use the advantages of magnetic beads for DNA 

extraction on chip. One common strategy to bind the analyte of interest is to 

actuate the magnetic particles in a static fluid chamber. For instance, Lim et 

al.[11] mixed the magnetic particles within a reservoir chamber of 150L 

vibrating a silicone membrane actuated by an external air flow. Geissler et al.[12] 

resuspended magnetic particles in 50L sample by means of momentum 

transfer from an air flux to the fluid, molecules of interest were tied during 

resuspension. Another interesting approach have been done by Lien et al[13]. 

They integrated a pneumatic peristaltic mixer that created a flow disturbance in 

a circular channel mixing gently the particles and the analyte in continuous flow. 

Moreover, they further developed this extraction technique and used 

pneumatically driven flow to transport the sample and mix it at the same 

time[14].  

Furthermore, magnetic properties of these beads can also be used to 

enhance mixing, not just to concentrate the sample. In this context, Suzuki et 

al.[15, 16] presented a T-junction micromixer followed by a serpentine channel, 

where microelectrodes were embedded. Mixing was performed by alternative 

switching of the electrodes. Nevertheless, this kind of chips integrating 

microelectrodes comprises several fabrication steps, which increases production 

costs comparing with chips that use permanent magnets. Based on lateral 

separators, Pamme et al.[17] concentrated different bio-molecules in a multi-

stream flow driving laterally magnetic particles thanks to transverse 

magnetophoresis caused by a permanent magnet. Ganguly et al.[18] also used 

cross stream mixing for in situ immunochemical binding and observed that the 

process efficiency was closely related to analyte flow volume fraction and flow 

velocity. 

Once DNA is attached to magnetic beads, its collection and posterior DNA 

elution do not suppose a technical difficulty. Particles can be easily collected 

using a permanent magnet that exerts sufficient magnetic force to attract them 

and elution step can be done by reversing the binding attraction or 

resuspending the particles once the magnetic force is diminished. For instance, 

DNA can be eluted from beads that use adsorption/desorption phenomena just 

by changing the pH of the solution[19]. 

In this chapter we have designed two strategies for concentrating DNA in 

order to increase the sensitivity of the detection method. Both strategies use 

magnetic beads that are able to bind DNA for posterior elution in a lower 
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volume. The difference resides in the mixing strategy to favor the binding 

between DNA and magnetic particles. The first strategy is based on lateral flow 

mixing between DNA and magnetic beads using a permanent magnet. Distance 

between channel and magnet along with the magnet shape have been firstly 

optimized by finite element modeling and afterwards biological tests have been 

carried out. The second strategy concentrates DNA inside a syringe thanks to 

fluid perturbation and subsequent mixing effect caused by raising air bubbles. 

Both methods are easy to automate and integrate in a Lab-on-a-chip and can 

handle large volume samples.  

3.2. Experimental procedure 

3.2.1. Chip fabrication 

As it has been mentioned before, two different strategies were followed for 

DNA extraction. The chips used for continuous flow extraction were fabricated 

by fast prototyping, while the chips where sample was mixed inside a syringe 

were fabricated by injection moulding.  

3.2.1.1. Continuous flow extraction chip 

The chips were fabricated by the fast prototyping technique described in 

Chapter 2. In brief, it consisted of self-alignment folding, stacking and bonding 

of 100 m thick COP foils previously structured by a cutting plotter. Luer 

connectors made by stereolitography were used as fluidic connections for 

sample inlet and outlet (see Figure 3. 3). 

3.2.1.2. Mixing between syringes 

The chips used for sample mixing within a syringe were constructed 

according to the architecture described in section 3.2.2.2.1 Control unit that was 

used in ANGELAB project (FP7-ICT-317635). The chip was the result of bonding 

two plastic structures fabricated by injection moulding. As shown in Figure 3. 1.i, 

one part consisted on the chip containing all the microfluidic structures and the 

other part was the Luer cap, where syringes were placed and worked as sample 

inlet and outlet connector. 
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Figure 3. 1. Pictures of a) Chip unit and Luer cap (final chip dimensions are 71 x 81 mm
2
) .b) 

aluminium contra mould used for thermo-compression bonding. 

The structures were bonded by thermo-compression following the order 

shown in Figure 3. 2. At one side, the Luer cap was placed against an aluminium 

contra-mould (Figure 3. 1.ii) and the microfluidic chip was located against the 

Luer cap with the help of complementary guides structured in both pieces. 

These guides helped also to align the pieces and achieve perfect fitting between 

sample connections. On the other side, a 100 m thick COP foil was exposed to 

600 KJ UV and the treated face was put against a glass slide with the same 

surface area as the chip. The purpose of this surface treatment was to photo-

generate oxygen radicals at the surface of the plastic in order to enhance the 

contact between the glass and polymer. This way, COP foil deflection during 

bonding was avoided. Finally, the mould, Luer cap, chip, polymer foil and glass 

slide were stacked and bonded by thermo-compression at 136ºC and 2 bar 

overpressure during 2 hours.  

i)

ii)
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Figure 3. 2. Schematic illustration of the bonding process. 

3.2.2. Concentration protocol 

Both strategies we developed were based on DNA concentration using 

magnetic beads (ChargeSwitch, ThermoFisher Scientific) as mobile solid phase 

extraction substrate. These beads have an ionizable coating that is switchable by 

changing solution pH. At pH 5 beads are positively charged, while the phosphate 

groups of DNA remain negatively charged. Therefore, DNA and magnetic beads 

are tied by electrostatic attraction at low pH, and afterwards DNA can be eluted 

by increasing pH till 9.  

Genomic DNA of Staphylococcus Epidermidis was used as target in DNA 

extraction experiments. Extraction efficiencies were calculated by DNA 

quantification using the same primers and qPCR protocol as in Chapter 2.   

3.2.2.1. Continuous DNA concentration 

The strategy followed for DNA extraction was based on the magnetophoretic 

motion of beads. The beads were laterally transported from the binding buffer 

to the sample containing DNA by an external magnetic field. Experiments were 

carried out on the chip shown in Figure 3. 3. Both samples, DNA (20pg/L in 

10mM MES) and buffer containing magnetic beads (0.15 mg/mL in 10mM MES), 

were introduced by a syringe pump at continuous flow. On one hand, as DNA 

concentration was the next step after cell lysis, DNA sample was introduced at 

the optimal flow rate chosen in Chapter 2, 60 L/min by a syringe with 9 mm in 

internal diameter. On the other hand, as the syringe pump displacement 

velocity was already determined by the inflow velocity of DNA sample, 

Luer Cap

Microfluidic chip

100m COP foil

Contra mould

Glass slide



Chapter 3 
 

48 
 

previously stirred magnetic bead buffer was introduced at 18 L/min by a 

syringe with 4,8 mm in internal diameter. 

After the T junction shown in Figure 3. 3, samples were co-flowing in a 500 

m high and 1 mm width channel. The beads were mixed with the DNA sample 

owing to the magnetic force exerted by a permanent magnet. The permanent 

magnet, with 12 mm in diameter and 4 mm long cylindrical body with axial 

magnetization (Supermagnete), was placed 600 m away from the channel. The 

magnet size and shape and the distance from the magnet to the channel were 

previously optimized by Finite Elements Modeling software (Comsol 

Multiphysics). After the samples were mixed, it flowed through an incubation 

serpentine to increase DNA binding. Finally, the magnetic beads were captured 

with another permanent magnet, while the remaining sample was recovered in 

the outlet. 

DNA binding efficiency was calculated as the difference between the qPCR Ct 

of the introduced DNA sample and the Ct of the sample recovered in the outlet. 

As the sample was diluted during mixing, the initial sample was also diluted by a 

factor of 60:78 before qPCR.  

 

Figure 3. 3 Picture of continuous DNA extraction chip. i) sample containing magnetic bead inlet, ii) 
DNA sample inlet, iii) permanent magnet for magnetophoretic transport, iv) incubation serpentine 
and v) magnet for magnetic bead capture. 
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3.2.2.2. DNA concentration in syringe 

In the second strategy, syringes were used as sample reservoir and mixing 

tube. Two different syringe sizes were used depending on the volume they 

handled, 1.5 mL and 2.5 mL syringes (Novico Médica). All the syringes were 

connected by a microfluidic channel. Nevertheless, these connections could be 

closed or opened on user demand by a valve actuator (see section 

3.2.2.2.2.Microfluidic valves). Mixing was achieved inside a syringe with 9 mm 

interior diameter and 2.5 mL volume by fluid disturbance generated with raising 

air bubbles.  

The entire protocol is depicted in Figure 3. 4, it was as follows: in the first 

step, 430L sample containing DNA (20pg/L in 10mM 2-(N-

morpholino)ethanesulfonic acid (MES)) was passed to the mixing syringe at a 

flow rate of 60L/min (lysate flow rate), while the magnetic beads which were 

previously stored in the microfluidic chamber were resuspended in the way. The 

plunger was pushed till the end of the syringe evacuating 600L air to the 

mixing syringe, in consequence air bubbles raised through the solution and 

mixed the sample. In the next step, the permanent magnet module was 

actuated locating it close to the microfluidic chamber, this way, when the 

sample was pushed towards the waste syringe (150L/min) the magnetic beads 

were captured. In the last step, the magnet module was taken back to its 

original position and the magnetic beads were eluted with 30L elution 

solution at 300L/min. The elution solution was ready for qPCR, it contained 15 

L Premix Ex TaqTM, 3 L of primers and probe and 12 L of elution buffer pH 9 

(Charge Switch gDNA Mini Bacteria Kit, Invitrogen). Eluted sample and waste 

were recovered and stored at the fridge for posterior qPCR analysis. 

Eight replicates were performed for method validation. In order to obtain 

comparable results, in all cases a final volume of 20L sample was analyzed by 

qPCR.  
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Figure 3. 4. DNA concentration protocol. i) Initial situation, ii) bead resuspension and sample 
mixing, iii) bead capture and iv) bead elution. Closed valves are marked with a red cross.  

3.2.2.2.1 Control unit  

The chip that has been used for DNA concentration was designed for 8 

parallel in vitro diagnostic analysis procedures. This chip was the disposable part 

of the analysis system and required a specific control unit to carry out actions 

such as fluid handling, pin-valve actuation or magnet actuation. Figure 3. 5.i 

shows the control unit, which was designed and fabricated by IK4-Ikerlan. The 

chip lay on top of a cluster of slots (Figure 3. 5.ii) with different functions (pin-

valve, thermocycler, magnet). As the interface and dimensions of all these slots 

were equal, they could be selectively ordered, giving the user the chance to 

create a customized analysis protocol.  
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According to the sample pumping method, liquids stored in syringe 

reservoirs were actuated by a pusher module that could dose the sample over a 

wide range flow rate, from 10 to 1000 L/min. In order to reach all the syringes 

distributed along the chip, these fluid dispenser module was displaced by 

another motor. The control unit had a third motor to actuate the different slots 

that required mechanical actuation. For instance, when pin valve slots were 

actuated the pins in that slot were elevated closing the valve located above. All 

these functions were PC controlled and could be programmed to achieve a 

completely automatic procedure.  

 

Figure 3. 5 Pictures of i) control unit with the different motors a) fluid dispenser, b) pumping 
module displacement and c) slot actuation motor, and ii) slot cluster with different functions. 

3.2.2.2.2 Microfluidic valves 

As it has been mentioned before, fluid flow control was done by active valves 

that were located in all the connections between the channels and syringes (see 

Figure 3. 6. i). The COP membrane of the bottom cover was deflected by a 

mechanical pin-valve in order to close the micro-valve with an actuation force 

between 6 and 9 N. Nevertheless, the fluid could flow along the radial channel 

with minimum restriction. On the other hand, when the pin was down the valve 

stayed open. This way, the air or liquid in the syringe could be evacuated to the 

fluidic channel or the other way round, the sample could be carried to the 

syringe as shown in Figure 3. 6. ii. Valve slots were accurately placed coinciding 

with the center of the valves using a template. 
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Figure 3. 6 microfluidic valve representation. a) microscopy picture and b) working principle of the 
membrane actuated valve. 

3.2.3. Simulation 

The motion of a magnetic particle in a fluid flow affected by an 

inhomogeneous magnetic field can be controlled using a combination of 

magnetic as well as hydrodynamic effects. Therefore it is possible to estimate 

the motion of the particles if the governing physics in the system are known and 

the partial differential equations that they describe are numerically solved. In 

this context, fluidic, magnetic and bead trajectory simulations related with DNA 

concentration in continuous flow were performed. Comsol Multiphysics 

software was selected to carry out these simulations owing to its capability to 

couple different physics and simulate them simultaneously. Another advantage 

of this software is that it provides physics equations and material properties and 

the user has just to introduce the boundary conditions. The software solves the 

partial differential equations that describe the system by finite element method 

(FEM) technique, where the entire geometry is divided into finite elements or 

nodes (mesh) and the final solution is the sum of each discrete solution. In 

consequence, the resolution of the technique increases along with the selected 

amount of nodes. 

The geometry where simulations were carried out was the same as described 

in section 1.3.2.1 Continuous DNA concentration as it is shown in Figure 3. 7. The 

fluidic channel had two inlets, the one on the left for DNA solution and the one 

on the right for magnetic beads. Both were 500 m high and 500 m width. 

Afterwards these channels converged in a T junction and the fluids co-flowed in 

Close state Open state

i) ii)
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a common channel that is 500 m high and 1 mm width. As the aim of the 

simulation was to control the lateral flow of the magnetic beads, the rest of the 

channel was not taken into account in order to reduce computation time. The 

other element of interest was the permanent magnet. The center of the magnet 

coincided with the center of the confluent channel. As it will be seen later, 

different magnet shapes and sizes placed at different distances from the 

channel were tested during simulations. Finally, in order to limit the magnetic 

field, both structures mentioned before were placed in the center of a box 

(12x12x12 mm) that represented the COP chip. 

The entire geometry, comprised by the fluidic channel, magnet and box, was 

meshed resulting in a total amount of 362,323 tetrahedral elements. 

 

Figure 3. 7 schematic layouts of the geometry used during bead trajectory simulations showing the 
meshed channel and magnet. 

Particle trajectories were calculated by Newtonian formulation from classical 

mechanics. For that purpose, all the physics that affect on the particles were 

considered: 

FTotal=  FDrag  + FMagnetic + FBuoyancy  + FGravity   (3.1) 
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3.2.3.1. Fluid dynamics and drag force 

To understand the motion of particles in a fluid flow it is first necessary to 

know the dynamics of the fluid itself. In this study, fluid dynamics is described 

by the Navier-Stokes equation for Newtonian and incompressible fluids: 

  
     

  
                        (3.2) 

Where ρ and μ are the density (998.2 kg m3) and viscosity (0.00103 Pa.s) of 

the fluid, ν is the velocity of the liquid, P is the pressure and g is the gravity 

force. The solution of this equation defines the flow velocity at every point in a 

steady state flow.  

Another important characteristic in fluid dynamics is the Reynolds number. 

This dimensionless parameter defines the flow regime when the fluid is forced 

to move and allows estimating the contributions in N-S equations: 

   
              

             
 

      

 
 (3.3) 

Where D and ν are the characteristic hydraulic diameter and velocity scale of 

the system, respectively. In microfluidics low Reynolds numbers are expected, 

this means that viscous forces dominate upon inertial forces resulting in laminar 

flow. In this regime, velocity is not time dependent and the flow streamlines are 

parallel to each other with no disturbance between them. This implies that 

sample mixing can occur just by diffusion. The flow regime in our mixing channel 

was completely laminar (Re≈1). 

When a spherical particle moves in a fluid, it suffers a hydrodynamic drag 

force in consequence of the velocity difference between the fluid and particle. 

The drag force equation depends on the relation between the flow regime and 

the spherical particles diameter, this relation is described by the particle 

Reynolds number[20]:  

      
 

 
 
 

 (3.4) 

Where a is the hydrodynamic diameter of the particle. Being the particle 

1m in diameter, the particle Reynolds number is 6 orders of magnitudes below 
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the unity. In this conditions, the drag force exerted on a particle is given by the 

Stokes drag[21]: 

                    (3.5) 

Where r is the hydrodynamic radius of the bead and Δν is the velocity 

difference between the particle and the fluid.  

Table 3. 1 summarizes the boundary conditions used for fluidic simulations. 

Table 3. 1 Used boundary conditions during simulations.  

Inlet (DNA)  Laminar inflow: Average velocity 4. mm/ s (60 L/min) 

Inlet (magnetic bead) Laminar inflow: Average velocity 1.17mm/ s (18 L/min) 

Outlet Outlet pressure:  Poutlet=0 (Pa) 

Wall No slip condition        u=0 

 

3.2.3.2. Magnetic field and magnetic force 

Particles with magnetic moment m interact with magnetic fields B. The 

constant magnetic field generated by a permanent magnet can be calculated 

based on the well known Maxwell equations through the remanent flux density 

of the magnet: 

               (3.6) 

where, H= - Vm (3.7) 

Where μ0 is the vacuum permeability constant (4π 10-7 N A-2), μr is the 

relative permeability of the media (1) and magnet (1.05), Br is the remanent flux 

density of the magnet (1.37 Ty), H is the magnetic field strength and Vm is the 

magnetic scalar potential.  

As mentioned before, simulations were carried out using two different 

magnets: the first was 1x1x1 mm cube, while the other was 2mm in diameter 

and 1 mm long cylindrical body with axial magnetization. Moreover, the 

magnets were placed at three different positions, 0.6, 0.8 and 1mm away from 
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the fluidic channel. The minimum distance was limited by the fast prototyping 

fabrication technique. 

To simplify the model, we expect particles to have a single magnetic dipole 

and the magnetic moment of the bead to be proportional to the magnetic field 

induction. This way, the magnetic force acting on the particle can be described 

as[22]: 

           
        

  
         (3.8) 

Where Vbead is the volume of the bead (0.52m3) and χp is the magnetic 

susceptibility of the particle. This last data was not available from the provider, 

so a mean value calculated from studies that used similar beads was considered 

in this work (  = 0.6[23-26]). Equation (3.8) indicates that the magnetic force has 

the same direction as the gradient of the magnetic field. 

3.2.3.3. Other forces 

Buoyant and gravity forces act on the bead in the z direction. Nevertheless, 

since inertial forces were not taken into account in microfluidic systems, the 

weight of the bead was not considered either[27]. 

3.2.3.4. Particle tracing 

As mentioned before, particles were considered as discrete points in 

simulations. Their trajectories were calculated using the equations 3.5 and 3.8, 

which describe drag and magnetic forces respectively. According to secondary 

interactions, particle-particle interactions happen in case that particle 

concentration exceeds 1015 particle/m3 concentration[28]. However, our bead 

concentration in the inlet was about 1.5x1014 particles/m3, so the effect 

between particles could be ignored simplifying the model considerably. 

Moreover, as the particles were considered point-like, effects on fluid flow 

profile were neglected. 

Both fluid dynamics and magnetic field strength were calculated in steady 

state, assuming that there was no time dependency. Besides, particle tracing 

study was carried out as time dependant, being the time interval between steps 

0.01 seconds. At each time step the forces affecting on the particles were 

calculated at the position that was occupied by the particle. Subsequently, the 

particle position was continuously updated and the process was repeated until 

the end time for the simulation was reached. For the simulation, 500 mono-
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dispersed particles were assumed to enter trough the bead inlet domain in a 

regularly distributed grid. 

Realized assumptions to simplify the model: 

 Microfluidics channels irregularities caused by the COP foils misalignment 

were not taken into account for microfluidic structure construction. 

 The flow regime was laminar. 

 Particles affection on fluid flow was not considered. 

 Particles were considered as point like magnetic dipoles. 

 Magnetic particles did not affect on the magnetic field. 

 Gravity and buoyancy forces were not considered. 

3.3. Results 

3.3.1. Continuous DNA concentration 

3.3.1.1. Bead trajectories simulations 

As mentioned previously, firstly the fluid dynamics and magnetic field 

distribution were simulated. Magnetic field strength was calculated for two 

different permanent magnets placed at three different positions. The magnet 

with 1mm cylindrical body and 2mm in diameter gave the best results, while the 

magnetic field generated by the cubic magnet was not strong enough to attract 

the magnetic beads from those distances. Thus, from now on just the cylindrical 

magnet will be considered.  

The computed flow simulation is described in Figure 3. 8 i and ii, where the 

effects of no slip wall condition and laminar flow condition are clearly observed. 

On the one hand, despite inflow velocity was fixed as an average velocity, in less 

than 200 m length path the laminar flow was developed at both inlets. The 

velocity gradient between the wall and the centre of the channel was clearly 

observed. On the other hand, both inflows came together at the T junction. As 

the viscous forces were dominant, this irregularity was not enough to mix these 

flows and they co-flowed together in the following section in a re-built laminar 

flow. In this section, as the channel width (1mm) was larger than height 

(0.5mm), the vertical velocity gradient was more pronounced. 
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Figure 3. 8. Simulated velocity field on the a) horizontal and b) vertical channel mid-planes.  

The other force acting on the magnetic beads trajectory was the magnetic 

force. Here, a permanent magnet that generated a fixed magnetic field was 

considered. The computed magnetic field strength distribution can be seen in 

Figure 3. 9 i and ii. The magnet imposed large magnetic field gradients in the xy 

plane of the channel. Following the rotation axis of the magnet, the magnetic 

field decreased from 0.2 T to approximately 0.04 T across the channel. This 

gradient also decayed gradually as the position got further from the rotation 

axis. According to the magnetic field generated in the yz plane, no significant 

variations were observed.  

 

 Figure 3. 9. Magnetic flux densities on a) the horizontal mid-plane of the channel and b) three 
vertical planes of the channel. 

The last step in the simulation was to calculate bead trajectories affected by 

the magnetic field. Figure 3. 10 i-iii show the calculated trajectories for different 

magnet displacements, 600 m, 800 m and 1000 m respectively. In all the 

cases the particles were attracted by the magnet and the curvature they 

i) ii)

i) ii)
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presented depended on the position of the magnet. The closer the magnet was 

placed from the channel the larger the curvature was. Particle curvatures also 

differed within the same simulation, the particles flowing close to the top or 

bottom walls of the channel had lower velocity so the trajectory they described 

was strongly influenced by the magnetic field. It could be also seen how some of 

these particles were settled on the left side wall where the magnetic field was 

strongest, forming an aggregate near the magnet. According to the curvature 

inclination, as the magnetic field gradient was not appreciable in the vertical 

axis, beads did not present vertical movement.  

Seeing the results of the simulations, 600m of distance between channel 

and magnet was considered as the best configuration for continuous DNA 

concentration despite the bead settlement.  

 

Figure 3. 10. Particle velocity simulations in presence of a permanent magnet placed at a) 600m 

b) 800m and c) 1000m respectively. The magnet is supposed to be placed on the left hand of the 
picture.  

3.3.1.2. Experimental validation 

The effect of the magnetic field on the bead trajectories was studied by 

microscope imaging using the chip explained in section 1.3.2.1 Continuous DNA 

i) ii)

iii)
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concentration. The distance between magnet and channel were 600m and 

1000m, as shown in Figure 3. 11 i and ii respectively. In the first configuration 

it was seen how the magnetic particles were attracted by the magnet and 

consequently how they were rapidly dispersed. Moreover, a bead plug was 

formed near the magnet, which can suppose a loss of DNA in future biological 

tests if these beads contain target DNA. A limitation of this observation was that 

vertical distribution of the beads could not be studied. According to the second 

configuration, it can be said that the particle trajectories were almost 

unmodified.  

Based on numerical simulations and after evaluating bead mixing under 

microscope, the optimal distance between magnet and channel was concluded 

to be 600m. It must be remarked that during experiments gravitational settling 

of particles in the microchannel was not noticeable.  

 

Figure 3. 11 Microscope images of particle trajectories under the magnetic field effect. The magnet 

was placed a) 600 m and b) 1000m away from the channel. Pictures were taken with 90:1 visual 
magnification. 

3.3.1.3. Biological validation 

Finally, the performance of the design was evaluated using biological 

samples as described in 1.2.2.1 Continuous DNA concentration. Binding 

efficiency was calculated comparing the Ct value of the initial solution and Ct 

value of the waste solution: 

i) ii)
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and, 

                                        

The results obtained from these tests showed that continuous DNA 

concentration was really low. The largest Ct difference between initial sample 

and waste achieved among 10 experiments was 0.26, which means that only 

16% of total DNA was attached to magnetic beads. The mean binding efficiency 

was 12±4%.  

Seeing the low efficiency of the method, methodology required changes in 

order to increase the analysis throughput. Assuming that bead concentration 

was high enough (higher concentrations were not easy to handle), the possible 

changes could be the selection of an alternative magnet or the modification of 

the microfluidic geometry. These modifications would change the relation 

between magnetic and drag forces that affect on the particles, therefore their 

curvature would vary and the mixing efficiency also would be altered. Another 

option could be to enlarge the channel to enhance the diffusion of DNA 

increasing the chances to be tied by the beads. Besides, this would involve a 

considerable size increase on the chip.  

In case that none of these modifications were enough, a more sophisticated 

experimental protocol would be needed. For instance, beads could be attracted 

by several magnets placed alternately at both sides of the channel. This way 

beads would follow a “zig-zag” way increasing the probability to bind DNA. 

Nevertheless, instead of trying to optimize the process, a new method was 

considered: DNA binding by means of fluid flowing between syringes.  

3.3.2. DNA binding by syringe mixing 

Mixing is the key factor for successful DNA binding as discussed before. In 

this line, it was found that the disturbance generated by air bubbles in the fluid 

could be availed for sample mixing as it is demonstrated in Figure 3. 12. This 

phenomenon was used to enhance mixing between beads and sample as 

described in section 3.2.2.2. DNA concentration in syringe. Magnetic beads were 

easily resuspended with the fluid front and these were transferred to the mixing 

syringe, where almost all the beads lied on the bottom of the syringe. Once the 

entire sample was transferred to the mixing syringe, the syringe actuator was 
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not stopped in order to bubble the sample. The reflow generated by the raising 

air bubbles was capable not just to resuspend the beads deposited on the 

bottom of the syringe but also to homogenize the sample.  

 

Figure 3. 12. Picture sequence showing magnetic bead mixing by means of fluid disturbance 
generated by raising air bubbles. Time interval between picture i) and x) was about 8 minutes. 

Once sample mixing was demonstrated in syringe, eight biological tests were 

carried out. Contrary to what it has been seen previously, using this method the 

Ct difference between the recovered waste and initial sample were large 

enough to consider valid the method. As shown in Figure 3. 13, Ct differences 

ranged between 1.25 and 2.39 units. Transforming these Ct differences to DNA 

binding efficiency by the procedure explained previously, it means that DNA 

binding efficiency was between 58 and 81%. 

After DNA was tied, it was eluted with 30 L elution buffer in order to 

concentrate the analyte. Figure 3. 13 shows how the Ct values of the eluted 

sample decreased between 3.5 and 5.4 units relative to the initial sample. It can 

be deduced that the sensibility of the method increased at least 11 (23.5) times 

after the concentration step.  

i) ii) iii) iv) v)

vi) vii) viii) ix) x)
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Considering the protocol followed by this method, the maximum 

amplification signal of the eluted sample relative to initial sample could be 

calculated by the following procedure: 

Sample concentration by magnetic beads, 

                     

                           
                                             

and, the initial sample was diluted for qPCR detection, while eluted sample was 

ready for qPCR, 

                   

                     
                                            

Thus, the maximum signal increase can be calculated as 

                 
                  

            
            

So, the relation between the initial sample and eluted sample concentration 

is given by a factor of 71. In this study, the average qPCR signal increased 25±8 

times, which means that the efficiency of the method was about 35±10%. 

 

Figure 3. 13 Scatter plot representing the relation between the Ct difference measured for waste 
and eluted samples.  

According to the relation between concentration step and elution step, it 

seemed that the higher the efficiency of DNA binding the higher the DNA 

concentration in the eluted sample. Nevertheless, samples with similar binding 
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efficiencies showed high variability in elution efficiency. Which meant that 

elution step was not reproducible. As it is depicted in Figure 3. 14, eluted 

magnetic bead amount varied considerably from replicate to replicate. 

Subsequently, recovered beads and DNA quantity varied too. This could happen 

because the magnetic remanence of the particles was not zero and the elution 

flow was not high enough to resuspend them[22]. Moreover, few residual beads 

were observed in the valve structures contributing to DNA lose. 

 

Figure 3. 14 Photograph of the magnetic bead capture chamber a) before elution step and b) c) 
and d) after elution step carried out in different replicates.  

Although the performance of the concentration step was validated, the 

method required of optimization in order to increase as much as possible the 

concentration efficiency and reduce the variability.  

3.4. Conclusions 

Two DNA concentration strategies have been proposed in this chapter. In the 

first one, DNA was binded by magnetic beads in continuous flow thanks to 

lateral magnetophoretic phenomena. Obtained results were not satisfactory, 

suggesting that this strategy needed several improvements in case it is 

considered for future applications. In the second strategy, magnetic beads were 

resuspended with the solution containing DNA and they were mixed inside a 

syringe by means of raising air bubbles. This step increased the sensibility of the 

detection 25 times and eliminated cell debris originated from cell lysis step. 
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4.  
SELF CORRECTED ALIQUOTING 
METHOD FOR MULTIPLE qPCR 
REACTIONS 
 
 

In this chapter, an aliquoting passive splitter for 

multiplex qPCR is proposed and realized. The passive 

splitter is a tree like closed ramification where the 

sample is split among different sub-divisions. During 

sample loading the air trapped in each branch becomes 

compressed and as the pressure exerted over each 

aliquot front is identical, the sample is distributed 

uniformly. The concept is proven by dividing a sample 

among 2 to 16 chambers. Subsequently, biological 

tests are carried out amplifying a total of 15 duplex 

reactions in duplicate (two chambers splitter) to detect 

SE and MRSA. Spatial multiplexing for detection of 

different targets using the same dye is also 

accomplished using freeze dried reagents stored on-

chip. Finally, the scalability of the splitter up to eight 

parallel reaction chambers is also demonstrated.  
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4.1. Introduction 

The last step in our pathogen sensing protocol is the detection of previously 

extracted DNA. Currently, as the available DNA amount is relatively low, 

amplification reactions are commonly used to improve its detection. Thus, the 

final performance of the detection step relies on both amplification efficiency 

and detection sensitivity. Several amplification methods (PCR[1] and isothermal 

methods (LAMP[2], HDA[3] and SDA[4])) and detection techniques 

(electrochemical[5], capillary electrophoresis[6], hybridization-fluorescence[7]) 

have been implemented in microfluidics for pathogen detection. Among them, 

amplification by PCR and real time fluorescence detection is the most popular 

method since it meets all the requirements for a detection tool: sensitivity, 

specificity, automation and low time consumption. 

Miniaturization of PCR has been an attractive issue since its invention. All the 

efforts made in the field have brought continuous development of the 

technique. First works reported static amplification in a polymeric 

microchamber where the temperature was cycled[8]. Afterwards, thermocycling 

time was reduced either by decreasing sample volume[9] or amplifying the 

sample in continuous flow passing it through different temperature zones in the 

chip[10]. And lately, technological improvements have lead to a new detection 

method known as digital PCR, which consist on partitioning the sample into 

many individual PCR reactors allowing absolute DNA quantification[11]. 

Aside from the detection technique, parallel identification of several 

pathogens is another key requirement in order to increase analysis throughput. 

Multiplex qPCR[12-14] is a suitable choice to respond to this demand owing to its 

capability of amplifying multiple targets in the same reaction. Although 

bioinformatics has made easier primer design for complex multiplex reactions, it 

suffers from the spectral overlap between detection dyes. This limitation has 

been overcome by isolating reagents in different reaction compartments 

(lyophilized[15], gelified[16], surface immobilized[17] or printed in microwells[18]) 

and performing independent amplification and detection reactions without the 

need of optimizing the entire assay. For this purpose it is required a microfluidic 

device able to aliquot accurately the sample in several reaction chambers where 

reagents are pre-stored. Many studies have reported the development of 

multiplex PCR in array format devices. 
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Ramalingan et al.[19] fabricated a glass/PDMS hybrid chip that was able to 

aliquot the sample into 12 chambers of 800nL each by capillary driven 

microfluidics as is depicted in Figure 4. 1.i. The amplification was detected by 

exciting all the chambers with a blue LED array and capturing the emissions with 

a CCD camera, reducing considerably the analysis time. They satisfactorily 

detected 12 different DNA targets without cross contamination, but the 

diffusion of the primers between adjacent chambers limited the amount of 

reactors. On the other hand, reagents and sealing liquid were loaded manually, 

making difficult to couple this detection method with previous analysis steps. 

Moreover, large amount of sample was wasted and this could result in a 

handicap when working with low DNA concentration. 

 

Figure 4. 1.Sample aliquoting methods for spatial multiplexing. i) sample division by capillary 
microfluidics

[19]
. ii) photograph and schematic image of the chip used for DNA extraction and 

detection
[20]

. Iii) design of the compact disc like labcard to aliquot the sample by centrifuge
[21]

 and 
iv) simulation of PCR mixture loading from the sine shaped channel to the reaction chambers by 
means of centrifugation

[23]
. 

Oblath et al.[20] developed a micro-device able to extract and detect 7 

bacterial DNA from the same saliva sample in independent micro-wells. DNA 

was extracted by a monolithic aluminium oxide membrane that was sandwiched 

i) ii)

iii)

iv)
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between PDMS structures that worked as reaction well and microfluidic 

connections at the same time (Figure 4. 1.ii). Although extraction and detection 

steps were carried out in a simple and functional chip, the fabrication process 

comprised of multiple steps and sample division for spatial multiplexing was 

done manually. 

Centrifuge forces have also been applied for aliquoting purposes. Focke et 

al.[21] designed a centrifugal microfluidic disc comprising of four identical and 

independent segments, each containing a sample reservoir and 8 reaction 

chambers (Figure 4. 1.iii). 4x90 L sample was the volume required by the 

system for filling all the chambers and the amplification was carried out in a 

commercially available instrument equipped with a disc adaptor. The structures 

of the labcard were further developed by the same group to perform primary 

amplification and secondary qPCR in the same labcard[22]. This method is 

suitable for spatial multiplex reactions, but it requires in situ detection since the 

sample can not be recovered for further analysis steps.  

More recently, Xu et al.[23] reported a device for sample aliquoting and 

subsequent amplification that overcomes the problem of sample recovery in 

centrifugal microfludics. The chip consisted of a sine shaped channel with 21 

PCR compartments, 2 L each, regularly distributed along its length (Figure 4. 

1.iv). The sample was loaded manually into the channel and it was split by 

centrifugation. Applying reverse centrifugation the sample was recovered and 

analyzed either by electrophoresis or microarray hybridization. Despite this 

method solved the issue related with sample recovery, its applications are 

limited since it is difficult to couple with upstream analysis steps. 

Companies have also shown interest on sample aliquoting for multiplex PCR. 

TaqMan OpenArray[24], Combimatrix microarray[25], and Fluidigm Dynamic 

Array[26] are three examples of multiplex implementation in commercial 

microarrays. These products distribute the reagents among the microreactors 

and thus are able to perform automatically hundreds of simultaneous PCR 

reactions. This advantage makes them appropriate for new generation 

sequencing applications or digital qPCR. Nevertheless, the high price of the chips 

(530 $ per dynamic array IFC chip of Fluidigm), the required equipment and the 

difficulties for integration in a complete pathogen detection system are very 

important drawbacks for its wide use in this field. 
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The aliquoting method we have developed in this chapter is based on the 

equilibrium between the compressed air trapped in each sample sub-division. 

The straightforward working principle of the sample splitter allows the assembly 

of different analysis steps and enables process automation. Moreover, as the 

system works under pressure conditions, eliminating the exerted pressure 

amplified samples can be unloaded for further analysis if it is required.  

4.2. Experimental procedure 

4.2.1. Proof of concept 

The system described herein is a microfluidic tree-like closed ramification. 

Each division contains a reaction chamber and a closed air compression 

chamber. When the sample is introduced into the splitter the air trapped inside 

the compression chamber is compressed. The overpressure generated in 

different branches is continuously self equilibrated, enabling an auto-controlled 

sample loading as it is depicted in Figure 4. 2. It is observed how both the fluid 

front and the tail flow in parallel towards the reaction chamber. In this example 

each chamber volume is 3 L. 

 

Figure 4. 2 Serial illustration of sample aliquoting process in two reaction chambers. 

Using this working principle sample can be loaded into several chambers at 

the same time without the need of valves, which simplifies notoriously the 

fabrication and operation procedure. Figure 4. 3.i shows the simultaneous 

sample division among 16 chambers of 2 L each. Moreover, if the required 

i) ii) iii)

iv) v) vi)
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volume relations are calculated, the sample can be also divided among different 

volume fractions as it is depicted Figure 4. 3.ii. 

 

Figure 4. 3. i) sample aliquoting among 16 chambers of 2 L each and, ii) sample division between 

different volume chambers, 5 L (left) and 9 L (right) respectively 

In all these cases, the structures were designed to work with a final 

overpressure of one bar. For this purpose, the relation between the addition of 

all volumes of the compression chambers and the total microfluidic system 

volume was found to be 1:2. Once the overpressure in the inlet is reduced, the 

sample returns and it can be recovered. 

It must be remarked that unlike conventional passive liquid splitters, here 

the accuracy is independent of the flow resistance since the flow is auto 

controlled by the pressure generated in the final chambers. Moreover, working 

under pressure conditions is favourable in qPCR application; firstly, the bottom 

sealing tape of the reaction chamber swells enhancing thermal contact with the 

thermocycler plate. And secondly, the boiling point of the reaction mixture 

increases and consequently sample loss by evaporation is diminished hindering 

bubble formation, which is a drawback in qPCR experiments. 

4.2.2. Chip fabrication 

4.2.2.1. Chips for proof of concept 

The chips for proving the working principle were fabricated as described in 

Chapter 2. In brief, it consisted of self-alignment folding, stacking and bonding 

of 100 m thick COP foils previously structured by a cutting plotter. 

i) ii)
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4.2.2.2. Chips for qPCR experiments 

The aliquoting splitter described in this chapter was part of a chip developed 

for non invasive prenatal diagnosis in ANGELAB project. Thus, the chip 

architecture and its fabrication process were developed according to the 

requirements established in this project.  

4.2.2.2.1 Splitter design 

Figure 4. 4 shows the schematic layout of the splitter design, which was 

based on the aforementioned method for sample division. The volume of each 

reaction chamber resulted in 7.2 L and a membrane valve was used to close 

the microfluidic system before the thermocycling. This way, sample 

displacement caused by air expansion during thermocycling process was 

minimized. 

It must be remarked that all the structures are placed close to each other in 

order to reduce the dimensions of the final chip. Nevertheless, a minimal 

distance of 2 mm was kept between microstructures to avoid the detachment of 

the bottom sealing adhesive. 

 

Figure 4. 4. Schematic layout of the sample division splitter used for DNA amplification in 
duplicate. a) reaction chamber, b) compression chamber, c) copper plate of the external heater, 
d)sample inlet, e) membrane valve, f) proximity sensor emitter and g) proximity sensor receiver. 

4.2.2.2.2 Fabrication 

Although mass production is based on injection moulding and thermal 

compression bonding, previously the chip design needs to be fixed by testing 

prototypes. This section describes the prototype fabrication process used during 

chip designing phase. 

The fabrication method was a hot embossing procedure followed by bonding 

to the Luer cup and chip sealing. The microstructures of the chip were 

2

0
mm

cm

cm

a)
b)

c)

d)

e)

f)
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fabricated by hot embossing in an EVG-510HE machine (Figure 4. 5.i). The 

previously designed structures were machined in an aluminium mould and the 

hot embossing was carried out on degassed 2 mm thick COP wafers (Zeonor 

1420) (Figure 4. 6.i and ii). The embossing process was as follows, the bottom 

and top plates, where the wafer and master mould were fixed respectively, 

were heated to 159ºC. After 10 minutes of temperature stabilization the top 

plate was vertically displaced and the pattern was pressed against the substrate 

applying 7.5 KN for 1 hour and 45 minutes (Figure 4. 5.ii). When the plates 

reached a temperature of 136ºC the applied force was removed and the plates 

separated. 

 

Figure 4. 5 i) EVG 510 Hot Embossing machine and ii) optimized hot embossing process. 

Once the microstructures were embossed, the surplus of the wafer was cut 

(DAD 321 Automatic Dicing Saw from Disco) according to the dimensions 

required by the machine explained in Chapter 3 (section 3.2.2.2.1) and the 

sample inlet for fluidic connection was done by drilling with 0.5 mm bits. The 

resulting chip was dehydrated for 24 hours at 60ºC and bonded to the Luer cap. 

Nevertheless, the Luer cap used for this chip had the last two columns of Luer 

connectors cut by means of a hot wire to clear the reaction chambers and 

enhance the optical detection (Figure 4. 6.iii). As shown in Figure 4. 6.iv, the chip 

required a specific contra-mould for the bonding to apply pressure uniformly 

across the whole area. Moreover, a film of Kapton was placed where the card 

was supported to avoid imprinting of the contra-mould roughness on the chip, 

a) b)
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as it could worsen its optical properties. Thermo-compression bonding was 

done at 136ºC and 3bars for 2 hours. Finally, the bottom side of the chip was 

sealed with pressure sensitive adhesive (Progene from Ultident) and the chip 

was ready to use (Figure 4. 6.v).  

Hot embossing and bonding processes involved high temperature, a critical 

parameter working with polymeric materials as they suffer from contraction and 

material flow. The effects of these phenomena were evaluated by measuring 

the depth of the qPCR chambers with a perfilometer (DEKTAK) for posterior 

process optimization. Perfilometer measurements were done along the centre 

of both reaction chambers. 

 

Figure 4. 6 Evolution of the chip and material used during fabrication. i) master mould, ii) 
embossed wafer, iii) modified Luer cap and labcard after surplus removal, iv) contra mould and v) 
final chip. 

i) ii)

iii)

iv) v)
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The fabricated chip had 8 analysis lines. It was designed to carry out two sets 

of experiments, each comprising of a duplicate qPCR analysis (in the splitter), a 

positive control and a negative control. Nevertheless, in this chapter we will just 

consider the splitter analysis line. 

4.2.3. Thermocycler and detection tools 

On chip qPCR reactions were carried out by a qPCR slot. The particularity this 

time is the slot capable of thermocycling, which integrated a heating and 

cooling mechanism. The schematic layout of the thermocycling tool is shown in 

Figure 4. 7.i. It consisted of a copper plate (8mm in diameter) that was heated 

by two resistors (25 ohm, 12 V) in parallel and cooled down by heat transfer 

through a cylindrical rod that was vertically actuated when it was needed. The 

copper plate had embedded a Pt1000 resistance temperature detector (RTD, 

Heraus) for temperature monitoring and was used as feedback to control the 

heating and cooling process. As it is depicted in Figure 4. 7.ii, the final 

thermocycler was composed of 8 amplifying spots that could be parameterized 

independently in case the amplification reactions needed different annealing 

temperatures. 

ESE-log fluorescence detection confocal system (Qiagen) was used to read 

the fluorescence signal after each amplification step of qPCR. It was provided 

with two wavelength excitation light sources and photodetectors (E470/D520 

and E520/D570). The detector was integrated and built in a XY carriage system 

above the thermocycler to take readings automatically in the reaction 

chambers. 

 

Figure 4. 7 i) Thermocycler setup developed in-house. ii) Picture of the thermocycler and 
motherboard. 

i) ii)
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4.2.4. Flow control 

A syringe, containing 16 L of reaction mixture (section 4.2.5 Real time PCR 

amplification), was used to introduce the sample at a flow rate of 30 L/min by 

a mechanical actuator that pushed the plunger of the syringe. But due to the 

overpressure generated in the enclosed system, the flow rate inside the 

cartridge was not constant. The air trapped in the syringe and microfluidic 

system was gradually compressed as the fluid flowed and therefore the flow 

rate was reduced. In order to monitor and accurately control the chambers 

filling, a proximity sensor (VCNL 3020, Vishay) was placed before the bifurcation 

(Figure 4. 4). The proximity sensor was sensible enough to detect either the fluid 

front or the fluid tail by means of differences in the reflected light (Figure 4. 8). 

This way, the plunger actuator was automatically stopped once the sample was 

completely divided, avoiding cross contamination between samples. Finally, the 

membrane valve was closed by a mechanical pin actuator. 

 

Figure 4. 8. Readings of the proximity sensor.a) air in the channel,b) fluid front detection, c) liquid 
in the channel and d) liquid tail detection.  

Chambers total volume was 11.6 L as will be considered later, while the 

introduced sample volume was 16 L. This excess in sample volume was added 

to fill the fluidic structures in contact with the heater in order to minimize 

sample loss by evaporation during the thermocycling reactions. 

4.2.5. Real time PCR amplification 

Validation of sample division for qPCR applications was performed 

simultaneously running qPCR duplex reactions in adjacent splitter chambers. 

Amplification targets were a nucleic acid metabolism related gene (gmk) of 

Staphylococcus epidermidis[27] (SE) and mecA gene of Methicillin Resistant 

Staphylococcus aureus[28](MRSA). The reaction mixture was composed of 8 L 
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Premix Ex TaqTM (TAKARA), 1.6 L of primers and probe (final concentration of 

500 M and 250 M respectively) for each amplification gene (Table 4. 1) and 

4.8 L of MRSA and SE genomic DNA mixture. Cycling conditions were: 30 s at 

95ºC (initialization), 40 cycles of 7 s at 95ºC (denaturalization) and 20 s at 59 ºC 

(annealing and elongation). The whole amplification and detection process took 

35 minutes long. 

Table 4. 1. List of primers and probe sequences used in qPCR reactions for different targets 

Microorganism Forward 5´-3´ Reverse 5´-3´ Probe 5´-3´ 

Staphylococcus 

epidermidis 

CAACAAGACGTTCTTT

CAAGTCATCT 

AAGGTGCTAAGCAAG

TAAGAAAGAAATT 

/56-FAM/ATGCGTTGT/ZEN/TCATA 

TTTTTAGCGCCTCCA/3IABkFQ 

MRSA CATTGATCGCAACGTT

CAATTT 

TGGTCTTTCTGCATTC

CTGGA 

TET/TGGAAGTTA/ZEN/GATT 

GGGATCATAGCGTCAT/3IABkFQ 

Cistyc fibrosis  

(Wild type) TGCCTGGCACCATTAA

AGA 

GCATAATCAAAAAGT

TTTCAC 

FAM/AACACCAAAGATGATATT/ MGB 

Cistyc fibrosis 

(Mutated type) 
VIC/CACCAATGATATTTT/MGB 

Spatial multiplexing was also investigated using freeze dried reagents stored 

in the reaction chambers at room temperature. Two different pellets were 

prepared: one pellet to amplify SE (FAM-fluorophore) and MRSA (TET-

fluorophore) and the other one to amplify wild type (FAM) and mutated (TET) 

alleles of p.Phe508del state corresponding to human cystic fibrosis (CF) 

heterozygote genomic DNA. In both cases, aliquots of 10 L master mix (see 

Table 4. 2) with 5 % trehalose for stabilization[29] were placed in a stainless steel 

substrate at -80ºC for 15 min. Afterwards, samples were freeze dried overnight 

at 0.4 mbar and 40ºC resulting in ready to use reagents (see Figure 4. 9).  

Table 4. 2. Composition of freeze dried samples containing qPCR reagents. Note that the volume of 
each pellet before lyophilisation is 10 μl because the bead size and lyophilisation protocol are 

optimized for this volume. However reagents concentration is calculated for 8L final volume, 
since during the qPCR the pellet is resuspended in 8 μl. 

 
For one reaction (L) 

Taq Polimerase (5U/µl) 0,04 

dNTP (2,5mM each) 0,64 

Buffer 10X 0,8 

Primers&Probes 20X  0,4 

Trehalose 6,25% 6,4 

Water 1,72 

TOTAL 10 
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Figure 4. 9 Freeze dried reagents stored in Eppendorf tubes. The tubes were vacuum packed in 
opaque plastic bags ready to be used when required. 

Amplification data acquired with the Fluo Sens detector was treated with R 

software. The treatment consisted of three steps: first baseline was subtracted. 

Secondly, the software selected the sigmoidal curve which fitted better with the 

experimental points based on Akaike information criterion weights. And finally, 

it calculated the crossing point of the cycle threshold set at 2.105 fluorescence 

arbitrary units. 

4.3. Results 

4.3.1. Chip characterization 

The first step in the fabrication process was hot embossing of COP wafers by 

increasing its temperature above the glass transition. Figure 4. 10.i shows the 

profile of the qPCR chambers fabricated by milling in the master mould used for 

embossing. The mean height of the chamber structures was 307±3 m, a bit 

higher than expected (300 m), and non desired roughness can be seen in the 

surface as a consequence of poor surface finish. The embossing process was 

done at 159ºC for 2 hours, enough to let the material flow to distribute and 

obtain the desired structures. Nevertheless, the de-moulding temperature was 

a critical parameter to obtain good quality chips. The optimum de-moulding 

temperature was found to be 136ºC, at higher temperatures the substrate 

material still was in semi fluid state and was distorted by the shear stress of the 

process. On the other hand, at lower temperatures the substrate appeared 

cracked because it could not absorb the stresses generated between the mould 

and substrate. The profile of the embossed structure is depicted in Figure 4. 

10.ii, they had a mean depth of 305±2 m and it is seen how the roughness was 

also imprinted. 
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Thermo compression bonding step also required optimization. The first chips 

were bonded at 136ºC and 2 bar for 2 hours, resulting in completely distorted 

qPCR chambers with depths between 0 and 50 m. Unlike the injected chips 

used in the previous chapter, the chips obtained by hot embossing had some 

internal tensile, making the polymer to redistribute occupying the free space 

during the bonding. After several bonding trials, optimal protocol was set at 

135ºC and 3 bar for 1 hour, these were minimum temperature and time to 

obtain bonded chips. Figure 4. 10.iii shows the qPCR chamber profiles after 

bonding at final conditions, the mean depth calculated from 10 replicates was 

232 ± 15 m. As the reaction chamber area was 25mm2, the final reaction 

volume of each chamber was considered to be 5.8 L. 

With the final fabrication conditions, enough reproducibility was obtained to 

carry out the experiments and validate the design. It is necessary to take into 

account that all these problems will be minimized once the design is validated 

and the labcards are fabricated by injection moulding. 

 

Figure 4. 10 Perfilometer measurements of the qPCR chambers during fabrication process: i) 
master mould, ii) embossed wafer and iii) final lab-card. 

i)

iii)

ii)



Chapter 4 

82 
 

4.3.2. Temperature calibration 

The next step prior to biological validation was temperature calibration 

within the reaction chambers. Temperature was measured at the bottom of the 

heating plate by the RTD temperature sensor, and the temperature control was 

done externally by a PID controller. Nevertheless, it was necessary to calibrate 

the temperature inside the reaction chamber to avoid undesired effects such as 

enzyme denaturalization or unspecific annealing. The calibration was done by 

integrating T type thermocouples inside the reaction chambers filled with 

deionised water. The RTD temperature was collected simultaneously and the 

data was used to adjust the temperature settings in the PID controller. Besides, 

an overshooting for the denaturalization step and undershooting for the 

annealing step were implemented in order to increase the temperature ramping 

rates.[30]  

Thermocycling conditions for the calibration process were 45 s at 95ºC and 

40 cycles of 15 s at 95ºC, 30 s at 59ºC and 30 s at 70ºC. Figure 4. 12.plots the 

temperatures recorded by the RTD sensor and the thermocouple inside the 

qPCR chamber during the first 10 cycles and in Figure 4. 12 a single cycle is 

depicted. The temperature profile in the chamber shows uniformity among 

different cycles and the heating and cooling average rates are 4.5ºC/s and 

3.9ºC/s, respectively. As it is expected these rates are faster in the case of the 

RTD sensor owing to its proximity to the heater. It is also observed that the 

temperature drop between both sensors is larger at higher temperatures due to 

heat losses. 

 

Figure 4. 11 Transient analysis of the temperatures recorded by the RTD sensor and thermocouple 
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Figure 4. 12 In detail, the sixth cycle of thermocycling process. 

4.3.3. Amplification performance 

Biological samples were amplified to test the performance and study the 

linearity of the qPCR device after temperature calibration and PID adjustment. 

Reactions were done in duplicates in a disposable two chambers splitter, so that 

the amplification efficiencies were calculated as the mean Ct value between 

both chambers. Four serial dilutions of purified genomic DNA of SE (12228D-5™) 

and MRSA (33591D-5™) were amplified and detected. The amplification curves 

can be seen in Figure 4. 13, whereby amplification efficiencies for SE and MRSA 

were 96% and 97% respectively. 

Subsequently, the products amplified on chip were analyzed by 

electrophoresis (Experion, Biorad) and compared with the amplicons resulted 

from tube-based qPCR experiments (Biorad CFX96 Touch) used as control. 

Theoretical amplicon lengths were 93 base-pairs and 99 base-pairs for SE and 

MRSA, respectively. Our amplified products and tube controls gave amplicons of 

93 and 98 base pairs length comparing against an internal DNA ladder. Apart 

from the expected bands, there were no additional significant bands (see Figure 

4. 14. i-iii). However, on chip qPCR yield was much lower. This might be a 

consequence of introducing the sample exceed explained before, which is not 

amplified as it is not in contact with the thermocycler, but it is recovered at the 

end diluting the amplified product.  
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In few words, amplification efficiencies and amplicon studies showed that on 

chip qPCR was selective and sensitive for the analyzed targets within the 

concentration range investigated. 

 

Figure 4. 13. Real time fluorescence curves of serial diluted (500-0.5 pg/L) standard DNA of SE (i) 
and MRSA (ii). Note that amplification curves originated from chamber 1 are colored in blue and 
chamber two curves in red. 

 

Figure 4. 14. Electrophoresis analysis of qPCR products, i) gel report and, ii) and iii) 
electrophoregrams. L means ladder (control), lines 1-2 and 3-4 refer to on chip amplifications done 
in duplicate and lines 5-6 are in tube amplification control. ii) and iii) electrophoregrams 
correspond to 4 and 5 lines respectively. 
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4.3.4. Duplicate reproducibility 

Reproducibility of sample division splitter was studied by amplifying 30 

replicates of samples containing SE and MRSA genomic DNA. Amplification 

curves of SE and MRSA in both chambers are represented in Figure 4. 15. Mean 

Ct values for SE in both chambers were 24.22±0.20 and 24.16±0.24, while for 

MRSA were 22.60±0.16 and 22.48±0.20. Intravariability observed within each 

assay was ca. 0.20 in all the cases and most likely due to sample preparation 

steps. In addition, differences between the mean Ct values of both chambers 

were statistically studied for each DNA sample. All four group values showed a 

normal distribution in Shapiro-Wilk normality test (p-value> 0.05), and the 

posterior t-student test for related samples showed no significant difference (p-

value> 0.05) between the mean Ct values of the aliquots amplified in different 

chambers. Thus, results showed no significant differences between adjacent 

chambers and assays proving that the aliquoting method presented in this 

chapter is very accurate and highly reproducible. 

 

Figure 4. 15 qPCR amplification curves: SE (20pg/L) and MRSA (50pg/L) genomic DNA. SE was 
detected with FAM labeled probe (blue and red) and MRSA with TET labeled probe (purple and 
orange). 

4.3.5. Other application 

Another potential application of the sample splitter is qPCR spatial 

multiplexing to detect different probes labelled with the same dye in different 

chambers. For that purpose, freeze dried reagents were stored in different 

reaction chambers as it is depicted in Figure 4. 16. The pellet for detecting MRSA 

and SE was placed on the right hand chamber (in red) and the pellet to detect 

wild and mutated DNA for cystic fibrosis on the left hand chamber (in blue).  
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Figure 4. 16 photo: qPCR reaction chambers containing lyophilized reagents: primers and probes 
for SE/MRSA (red circle) and wild (WT)/mutated (MT) types alleles of p.Phe508del (blue circle). 
Graph: real time PCR fitted amplification curves of heterozygote DNA in blue and SE-MRSA in red. 

As it can be seen in the amplification curves, four targets were detected. On 

the one hand, the amplification curves of SE (5pg/L) and MRSA (50pg/L) gave 

Ct values of 27.6 and 22.4 cycles respectively, which are close to those achieved 

in the serial dilution curves for the same concentration samples, 27.1 (SE) and 

22.2 (MRSA) cycles. On the other hand, both CF alleles were amplified at the 

same time showing a Ct difference of 0.09 units. This suggests that: a) the 

amplification efficiency and posterior detection were independent of the used 

dye and b) the probes used were selective for both alleles. This method enables 

to detect four different targets by means of a double channel fluorescence 

detector without cross contamination. 

Furthermore, the splitter was used to divide MRSA genomic DNA among 

eight chambers of 2 L each and qPCR reactions were performed 

simultaneously as it is shown in Figure 4. 17. The amplification curves reached 

lower plateau value as the reaction volume was diminished, so the threshold 

value was also lowered and set at 5.104 fluorescence arbitrary units. Mean Ct 

value of the amplification curves was 25.8±0.5. In this case, the variability 

between chambers was higher than in previous duplicate reactions. This could 

be owing to the fabrication method. In this occasion microfluidic chips were 

fabricated by fast prototyping technique as explained in section 2.2, but in this 

case they required two bonding steps to be adapted to the thermocycler 

requirements. The second bonding step deformed the chamber walls in a non 
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uniform way, resulting in chambers with different reaction volumes. This 

volume difference may be the reason for such variability, which could be 

avoided with chips fabricated by injection moulding. 

 

Figure 4. 17. Schematic layout of 8 chambers splitter and MRSA genomic DNA samples 
corresponding amplification curves. 

4.4. Conclusions 

In this chapter we have developed a splitter that is able to divide a sample 

precisely among different reaction chambers without the need of valves. It 

works in a simple way and therefore, it can be easily connected with previous 

analysis steps. The method was used to carry out duplicate qPCR reactions 

resulting in low intervariability between chambers and different assays. 

Additionally, it was also demonstrated its use for spatial multiplexing by 

detecting 4 targets in two reaction chambers and its scalability up to eight 

reaction chambers.  
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5.  
COMPARISON BETWEEN ON CHIP 
EXTRACTION AND EXTTRACTION 
BY COMMERCIAL BD GeneOhm 
StaphSR assay 
 
 
 

In this chapter, on chip extraction method has been 

evaluated relative to a commercial bench-top method. 

For on chip extraction, previously discussed lysis, 

concentration and elution steps have been used and it 

has been seen that it is 3 times more sensitive than in 

tube method. 
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5.1. Introduction 

Early detection of microorganisms is required in many health-related fields 

to avoid possible infections[1] and answer as soon as possible with the best 

treatment. Traditional gold standard methods for bacteria identification and 

counting in microbiology have relied on culture-based diagnostics[2], which is a 

time consuming method. On the other hand, DNA detection kits have appeared 

as commercial alternatives[3-5]. Nevertheless, these comprise many sample 

manipulation steps and need a qualified worker, deriving in potential cross 

contamination risks. The solution to overcome these limitations arises in 

integrating different analysis steps (i.e. sample preparation, DNA amplification 

and detection) into an automated lab-on-a chip device. 

The widely used method to amplify and detect DNA molecules is real-time 

polymerase chain reaction, as it has been proved before, a sensitive technique 

suitable for microfluidic integration[6]. Its performance depends on previous 

DNA extraction from target cells, which in turn is cell wall disruption 

dependent[7, 8]. The following table summarizes on chip extraction and detection 

methods used by several authors for pathogen detection. 

Table 5. 1 Chronologically ordered most relevant pathogen detection publications. 

Authors 
Detected 
pathogen 

Lysis 
method 

Concentration 
step 

Detection method 
Required
time 

Lee J.[9] 
MRSA  
S. epidermidis 

Laser 
irradiated 
lysis 

No qPCR 35 min 

Xu G.[10] Influenza A. 
Chemical 
lysis 

Silica 
membrane 

Reverse 
transcription PCR 

2.5 h 

Chen D.[11]. Bacillus cereus Chemical 
Silica 
membrane 

qPCR - 

Karle M.[12] E. Coli Chemical 
Magnetic 
beads 

Off chip qPCR - 

Wang C.[13] MRSA Thermal  No 
LAMP amplification 
/ off chip detection 

60 min 

Kumar S.[14] 
Escherichia coli 
Bacillus subtilis  

Electro-
chemical 

No 
PCR-capillary 
electrophoresis 

- 

Liu Y.[15] 

MRSA  

E. coli 

S. pneumoniae 

Thermal 
Magnetic 
beads 

qPCR 2.5 h 

Oblath E.[6] MRSA 
Off chip 
thermal 

Aluminium 
oxide 
membrane 

qPCR - 

Heirstraeten[16] 
S. aureus 
S. pneumoniae 
Influenza A. 

Chemical 
Extraction 
membrane 

Off chip qPCR - 

Sun Y.[17] 
Salmonella 
enterica 

Chemical 
Magnetic 
beads 

LAMP/ fluorescence 
detection 

- 
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As it has been seen, there are many works describing pathogen sensing 

devices able to detect Gram positive bacteria. Nevertheless, to our knowledge, 

there are only two pathogen sensing microfluidic device that can be 

commercially acquired, the -prototype from Early WarningTM and GeneXpert 

from CepheidTM. The -prototype is designed to use for water analysis 

applications. It starts with 10L initial sample, which is concentrated by serial 

filtration steps. Final sample is enzymatically lysed by lysozime and released 

DNA is detected with ultra-sensitive DNA-electrochemical biosensors. The 

device is able to detect 10 pathogens per test in less than 3 hours. According to 

GeneXpert, it extracts pathogen DNA by sonication and after the genomic 

material is concentrated, it amplifies by PCR. This device has been satisfactorily 

used for identifying different pathogens, such as microbacterium 

tuberculosis[18], ebola virus[19] and MRSA[20], in less than 2 hours.  

In this chapter our DNA extraction method has been compared with a 

commercial DNA extraction kit (BD GeneOhm StaphSR assay[21-24]). In order to 

obtain comparable results between both methods, DNA quantification was 

carried out in a commercial qPCR device. 

5.2. Experimental procedure 

5.2.1. Chip fabrication 

Cell lysis chips developed in Chapter 2 were used to release DNA from 

bacteria, which were fabricated by fast prototyping technique. In few words, it 

consisted of self-alignment folding, stacking and bonding of 100 m thick COP 

foils previously structured by a cutting plotter. Luer connectors made by 

stereolitography were used as sample inlet and sample recovery outlet (see 

Figure 2.5 , page 23). 

Fabrication of chips for DNA concentration is described in detail in Chapter 3. 

In brief, it consisted of two plastic structures fabricated by injection moulding. 

One part contained the microfluidic structures, while the other part had the 

Luer connectors that worked as sample inlet and outlet necessary for placing 

the syringes. Both structures along with a 100 m thick COP foil that was used 

to seal the fluidic channels were bonded by thermo-compression at 136ºC and 2 

bar overpressure during 2 hours (see Figure 3.1, page 46). 
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5.2.2. Cell strain and initial solution 

Two initial sample solutions were prepared starting from the same bacteria 

solution (3.108 cfu/mL). The first solution was for tube tests; 10 L of bacteria 

sample was diluted till 1111L using sample buffer provided by BD Gene OhmTM 

SaphSR assay. The second solution was prepared for on chip DNA extraction; 10 

L of bacteria sample was diluted till 10 mL containing 100mM MES and 0.05% 

Tween 20.  

Bacteria concentration ratio between both solutions was 9/1. The reason for 

using different initial bacteria concentration depending on the extraction 

method was the difference in the initial sample volume used in each protocol. In 

case of in tube extraction, the initial volume was 50 L, while on chip extraction 

was performed using 450 L solution. In this case, the volume ratio is 1/9, 

therefore, total bacteria amount was identical in both initial solutions and final 

extraction results were comparable. 

5.2.3. On chip DNA extraction  

DNA extraction was carried out using the best conditions achieved for cell 

lysis and DNA concentration in Chapters 2 and 3 respectively. For cell lysis, 

450L sample was introduced in the chip and lysis was performed with the 

following parameters: 100 m bead size, 45% bead quantity, 7 V applied to the 

stirrer and 60 L min-1 sample inflow velocity. Recovered sample was 

concentrated with magnetic beads using the method of syringe mixing. In this 

case, the sample syringe contained 600L air instead of 500 L in order to 

increase the incubation time for better mixing between beads and DNA and 

thus, enhance DNA binding. Moreover, elution flow was increased up to 500L 

min-1 for better resuspension of the magnetic beads. Eluted sample was stored 

at the fridge. 

5.2.4. BD Gene OhmTM StaphSR assay 

The protocol followed to detect Gram positive Staphylococcus epidermidis 

was the one indicated by the manufacturer: after being vortexed for 10 seconds, 

50 L of concentrate initial solution was transferred into a lysis tube. The lysis 

tube containing cell suspension was vortexed for 5 minutes. Afterwards, the 

tube was centrifuged at 500rpm for 3 seconds in order to bring cell debris to the 

bottom. Finally, the tube was kept at 95ºC in a dry heating block for two 

minutes. Samples were stored at the fridge for later qPCR analysis. 
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5.2.5. DNA analysis 

Extraction efficiencies were measured by qPCR using the same protocol and 

primers as in Chapter 2. In the case of tube protocol, 3L sample was mixed 

with 7.5L Premix Ex TaqTM (Takara), 1.5 L of primers and probe and 3 L of 

nuclease free water. In case of on chip extracted sample, the elution buffer was 

ready for qPCR so 15 L of eluted solution was directly analyzed.  

The sample obtained from on chip extraction contained magnetic beads and 

it is known that these interfere on the optical detection during qPCR. So, small 

magnets were placed next to the reaction tubes in order to keep them out from 

the detection zone.  

5.3. Results 

On chip and tube analysis were replicated eight times and each sample was 

analyzed along with its corresponding initial sample. The results are summarized 

in Table 5. 2. First of all, it can be seen that there is a difference of 3 Ct-s 

between the supernatant DNA of the initial samples. This is consequence of the 

applied dilution factor (9/1), being identical the total amount of DNA in both 

samples. According to final detection Ct, on chip average extraction Ct is 1.5 

lower than in tube, which means that our method is almost 3 times more 

sensitive. However, if experimental protocol is taken into account, on chip 

method should be about 8 times more sensitive: 

                 
                 

                 
      

 

                 
                        

                 
     

And,   

   

    
   

The efficiency decrease relative to the theoretical maximum efficiency may 

be attributed to DNA losses during concentration and elution steps as described 

in Chapter 3.  
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In reference to the standard deviation, on chip results show larger variation 

than in tube results. Nevertheless, comparing on chip extraction results with 

those obtained in Chapter 3, it can be seen how the deviation has decreased 

from 0.75 to 0.5 Ct-s. It must be taken into account that in this extraction 

process we have also introduced the variability originated from lysis process (0.1 

Ct according to Chapter 2). So, despite elution flow increase has diminished the 

variability, the method still requires optimization for higher reproducibility. 

Finally, it can be said that the detection limit of the method is below 100 

colony forming units per analysis, since BD GeneOhm StaphSR assay claims a 

detection limit between 34 and 234 CFU depending on the MRSA type and our 

method is 3 times more sensitive.  

Table 5. 2 Comparison between on chip and in tube Staphylococcus epidermidis extraction 
performance. 

 
Initial sample (Ct) Detection (Ct) 

BD GeneOhm 29,9±0,1 22,5±0,2 

On chip 32,9±0,2 21,0±0,5 

5.4. Integration 

This research work has demonstrated the correct performance of lysis, DNA 

concentration, DNA aliquoting and multiplex DNA detection. Furthermore, the 

union of all these analysis steps into one single protocol has obtained better 

results than a recognized commercial kit. This promising result has encouraged 

IK4-Ikerlan to produce a completely integrated Lab-card for pathogen detection 

application. A picture of the prototype is depicted in Figure 5. 1. It is 140 mm 

length and 80 mm width, and is capable of analyzing 8 different samples 

simultaneously. The cylinders that can be seen in the picture are 60 mm high 

and work as sample/reagent containers as if they were syringes. Moreover, all 

the reagents can be previously stored in the chip, liquid buffers inside the 

syringes and lyophilized reagents inside the microchambers. Thus, when the 

chip is ready to use, it is inserted in the control unit and the analysis protocol 

can be run automatically in less than one hour. 
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Figure 5. 1. Multi-function Labcard for pathogen detection that integrates sample lysis, DNA 
concentration, DNA aliquoting and DNA detection.  

On the other hand, the work done during this thesis and the acquired 

experience has contributed to the ANGELAB project that is carrying out IK4-

Ikerlan. In the ANGELAB project, it has been developed a new architecture to 

create lab-on-a-chips following a modular and scalable approach[25]. Basically, 

each lab-on-a-chip is composed of different combinations of 5 different 

modules: chip, luer cup, bridge, grid and syringe modules (see Figure 5. 2.i and 

ii). The key points of this configuration are the fact that only one piece (called 

chip) is needed to be modified to carry out different biological protocols and 

these chips are easily mass producible by injection moulding. Figure 5. 2.iii 

shows the chips used in this project. This lab-on-a-chip in particular is designed 

for non invasive prenatal diagnosis. It extracts fetal DNA from mother´s plasma 

and detects monogenic diseases with a known mutation for spinal muscular 

atrophy, cystic fibrosis and X- linked disorders. 
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Figure 5. 2 i) A new modular and scalable chip architecture, developed in ANGELAB project. Only 
one piece called chip is specific for each biological analysis. The rest of the pieces are standard 
pieces valid for any biological protocol. Different combinations of these pieces offer a high 
versatility to fabricate Labonachips capable of carrying different biological analysis in an 
automatic way. ii) An assembled Labonachip containing all the pieces shown in i. iii) Two chips 
bonded to the luercaps and linked by a bridge. 

5.5. Conclusions 

It has been demonstrated that the on chip extraction method developed in 

this work is more efficient than the commercial BD GeneOhm StaphSR assay. 

Moreover, on chip analysis can be completely automated and lasts less than 1 

hour.  

Finally, the integrability of all the analysis steps developed along this work into 

one single labonachip has been demonstrated. 

i) ii)

iii)
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6.  
SUMMARY, CONCLUSIONS AND 
FURTHER WORK 
 
 
 

In this final chapter a short summary together with 

the main conclusions and future work is given.  
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Summary and conclusions 

As stated in the beginning of this thesis, the aim of this work is to develop 

different miniaturized analysis steps for pathogen detection, which are capable 

to be integrated in an automated Lab-on-a-chip. These steps can be listed as 

follows, sample lysis for DNA extraction, DNA aliquoting for multiplex 

amplification and finally, amplified DNA detection. For that purpose a range of 

microfluidic devices that can be fabricated by mass production techniques to 

obtain a low cost sample-in-answer-out platform is described. The research 

performed with this aim has been grouped in four chapters. 

In chapter two, a novel cell lysis tool is proposed. As it is known, large 

volumes (about 1 mL) are difficult to handle in microfluidic devices, which is a 

key requirement in pathogen sensing. This challenge is overcome lysing cells in 

continuous flow in a device inspired by traditional bead beating and magnetic 

stirrer avoiding sample previous treatment. The device is fabricated by a fast 

prototyping technique and is capable to lyse gram positive bacteria, such as 

Staphylococcus epidermidis and Streptococcus uberis. It is found that lysis 

efficiency is inversely proportional to flow rate, and a flow rate of 60 L/min 

which gives 43±3% efficiency is chosen for posterior analysis steps. Moreover, 

this mechanism is not restricted to single cells analysis but is also a useful tool 

for homogenizing cell aggregates, reaching efficiencies as high as those achieved 

with commonly used chemical methods. 

Concentration of released DNA during cell lysis enables to increase the 

sensitivity of the analysis, while eliminates possible cell debris. The theory 

behind DNA concentration is described in Chapter three, where two techniques 

based on magnetic beads are proposed. The first approach is done using a T-

junction to enter the sample and magnetic beads in the main channel. The co-

flowing solutions are mixed magnetophoretically by the action of a permanent 

magnet. Prior to biological validation, the experimental parameters have been 

simulated by finite elements method. Nevertheless, biological results show that 

mixing and subsequent incubation in the main channel is not enough for DNA 

extraction. The second method consisted on mixing between sample and 

magnetic beads inside a syringe by means of raising air bubbles, subsequent 

beads capture and final DNA elution in a lower sample volume. The chapter 

demonstrates that the sensitivity of the method indeed improves by at least a 
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factor of 11. However, the large variability observed in the results indicate that 

the method require optimization.  

Once the DNA is extracted, the next step is to divide the sample in identical 

aliquots for posterior DNA amplification and detection by qPCR. The process to 

do this is explained in chapter four. The reported device is a tree like closed 

ramification where the sample is divided uniformly among different sub-

divisions owing to the pressure generated in each branch. The aliquoting 

method avoids the use of valves, thus the process can be easily automated by 

using a simple flow detector as it is demonstrated. The accuracy and 

reproducibility of two chambers splitter is verified amplifying Staphylococcus 

epidermidis and methicillin resistant Staphylococcus aureus in duplicate, results 

show low intervariability between chambers and assays (p-value> 0.05). Finally, 

the two chambers splitter is validated to carry out spatial multiplex detection, 

where four different targets are detected using ready for qPCR freeze dried 

reagents. As expected, the scalability of the splitter up to eight reaction 

chambers has also been achieved. However, results show large variability that 

arise from the volume difference present between the reaction chambers, 

which is a consequence of the fast prototyping fabrication technique. This 

problem would be solved if the chips were fabricated by injection moulding.  

The next step is to incorporate all the previously explained steps into one 

single protocol. In chapter five, our pathogen analysis method is compared with 

a well established bench top commercial product. Results show that our method 

is three times more efficient than the commercial kit, which could be improved 

by optimizing both concentration and elution steps. Assuming that the 

detection limit claimed by this commercial product can be transposed to 

Staphylococcus epidermidis, our method can detect below 100 CFU/500 L. 

In few words, in this thesis we have developed different microfluidic devices 

for pathogen detection. The capability of all these micro devices to be 

fabricated by mass production methods and the enormous integration potential 

they offer make off this protocol a perfect candidate for a pathogen sensing 

point of care device, since it could last less than one hour.  

Future work 

In this section some ideas for continuing with this work and bring further the 

results of this thesis are given:  
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In order to obtain a total analysis system it is necessary to use the sample as 

it is attained from the patient and reduce its handling by any operator. Thus, a 

sample introduction method is required. Usually, pathogen sampling is done 

with swabs, for instance introducing the swabs into oral or nasal cavities, and 

these are kept in isolated test tubes with sample buffers. In case that test tubes 

provided with a septum cap are chosen, these can be connected to the 

microfluidic network by a needle. So finally, if air is pumped into the tube, the 

generated overpressure will push the sample through the needle to the lysis 

chamber. 

As it has been seen in chapter three, DNA concentration increases analytical 

sensitivity. However, we have achieved neither maximum DNA binding 

efficiency nor maximum elution, which has brought large variation within 

results. Thus, further optimization of this step is also required for future 

applications. 

The current devices have been designed considering the possibility to 

fabricate a completely integrated pathogen detection device. As it has been 

demonstrated that all the parts are working satisfactorily, a monolithic 

prototype has been fabricated. This step forward hopefully should increase 

analytical sensitivity since sample handling by the operator would be completely 

avoided. This wish will be proven in short term. 

In biological terms, we have not explored other possible microorganisms 

than gram positive bacteria. Therefore, in order to obtain a universal and 

relevant tool for medical diagnosis, detection of other pathogens such as viruses 

of yeasts will be carried out.  
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