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I 

 

Abstract 

In this thesis a microfluidic biosensing device for detecting a bioanalyte (biomolecules, cells 

or viruses) utilizing the motion of magnetic particles (MPs) suspended in a microfluidic 

channel is presented. Current carrying conductors are used to move the MPs. 

MPs can be functionalized by modifying their surface, thus enabling them to chemically bind 

to a specific (non-magnetic) analyte. These newly formed compounds are then called loaded 

MPs or LMPs and have a bigger overall volume than the MPs but still the same magnetic 

volume. MPs can be manipulated inside a microfluidic channel by exposing them to a 

magnetic field. Therefore it is also possible to indirectly manipulate a specific non-magnetic 

analyte if it is part of an LMP. If both, MPs and LMPs, are moved by the same magnetic field, 

the bigger LMPs are going to be slower than the MPs. This difference in velocity is used to 

discriminate between MPs and LMPs as LMPs will need more time to travel the same 

distance in comparison to MPs. Thus, when a sample liquid is analyzed and the MPs need 

longer to travel a distinct distance than MPs in a reference sample, the MPs in the sample 

under investigation must be in fact LMPs. Hence the presence of bioanalyte is proven. 

Calculations concerning the velocity change of MPs, and concerning the magnetic field 

generated by the current carrying conductors were carried out. Simulations of various 

geometries for the conductors and various MPs were performed using a finite element 

analysis software. Several chips were fabricated and experiments with different MPs and 

LMPs were conducted as a proof of concept. 

 

  



 

II 

 

Kurzfassung 

In dieser Diplomarbeit wird ein mikrofluidischer Biosensor-Chip zur Detektierung von 

Bioanalyten (Biomoleküle, Zellen oder Viren) vorgestellt der sich die Bewegung von 

magnetischen Partikeln (MPs) innerhalb eines mikrofluidschen Kanals zu Nutze macht. Die 

MPs werden dabei durch stromführende Leiter bewegt. 

MPs können funktionalisiert werden indem man deren Oberfläche so verändert, dass sie 

chemisch einen bestimmten (nicht-magnetischen) Analyten binden. Dabei entstehen neue 

Körper, sogenannte loaded MPs oder LMPs, die zwar dasselbe magnetische Volumen aber ein 

größeres Gesamtvolumen haben. Es ist möglich MPs innerhalb eines mikrofluidischen Kanals 

mittels Magnetfelder zu manipulieren. Dadurch ist es auch möglich einen nicht-magnetischen 

Analyten indirekt zu manipulieren sofern er Teil eines LMPs ist. Wenn MPs und LMPs vom 

selben magnetischen Feld beschleunigt werden, erreichen die größeren LMPs nicht die 

Geschwindigkeit der MPs sondern bleiben langsamer. Dieser Geschwindigkeitsunterschied 

kann dazu benutzt werden um zwischen MPs und LMPs zu unterscheiden; LMPs brauchen 

länger um dieselbe Distanz zurückzulegen als MPs. Wenn also die MPs in einer zu 

untersuchenden Probe für eine bestimmte Distanz länger brauchen als MPs in einer 

Referenzprobe, dann handelt es sich bei den MPs in der zu untersuchenden Probe in Wahrheit 

um LMPs. Womit die Anwesenheit von Analyt in der Probe bewiesen ist. 

Es wurden Berechnungen betreffend der Geschwindigkeitsänderungen der MPs und des von 

den stromführenden Leitern erzeugten Magnetfeldes ausgeführt. Für verschiedene 

Leitergeometrien und verschiedene MPs wurden Simulationen mit einer Finite Elemente 

Analyse Software durchgeführt. Mehrere Chips wurden produziert und Experimente mit 

unterschiedlichen MPs und LMPs durchgeführt. 
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Nomenclature 

AC Alternating current 

AZ5214 Image reversal photoresist 

CCD Charge-coupled device 

CFD Computational fluid dynamics 

COOH Carboxylic acid group 

cTnI cardiac troponin I 

DC Direct current 

DI-water Deionized water 

DLVO Derjaguin, Landav, Verwey, Overbeek 

D-sub Common type of electrical connector 

Fe3O4 Magnetite 

FEM Finite element method 

FITC Fluorescein isothiocyanate 

GUI Graphical user interface 

IDC Insulation displacement contacts 

LED Light emitting diode 

LMP Loaded magnetic particle 

MES 2-(4-morpholino)ethanesulphonic acid 

MOSFET Metal–oxide–semiconductor field-effect transistor 

MP Magnetic particle 

Na2CO3 Sodium carbonite 

NH2 Amino group 

NHS N-hydroxysuccinimide 

Ordyl SY355 Negative-type dry-film photoresist 

PBS Phosphate buffered saline 

PCB Printed circuit board 

PDMS Polydimethylsiloxane 

PEB Post-exposure bake 

PET Polyester 

PT Polyethylene 

Re Reynolds number 

Si Silicon 

SiO2 Silicon dioxide 

SU-8 Epoxy-based negative photoresist 

USB Universal serial bus 

UV Ultraviolet 

γ-Fe2O3 Maghemite 
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1  Introduction 
 

In the last decades microfluidic lab-on-a-chip systems have been a fast growing field of 

research and they provided solutions for many problems in chemical and biological analysis. 

In many cases the goal is to design a portable point-of-care device operated by non-scientific 

personnel in order to run tests outside a laboratory environment [1]. Key aspects are the 

possibility to integrate all laboratory tasks on a small chip and the advantages of using fluidic 

systems that scale down by a factor of 1000 or more compared to standard laboratory setups. 

Because of this extreme size reduction, only minute quantities of sample and reagents are 

necessary for a lab-on-a-chip system. Instead of dealing with 1 L or 1 mL, a microfluidic 

device may be efficiently operating with 1 nL or 1 pL of fluids [2]. The benefits of operating 

with such small volumes are fast reaction times and the possibility to make an analysis even if 

only small amount of sample are available [3]. 

Furthermore, magnetic microparticles and nanoparticles have gained significant interest 

worldwide and are being used in bioanalysis for many applications [1]. Magnetic particles 

(MPs) can be manipulated inside microfluidic channels by establishing magnetic fields, either 

with permanent magnets or electromagnets. These magnets can be outside the microfluidic 

channel and, therefore, do not need to be in contact with the sample solution [4]. To exert a 

translational force on MPs and, therefore, be able to transport them, a magnetic field gradient 

is required. This movement of suspended MPs in a microfluidic channel under the influence 

of a magnetic field is called magnetophoresis. Secondly, micro- and nanoparticles offer a 

relatively large surface in relation to their volume. This surface can be modified so as to 

chemically bind to a specific analyte [3]. Hence, this functionalization, in combination with 

the possibility of magnetic manipulation, allows then to indirectly control biomolecules 

attached to the MPs [5]. Thirdly, MPs can be detected by integrated magnetic field sensors, 

offering a compact and integrated solution with high sensitivity and reliability. 

This thesis is part of a three year project which started in September 2012 and is sponsored by 

the FWF - Fonds zur Förderung der wissenschaftlichen Forschung, project number P24372-

N19. The goal of the project is to develop a biosensing system that detects a non-magnetic 

analyte by utilizing the motion of MPs suspended in a microfluidic channel. MPs that are 

attracted by a magnetic force will reach a certain velocity inside the microfluidic channel. If 

the same MPs are covered with a layer of non-magnetic analyte due to their functionalization 

(called loaded MPs or LMPs), their overall volume increases while their magnetic volume  
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remains the same. While experiencing the same attractive magnetic forces as the bare MPs, 

the drag force, which opposes the magnetic force, will increase for the LMPs and, therefore, 

their velocity will decrease. This velocity change caused by volumetric change can be used to 

discriminate between MPs and LMPs. LMPs need more time to travel through the 

microchannel than bare MPs. The needed magnetic field gradient was generated by current 

carrying conductors which are actuated by a microcontroller. In the course of this thesis the 

MP movement, hence the time the MPs need to travel through the channel, was monitored by 

an optical microscope, whereas later in the project the movement will be detected by magnetic 

field microsensors located near the channel inlet and outlet. The goal of this thesis is to 

produce a first prototype of the biosensing device and then use this device to prove the 

concept of the detection method which utilizes volumetric change as a cause for velocity 

change. 

The next chapter provides a theoretical background on magnetophoresis, gives examples of 

current work in the field of magnetic biosensors and depicts the advantages of the proposed 

method. Chapter 3 deals with the design of the biosensing system and its implementation. 

Calculations are presented concerning the velocity change caused by the volume change of 

MPs, and concerning the magnetic field generated by rectangular conductors. Design 

requirements and considerations are discussed and FEM (finite element method) simulations 

of various geometries for the conductors and various MPs, in order to determine the optimum 

parameters for the system, are reported. In chapter 4 the fabrication of the chip and the 

measuring set-up are described and the results of the measurements are presented. Finally, in 

chapter 5, the results are discussed and an outlook on the further development of the project is 

given. 
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2 Theory 
 

In this chapter magnetophoresis, the method on which the biosensing system described in this 

thesis relies, is explained (section 2.1). Relevant microfluidic terms are defined and the 

fundamentals of magnetic particles (MPs) and the forces which act on them are described. In 

section 2.2 existing state of the art magnetic biosensors are presented and the advantages of 

the proposed method are illustrated. 

 

2.1  Magnetophoresis 
 

Magnetophoresis is the movement of magnetic particles dispersed in a buffer fluid under the 

influence of a magnetic field [6]. Specifically, the MP containing fluid is introduced into a 

microfluidic channel. The magnetic force Fm acting on the MPs and, therefore, their 

movement is proportional to the magnitude of the magnetic flux density B, the gradient of the 

magnetic field ∇∙B, the particle volume VP and the difference in magnetic susceptibility 

between the fluid and the MPs Δχ (see equation (2.7)). The MPs can be functionalized by 

coating them with ligands, which have a specific affinity to a nonmagnetic analyte. Using this 

specific binding, the movement of MPs can be used to detect or to capture the analyte in the 

fluid.  

 

2.1.1 Laminar vs. turbulent flow 

 

The laminar or turbulent flow in long straight channels of constant cross section is predicted 

by the Reynolds number (Re) which is given by: 

   
    

 
  (2.1) 

where ρ is the density of the fluid, Dh is the hydraulic diameter, u is the characteristic velocity 

of the fluid in the channel and η is the dynamic viscosity of the fluid. From a physical point of 

view, the Reynolds number describes the ratio between inertial forces and viscous forces in a 
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particular flow. For Re << 1 viscous effects dominate inertial effects, for Re ≈ 1 viscous 

effects are comparable to inertial effects and for Re >> 1 inertial effects dominate viscous 

effects [7].  

The hydraulic diameter Dh takes the shape of the channel into consideration and is used if the 

shape is other than circular. It is given by: 

   
                      

                
 

  

    
  (2.2) 

where A is the area of the channel through which the fluid is flowing and PWet refers to the 

perimeter of the channel that is in direct contact to the fluid. This means that the hydraulic 

diameter can be used to describe completely filled channels as well as only partially filled 

ones. For a completely filled channel, A is simply the area of the channel and PWet its 

perimeter [7]. 

The transition from laminar to turbulent flow occurs typically in the range of Re = 1000 to 

2000 and is a function of several parameters such as the channel shape, aspect ratio and 

surface roughness [7]. Figure 2.1 illustrates the respective flow profile of laminar and 

turbulent flow. Since in microfluidics Re is normally << 1, the flow is highly laminar. 

 

Figure 2.1: Flow profile of laminar and turbulent flow [8] 

 

 

2.1.2 Fundamentals of magnetic particles 

 

The magnetization curve (magnetization M as a function of the magnetic field H) of a material 

can be used to describe its magnetic behavior. Figure 2.2 illustrates a magnetization curve of a 

ferromagnetic material showing the typical hysteresis loop. As the external magnetic field 

increases, the spins in the material will at some point all align with the external magnetic field 

and the magnetization of the material reaches its maximum value, the saturation 
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magnetization Ms. When the applied magnetic field decreases, the spins will cease to be 

aligned with the field, hence the total magnetization of the material decreases. When the 

external magnetic field decreases to zero, a ferromagnetic material retains a considerable 

degree of magnetization, called remanent magnetization Mr. To bring the magnetization of the 

material back to zero, a magnetic field in the negative direction has to be applied. The value 

of the external field at which the magnetization becomes zero is called coercive field, Hc. If 

the field is further increased in the negative direction, the material reaches at some point its 

saturation magnetization in negative direction. When the external field decreases, reaches 

zero, and is increased in positive direction, the hysteresis loop is completed [9]. 

 

 

Figure 2.2: Typical magnetization curve (magnetization M as a function of the magnetic field H) of a ferromagnetic 

material showing hysteresis. Several magnetic parameters are shown: saturation magnetization Ms, remanent 

magnetization Mr, and coercitivity Hc 

 

All materials react to magnetic fields to some extent. They can be classified by their 

volumetric magnetic susceptibility χ, which describes the relation between the magnetization 

M induced in a material by the magnetic field H: 

      (2.3) 

Most materials display little magnetism in the presence of an external field. These materials 

are classified either as paramagnets (χ = 10
-6

 to 10
-1

), or diamagnets (χ = -10
-6

 to -10
-3

). 

However, some materials exhibit ordered magnetic states and are magnetic even without a 

field applied; these are classified as ferromagnets, ferrimagnets and antiferromagnets, where 

the prefix refers to the nature of the coupling interaction between the electrons within the 

material [9]. Large spontaneous magnetizations may arise because of this coupling, which 

leads to much larger χ and M values. The susceptibility in ordered materials depends on the 

applied magnetic field, which is the reason for the characteristic sigmoidal shape of the 
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magnetization curve, with M reaching a saturation value at high values of H. Hysteresis loops 

can be observed in ferromagnetic and ferrimagnetic materials [9] (see Figure 2.2). 

A group of spins with the same direction of magnetic moments that act cooperatively in the 

magnetization procedure is called a domain. Domains are separated by domain walls, which 

have a characteristic width and energy associated with their formation and existence. Domain 

wall movement is a primary means of reversing magnetization. Figure 2.3 qualitatively shows 

the relation between the coercitivity and particle sizes in particle systems [10]. In large 

particles (micron sized or even bigger), energetic considerations favor the formation of 

domain walls, thus giving rise to a multi-domain structure. The magnetization of such 

particles is realized by domain wall movement. As the particle size decreases and approaches 

a critical particle diameter, Dc, the formation of domain walls becomes energetically 

unfavorable and the particles consist of single-domains. Magnetization changes in single-

domain particles are realized through the rotation of magnetic domains. As the particle size is 

much smaller than Dc, the spins in the particles are affected by thermal fluctuations and such 

particles are called superparamagnetic particles [10]. The magnetization curve of 

superparamagnetic particles is anhysteretic, but still sigmoidal [9]. This means that they show 

no remanent magnetization after removal of an external magnetic field, and it is possible to 

“turn off” the magnetization of superparamagnetic particles by removing the magnetic field. 

Figure 2.4 illustrates magnetization curves for diamagnetic, paramagnetic, and 

superparamagnetic materials. 

 

 

Figure 2.3: Relation between the coercitivity and particle sizes in particle systems [10] 
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Figure 2.4: Magnetization curves for diamagnetic, paramagnetic, and superparamagnetic materials  

 

 

2.1.3 Forces acting on magnetic particles 

 

Magnetic force 

A single MP can be approximated by a point like magnetic dipole which has a magnetic 

moment 

 ⃗⃗     ⃗⃗   (2.4) 

where VP is the particle volume, and  ⃗⃗  is the magnetization. In the case of a 

superparamagnetic microparticle the magnetization can be written as 

 ⃗⃗     ⃗⃗   (2.5) 

where Δχ = χP - χfluid is the volumetric magnetic susceptibility difference between the particle 

(χP) and the surrounding fluid (χfluid) and  ⃗⃗  is the magnetic field. The magnetic force 

experienced by the superparamagnetic MP is given by 

  
⃗⃗ ⃗⃗   ( ⃗⃗  ∇)  ⃗   (2.6) 

where ∇   ⃗  is the gradient of the magnetic field. When combining equations (2.4) to (2.6) and 

using the relation  ⃗     ⃗⃗ , it becomes apparent that the magnetic force acting on the 

superparamagnetic MP is proportional to the magnetic flux density  ⃗ , the gradient of the 

magnetic field ∇   ⃗ , the particle volume VP and the difference in magnetic susceptibility 

between the fluid and the MP Δχ [1], [11]. It is given by equation (2.7): 



Theory 

 

 8 

 

  
⃗⃗ ⃗⃗   

    

  
( ⃗  ∇) ⃗   (2.7) 

Assuming that there are no time-varying electric fields or currents, the Maxwell equation 

∇   ⃗    can be used [9]. If this equation is applied to the mathematical identity 

∇( ⃗   ⃗ )   ( ⃗  ∇) ⃗    ⃗  (∇   ⃗ )  (2.8) 

the following identity is obtained: 

 

 
∇( ⃗   ⃗ )  ( ⃗  ∇) ⃗   (2.9) 

and equation (2.7) can be written as: 

  
⃗⃗ ⃗⃗   

    

   
∇⃗⃗  ⃗   (2.10) 

 

Drag force 

Opposing the magnetic force Fm, the drag force Fd is acting on the MP. Assuming laminar 

flow in the microfluidic channel and the particle being spherical, Stokes’s law can be used to 

determine Fd. It is proportional to the radius r of the MP and a consequence of the velocity 

difference Δu = uP - ufluid between the MP (uP) and the fluid (ufluid). For a spherical MP with 

radius r the drag force is given by 

  
⃗⃗⃗⃗         (2.11) 

 

DLVO force 

Electrostatic and electrodynamic (Van der Waals) forces are commonly referred to as DLVO 

forces, named after the scientists that first described them in detail (Derjaguin, Landav, 

Verwey, Overbeek). According to [12] a layer of SiO2 produces a negatively charged surface 

in aqueous buffer, thus producing a repulsive force between negatively charged particles and 

the solid surface. In consequence this DLVO force is a counterforce to the y-component of the 

magnetophoretic force Fm and can be used to avoid particle-solid surface adhesion.  

The described forces acting on the MP are illustrated in Figure 2.5 in the case of a permanent 

magnet as the source of the magnetic force. 
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Figure 2.5: Forces experienced by a magnetic particle in a microfluidic channel, with an SiO2 layer on the substrate and a 

permanent magnet as the source of the magnetic force: The drag force Fd, the magnetic force Fm and the DLVO 

Force FDLVO. Also shown: the resulting particle velocity up 

 

 

2.1.4 Magnetic field 

 

As noted above, a single MP can be approximated by a point like magnetic dipole. Upon the 

application of a uniform magnetic field such a dipole experiences a torque, but no 

translational action (see Figure 2.6 (a) and (b)). To be able to transport MPs using a magnetic 

field, a magnetic field gradient is required which will exert a translational force (see Figure 

2.6 (c)). Magnetic field gradients are determined by the rate of change of the strength of the 

field over distance [13]. 

 

Figure 2.6: A uniform field does not exert translational force on a dipole (a), it just tends to orient a magnetic dipole until 

forces on the north and south pole balance (b). To exert a translational force on a dipole a field gradient is 

required (c), the figure shows stronger force on the north pole than the south pole [13]. 

One way to generate the needed magnetic field gradient is to use external permanent magnets, 

their advantage being the high magnetic induction that they generate. However, external 

magnets cannot be easily miniaturized and controlling their magnetic field is challenging. If 
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size or field control is an issue for a given application, electromagnets can be used to generate 

the field gradient; in the simplest form consisting only of current carrying electrical 

conductors. The magnetic field of a straight, very long, filamentary conductor is given by: 

  
   

   
  (2.12) 

where, I is the current flowing through the conductor, µ0 is the permeability in vacuum and r 

is the distance from the conductor at which the magnetic flux density B is calculated. 

Equation (2.12) shows that the magnetic field of such a conductor declines with 1/r over 

distance, thus establishing the required magnetic field gradient. In the biosensing system 

presented in this thesis rectangular conductors are used; the corresponding field generated by 

these conductors is calculated in section 3.2.2. 

 

 

2.2 Magnetic Biosensors: state of the art 
 

Hoshino et al. describe in [14] a system to separate and detect tumor cells in a sample of 

blood. Figure 2.7 shows an illustration of the system. The blood sample, containing cultured 

carcinoma cells, is combined with MPs which are functionalized to attach to the cancer cells. 

The cancer cells then bind to the MPs and are collected by permanent magnets as the blood is 

pumped through a microchannel placed on top of the magnets. 

 

Figure 2.7: Illustration of the system described in [14]. Cancer cells in blood are labeled with functionalized MPs, and 

captured by the magnetic field as the blood flows through the microchannel. 

 

The bottom glass coverslip is detached from the PDMS (polydimethylsiloxane) microchannel 

after screening the blood sample and serves as a slide for microscope observation. An array of 

three alternately arranged magnets with opposite polarities next to each other is used to yield a 

large magnetic field gradient 



Theory 

 

 11 

 

As a first step in the screening process the microchannel is filled with PBS (phosphate 

buffered saline) to eject air bubbles, then the cancer cells containing solution is driven 

pneumatically at a continuous rate and the magnetically labeled cancer cells are immobilized 

by the magnet array. To remove unwanted blood cells from the bottom glass slide PBS is 

introduced in a next step and flowed continuously until the red blood cells are not visible in 

the channel. Then 1 mL of icecold acetone is introduced to the microchannel to fix the cancer 

cells onto the glass slide. Finally, after the bottom glass coverslip is being disassembled and 

dried, the cells are fluorescently stained for observation. Figure 2.8 shows a photograph of the 

experimental setup. 

One disadvantage of this system is the limited possibility of miniaturization because external 

permanent magnets are used. Another disadvantage is that in order to perform a measurement, 

several steps have to be carried out, including the disassembling of the device and the need to 

fluorescently stain the cells. 

 

Figure 2.8: Photograph of the experimental setup of the system described in [14]. A blood sample is being introduced into 

the microchannel 

 

In [15] L. A. Sasso et al. present a microfluidic device that automatically performs the serial 

processing steps of an antigen sandwich immunoassay to directly measure protein 

concentrations in an unmodified sample stream. 

Magnets are placed on both sides of a microchannel to attract MPs and enable the incubation 

with antigens and fluorescent antibody markers along the walls of the channel. The MPs 

progress transversely across the channel to enter or exit reactant streams. Coplanar flow 

environments from multiple converging inlets are established: a particle carrier stream, 

antigen containing stream and wash stream. By placing magnets on opposite sidewalls, the 

MPs can be pulled into and out of the different streams and the incubation time can be 

adjusted by changing the flow rate. At the channel end fluorescence detection on a 

microscopy platform takes place. Figure 2.9 illustrates the principle. “Magnet 1” pulls the 

MPs into the antigen sample stream (biotin-FITC (fluorescein isothiocyanate)) where they roll 

along the sidewall while incubation occurs. “Magnet 2” pulls them out of the sample stream 

and into a wash stream, followed by fluorescence detection. 
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Figure 2.9: Illustration of working principle of the microfluidic system described in [15]. “Magnet 1” pulls the MPs into the 

antigen sample stream (biotin-FITC) and “Magnet 2” pulls them out of the sample stream and into a wash 

stream, followed by fluorescence detection. 

 

Additionaly a dual incubation version was developed that added a second cycle of this scheme 

after the first incubation. This enables a primary incubation of antibody-coated MPs with an 

untagged antigen, followed by a secondary incubation of the antigen-coated MPs with a 

fluorescently tagged secondary antibody (Figure 2.10). 

 

Figure 2.10: Photograph of the dual incubation device described in [15] with several inlets and outlets for the incubation and 

washing stages. 

 

The disadvantages of this system are the usage of external permanent magnets, which limits 

the miniaturization, and the need of a microscope to detect the fluorescently tagged proteins. 

 

In [16] Dittmer et al. present a biosensor system to detect cardiac troponin I (cTnI) in a finger-

prick blood sample. The system incorporates MPs and electromagnets to control all occurring 

reaction processes. The optical technique of frustrated total internal reflection is used as 

detection method. 

The cTnI test is a one-step sandwich immunoassay occurring in a stationary liquid in a 

reaction chamber. Electromagnets, consisting of copper coils which were wound around a 2.5 
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mm cobalt–iron alloy core, positioned on top and bottom of the chamber are used to control 

all assay processes (Figure 2.11). The bottom surface of the reaction chamber is 

functionalized with capture antibodies and serves as the sensing surface. 

First, antibody loaded MPs move through the solution for effective analyte capture (Figure 

2.11 (a)). Then the bottom electromagnet is used to transport the particles to the sensor 

surface for binding (Figure 2.11 (b)). Finally, the bottom magnet is turned off and the top 

magnet is turned on to pull the unbound particles away from the sensor surface. The presence 

of MPs attached to the sensor surface is determined by illuminating the reaction chamber 

above the critical angle and measuring the decrease in reflected light. The signal of reflected 

light intensity being higher in the absence of MPs compared to the reflected light intensity 

during the assay (Figure 2.12). 

 

 

Figure 2.11: Illustration of the reaction chamber and actuation magnets showing successively the assay processes of the 

system described in [16]: (a) analyte binding by antibody-functionalized MPs (top and bottom magnets off), 

(b) MP binding to the sensor surface (bottom magnet on) and (c) magnetic removal of free and weakly bound 

MPs (top magnet on) 

 

Figure 2.12: Schematic of the system described in [16] consisting of the top and bottom magnets and the detection optics. 

The presence of MPs attached to the sensor surface is determined by illuminating the reaction chamber above 

the critical angle and measuring the decrease in reflected light. 
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The major disadvantage of this system is that the bottom surface of the reaction chamber 

needs to be functionalized with capture antibodies. This biological functionalization is prone 

to time dependent changes such as aging and contamination.  

 

In comparison to the presented systems the biosensing system presented in this work has the 

following advantages: 

 No need for big external permanent magnets which would limit miniaturization (as are 

used in [14] and [15]). Instead current carrying microstructures are used to generate 

the magnetic field gradient. 

 Additionally this allows a controlled manipulation, concentration or separation of the 

MPs. 

 Access to the bioanalyte in the whole fluid sample as compared to other techniques (as 

proposed in [16]), which have access only to bioanalyte, which is in contact with a 

functionalized surface. 

 No need for a biological functionalization layer (e.g. antibodies, proteins) as 

mentioned in [16] which is prone to time dependent changes such as aging and 

contamination. Long-term stability is an issue with biosensors which depend on such a 

layer. This is not the case with the proposed biosensing device since it is based on 

functionalized MPs that will be refreshed for every measurement. 

 The extra step of adding fluorescent particles to the MPs, as proposed in [14] and [15] 

can be avoided. Additionally, existing on-chip detection devices which use fluorescent 

detection in order to measure the velocity of the accelerated MPs need either optical 

microscopes or CCD cameras to utilize the detection. As already mentioned in the  

Introduction, this thesis is part of a project that will continue after the work presented 

here. Later on in the project magnetic detection will be investigated as an alternative 

detection principle. This can be realized by magnetic field sensors (e.g. giant magneto 

resistance (GMR) microsensors) placed near the inlet and the outlet of the microfluidic 

channels. When MPs are introduced into the microchannel the first field sensor 

registers a change in its electrical resistance, and when they exit the channel the 

second sensor does. If the time difference between the detection of the resistance 

change on the first sensor and the detection of the resistance change on the second 

sensor is measured, the particle velocity can be calculated. 
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3 System Design and Implementation 
 

In this chapter the design of the biosensing system and its implementation are being 

described. Specifically, section 3.1 presents the working principle of the system which is 

based on the velocity change of MPs while being accelerated by a translational magnetic force 

due to a change in their volume by the presence of analyte. In section 3.2 calculations are 

reported, concerning the change in velocity when the volume of MPs changes, and concerning 

the magnetic field generated by rectangular conductors. The magnetic field simulations using 

COMSOL Multiphysics, a finite element analysis, solver and simulation software are also 

reported as well as the comparison between simulations and calculations in order to verify the 

result of the simulation software. Section 3.3 describes the design of the system and section 

3.4 the simulations (using COMSOL) of various geometries for the conductors and various 

MPs, in order to find the optimum parameters for the system.  

 

3.1 Working principle 
 

The purpose of the biosensing system presented in this work is to detect specific nonmagnetic 

analyte, e.g. cells or viruses. Therefore MPs, with a given radius r and volume V, are 

functionalized by coating them with ligands, which have a specific affinity to the 

nonmagnetic analyte. Then they are mixed with the sample fluid under investigation which 

either does or does not contain the analyte. If the fluid contains the analyte of radius ra, the 

analyte binds to the coated MPs, therefore forming new compounds. These compounds are 

called loaded magnetic microparticles (LMPs) and they have a total radius r’ and a total 

volume V’ (see Figure 3.1).  

The LMP containing fluid is then introduced into a microfluidic channel which is called the 

measurement channel. In a second reference channel the sample fluid containing uncoated, 

and thus unloaded, MPs is also being introduced. Under the influence of an external magnetic 

field generated by electrical conductors, MPs and LMPs experience the same attractive forces. 

However, because of the difference in volume they will gain different velocities; with 

increasing volume, due to the attached (nonmagnetic) analyte, the drag force increases in the 

opposite direction to that of the magnetic force. Hence, the difference in velocities, which is 

translated into a difference of the time MPs and LMPs need to travel a certain distance, 
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determines the presence of analyte in the fluid under investigation. In particular, even though 

the LMPs in the measurement channel and the MPs in the reference channel have the same 

magnetic volume the overall volume of the LMPs is bigger than that of the MPs. Thus the 

LMPs need more time to travel the same distance than the MPs [1]. 

 

 

Figure 3.1: (a) Magnetic microparticle (MP) coated with ligands, having a total radius r and total volume V and (b) loaded 

magnetic microparticle (LMP) coated with ligands and attached analyte of radius ra, having  of total radius r’ 

and total volume V’ . 

 

 

3.2 Calculations 

3.2.1 Volumetric change 

 

Assuming the magnetic susceptibility of the surrounding medium is zero, the volumetric 

magnetic susceptibility difference Δχ, between the particle (χP) and the surrounding fluid 

(χfluid) is equal to the susceptibility of the particle χP. Therefore the magnetic force 

experienced by the superparamagnetic MP as given in equation (2.10) can be written as: 

  
⃗⃗ ⃗⃗   

    

   
∇⃗⃗  ⃗   (3.1) 

Since in the described biosensing system the fluid is static, the velocity difference Δu between 

the MP and the fluid is equal to the velocity of the microparticle up. Therefore the drag force 

for a spherical MP with radius r, given by equation (2.11), can be written as: 

  
⃗⃗⃗⃗         (3.2) 

By equating equations (3.1) and (3.2), it is possible to calculate the maximum particle velocity 

that can be achieved by a magnetic force if the surrounding fluid is static: 
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∇⃗⃗  ⃗   (3.3) 

As previously described the MP will increase in radius if analyte attaches to it, the new radius 

being         , where ra is the radius of the analyte (see Figure 3.1). This increase will 

only have an influence on the drag force (3.2) and therefore the velocity of the LMP will be 

given by  

    
   

      
∇⃗⃗  ⃗   (3.4) 

To determine the decrease in velocity caused by attached analyte equations (3.3) and (3.4) are 

set into relation in equation (3.5). 

   

  
 

 

  
 (3.5) 

For MP diameters from 0.5 to 10 µm and analyte diameters from 0.02 to 2 µm this relation is 

shown in Figure 3.2. It is observed that smaller MPs experience a greater decrease in velocity 

if loaded with the same analyte than bigger MPs. Therefore, smaller MPs should be favored to 

establish certain discrimination between LMPs and MPs. 

 

 

Figure 3.2: Velocity decrease in % of an LMP compared to the unloaded MP in respect to the analyte diameter. 
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3.2.2 Magnetic field calculations 

 

A given characteristic of filamentary conductors is that the linear dimension of the cross 

section is much smaller than all the other dimensions, thus the following approximation can 

be made:  

              (3.6) 

where j is the current density, I = js is  the total current flowing in the conductor, and s the 

cross-sectional area, see Figure 3.3 [17]. 

 

Figure 3.3: Biot-Savart law: magnetic field B at point P generated by an element (of length dl) of a filamentary conductor 

with a cross-sectional area s, running an electric current I = js. 

 

To calculate the magnetic field generated by such a current carrying filamentary conductor, 

the Bio-Savart law is used: 

   
   

  
∮

      

   
   (3.7) 

where dl is a vector in the direction of the current and with a magnitude that represents the 

length of the differential element of the filamentary conductor, and rPQ is the displacement 

vector from the point at which the field is being calculated to the conductor element, see 

Figure 3.3 

Another way to calculate the field is to determine the vector potential first; for a current 

carrying filamentary conductor it is given by: 

   
   

  
∮

  

   
  (3.8) 

To calculate the field generated by the very long straight rectangular conductor shown in 

Figure 3.4 it can be considered as a bundle of filamentary currents, each having a cross 

section ds and a current jds [18]. The vector potential consists only of the Az-component; for 
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each filamentary current of length 2l (Figure 3.5) the corresponding contribution dAz from 

equation (3.8) can be calculated to 

    
  

  
   ∫

  

√     

  

  
 

  

  
     (  √     )

  

  
  

  

  
   [      (  √     )] (3.9) 

Since l >> r, the last term in equation (3.9) becomes independent of r, so it does not influence 

the calculation of the magnetic field   ∇    and thus can be neglected in the Az-

component: 

    
  

  
∫         

   

   
∫      

 

  (3.10) 

The second expression of equation (3.10) with the total current I can be used when the current 

density j can be considered as constant over the cross section S of the rectangular conductor. 

 
 

 

 
Figure 3.4: Cross section of a rectangular conductor 

with current flowing uniformingly along 

the positive z-axis 

Figure 3.5: Straight, long filamentary current 

 

 

Using equation (3.10), with    √(    )  (    )  and S = 4ab, the vector potential 

component Az for the rectangular straight conductor shown in Figure 3.4 becomes 

  (   )   
  

  

 

   
∫ ∫   √(    )  (    )       

 

  

 

  

  (3.11) 
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Equation (3.11) can be integrated to [18] : 

    
   

     
  {(   )(   )   [(   )  (   ) ]  (   )(   )   [(   )  (   ) ]  

(   )(   )   [(   )  (   ) ]  (   )(   )   [(   )  (   ) ]  

(   ) [        

   
         

   
]  (   ) [        

   
         

   
]  

(   ) [        

   
         

   
]  (   ) [        

   
         

   
]}  (3.12) 

The magnetic field components Bx and By are calculated from   ∇    using the vector 

relations (∇   )  (
   

  
 

   

  
) and (∇   )  (

   

  
 

   

  
): 

   
   

  
              

   

  
  (3.13) 

After differentiation of equation (3.12) as noted in equation (3.13) and using the following 

definitions (see Figure 3.4): 

   √[(   )  (   ) ]             
   

   
 

   √[(   )  (   ) ]             
   

   
 

   √[(   )  (   ) ]             
   

   
 

   √[(   )  (   ) ]             
   

   
  (3.14) 

the field components can be written as followed: 

  (   )   
   

    
[(   )(     )  (   )(     )  (   )   

  

  
 (   )   

  

  
]  

  (   )  
   

    
[(   )(     )  (   )(     )  (   )   

  

  
 (   )   

  

  
] (3.15) 

The total amount of the magnetic flux density at coordinates (x,y) is given by : 

 (   )  √  
    

   (3.16) 
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Equations (3.14), (3.15) and (3.16) were used to calculate the magnetic flux density caused by 

a rectangular conductor with dimensions of 2a = 1 µm and 2b = 10 µm, running a current of I 

= 500 mA. The calculations were carried out in MATLAB. The same scenario was also 

simulated with COMSOL. Then the calculated and the simulated values were compared along 

three different lines (called cut lines in COMSOL) contiguous to the conductor (see Figure 

3.6): 

 along the y-axis at the center (x = 0) of the conductor (see Figure 3.7, red cut line in 

Figure 3.6) 

 along the y-axis at the edge (x = 5 µm) of the conductor (see Figure 3.8, black cut line 

in Figure 3.6) 

 along the x-axis at a distance of y = 5 µm from the center of the conductor (see Figure 

3.9, green cut line in Figure 3.6) 

It can be seen that the values retrieved from the calculation with MATLAB and the simulation 

are identical, which indicates that the simulation with COMSOL is plausible. 

 

 

Figure 3.6: Contour plot of the magnetic flux density B caused by a rectangular conductor with dimensions of 1 µm x 10 

µm running a current of 500 mA, including cut lines (red, black and green) at which the calculated and 

simulated values were compared 
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Figure 3.7: Comparison of calculation with MATLAB and simulation with COMSOL of the magnetic flux density along 

the y-axis at the center of a conductor with dimensions of 1 µm x 10 µm running a current of 500 mA (red cut 

line in Figure 3.6) 

 

 

Figure 3.8: Comparison of calculation with MATLAB and simulation with COMSOL of the magnetic flux density along 

the y-axis at the edge of a conductor with dimensions of 1 µm x 10 µm running a current of 500 mA (black  cut 

line in Figure 3.6) 
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Figure 3.9: Comparison of calculation with MATLAB and simulation with COMSOL of the magnetic flux density along 

the x-axis at a distance of 5 µm from the center of a conductor with dimensions of 1 µm x 10 µm running a 

current of 500 mA (green cut line in Figure 3.6) 

 

 

3.3 Design Requirements and Considerations 
 

The principle design of the biosensing system consists of a microfluidic channel with one 

inlet and one outlet and below this a layer with current carrying microstructures to establish 

the needed magnetic field gradient, see Figure 3.10. These microstructures consist of parallel 

straight rectangular conductors, on which current is sequentially applied. Thus they generate 

attractive forces on the MPs and therefore induce their movement along the microfluidic 

channel from the inlet to the outlet. In the course of this thesis the MP movement, hence the 

time the MPs need to travel through the microchannel, was monitored with an optical 

microscope (see section 4.4), whereas later in the project the movement is going to be 

detected by magnetic field microsensors located near the inlet and the outlet.  

Several conductor geometries were produced with different conductor widths (cw) and 

different distances between the conductors (spacing cs). Section 3.4 describes simulations that 

were carried out with COMSOL, to determine which of these geometries is preferable to use. 

In terms of the current that can be applied to the conductors the joule heating and therefore the 

current density is the limiting factor. This leaves the conductor thickness (cth) as the last factor 

that determines the amount of current that can be applied to the different conductor 

geometries. Two versions were investigated; one with the thickness being 500 nm and the 
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other with the thickness being 1 µm. In a simulation of the joule heating using conductors 

with a width of 10 µm and a thickness of 1 µm the maximum applicable current was found to 

be 200 mA, yielding a current density of J = 2*10
10

 A/m². Table 3.1 lists the different 

geometries with their respective code-name, conductor width cw and spacing cs and the 

current that is applicable for both conductor thicknesses cth.  

 

 

Figure 3.10: Schematic of the biosensing system, consisting of a microfluidic channel with one inlet and one outlet, and 

current carrying conductors, with conductor width cw and conductor spacing cs 

 

code 
cw 

[µm] 

cs 

[µm] 

current [mA] 

(cth = 1 µm) 

current [mA] 

(cth = 0.5 µm) 

G I 10 8 200 100 

G II 10 10 200 100 

G III 8 8 160 80 

GE I 12 8 240 120 

GE II 12 10 240 120 

S I 6 5 120 60 

S II 6 6 120 60 

S III 8 6 160 80 

S 4 4 80 40 
 

Table 3.1: Conductor geometries; given are the conductor width cw and conductor spacing cs in µm, the respective code-

name and the currents in mA that are applicable for the respective conductor thickness cth  

 

In principle an even bigger conductor thickness would be preferable since a bigger conductor 

cross-section means that the current can be higher, thus yielding a greater magnetic field and 

therefore also higher attractive forces on the MPs. A simulation was carried out in COMSOL 

to illustrate this relation, consisting of a rectangular conductor with a width of 10 µm and 

varying thicknesses from 0.5 to 10 µm. The current density was kept at J = 2*10
10

  A/m² for 

all these geometries and the magnetic flux density was plotted for a cut line along the x-axis at 

a distance of 5 µm from the lower border of the conductor. The result is shown in Figure 3.11.  
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Figure 3.11: Magnetic flux density along the x-axis at a distance of 5 µm from the lower border of a conductor with a width 

of 10 µm and varying thicknesses (parameter in the plot) and a current density of J = 2*1010  A/m² 

 

In practice the maximum achievable conductor thickness is limited because of certain 

restrictions in the production process; the problem being that the conductors have to be 

encapsulated in an insulating layer before they can be bonded with the microfluidic channel. 

Because of the given structure, consisting of parallel conductors separated by certain 

distances, the insulating layer will not have an even surface; this unevenness getting bigger 

with the conductor thickness. A conductor thickness of 1 µm was found to be the maximal 

practicable value. 

The geometries with a conductor thickness of 500 nm were insulated by a plasma deposited 

SiO2 layer of 500 nm thickness, which has the additional benefit of enabling a repulsive 

DLVO force between negatively charged particles and the solid surface (see section 2.1.3). In 

consequence this DLVO force is a counterforce to the y-component of the magnetophoretic 

force Fm and can be used to avoid particle-solid surface adhesion and the particles getting 

stuck at the conductor edges; illustrated in Figure 3.12. 
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Figure 3.12: Forces experienced by a magnetic particle in the microfluidic channel with SiO2 insulated conductors, 

consisting of the drag force Fd, the magnetophoretic force Fm and the DLVO Force FDLVO. Also shown: the 

resulting particle velocity up, conductor width cw , spacing cs and thickness cth. (Drawing is not to scale) 

 

For testing and measurement purposes several magnetic MPs were purchased from micromod 

Partikeltechnologie GmbH [19]: 

 Pure iron oxide particles consisting of monodisperse magnetite aggregates with a 

diameter of 250 nm (iron oxide 250 nm) 

 Magnetic plain silica particles, produced by hydrolysis of orthosilicates in the presence 

of magnetite, with a mean diameters of 1.5 µm (sicastar®-M 1.5 µm) 

 Magnetic polystyrene particles; monodisperse particles which consist of magnetite 

around an organic matrix of a styrene-maleic acid-copolymer and then are coated with 

a polymer layer for the encapsulation of magnetite and the introduction of chemical 

functionalities: 

o coated with amino groups and a diameter of 10 µm (micromer®-M-NH2 10 

µm) 

o coated with PEG-COOH groups and a diameter of 3 µm (micromer®-M-PEG-

COOH 3 µm) 

In the technical data sheets (see Appendix) the following particle parameters, which are 

relevant for the project, are given: 

 Diameter d in µm 

 Density ρ in g/cm³ 

 Magnetization M in emu/g given for a field of H = 1000 Oe 

 Fraction of iron oxide in wt% (given in the safety data sheets
1
) 

                                                 

 

1
 For the sicastar® MPs the fraction of iron oxide is not given in the safety data sheets but was retrieved from an 

inquiry directed at “micromod Partikeltechnologie GmbH” 
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The following particle parameters were then calculated from the above mentioned values: 

 Volume V in m³    
 ⁄    , with d in m 

 Density ρ in kg/m³  [
  

  ]   [
 

   ]       

 Fraction of iron oxide in V%                           

 [
  

  ]

           [
  

  ]
 

 Volume of iron oxide in m³                            

 Magnetization M in A/m  [
 

 
]   [

   

 
]   [

 

   
]       

 Susceptibility     
 [

 

 
]

 [
 

 
]
       [

 

 
]   [  ]  

   

 
 

 

For the density of iron oxide (ρiron oxide) a value of 5350 kg/m³ was used, since this value is 

given in the data sheet for the pure iron oxide particles. The fraction of iron oxide for the 

micromer®-M-NH2 10 µm particles is given as 3 - 6 wt%; for the calculations a mean value of 

4.5 wt% was used. The same stands for the micromer®-M-PEG-COOH 3 µm particles, for 

which an iron oxide fraction of 9 - 14 wt% is given and a mean value of 11.5 wt% was used in 

the calculations. The particle properties given in the data sheets and the calculated values are 

summarized in Table 3.2. 

 

 Diam. Volume 
Iron 

oxide 
Iron 

oxide 
Volume  

iron oxide density 
M 

(H=1000 Oe) 
M 

(H=79577 A/m) χ 

 

[µm] [m³] wt% V% [m³] [kg/m³] [emu/g] [A/m] [1]  

iron oxide 250 nm 0.25 8.181*10-21 100 100 8.181*10-21 5350 46.00 246100 3.09258 

micromer®-M-NH2 10 µm 10 5.236*10-16 4.5 0.93 4.845*10-18 1100 1.80 1980 0.02488 

micromer®-M-PEG-COOH 3 µm 3 1.414*10-17 11.5 2.36 3.343*10-19 1100 5.40 5940 0.07464 

sicastar®-M 1.5 µm 1.5 1.767*10-18 25 11.68 2.064*10-19 2500 6.00 15000 0.18850 

 
Table 3.2: Magnetic microparticle properties 

 

 

3.4 Simulations 
 

To simulate the behavior of the various MPs under the influence of the applied magnetic field 

gradient due to the different conductor geometries COMSOL Multiphysics version 4.3 was 

used. The overall power of COMSOL lies in the possibility to couple different physical 

phenomena while using a comfortable graphical user interface (GUI). To build a model one 

simply has to define the relevant physical quantities, like material properties, sources and 
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fluxes instead of defining the underlying equations [20]. Then different type of studies can be 

performed, such as stationary and time-dependent (transient) studies which are carried out by 

a corresponding solver. Another useful feature of COMSOL is that the model consists of 

different nodes forming the model tree, which allows changing a single property of the model 

while leaving every other aspect as previously selected. Therefore, any part of the model can 

be easily parameterized. Apart from the built in possibilities several optional add-on modules 

are available for certain key application areas. For this project the “AC/DC Module”, the 

“CFD Module” (computational fluid dynamics) and the “Particle Tracing Module” were 

used.  

The model was built in 2D (see Figure 3.13) since a 3D model results in a much bigger 

computation time and the investigated properties (conductor width, thickness and spacing and 

the material properties of the MPs) and the current switching times, depending on these 

properties, can be sufficiently simulated in a 2D model. To simplify the model only 6 

conductors were used in the simulation instead of 18 or 10 used in the fabricated chips (see 

section 4). The conductor properties (width, thickness and spacing), the MP properties 

(diameter, density and susceptibility) and the current were modeled as parameters so the 

model can be easily adapted for the different geometries and MPs. The channel has a depth of 

15 µm and a length determined by     (     )       , where cw is the conductor 

width and cs the conductor spacing.  

 

Figure 3.13: COMSOL 2D model, consisting of the microfluidic channel of length l, the conductors of width cw and spacing 

cs, surrounding air and the infinite element domain 

 

The geometry of the conductors and the channel is represented by rectangles. The 

corresponding material is determined using the materials supplied in the COMSOL material 

browser; copper for the conductors and water for the buffer fluid in the microfluidic channel. 

Surrounding this geometry is a circle with a radius of half the channel length plus 40 µm and 

a layer thickness of 15 µm. The circle represents the surrounding air and the layer infinite 
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element domain (split up into four segments), which is a tool in COMSOL to assure that the 

solution inside the region of interest is not affected by the presence of artificial boundaries 

[21]. Therefore a coordinate scaling is applied to the surrounding layer, creating a virtual 

domain stretched out towards infinity.  

The required physics interfaces are selected from the “Add Physics” page. From the 

“AC/DC” branch, the “Magnetic Fields” interface is used to simulate the magnetic flux 

density, from the “Single-Phase Flow” branch (a sub branch from the “Fluid Flow” branch) 

the “Creeping Flow” interface is used to simulate the Stokes flow occurring in microfluidic 

systems and from the “Fluid Flow” branch the “Particle Tracing for Fluid Flow” interface is 

used to simulate the particle movement. 

 

Magnetic Fields Interface 

The current running through each conductor is added by “External Current Density” nodes in 

the “Magnetic Fields” interface, one node for each conductor. The value for the current 

density is applied to the z-component of the current density, since this is the out of plane 

direction in the 2D model and therefore the direction in which the current is flowing. 

The currents on the conductors are supposed to be turned on and off sequentially. This means 

that the first conductor is turned on at the beginning of the simulation and stays on for the 

duration of a certain interval. When it is turned off the second conductor is turned on for the 

duration of a certain interval; and so on. To simulate a signal that is turned on during an 

interval the “Rectangle” function can be used. It is “one” during the interval and “zero” else. 

The interval time of the “Rectangle” is defined by the two parameters “lower limit” tll and 

“upper limit” tul. The “lower limit” parameter defines when the function changes its value 

from “zero” to “one” and “upper limit” defines when the function changes its value back to 

“zero”. Figure 3.14 shows an example where tll = 2 s and tul = 7 s. 

 

Figure 3.14: “Rectangle” function used in COMSOL with time parameters “lower limit” tll (2 s) and “upper limit” tul (7 s) 
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An important aspect is that the “Rectangle” function should not have slopes in form of 

Heaviside steps, but instead should have transition zones, where these steps are smoothed. 

Therefore COMSOL provides a “Smoothing” function for the “Rectangle” function. This is 

done to avoid discontinuities which are difficult to handle numerically and produce unwanted 

behavior in the model [22]. It was found that there has to be at least 5 time steps calculated by 

a time solver per transition zone to accomplish this, otherwise overshooting of the magnetic 

flux density could be observed. In Figure 3.15 the “Smoothing” is shown. The size of the 

transition zone is controlled by the time parameter ts. The “lower limit” tll is set to half the 

“Smoothing” time ts. Therefore the “Rectangle” function begins at the time index “0”; if tll 

would be set to “0” the function would start with a negative time index (see Figure 3.15 for an 

example with ts = 2 s, tll = 1 s and tul = 6 s).  

 

Figure 3.15: Smoothed “Rectangle” function used in COMSOL with transition zones of duration ts (2 s) and time 

parameters “lower limit” tll (1 s) and “upper limit” tul (6 s) 

At the beginning of the simulation the first conductor has to collect the MPs which are being 

uniformly distributed at the inlet boundary of the channel, corresponding to a uniform 

distribution of the MPs over the channel depth. Therefore the first conductor has to be turned 

on for a different duration (MP collection time) than the following ones and for this reason 

two “Rectangle” functions are used in the model. “Rectangle 1” is just used for the first 

conductor and “Rectangle 2” for the remaining five conductors. To achieve the required 

sequence of currents, the “Rectangle” functions are multiplied with the magnitude of the 

current density and time delayed for each “External Current Density” node according to the 

conductor position along the microfluidic channel. 

For both “Rectangle” functions a corresponding time parameter for the “upper limit” is used 

to control the interval time in which the “Rectangle” function is “one”. These time 

parameters are also used for the time delays of the “Rectangle” functions and are therefore 

called td and td2. The parameter td is the “upper limit” for “Rectangle 1” which is used for the 

first conductor. This parameter is also used as the time delay for the second conductor. The 
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parameter td2 is the “upper limit” for “Rectangle 2” which is used for the remaining five 

conductors. This parameter is also used as the added time delay for conductors three to six. 

Thus the first conductor has no time delay, the second one a delay of td, the third one a delay 

of td + td2, the forth a delay of td + 2*td2, and so on (see Figure 3.16). As a consequence of the 

way the time parameters and the delays were chosen, the “Rectangle” functions for the 

conductors overlap for a small time duration. Hence the current density for the next conductor 

starts to rise while the current density for the previous conductor is not set “zero” (see Figure 

3.16). The parameters where chosen this way to achieve a more fluent movement of the MPs. 

 

Figure 3.16: Current density plot (COMSOL) for the six conductors of the model (each conductor in a different color) with 

time delay parameters td = 0.37 and td2 = 0.19. (Plotted for the SI-geometry and the micromer®-M-NH2 10 µm 

particles) 

 

Creeping Flow Interface 

As described above the “Creeping Flow” Interface is used to simulate the Stokes flow 

occurring in microfluidic systems. The “Fluid Properties” and also the inlet and outlet of the 

microfluidic channel are defined through according “Inlet” and “Outlet” nodes. Another use 

of this interface is to be able to establish an inflow velocity at the inlet if it is decided that an 

external fluid flow is applied to the channel later on in the project. 

 

Particle Tracing for Fluid Flow Interface 

This interface computes the motion of particles in a fluid. In the “Particle Properties” node 

the particle density and diameter are defined; in the “Wall” node the “Wall Condition” for the 

microfluidic channel is set to “Bounce”, so that particles are reflected from the channel 

boundaries and keep their momentum; “Inlet” and “Outlet” are defined in their respective 
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nodes, with the “Inlet” releasing 100 particles uniformly distributed over the boundary of the 

inlet at the beginning of simulation and finally nodes are added for the drag force and the 

magnetophoretic force. In the “Drag Force” node the velocity field is defined as the one 

calculated from the “Creeping Flow” interface. In the “Magnetophoretic” node the magnetic 

field calculated in the “Magnetic Fields” interface is selected for the occurring field and the 

relative permeability of the particle µr,p and the fluid µr,f are defined, µr,f being 1 and µr,p = 1 + 

χp, where χp is the particle susceptibility. 

 

Mesh 

Since COMSOL uses the finite-element method to solve models, the continuous domains of 

the model have to be discretized by a number of discrete sub-domains called finite-elements. 

This is done by building a mesh. The conductor, microfluidic channel and the infinite element 

domains are meshed using “Mapped” nodes which create structured quadrilateral meshes. 

The number, size and distribution of elements are controlled by “Distribution” subnodes. 

Since the microfluidic channel is the region of interest in the model, the mesh is designed to 

be rather dense, using “Distribution” subnodes for the horizontal and vertical boundary of the 

channel. The remaining domain, representing the surrounding air is meshed by a “Free 

Triangular” node, which creates an unstructured triangular mesh. Here the number, size and 

distribution of elements are controlled by a “Size” subnode, and since this region is not 

important for the model, the predefined coarse value was used. The resulting mesh can be 

seen in Figure 3.17. 

 

Figure 3.17: Mesh for the 2D model in COMSOL 
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Additional considerations 

The different MPs react to the magnetic field according to their magnetic volume (volume of 

iron oxide in Table 3.2). This means that MPs with bigger magnetic volume will react 

stronger and therefore move faster. In consequence the time delay parameters td and td2 for the 

“Rectangle” functions will have to get smaller. As shown in Figure 3.15 the time parameter ts 

is used for both transition zones of the “Rectangle” function. Therefore ts must always be 

smaller than half the width of the “Rectangle” function; otherwise the function would not 

reach the value “one”. Hence the rectangle interval times and therefore the time delay 

parameters cannot get below a certain value for a given transition time ts. Therefore if the 

interval time has to be reduced, the transition time has to be also shortened. As a consequence 

the time steps of the solver also have to be smaller, because the transition zones have to be 

resolved by at least five time steps to avoid unwanted behavior in the model as pointed out 

earlier. An easy solution would be to use small transition zones with the according time steps 

for all simulations, but because the computation time is directly related to the amount of time 

steps calculated, this solution was not chosen. Instead optimal values were found iteratively 

for each MP, meaning that the time steps and transition times were always the same for each 

individual MP when simulated with the different conductor geometries and were therefore 

comparable with each other. The values found for the time steps and the transition times can 

be seen in Table 3.3.  

 

 

Time steps 

[s] 

Transition time 

[s] 

iron oxide 250 nm 0.05 0.4 

sicastar®-M 1.5 µm 0.04 0.2 

micromer®-M-PEG-COOH 3 µm 0.02 0.1 

micromer®-M-NH2 10 µm 0.01 0.05 
 

Table 3.3: Simulation time steps and “Rectangle” transition times used for the different MPs 

 

The goal of the simulations was to find the optimal conductor geometry, and therefore the 

geometry which transports the MPs as fast as possible. The time the MPs need to travel 

through the microfluidic channel depends on the magnitude of attraction to the conductors, 

therefore on the current, which in turn depends on the conductor cross section. Additionally 

the time depends on the distance the MPs have to travel. Because of that not all geometries 

listed in Table 3.1 were simulated, but only one for each conductor width, namely the one 

with the smaller conductor spacing, hence the shorter distance for the particles to travel. The 

five simulated geometries were the GE I (12/8 µm), G I (10/8 µm), S III (8/6 µm),  

S I (6/5 µm) and S (4/4 µm); the values in brackets stand for the conductor width/spacing. 
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Simulations 

The simulations were carried out for a conductor thickness of 1 µm and the current values 

given in Table 3.1. A simulation for every combination of the five chosen geometries and the 

five particles listed in Table 3.2 was carried out. For each simulation the smallest possible 

values of the time delay parameters td and td2 were found by iteratively adapting them until an 

optimum solution was achieved, consisting of the shortest times while still managing to 

transport the MPs through the channel. Table 3.4 shows the resulting values for the time delay 

parameters for all 20 simulations.  

 

GE I (12/8 µm) G I (10/8 µm) S III (8/6 µm) S I (6/5 µm) S (4/4 µm) 

 

td td2 td td2 td td2 td td2 td td2 

  [s] [s] [s] [s] [s] 

iron oxide 250 nm 6 10.3 6.9 9.3 6.7 5.5 8.6 3.7 15.1 2.2 

sicastar®-M 1.5 µm 1.52 2.68 1.68 2.44 1.68 1.52 2.16 1.16 3.72 0.68 

micromer®-M-PEG-COOH 3 µm 0.92 1.62 1.02 1.48 1.02 0.88 1.3 0.66 2.26 0.42 

micromer®-M-NH2 10 µm 0.27 0.49 0.3 0.42 0.29 0.29 0.37 0.19 0.63 0.13 

 
Table 3.4: Time delay parameters td and td2 in s for the different conductor geometries and MPs 

 

Particle velocity calculations 

The times the particles required to reach the last conductor were noted and the mean velocities 

achieved by the MPs were calculated by dividing the traveled distance through these times. 

This was performed for two starting points of the MPs, the first being the inlet of the 

microfluidic channel and the second the edge of the first conductor facing the channel inlet. 

The 1
st
 scenario includes the already mentioned collection of the MPs which is done by the 

first conductor. The 2
nd

 scenario discards this influence. In Figure 3.18 a particle tracing plot 

of COMSOL is shown including the discussed starting points, the end point and the respective 

travel distances for the particle velocity calculations. Charts of the mean particle velocities are 

shown in Figure 3.19 for the 1
st
 scenario and in Figure 3.20 for the 2

nd
 scenario. 

 

Figure 3.18: Particle tracing plot (COMSOL) with starting points, end point and the distances the particles travel for the two 

scenarios of the particle velocity calculation 
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Figure 3.19: Mean particle velocities up for different conductor geometries and different MPs, 1st scenario with the inlet of 

the microchannel as the starting point 

 

Figure 3.20: Mean particle velocities up for different conductor geometries and different MPs, 2nd scenario with the first 

conductor as the starting point  

 

The response concerning the different MPs is according to the magnetic volume listed in 

Table 3.2, the micromer®-M-NH2 10 µm being the particles with the biggest magnetic 
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volume and therefore the fastest, and the iron oxide 250 nm particles having the smallest 

magnetic volume and therefore being the slowest.  

The 2
nd

 scenario (Figure 3.20), which discards the influence of the MP collection time, shows 

that the smaller conductor geometries result in a faster particle movement than the bigger 

ones. This occurs although the currents are lower in the smaller conductors and therefore also 

the magnetic force is lower. Because of the shorter distances that the particles have to travel, 

the smaller conductor geometries still produce higher velocities. The higher currents of the 

bigger conductors come into play when the collecting of MPs is taken into consideration (1
st
 

scenario). Here the smallest conductor geometries produce lower mean velocities than the 

bigger conductor geometries (see Figure 3.19). Considering the simulations were only done 

for six conductors this influence is higher than in reality.  

Figure 3.21 shows an estimation based on the time delay parameters for geometries consisting 

of 18 conductors; here the particle collecting influence is almost eliminated. In conclusion this 

means that the smallest producible conductor geometries should be preferred. 

  

Figure 3.21: Estimated mean particle velocities up for different conductor geometries with 18 conductors and different 

MPs, starting point: beginning of microchannel 
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4 Chip Development and Characterization 
 

In order to verify the working principle described in section 3.1 a microfluidic chip was 

developed. The next sections describe the design (section 4.1) and the fabrication of the chip 

(section 4.2) as well as the experimental set-up (section 4.3) and the measurements that where 

conducted (section 4.4). 

 

4.1 Chip design 
 

The principle design of the biosensing system previously described in section 3.3, consists of 

a microfluidic channel with one inlet and one outlet, placed on top of a layer with current 

carrying microstructures to establish the needed magnetic field gradient. The developed chips 

consisted of four main layers: (1) A Si-wafer with 500 µm thickness as the substrate, (2) the 

current carrying conductors which consist of silver with 500 nm thickness and an insulating 

layer of SiO2 with 500 nm thickness, (3) the microfluidic channel, structured by two layers of 

a dry photoresist thin film (Ordyl SY355) of 55 µm thickness giving a total thickness of 110 

µm and (4) a glass cover with 500 µm thickness with holes to access the inlets and outlets. 

 

Figure 4.1: Chip layers: (1) Si-wafer as the substrate, (2) the current carrying microstructures and an insulating layer of 

SiO2, (3) microfluidic channel made of two layers of Ordyl SY355, (4) glass cover 

 

The microstructures consisted of parallel straight rectangular conductors, with a common 

contact pad on one end of the conductors and individual pads on the other end. Hence, it is 
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possible to individually actuate the conductors. Chips with geometries (conductor width and 

spacing) G I, G II, G III, and GE I (see Table 3.1) consisting of 18 conductors were produced, 

as well as chips with 10 conductors with geometry G I. The microfluidic channel layer 

consisted of two individual channels with a width of 100 µm and one inlet and outlet each. 

The channels were oriented perpendicular to the conductors. Figure 4.2 shows a schematic of 

the conductor layer for geometry G I with 18 conductors with their conductor pads and of the 

microfluidic layer consisting of the two channels with their inlets and outlets.  

 

 

Figure 4.2: Schematic of the current carrying microstructure (conductors and contact pads, G I geometry) and microfluidic 

channels with inlets and outlets, as used for the masks for fabrication 

 

 

4.2 Fabrication 

4.2.1 Conductors  

 

The conductors were fabricated in the clean room of the institute using standard fabrication 

procedures. A Si-wafer (10 cm diameter, 500 µm thickness) with a thermally grown oxide 

was used as the bottom substrate. Figure 4.3 depicts the fabrication steps. 

a) An image reversal photoresist (AZ5214) was spin coated on the Si-wafer 

b) The photoresist was exposed using a mask for the patterning of the microstructures 

c) The photoresist was developed 

d) 500 nm of silver with a 30 nm adhesion layer of titanium was evaporated on the Si 

wafer  

e) After the silver was deposited, the photoresist was stripped using acetone and the 

remaining debris of the resist was cleaned using oxygen plasma 
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f) An insulating layer of SiO2 with 500 nm thickness was plasma deposited on top of the 

conductors 

g) Photoresist was spin coated on top of the SiO2 layer 

h) The photoresist was exposed using a mask for openings in the SiO2 layer to free the 

contact pads 

i) The photoresist was developed 

j) Plasma etching was employed to free the contact pads 

k) The photoresist was stripped 

 

 

Figure 4.3: Conductor fabrication steps 

 

4.2.2 Microfluidic channel 

 

The microfluidic channel layer was made of Ordyl SY300, a negative-type dry-film 

photoresist, manufactured by Elga Europe. It is available in thicknesses from 15 µm to 55µm; 

for the microfluidic channel two layers of 55 µm (Ordyl SY355) were utilized.  
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There are several reasons why a dry-film photoresist was used: 

 Easy to handle 

 Low cost 

 Ordyl can be used for direct adhesive bonding under pressure and elevated 

temperature 

 Other materials for adhesive bonding like SU-8 photoresist have to be applied by spin 

coating, which is an inhomogeneous deposition and therefore limits the maximum 

resist thickness 

The photoresist film is encapsulated in two protective layers. A polyester (PET) layer on one 

side and a polyethylene (PE) layer on the other side. The exact composition and functioning 

of Ordyl is a trade secret, but it is known that it contains roughly 60% acrylic polymers and 

25% acrylic esters [23]. The acrylic esters contain epoxy groups that establish bonds to the 

substrate surface after cross-linking is photochemically initiated (by UV exposure) and 

promoted with a post-exposure bake (PEB). During the bonding step the epoxy groups also 

form bonds to a second substrate surface. Thus it is possible to directly bond one substrate 

with an Ordyl layer to a second bare substrate without the need of an intermediate adhesive 

layer. [23]  

Processing Ordyl consists of four major steps (see Figure 4.4): 

a) Lamination of the dry film to the bottom substrate 

b) UV exposure with a mask to pattern the desired structure 

c) Development 

d) Direct adhesive bonding to top and bottom substrate under pressure and elevated 

temperature 

  

 

Figure 4.4: Ordyl processing steps 
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Lamination 

A GBC HeatSeal H425 standard office laminator was used to laminate the Ordyl SY355 film 

onto the bottom substrate (the previously processed Si-wafer with the patterned silver 

conductor microstructures on top). The wafer was put on a piece of paper and a sheet of Ordyl 

was cut out in a way that it covers the wafer completely, but does not exceed the borders of 

the paper, thus preventing that it gets in contact with the laminator rolls. The top of the Ordyl 

film was attached to the paper with a piece of adhesive tape, the side with the protective PE 

layer facing the wafer. The protective PE layer was removed and the whole stack was inserted 

into the laminator. To prevent bubbles or folding, the dry film must not be in contact with the 

wafer prior lamination. To assure this the photoresist was continuously lifted during 

lamination as depictured in Figure 4.5 [24]. The lamination speed was 400 mm per minute, 

the temperature is not specified in the laminator manual, but a setting of “6” from a range 

from “1” to “9” was proven to be appropriate. After lamination the overlaying parts of the 

Ordyl sheet were cut away with a knife. Because a second layer of Ordyl was needed, the 

protective PET layer was removed from the already laminated layer and the entire process 

was repeated with another sheet of Ordyl. The PET layer of the second resist sheet was kept 

on top to prevent the Ordyl surface from oxidation and to prevent mechanical contact with the 

mask in the mask aligner during UV-exposure. 

 

Figure 4.5: To prevent bubbles or folding the Ordyl sheet is lifted during lamination, so that it does not touch the wafer 

before lamination. [24] 

 

Exposure and development  

A Süss MA6 mask aligner was used to expose the photoresist for 45 s using soft-contact mode 

with the protective PET layer still on top during exposure. After exposure the PET layer was 

removed and the wafer was post-exposure baked by putting it on a hot plate at 85 °C for 60 s. 

Afterwards the resist was developed in a commercial developer (Elga Europe) utilizing two 

developer baths, first an already used one (2 min) followed by a clean developer bath (2 min). 

Ultrasonic actuation was used to reduce development times. The waver was cleaned in an 

isopropanol bath (30 s) and rinsed with DI-water. 
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4.2.3 Glass-cover  

 

Hole drilling 

To cover the microfluidic channels a glass-wafer was utilized as the top layer of the chip. To 

enable access to the microfluidic channels, holes had to be drilled in the glass-wafer before 

bonding with the Ordyl layer. 800 µm holes were drilled with a diamond drill to form the 

inlets and outlets. 

Wafer bonding 

The Si-wafer and the glass-wafer were aligned, secured with a bond tool and inserted into an 

EVG 501 wafer bonder. The wafers were bonded by applying a force of 60 N / cm². The 

temperature was increased to 100 °C with 5 °C / min and maintained for 30 minutes. 

Afterwards the temperature was reduced to room temperature at 1 °C / min. 

 

4.2.4 Dicing 

 

To cut the bonded wafers into single chips a DAD 3220 dicing saw with a 200 µm thick 

diamond blade was used. The inlet and outlet holes in the glass-wafer were sealed with 

adhesive tape before dicing to prevent cooling water and debris from entering the chips. To 

free the contact pads, the glass wafer was partially removed in the areas above the pads. This 

was done by dicing the chip half through; dicing only through the glass-wafer and using the 

Ordyl layer as spacer that prevented the conductors and contact pads from getting damaged. 

 

 

4.3 Experimental Set-up 
 

To actuate the currents on the conductors an Arduino Uno [25] microcontroller board was 

used. It is an open-source electronics prototyping platform based on the ATmega328 

microcontroller. It incorporates, among other features, 14 digital input/output pins and is easy 

to program with the Arduino programming software. An HP Notebook connected to the 

Arduino via USB was used for programming. 8 of the digital input/output pins were 

programmed as outputs to actuate the conductors on the microfluidic chip. A program was 

written that sequentially turns the outputs on for a specified duration (actuation time). The 

outputs of the microcontroller board were connected to a solderless breadboard where 

MOSFETs act as switches between the conductors of the microfluidic chip and an external 

DC power supply. LEDs were used to visualize when a conductor was turned on. Additional 
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to the ability of the power supply to limit the outgoing current, an amperemeter was used to 

monitor the current running through the conductors. 

To contact the conductor pads on the microfluidic chip, copper wire was used. In a first 

attempt a silver conductive paint was used for connection, but since the paint did not provide 

a strong enough adhesion to the pads, conductive silver epoxy was used. To connect the chip 

to the microcontroller circuit a custom made connector was produced. It consists of an 8 way 

PCB vertical mount terminal, connected to a 15 way IDC plastic body D-sub plug with a flat 

ribbon cable. Another flat ribbon cable with a D-sub socket and a D-sub plug was used to 

make the connection to the bread board. To enable heat transport away from the chip it was 

placed on a copper block and fixed with adhesive tape. 

A Carl Zeiss microscope with an attached Samsung VP-HMX20C camcorder was used to 

capture the movement of the MPs in the microfluidic channel. In Figure 4.6 the entire 

measurement set-up is shown. 

 

 

 

Figure 4.6: Measurement set-up 
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4.4 Measurements 
 

For all measurements the particle solutions were resuspended in Hellmanex® cleaning 

concentrate (dilution of 1:50 with DI-water). According to [12] the high pH (11) and the 

surfactant in Hellmanex® increase the repulsive electrical forces between particles and solid 

surface, thus avoiding particle clustering or adhesion of the particles on the solid surface. 

The particles purchased from micromod Partikeltechnologie GmbH come in tubes with 10 mL 

content (particles suspended in water). Figure 4.7 shows a photograph of three tubes with 

magnetic particles (brown) and one with white non-magnetic particles. The white particles 

were used to form LMPs (see section 4.4.2). 

 

 

Figure 4.7: Magnetic particles (three tubes on top with brown content) and non-magnetic particles (tube on bottom with 

white content) purchased from micromod Partikeltechnologie GmbH 

 

To administer the particle solutions to the microfluidic channel a 1 mL syringe, a 0.8 mm 

cannula and a piece of rubber tube were combined (see Figure 4.8).  

 

Figure 4.8: A 1 mL syringe, a 0.8 mm cannula and a piece of rubber tube (top) that were combined (bottom) to create a tool 

for administering the particle solutions to the microfluidic channel 
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For each experiment a small amount of particle solution was drawn into the syringe, the 

rubber tube end was placed on the inlet of the microfluidic channel and the particle solution 

was brought into the channel by carefully administering pressure on the syringe. The same 

tool was used to clean the channel after each experiment by flushing it with DI-water and 

ethanol; for each fluid different syringes and cannulas were used. 

First tests utilizing a chip with G II geometry (cw = 10 µm, cs = 10 µm) showed that applying 

a current of 100 mA (the maximum value for this conductor width according to Table 3.1) 

caused the conductors getting destroyed after just some actuations. Therefore all following 

experiments were done with half the current value listed in Table 3.1. 

 

 

4.4.1 MPs 

 

Experiments with different bare MPs were carried out to verify the behavior suggested by the 

simulations presented in section 3.4. The conductors on a chip with G I geometry (cw = 10 

µm, cs = 8 µm) were actuated with a current of I = 50 mA. To determine the maximum mean 

particle velocities (up) that were feasible with this configuration two approaches were 

followed: 

 For the micromer®-M-NH2 10 µm and micromer®-M-PEG-COOH 3 µm particles the 

minimum actuation time (during which the current is switched on, on each conductor) 

was determined by lowering the actuation time in the Arduino program until the 

transport of MPs through the channel was no longer guaranteed. 

 

 Since the smaller sicastar®-M 1.5 µm and iron oxide 250 nm particles travel slower in 

the channel, the process of finding the right actuation time was accelerated by 

switching the conductors manually on and extracting the actuation time from the video 

footage by determining the time it took the MPs to travel from one conductor to the 

next one. 

 

Table 4.1 lists the actuation times and the corresponding mean particle velocities. The 

determined mean velocities correspond to the velocities calculated via the simulations in 

section 3.4, meaning that the four measured MPs show the same ranking as in the simulations: 

the 10 µm MP being the fastest and the 250 nm MP being the slowest. Figure 4.9 depicts the 

movement of a micromer®-M-NH2 10 µm MP along the microfluidic channel with the 

determined actuation time of 1.2 s. The position of the MP is pictured every 0.6 s travelling a 

distance of 108 µm with a mean velocity of 15 µm / s.  
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Particle 
Actuation 

time [s] 

up 

[µm / s] 

micromer®-M-NH2 10 µm 1.2 15 

micromer®-M-PEG-COOH 3 µm 2.3 7.8 

sicastar®-M 1.5 µm 3.8 4.7 

iron oxide 250 nm 11.5 1.6 

 
Table 4.1: Actuation times and mean particle velocities up for different MPs travelling in a G I geometry (cw = 10 µm, cs = 

8 µm) chip, actuated with a current of I = 50 mA 

 

 

Figure 4.9: Movement of a micromer®-M-NH2 10 µm MP along the microfluidic channel with an actuation time of 1.2 s 

per conductor (G I geometry: cw = 10 µm, cs = 8 µm). The current was I = 50 mA. The MP covered a distance 

of 108 µm with a mean velocity of 15 µm / s 
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4.4.2 LMPs 

 

To form LMPs the protocol given in [26] was taken as a reference. It utilizes the carbodiimide 

/ N-hydroxysuccinimide activation of the carboxylic acid groups on functionalized particle 

surfaces, followed by reaction with amino groups of biomolecules to form amid bonds. 

Instead of bioanalyte, non-magnetic white microparticles with a functionalized amino group 

surfaced were used as a proof of concept. Specifically micromer®-M-PEG-COOH 3 µm with 

carboxylic acid groups on their surface where used as MPs, and to simulate the bioanalyte, 

micromer®-NH2 500 nm white non-magnetic particles with amino groups on their surface 

were used. 

As stated in the protocol [26] a 0.5 M MES buffer (2-(4-morpholino)ethanesulphonic acid 

buffer) solution with an adjusted (more basic) pH had to be prepared. MES has a molecular 

weight of 195.2 g / mol, this means for a 0.5 M solution 97.6 g / L are required. To have a 

sufficient amount for future experiments 40 mL of buffer solution was prepared. This was 

done by first diluting 3.904 g MES (the amount required for a 40 mL solution of 0.5 M MES) 

in 30 mL DI-water in a 50 mL reaction tube. The measured pH was 3.9. Then 1 g of Na2CO3 

(sodium carbonite) was diluted in the solution and the reaction tube was filled to the 40 mL 

mark with DI-water. The measured pH was 6.8. 

To quench the reaction a solution of 25 mM glycine in 0.01 M PBS buffer was also prepared. 

Glycine has a molecular weight of 75.07 g / mol. For a 25 mM solution 1.88 g / L are 

required. Again, to have a sufficient amount for future experiments 10 mL of solution was 

prepared. This was done by adding 18.8 mg of glycine to a 10 mL reaction tube and filling it 

up with 0.01 M PBS buffer to the 10 mL mark. 

Following the protocol [26], in a first step, 625 µL of activated micromer®-M-PEG-COOH 3 

µm particle suspension were produced: 

 0.5 mL of micromer®-M-PEG-COOH 3 µm particle suspension (25 mg of particles) 

were transferred into a 1.75 mL reaction tube 

 4 mg of EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride) and 8 

mg of NHS  (N-hydroxysuccinimide), were dissolved in 125 µL of 0.5 M MES (pH 

6.8) and added to the particle suspension 

 The particle suspension was incubated with continuous shaking for 45 min at room 

temperature 

 The particles were washed 3 times by magnetic separation with 0.01 M PBS buffer 

 The particles were resuspended in 625 µL 0.01 M PBS buffer solution 

Then 5 batches were prepared. 0.5 mL of micromer®-NH2 500 nm white non-magnetic 

particle suspensions (25 mg of particles) were added to each of 5 1.75 mL reaction tubes. 

Table 4.2 (batches 1 to 5) lists the amount of activated micromer®-M-PEG-COOH 3 µm 

particle suspension and PBS buffer that was added to each reaction tube. 
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The steps that followed were the following: 

 The suspensions were incubated with continuous mixing overnight at room 

temperature 

 The particles were washed 3 times by magnetic separation with 0.01 M PBS buffer 

 200 μL of 25 mM glycine in 0.01 M PBS buffer was added to each batch to quench 

the reaction 

 The suspensions were incubated with continuous mixing for 30 min at room 

temperature 

 The particles were washed 3 times by magnetic separation with 0.01 M PBS buffer 

 The particles were resuspended in 1 mL 0.01 M PBS buffer solution 

Additionally in a second run another five batches were made with lesser concentration of 

activated particle suspensions, see Table 4.2 batches “a” to “e”. 

 

Batch 

activated magnetic 

particle suspension 

[µL] 

PBS 

[µL] 

1 25 975 

2 75 925 

3 125 875 

4 175 825 

5 225 775 

a 5 995 

b 10 990 

c 15 985 

d 20 980 

e 25 975 
 

Table 4.2: Amount of activated magnetic particle suspension (micromer®-M-PEG-COOH 3 µm) and PBS used for forming 

of LMPs 

 

The various batches with different concentration of activated particle suspension were made 

because the protocol given in [26] is intended for the formation of amid bonds between 

functionalized particles and proteins or antibodies. It was found that the particle-particle 

bonding worked quite well for all these concentrations but in the higher concentrated 

suspensions (batch 2 to 5) the tendency that particle clusters formed seemed to be higher.  

For the experiment batch “c” was used. Like the bare MPs, the LMPs were resuspended in 

Hellmanex® (dilution of 1:50 with DI-water). To have a direct comparison to the bare 

micromer®-M-PEG-COOH 3 µm MPs the same chip and current was used as for the 

measurements described in section 4.4.1. At first the actuation time was set to 2.3 s; the value 

which was found for the bare 3 µm MP (see Table 3.1). With this value it was not possible to 

transport the LMP through the channel. This already proofed that the LMP was bigger than 
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the MP. Then the actuation time was increased until the LMP could be transported through 

the channel. Table 4.3 shows a comparison between the actuation times and the corresponding 

mean particle velocities of the bare micromer®-M-PEG-COOH 3 µm MP and the LMP with 

attached 500 nm non-magnetic particles. 

Particle 
Actuation 

time [s] 

up 

[µm / s] 

3 µm MP 2.3 7.8 

3 µm + 500 nm LMP 3 6 
 

Table 4.3: Comparison between the actuation times and the corresponding mean particle velocities up of the bare 

micromer®-M-PEG-COOH 3 µm MP and the LMP with attached 500 nm non-magnetic particles travelling in a 

G I geometry (cw = 10 µm, cs = 8 µm) chip, actuated with a current of I = 50 mA 

 

The experiment showed a velocity reduction of about 23 % for the LMP against the bare MP. 

This corresponds well to a theoretical velocity reduction of 25 % for an LMP consisting of a 3 

µm MP plus attached 500 nm analyte compared to a bare 3 µm MP (see section 3.2.1 and 

Figure 3.2). Figure 4.10 shows a comparison of the experiments of the bare micromer®-M-

PEG-COOH 3 µm MP and the LMP with attached 500 nm non-magnetic particles along the 

microfluidic channel with the determined actuation times of 2.3 s (MP) and 3 s (LMP).  

 

  

Figure 4.10: Comparison of the bare micromer®-M-PEG-COOH 3 µm MP and the LMP with attached 500 nm non-

magnetic particles travelling in a G I geometry (cw = 10 µm, cs = 8 µm) chip, actuated with a current of I = 50 

mA. Actuation times are 2.3 s for the MP and 3 s for the LMP. 
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5 Conclusions and Outlook 
 

In this thesis a microfluidic biosensing device for detecting a bioanalyte utilizing the motion 

of magnetic particles (MPs) was presented. The device consists of a microfluidic channel in 

which MPs are accelerated by a magnetic field gradient generated by current carrying 

conductors. The detection principle utilizes the effect that MPs with attached analyte (LMPs) 

have a bigger overall volume while having the same magnetic volume as bare MPs. In 

consequence LMPs do not reach the same velocity as bare MPs and need more time to travel 

the same distance while accelerated by the same magnetic field. Calculations were carried out, 

which provided plausibility for the simulations of magnetic fields generated by straight 

rectangular conductors, and which showed what amount of velocity decrease can be expected 

for given MP and analyte diameters.  

It was possible to confirm the particle behavior suggested by the calculations and simulations 

with the experiments that were conducted. Thus the goal of this thesis, to produce a prototype 

of the described biosensing device and utilize this device to prove the concept of the detection 

method, was fulfilled. 

As already stated in the Introduction, this thesis represents the first part of a three year project. 

Hence several improvements to the design are possible. The next step is to implement 

magnetic field microsensors in the device, thus establishing an automated detection of MPs. 

Different conductor structures may be investigated for the generation of the magnetic field. 

The contact pads of the conductors could be contacted by wire bonding instead of using 

copper wire and conductive epoxy, and the chip could be placed in a microchip package.  
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Appendix 
 

Device masks 

 

Figure A.1: Full wafer mask for patterning of the conductor microstructures 
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Figure A.2: Full wafer mask for patterning of the microfluidic channels 
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Particle technical data sheets 
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