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ABSTRACT 

A Magnetic Sensor System for Biological Detection 

Fuquan Li 

 

Magnetic biosensors detect biological targets through sensing the stray field of 

magnetic beads which label the targets. Commonly, magnetic biosensors employ the 

“sandwich” method to immobilize biological targets, i.e., the targets are sandwiched 

between a bio-functionalized sensor surface and bio-functionalized magnetic beads. This 

method has been used very successfully in different application, but its execution requires 

a rather elaborate procedure including several washing and incubation steps. This 

dissertation investigates a new magnetic biosensor concept, which enables a simple and 

effective detection of biological targets. The biosensor takes advantage of the size 

difference between bare magnetic beads and compounds of magnetic beads and 

biological targets.  

First, the detection of super-paramagnetic beads via magnetic tunnel junction (MTJ) 

sensors is implemented. Frequency modulation is used to enhance the signal-to-noise 

ratio, enabling the detection of a single magnetic bead.  

Second, the concept of the magnetic biosensor is investigated theoretically. The 

biosensor consists of an MTJ sensor, which detects the stray field of magnetic beads 

inside of a trap on top of the MTJ. A microwire between the trap and the MTJ is used to 

attract magnetic beads to the trapping well by applying a current to it. The MTJ sensor’s 

output depends on the number of beads inside the trap. If biological targets are in the 
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sample solution, the beads will form bead compounds consisting of beads linked to the 

biological targets. Since bead compounds are larger than bare beads, the number of beads 

inside the trapping well will depend on the presence of biological targets. Hence, the 

output of the MTJ sensor will depend on the biological targets. The dependences of 

sensor signals on the sizes of the MTJ sensor, magnetic beads and biological targets are 

studied to find the optimum constellations for the detection of specific biological targets. 

The optimization is demonstrated for the detection of E. coli, and similar optimization 

processes can be performed for the detection of other biological targets.   

Third, we demonstrate the new magnetic biosensor concept using a mechanical trap 

capable of detecting nucleic acids via the size difference between bare magnetic beads 

and bead compounds. The bead compounds are formed through linking nonmagnetic 

beads of 1 µm in diameter and magnetic beads of 2.8 µm in diameter by the target nucleic 

acids. The purpose of the nonmagnetic beads is to increase the size of the compounds, 

since the nucleic acid is very small compared to the magnetic beads. Alternatively, 

smaller magnetic beads could be used but their detection would be more challenging.  

Finally, an enhanced version of the magnetic biosensor concept is developed using an 

electromagnetic trap for the detection of E. coli.  The trap is formed by a current-carrying 

microwire that attracts magnetic beads into a virtual sensing space. As in the case of the 

mechanical trap, the sensor signal depends on the number of beads inside of the sensing 

space. The distance which magnetic beads can be detected from by the MTJ sensor 

defines the sensing space. The results showed that the output signal depends on the 

concentration of E. coli in the sample solution and that individual E. coli bacterium inside 
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the sensing space could be detected using super-paramagnetic beads that are 2.8 µm in 

diameter.  

In summary, this dissertation investigates a new magnetic biosensor concept, which 

detects biological targets via the size difference between bare magnetic beads and 

compounds of magnetic beads and biological targets. The new method is extremely 

simple and enables the detection of biological targets in two simple steps and within a 

short time. The concept is demonstrated for the detection of nucleic acid and E. coli.  
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Chapter 1 Introduction 

1.1 Motivation 

Pathogen detection is of great importance in the food industry, water and 

environmental monitoring, and clinical diagnosis [1]. The top three bacterial pathogens 

causing domestically acquired foodborne illnesses in the United States are Nontyphoidal 

Salmonellosis, Clostridium perfringens and Campylobacter jejuni [2]. The infective dose 

of Nontyphoidal Salmonellosis is as low as one cell. Clostridium perfringens causes 

illness by ingestion of large numbers (> 106) vegetative cells or >106 spores/g of food. In 

general, the infective dose of Campylobacter jejuni is thought to be 10,000 cells, though 

the infective dose will vary according to the type of the contaminated food and the heath 

of the person [3]. E. coli is another important pathogen that is found in many kinds of 

foods, e.g. ground meats, unpasteurized milk, unpasteurized fruit juice, lettuce, and often 

causes food recalls and disease outbreaks. For example, E. coli O104:H4 bacteria caused 

a serious outbreak of a foodborne illness in northern Germany in May 2011. In this 

outbreak, 3,950 people were affected and 53 died [4]. E. coli is also recommended by 

United States Environmental Protection Agency (EPA) as the best indicator of health 

risks from contacting recreational water [5]. Most E. coli are harmless, but some, 

commonly referred to as Enterohemorrhagic E. coli (EHEC), can cause severe diseases in 

humans, including bloody diarrhea, kidney failure, and death. The infective dose of 

EHEC O157:H7 is in the range of 10 – 100 cells, and the infective doses of other EHEC 

are slightly higher [3], making their detection extremely challenging. Rapid, selective and 

sensitive pathogen detection is essential to ensure the safety of food and water or to 
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quickly diagnose bacterial diseases. In this thesis, E. coli is therefore chosen as the 

biological target in most of the experiments. 

Conventional pathogen detection methods include polymerase chain reaction (PCR), 

culture and colony counting methods, and immunological methods. PCR and the culture 

and colony counting methods are the most frequently used, due to their sensitivity, 

selectivity and reliability. Immunological methods employ antibody-antigen reactions for 

pathogen detection. The most popular immunological method is the enzyme-linked 

immunosorbent assay (ELISA), which takes advantages of the specificity of the antibody 

and the sensitivity of the enzyme assay [1]. However, these methods are very time-

consuming (several hours or up to several days [1]) and require highly skilled technicians 

and well-equipped biological laboratories. In this context, biosensors are considered as 

promising alternatives for pathogen detection in the future.  

Biosensors usually employ optical [6], electrochemical [7], piezoelectric [8] or 

magnetic [9-12] transducers to detect pathogens.  

Optical biosensors have exhibited high sensitivity [13].  The most sensitive optical 

biosensor can achieve a detection limit of 1 cfu/mL E. coli O157:H7 within about half an 

hour [14], combining a flow cytometer and fluorescent nanobeads. The surface of 

fluorescent nanobeads was coated with anti-E. coli antibodies. The E. coli was then 

covered with fluorescent beads when they were mixed together, which provided a bright 

fluorescent signal. The mixed sample was pumped through a micrometer-sized capillary. 

A laser source, which focused on the center region of the flow channel, was used to 

excite the fluorescent beads. The fluorescent light was then detected by photo multiplier 
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tubes. This sensor can detect single E. coli at sample flow rates ranging from 1 µL/h to 2 

mL/h.  

However, such a sensor requires a suitable spectrometer or camera, which is expensive 

and rather large for integrated, compact devices. For example, the camera“pco.1600” 

from PCO AG (Kelheim, Germany) used in [15] costs about 17,500 dollars; the  

spectrometer Ocean Optics USB2000+ used in [16] costs about 3,500 dollars and has 

dimensions of 89.1 mm x 63.3 mm x 34.4 mm.  

 

Fig 1.1 Schematic detection scheme of nanoporous membrane-based electrochemical 
biosensor [17] 

With the help of magnetic bead conjugation and concentration, it is possible to detect 

10 cfu/mL E. coli O157:H7 using a nanoporous membrane-based electrochemical 

biosensor [17]. As shown in Fig 1.1, a flow chamber was separated into two 

compartments by a nanoporous alumina membrane. Two platinum wires were placed in 

the upper and lower compartments for impedance measurements. Magnetic beads were 

bio-functionalized through coating the beads’ surface with antibodies. The mixed sample 
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of target bacteria and bio-functionalized magnetic beads was injected through the upper 

compartment of the flow chamber (Fig. 1.1(a)). A small magnet was placed below the 

biochip, to concentrate magnetic beads and target bacteria inside a small area on top of 

the alumina membrane. The surface of the alumina membrane was coated with 

so target bacteria would be captured once they touched the membrane (Fig. 1.1(b)). The 

magnet was then removed, and the chamber was rinsed to remove unbound magnetic 

beads and bacteria. The impedance between the two platinum wires was then measured. 

Electrochemical biosensors have the advantages of low cost and small size, but their 

sensitivity and selectivity are usually lower compared to optical biosensors. 

 Piezoelectric biosensors measure changes of the resonant frequency of a quartz crystal 

when the biological targets are captured on a bio-functionalized crystal surface. The 

measurement can take up to a day and requires an enrichment step to reach the detection 

limit of 10 cfu/mL for E. coli  O157:H7 [8]. Without the enrichment step, the detection 

limit of the piezoelectric biosensor is typically about 103 cfu/mL [18, 19]. 

Magnetic biosensors are suitable for very sensitive pathogen detection, because they 

can provide a resolution that is sufficient to recognize individual micro-sized magnetic 

beads [20]. In addition, magnetic beads can be concentrated or separated by magnetic 

fields [21-23], enabling simple expansion of device functionalities. 

Commonly, magnetic biosensors utilize the “sandwich” detection scheme, i.e., the 

target is sandwiched between a bio-functionalized sensor surface and bio-functionalized 

magnetic beads. This sandwich method requires bio-functionalizing the sensor surface 

and washing the sensor several times to remove extra beads and extra reagents during the 
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measurement. While the method is very sensitive, it is also complex and tedious and an 

improvement is desirable to simplify the detection procedure, making it faster, more user-

friendly and suitable for point-of-care devices. A step in this direction has recently been 

proposed with the “autoassembly immunoassay” [10-12]. In this case, biological targets 

and magnetic nanoparticles are mixed in the same solution and applied to the biosensor, 

where they bind to the bio-functionalized sensor’s surface. This scheme has been 

employed for the detection of protein and DNA.  

The aim of this thesis is to simplify the operation of magnetic biosensors. To this end, a 

very simple trap is developed to attract magnetic beads or magnetic bead-biological target 

compounds on top of a magnetic sensor. In the case of compounds, fewer magnetic beads 

will be trapped on top of the sensor, since some space will be occupied by the biological 

targets, leading to smaller output voltages. A higher concentration of biological targets 

causes more biological targets to bind to magnetic beads, reducing the number of beads 

inside the trap and resulting in a smaller sensor output. Hence, the concentration of 

biological targets can be related to the sensor’s output. The main advantages of this 

method are that there is no need to bio-functionalize the sensor’s surface and that the 

sensor works with a simplified detection process that requires only two steps. Since the 

biosensor is not surface-functionalized, it can easily be cleaned and re-used. Moreover, 

continuous monitoring operations are also feasible.  

1.2 Summary of Accomplishments 

The following are the main accomplishments of this thesis: 
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• A new concept for a magnetic biosensor has been realized that is simple and 

allows fast sample analysis (~ 30 min for E. coli sample). 

• The sensor does not require bio-functionalization of the sensor surface. 

• No washing steps during the detection process are needed. 

• No external magnetic field source is used, which greatly reduces the size of the 

device. 

• The sensor can easily be cleaned and readily be re-used. 

1.3 Sandwich-based Magnetic biosensor review 

 

Fig 1.2 Schematic detection scheme of magnetic biosensor [25] 

Commonly, magnetic biosensors utilize the “sandwich” detection scheme, which was 

firstly introduced by the Naval Research Laboratory (NRL) of the USA in 1998 [9]. As 

shown in Fig 1.2, the surface of a magneto-resistive sensor is coated with a layer of probe 

DNA. The biological target, or analyte DNA, is added and hybridizes with the probe 
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DNA. The hybridization takes about 3–12 hours, as the biological targets find the probe 

DNA via passive diffusion in solution [24].The analyte DNA is previously biotinylated. 

So, the biological target is actually sandwiched between two biological substances, probe 

DNA and biotin. Finally, streptavidin-coated magnetic beads are added, and bind with the 

analyte DNA through streptavidin-biotin reaction.      

In the following, the most relevant work of several research groups that are working on 

magnetic biosensors is reviewed. 

Naval Research Laboratory group 

    In the pioneering work done by the NRL group, a magnetic biosensor, named bead 

array counter (BARC), had 64 identical GMR sensors and was developed to allow 

simultaneous detection of many individual bimolecular interactions using arrays of 

magneto-resistive sensors [9]. They developed the BARC as a DNA hybridization assay. 

The next version of the chip, BARC-II, had 64 identical GMR sensors (arranged in 8 

sensor zones) plus two identical reference sensor [26]. The BARC-II could detect eight 

different analytes simultaneously. As in Fig 1.3, the BARC-III contained 64 senor zones, 

and each sensor zone covered an area of 200 µm diameter circle [27].  

The magnetic beads used by the NRL group in their experiments are Dynabeads M-

280, which are super-paramagnetic beads with a diameter of 2.8 µm. They are formed 

through dispersing nanometer-sized maghemite particles into a polystyrene matrix. Due 

to the superparamagnetic property, these beads are magnetized only in the presence of an 

external magnetic field, and they will lose their magnetization immediately when the 
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field is removed. Therefore, the magnetic beads do not attract each other, preventing their 

agglomeration.  

In order to detect magnetic beads, a magnetic field perpendicular to the GMR sensor 

was applied to magnetize the magnetic beads. Because the magnetizing field was not 

exactly perpendicular to the sensor, an offset existed. The offset was measured when 

there were no beads and subtracted from the following measurements. 

The surfaces of the magnetic sensors were coated with a layer of silicon nitride to 

prevent corrosion, and then a layer of silicon dioxide or gold to enable the immobilization 

of the DNA probes. For each DNA sequence to be detected (also called the DNA 

analyte), a DNA probe complementary to a part of the DNA analyte was synthesized, and 

immobilized on the surfaces of certain magnetic sensors using micro-contact pen 

spotting. During detection, biotinylated PCR products were flowing through the magnetic 

biosensor, and the DNA analyte hybridized with the complementary probe. Finally, 

streptavidin-coated magnetic beads were added to bind with the biotinalyted DNA 

analyte, immobilizing them on the surfaces of certain magnetic sensors. After removing 

non-specifically bound magnetic beads with a magnetic force provided by a movable 

permanent magnet in BARC-I, or through rinsing with water in BARC-II and BARC-III, 

the number of beads is evaluated from the signal of the magnetic sensors.  

In BARC-II, each sensor was essentially made of an uncoupled magnetic/non-

magnetic/magnetic layer. A current of about 10 mA was required to magnetize the upper 

magnetic layer opposite to the bottom magnetic layer. The required large current 

generated heat and raised the temperature of the fluid in the flow cell by 20 °C. Because 
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GMR sensors could only detect beads on or closely next to the sensor, a large space in 

each sensor zone was wasted. The active area was only about 10% within each sensor 

zone in BARC-II. BARC-III was designed to overcome these shortages, while increasing 

the number of sensing zones from 8 to 64. 

 

Fig 1.3 (a) A BARC-III chip including 64 sensor zones, 2 reference sensor, and test 
structures. (b) Central area of the BARC-III chip. (c) Close-view of a sensor zone. [27] 

    In BARC-III, each sensor zone contained only a serpentine GMR sensor with a width 

of 1.6 µm and a pitch of 4 µm. The GMR sensor had a total length of 8 mm within a 200 

µm circular area (Fig 1.3(c)). This design increased the active area within each sensor 

zone by about 10 times over BARC-II. And the operation of BARC-III sensor didn’t 

require a large current due to a different design of GMR material. Thus, the BARC-III 

chip generated negligible heat during operation. The BARC-III sensor had a larger 

saturation field of 30 mT and a greater GMR ratio of 15%. The thickness of silicon 
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nitride was reduced to 250 nm from 1 µm in BARC-I and BARC-II, considering that the 

GMR signal is strongly dependent on the distance between magnetic beads and the 

sensor.  

Fig 1.4 shows the signal-to-noise ratio when one bead was immobilized on a 

rectangular GMR sensor with different dimensions in BARC-I chip. It is obvious that the 

signal-to-noise ratio is higher when the GMR sensor becomes smaller. However, the 

chemical sensitivity increases with increasing active area, where biomolecular reactions 

can happen and the specifically bound magnetic beads can be detected by GMR sensors. 

Thus, the BARC-I and BARC-II sensor was composed of a large number of small 

sensors. The threshold of detections of BARC-III was 10 Dynabead M-280 per sensor 

zone. The relative large magnetic sensor actually increased the practical sensitivity of 

biological detection. 

 

Fig 1.4 Signal-to-noise ratios when one Dynabead M-280 was bound to the surfaces of 
different GMR sensors [9] 
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Fig 1.5 The sensor signal versus the number of beads inside of a sensor zone in BARC-
III chip. The open circle, filled circle and filled triangle represent measurements on three 
different sensor zones. Inset: 14 beads on a sensor zone. [27] 

    As shown in Fig 1.5, the sensor signal was linear to the number of beads on the sensor 

when the number of beads was smaller than 1000, providing three decades of dynamic 

range per sensor. 

INESC-MN group 

In 2002, the researchers from Instituto de Engenharia de Sistemas e Computadores 

Microsistemas e Nanotecnologias (INESC-MN), Lisbon, Portugal presented two 

advances to the development of magnetic biosensors, using on-chip current line structures 

to control the movement of magnetic beads and biomolecules, and using spin valve 

sensors to detect magnetic beads [28]. The enzyme horseradish peroxidase was 

immobilized on the surface of two kinds of superparamagnetic beads, with a diameter of 

400 nm (Nanomag®-D) and 2 µm (Micromer®-M).  

   In order to control the movement of magnetic beads and biomolecules, two current 

lines were fabricated neighboring to a spin valve sensor (Fig 1.6). The chip was coated 
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with a 300 nm thickness layer of silicon dioxide. A magnetic field parallel to the sensor 

surface and perpendicular to the sensor’s length (15-20 Oe) was created by a horseshoe 

electromagnet, in order to magnetize superparamagnetic beads. The sensor and current 

lines were powered with 3 power sources, and the signal was measured with a 

multimeter. 

 

Fig 1.6 Optical (a), (b) and SEM (c) images of the spin vale sensor and two Al current 
line structures. (c) 3 Micromer®-M microbeads: one at the edge of the sensor, one at the 
edge of the sensor line, a third one on the bottom current line. [28] 

Magnetic beads were moved by two tapered Al line structures (with a current of 10-20 

mA) to a chip site of 5 µm×15 µm and were then moved to and from a spin valve sensor 

(with the dimension of 2 µm×6 µm and the MR of 5%) through switching on the current 
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in a tapered Al line structure and at the same time off in another structure. When the 

sensors used a magnetic field of 15 Oe and a sense current of 5 mA, the signals for bulk 

numbers of 400 nm and 2 µm beads were 1.2 mV and 0.6 mV, respectively. The signal 

for 400 nm beads was greater, because this kind of beads had smaller size and so the 

beads covering the sensor had a higher density. When using a magnetic field of 15 Oe 

and a sense current of 8 mA, the signal for 2 µm beads was 100 µV. The corresponding 

sensor had a saturation signal of 1 mV and a noise level of 10 µV. 

   The 2 µm× 6 µm spin valve sensor with two Al tapered current lines was also used to 

detect DNA hybridization [29]. Magnetically-labeled DNA targets were concentrated to 

the sensor site and reacted with the surface-bound DNA probes. For complementary 

targets and probes, 10-200 pM DNA targets created a hybridization signal of about 1-2 

mV at 8 mA sense current with a 15 Oe in-plane magnetic field. For non-complementary 

targets and probes, there was no hybridization signal.  

The spin valve sensor was also used to detect the binding of streptavidin-coated 

magnetic beads to the sensor surface that was bio-functionalized with biotin [30]. The 

spin valve sensor had a dimension of 2 µm× 6 µm, a resistance of about 46.2 Ω, a MR 

ratio of about 5.5%, and a sensitivity of about 0.1%/Oe (corresponding to 0.5 mV/Oe). 

As shown in Fig 1.7, one reference sensor and one signal sensor shared a common input 

contact, and had two independent output contacts. The reference sensor was covered with 

1.5 µm thick photoresist. A resistor of 0.5 kΩ was connected in series to each sensor, to 

maintain a constant sense current through each sensor. 
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Fig 1.7  (a) The chip covered with a 1.5 µm layer of photoresist except there was a 25 
µm×25 µm well on the signal sensor; (b) The signal sensor. [30] 

 

Fig 1.8 Real-time signal for the binding between streptavidin-coated 250 nm 
Nanomag®-D beads and biotinylated sensor surface. At time point 1), 5 µL of magnetic 
beads solution with a concentration of 2 mg/mL (or 6×1010 beads/mL) were added. [30] 
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      Fig 1.8 demonstrates the detection of biomolecular recognition events between 

streptavidin and biotin. The signal first saturated as the sensor surface was fully covered 

with 250 nm Nanomag®-D beads. Then, the sensor was rinsed with phosphate buffer, 

and there was a residual signal of 2 mV. For the same experiment without bio-

functionalizing the sensor surface, the sensor signal went down to the base line 

immediately when rinsing the sensor.  

The 2 µm× 6 µm spin valve sensors were also used to detect the binding of single 

streptavidin-coated 2 µm Micromer®-M magnetic bead to a biotinylated sensor surface 

[31]. The sensor signals for a single 2 µm Micromer®-M magnetic bead were in the 

orders of 150-400 µV depending on the sensor sensitivity and the thickness of the 

passivation layer.  

 

Fig 1.9 U-shaped spin valve sensor and current line. Optical images after ac focusing-
assisted hybridization experiments: (a) using non-complementary DNA targets; (b) using 
complementary DNA targets. [24] 

The biochips previously fabricated by the INESC-MN group could only detect a small 

number (1-200) of 250 nm magnetic beads. In order to increase the sensor’s dynamic 

range and enhance the biological sensitivity, a new biochip was developed to focus 

magnetic beads in a larger sensing area [24]. The chip was used to detect Fibrosis related 
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DNA targets. Magnetically-labeled targets were focused at the sensor site by applying an 

AC current to a U-shaped current line structure. It took about 3-12h if the hybridization is 

based on passive diffusion of biological targets, and the AC magnetic field focusing 

greatly shortened the time to 15-30 min. A U-shaped spin valve sensor was fabricated 

inside the U-shaped current line, to detect the hybridization of DNA targets with DNA 

probes previously immobilized on the sensor surface. In Fig 1.9, the spin valve sensor 

had a size of 2.5 µm× 80 µm (full length), an MR ratio of 7.4%, a sensitivity of 

0.13%/Oe in its linear region, and a resistance of 750 Ω. The Al current line had a 

thickness of 300 nm, a width of 10 µm and a total length of 120 µm. The distance 

between the arms of the current line was 17 µm. The chip was covered with 100 nm 

Al2O3 and 200 nm SiO2, to protect it from chemical solutions and also to provide a 

suitable surface for bio-functionalization.  

The excitation fields were an AC magnetic field of 13.5 Oe RMS at 30 Hz, together 

with a DC bias field of 24 Oe along the sensitive direction of the spin valve sensor. The 

excitation fields were created by an external horseshoe electromagnet powered by a 

function generator in parallel with a power source. The on-chip U-shaped current line 

was supplied with an AC current of 25 to 40 mA RMS at 0.2 Hz. This 0.2 Hz AC 

magnetic field, together with the DC bias field, can focus magnetic beads at the sensor 

site. The sensor signal was measured at 30 HZ via a lock-in amplifier with a time 

constant of 300 mS (or a bandwidth of 0.83 Hz).  

The concentration of DNA target solutions was less than 83 fmol/µL (or 1.3 pg/µL). 

The signals, when DNA targets were complementary to DNA probes, were 3 to 10 times 



32 
 

higher than non-complementary or background signal. The chip was also reported to be 

capable of detecting 250 nm magnetic beads down to the concentration of 1 pM (or 500 

pM DNA target concentration) [32].   

A spin valve chip with the design shown in Fig 1.9 was also used to detect 20-mer 

single-stranded DNA targets [33]. The use of magnetically-assisted hybridization 

increased the sensitivity of the device from 1 pM to 1 fM, compared with diffusion-

controlled hybridization. 

As shown in Fig 1.10, the chip with the design shown in Fig 1.9 was integrated into a 

portable platform [34]. The device operation was demonstrated by the detection of 20-

mer single-stranded DNA labeled with 130 nm magnetic beads. A clear signal difference 

between complementary and non-complementary binding assays was observed. 

 

Fig 1.10. Prototype system: (1) A biochip, with a spin valve sensor and a microfluidic 
channel, on a chip carrier;  (2) Sensing and processing module; (3) Communication 
module and circuits for driving electromagnet; (4)Noise shielding; (5) Electromagnet; 
(6)Battery; (7) USB connector. [34] 
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Aiming at including a large number of magnetic sensors on a single chip, matrix-based 

magneto-resistive biochips were firstly achieved with thin film switching devices [34, 35] 

and then with CMOS circuits [36]. Magnetic sensors were integrated in a 4 mm2 CMOS 

chip. The chip included a current generator, multiplexers, and a spin valve sensor in 

series with a diode as matrix element. The integrated spin valve sensors had similar 

magnetic properties as standalone spin valve sensors. Though the noise of matrix 

elements was higher than that of standalone sensor, matrix-based magneto-resistive 

biochips could enable the fabrication of many sensors on a small area, and the integration 

of processing electronics on a single chip. 

Bielefeld group 

The researchers from University of Bielefeld designed a spiral-shaped magnetoresistive 

sensor with a diameter of 70 µm [37]. The signal of 0.86 µm Bangs Laboratories 

magnetic beads was linear to the bead’s coverage on the sensor. The detection limit was 

achieved at a surface coverage of 5%, corresponding to 200 beads on the surface of the 

sensor.  

The researchers compared magnetoresistive biosensor and fluorescent DNA detection, 

and concluded that the relative sensitivity of magnetoresistive biosensor was superior to 

that of the fluorescent DNA detection at low concentration of DNA probes [25]. DNA 

probes with concentrations from 16 pg/µL to 10 ng/µL were immobilized on the sensor 

surface, and 16 ng/µL DNA analytes were added to the sensor and hybridized with 

complementary DNA probes. 
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As shown in Fig 1.11(a), the spiral-shaped GMR sensor had a width of 1 µm and a 

separation of 1 µm, and covered a 70 µm diameter circular area. The sensor material 

consisted of multilayers in the second antiferromagnetic coupling maximum Si/ 

(Ni80Fe20)1.6 nm/ [Cu1.9 nm/(Ni80Fe20)1.6 nm]10/ Ta3nm [38]. The resistance of a single sensor 

was about 12 kΩ. Due to its isotropic geometry, the sensor had the same response to in-

plane magnetic fields of any direction. The sensor had a GMR ratio of 7%, and a 

saturation field of 15 kA/m, resulting in a sensitivity of 0.5% /(kA/m) (Fig 1.11(b)). The 

sensor was covered with 160 nm of SiO2 and a 60 nm thick layer of methacryl-based 

polymer. The polymer contained epoxy side-groups, which enabled the bio-

functionalization of the sensor surface. 

 

Fig 1.11 (a) Magneto-resistive sensor; (b) Transfer curve of the sensor for in-plane 
magnetic field [25] 
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Fig 1.12. Output signals under a perpendicular magnetic field of 40 kA/m versus the 
surface coverage of 3 different magnetic beds. The shaded area represented signals from 
reference sensor, which is not covered by any bead. [25] 

   As shown in Fig 1.12, when a magnetic field of 40 kA/m was applied perpendicular 

to the sensor plane, the sensor signals had a linear response to the sensor coverage at low 

coverage values. So, the density of magnetic beads on the sensor could be determined 

based on the sensor signals. Fig 1.13 shows the sensitivity of the magnetic biosensor and 

a comparable fluorescent detection experiment. Both were sensitive to the whole range of 

concentrations of DNA probes used in the experiments, from 16 pg/µL to 10 ng/µL. 

However, at low concentrations of DNA probes, the magnetic biosensor was superior to 

fluorescent detection, for example, by a factor of 2.7 at 400 pg/µL. 

 

Fig 1.13 Sensitivity of the magnetic biosensor and a comparable fluorescent detection 
experiment [25] 
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Stanford group 

The research group from Stanford University demonstrated the detection of single 

Dynabeads M-280 magnetic bead [39]. The used spin valve material had an MR ratio of 

10.3% and a sheet resistance of 18.41 Ω. As shown in Fig 1.14, rectangular spin valve 

sensors were fabricated, so that the magnetization of the pinned layer was along the 

transversal direction and the easy axis of the free layer was along the longitudinal 

direction of the sensor. Half of the spin valve sensors were covered by a 1 µm layer of 

photoresist and used as reference sensors.  

 

Fig 1.14 (a) Optical image of a spin valve sensor array; (b) SEM image of a spin valve 
sensor [39] 

 

Fig 1.15 Schematic of the measurement setup. The spin valve chip was placed in the 
plane of a DC magnetic field and an orthogonal AC magnetic field (40 Hz) generated by 
two electromagnets. One signal sensor and one reference sensor formed a Wheatstone 
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bridge together with two off-chip resistors. The signal was measured at 40 Hz with a 
lock-in amplifier. The gain A was 100. [39]  

 Fig 1.15 showed the schematic of the measurement setup. The spin valve chip was 

placed in the gap of two orthogonal electromagnets in such a way that a DC biasing 

magnetic field Hb (94 Oe for 2.5 µm wide sensors, and 120 Oe for 3 µm wide sensors) 

was applied along the longitudinal direction and an AC modulation magnetic field Ht (38 

Oe RMS for 2.5 µm wide sensors, and 32 Oe RMS for 3 µm wide sensors, both 40 Hz) 

was applied along the transversal direction of the sensor. The DC magnetic field was to 

bias the sensor to its most sensitive and linear region. One signal sensor and one 

reference sensor formed a Wheatstone bridge together with two off-chip resistors. The 

gain A was 100. The signal was measured with a lock-in amplifier.  

The signals of single M-280 bead were 1.2 mV RMS or 5.2 mΩ for a 3 µm wide 

sensor, and 3.8 mV RMS or 11.9 mΩ for a 2.5 µm wide sensor. Further experiments also 

suggested that these sensors can detect 1 to 10 Co beads with a diameter of 11 nm.  

The Stanford group developed a biochip for the DNA detection using spin valve 

sensors and magnetic nanobeads [40]. The DNA targets were PCR products amplified 

from human papillomavirus (HPV) plasmids. Each sensor consisted of 32 spin valve 

strips (93 µm×1.5µm) connected in series. To protect from corrosion, two passivation 

layers were used. A SiO2 (10 nm)/Si3N4 (20 nm)/SiO2 (10 nm) layer covered the entire 

chip, except the bonding pads. Another SiO2 (100 nm)/Si3N4 (200 nm)/SiO2 (100 nm) 

then covered the reference sensors and leads, exposing the signal sensors and bonding 

pads. The spin vale sensor had a resistance of 35 kΩ and an MR ratio of 12%. The 

magnetization of the fixed layer was pinned in-plane and perpendicular to the length of 
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the sensor strip, while the easy axis of the free layer was along the longitudinal direction 

of the sensor strip. The magnetic beads were MACS beads from Miltenyi Biotec Inc. The 

MACS beads had a diameter of 50 nm. They were coated with streptavidin to enable the 

binding with biotinylated DNA targets.  

During experiments, a DC magnetic field of 50 Oe was applied along the direction of 

the sensor strip, in order to maintain the free layer in a single domain. An AC magnetic 

field of 71 Oe RMS at 208 Hz was applied in-plane and perpendicular to the direction of 

the sensor strip. The spin valve sensor was applied with an AC current with a magnitude 

of 15 µA and a frequency of 500 Hz. The signal was measured at the sum frequency of 

the AC magnetic field and the sensor current (708 Hz), in order to reduce the 1/f noise. 

The voltage signals from a signal sensor and a reference sensor were fed into a 

differential amplifier.  

The results showed that DNA targets down to 10 pM were detectable. 12 DNA assays 

were performed with an accuracy of about 90%. 

The Stanford group also developed an autoassembly protein array for analyzing 

antibody cross-reactivity [10]. The array was capable of screening antibody cross-

reactivity at sensitivities down to 50 fM. The array employed highly sensitive nanometer-

sized GMR sensor and magnetic nanobeads. The researchers called the device 

“autoassembly protein array”, because they made some advances to the traditional 

sandwich assays and eliminated the necessity of certain washing steps usually required. 

Fig 1.16 shows the schematic of the autoassembly immunoassay. After cleaning the chip, 

2% Polyethylenimine solution in deionized water was added for 3 minutes. Then, the 
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chip was rinsed with deionized water and baked at 150 °C for 15 minutes. A 350 picoliter 

droplet of capture antibodies was then added to individual GMR sensors using a 

piezoelectric robotic spotter (Fig 1.16(b) insert) and incubated for 1 hour at room 

temperature and at 90% relative humidity. The chip was rinsed with a washing buffer 

(0.1% BSA and 0.5% Tween 20 in PBS) and then blocked with 50 µL of 1% BSA in PBS 

for 30 minutes. In Fig 1.16(a), after immobilizing the capture antibodies, antigens of 

interest were added and reacted with specific capture antibodies, and streptavidin-coated 

nanobeads were also added to the sensor. As there was no chemistry to immobilize 

nanobeads on the surface, no signals could be detected. In Fig 1.16(b), biotinylated 

detection antibodies were added. Detection antibodies can react with specific antigens of 

interest and also bind with nanobeads through streptavidin-biotin reaction. Thus, the 

magnetic nanobeads could be immobilized on the sensor surface at a concentration that 

could lead to a detectable signal. 

 

Fig 1.16 Schematic of the autoassembly immunoassay where each square represents a 
100 µm×100 µm GMR nanosensor and each color represents a unique antibody and 
antigen. (a) After bio-functionalization of the sensor surface with capture antibodies, 
antigens of interest were bound to specific capture antibodies. Streptavidin-coated 
nanobeads were added. (b) Adding biotinylated detection antibodies. Insert: Optical 
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image of an array of sensors. Each circle represented a droplet of capture antibodies for 
the bio-functionalization of a unique sensor. [10] 

     

Fig 1.17 Miniaturization of the original experimental setup into a handheld device. (a) 
The original experimental setup. (b) The diagnostic device. (c) A disposable stick and a 
reaction well. Insert: Inside the reaction well is an array of GMR nanosensors that can 
detect different proteins simultaneously using a 25–50 µL sample. (d) The handheld 
device with case and a test stick. [11] 

    The researchers also integrated the protein arrays into a battery-powered portable 

device as shown in Fig 1.17 [11]. Using this device, the detection of HIV p24 protein in a 

25 µL sample was demonstrated at a concentration down to 32 pg/mL within about 15 

min.  

   The Stanford group used high-density GMR nanosensor arrays to monitor the binding 

kinetics of proteins with high spatial and temporal resolution [12]. The researchers 

developed an analytical model to describe the binding of magnetically-labeled antibodies 

to proteins immobilized on sensor surfaces. They proved that the reduced diffusion rate 

caused by the addition of magnetic nanobeads could be used to derive the generalized 

binding models of antibody-antigen, which is vital to drug development and proteomic 

analysis.   
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Brown group 

 

Fig 1.18  (a) A 2 µm× 6 µm magnetic tunnel junction (MTJ) sensor inside a 600 µm 
wide microfluidic channel; (b) A MTJ sensor and two beads. Also shown are the 
directions of two in-plane magnetic fields. He (15 Oe) was along the sensing direction of 
the MTJ sensor, while Hb (20 Oe) was perpendicular to the sensing direction. [20]    

The researchers from Brown University demonstrated the detection of a single 

magnetic bead (Dynabead® M-280) with a magnetic tunnel junction (MTJ) sensor [20]. 

The magnetic beads were transported to the MTJ sensor inside a microfluidic channel 

(Fig 1.18(a)), and the stray field of a single bead could be detected when the bead passed 

the MTJ sensor. The average signal of a single bead was 80 µV (corresponding to a 

signal to noise ratio of 24 dB) when applying a 15 Oe excitation field (He) and a 20 Oe 

biasing field (Hb) (Fig 1.18(b)).  

   The same group demonstrated the detection of 2.5 µM DNA targets with an array of 

256 MTJ sensors connected in series (Fig 1.19) [41]. Two kinds of magnetic beads were 

used, 16 nm Fe3O4 nanobeads and 50 nm commercial MACSTM nanobeads. The signal-

to-noise ratios of 2.5 µM DNA targets were 25 when using 16 nm Fe3O4 nanobeads and 

12 when using MACSTM nanobeads.  



42 
 

 

Fig 1.19 An array of 256 MTJ sensors (3 µm×6 µm) in a serial connection [41] 

1.4 Magnetic flow cytometer review 

Other than sandwich-based magnetic biosensors, a microfluidic system integrating 

magnetic sensors at the bottom of a microfluidic channel, named magnetoresistive flow 

cytometer, was also develop to detect and count cells. Magnetically-labelled cells flow 

past the magnetic sensor inside the microfluidic channel. A signal is detected when a cell 

labelled with a relatively large number of magnetic nanobeads flows across the sensor, 

while free magnetic beads will not be sensed, due to their extremely small magnetic 

moments.  

The usage of magnetoresistive sensors in cytometer application was first demonstrated 

by the INESC-MN group. [42] The counting of Kg1-a cells labelled with 50 nm CD34 

magnetic beads was performed using a magnetoresistive flow cytometer, and the counts 

agreed well with those obtained from a hemocytometer. The cell sample’s flow rate was 

about 1 cm/s in a microfluidic channel with a width of 150 µm and a height of 14 µm, 

and a bipolar signal with an amplitude of 10-20 µV was observed whenever a cell passed 

the magnetoresistive sensor. 
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Fig 1.20 (a) Schematic of a cell flowing over a spin valve sensor. A magnetic field of 
190 mT is applied vertically. (b) Calculated signals of a magnetically labelled cell at 
different distances Z of 5 µm, 7 µm, and 11 µm above the sensor. The diameter of the 
cell is 5 µm, and 2880 magnetic beads are randomly distributed on the cell’s surface. [42] 

Fig 1.20 shows the calculated signals of a magnetically labelled cell at different 

distances of 5 µm, 7 µm, and 11 µm above the sensor. The last one represented the 

maximum height that a cell could reach, due to the height of the microfluidic channel and 

the diameter of the cell. The results showed that, if the background noise was smaller 

than 5 µV, even a cell at the top of the microfluidic channel could be detected. 

As shown in Fig 1.21(a), three spin valve sensors with a width of 3 µm and a length of 

40 µm were integrated at the bottom of a microfluidic channel for the counting of 

magnetically labelled cells. An external magnetic field was required to magnetize 

superparamagnetic beads. A magnetic field of 190 mT was provided by a permanent 
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magnet below the chip (Fig 1.21(b)). At this field, each nanobead had a saturation 

magnetic moment of 1.96×10-17 Am2.  

 

Fig 1.21 The magnetoresistive flow cytometer. (a) Chip integrating three spin valve 
sensors at the bottom of a microfluidic channel. (b) Schematic of the device showing a 
magnet placed below the chip. [42] 

The cell sample was diluted in phosphate buffer solution (100 mM, pH 7.4) with a 

concentration of 4.76×103 cells/µL. Fig 1.22(a) shows the response of the spin valve 

sensor, which was similar to the calculated signal shown in Fig 1.20(b). To further 

confirm that the signal was due to the stray field of magnetic beads, the same 

measurement was taken with a magnetic field applied along the sensor’s sensitive 

direction to saturate the sensor. As shown in Fig 1.22(b), a saturated sensor detected no 

cell. Similar results were also obtained when performing the same measurement with 

unlabelled cell samples.  
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Fig 1.22 (a) Signal of a single cell. The amplitude of the signal was about 17 µV, while 
the amplitude of the noise was about 3.5 µV. (b) Signals of magnetically labelled cells 
with the sensor in the linear regime and saturated. [42]  

During the measurements, 3.6 µL of sample solution containing labelled cells were 

flowing through the microfluidic channel, which took about 3 minutes at a flow speed of 

1 cm/s. The sample was also tested with a hemocytometer, and the number of cells in 3.6 

µL sample was estimated to be 14112±1268 (Fig 1.23).  

As shown in Fig 1.23, for samples with high concentration, only a single sensor was 

needed to estimate the cell counts. The device was also able to count low concentration 

samples using three spin valve sensors synchronously. Since the length of the sensor was 

40 µm and the width of the microfluidic channel was 150 µm, assuming that cells were 
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distributed uniformly along the channel’s width, each sensor would count about 27% of 

the total number of cells flowing through the channel. The three light bars in spin valve 

sensor results in Fig 1.23 represent the counts using a single spin valve sensor. The 

extrapolated values (the dark bars in Fig 1.23) were obtained by multiplying the direct 

counts from the sensor by a factor of 1/0.27. A 3.6 µL cell sample was estimated to 

contain 15344, 14274 and 12496 cells in three successive measurements, leading to an 

average value of 14037. The cell counts gradually decreased in three successive 

measurements, probably because some cells were lost from measurement to 

measurement.  

 

Fig 1.23 Comparison of cell counting with hemocytometer and magnetoresistive flow 
cytometer. With a hemocytometer, the 3.6 µL sample was estimated to contain 
14112±1268 cells. With the magnetoresistive cytometer, the sample was estimated to 
contain 15344, 14274 and 12496 cells (dark bars) in three successive measurements, 
leading to an average of 14037 cells. The light bars below the dark bars represents the 
counts obtained with a single spin valve sensor (the center one). The dark bars represents 
the extrapolated counts obtained through multiplying by a factor of 1/0.27. [42] 
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Fig 1.24 (a) µHD chip includes an array of µHall sensors at the bottom of a 
microfluidic channel. The inset is a photograph of the µHD. (b) Sensor array consisting 
of 8 µHall sensors, each of which can detect cells passing over it. (c) Sheath flow is used 
to laterally focusing samples in the middle of the channel, and Chevron pattern is used to 
vertical push samples toward the bottom of the channel. [43] 

A microfluidic chip-based micro-Hall detector (µHD) was developed to detect 

magnetically-labeled cells in whole blood [43]. The µHD chip employed coplanar sheath 

flow to laterally direct samples to the middle of the channel, and chevron pattern to 

vertically push samples toward the bottom of the channel (Fig 1.24). This allowed the use 

of microfluidic channels much larger than the cell size, thus reducing the fluidic 

resistance and the risk of clogging. 

The µHD chip can detect single cells even in a sample containing a vast amount of 

blood cells. The clinical usage of the chip was demonstrated by counting rare circulating 

tumor cells in whole blood of 20 ovarian cancer patients at a sensitivity higher than 

CellSearch (the golden standard for counting circulating tumor cells).  

(a) (b) (c) 
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1.5 Conclusions 

In this chapter the research on the development of magnetoresistive biosensors of 

several groups has been reviewed. Most biosensors utilize sandwich detection methods, 

which require the bio-functionalization of the sensor surface. A layer of silicon dioxide is 

usually used to protect the sensor from liquid corrosion, and most importantly, to provide 

a surface suitable for the immobilization of probes, i.e., DNA probes complementary to 

the DNA sequences of interest, or antibodies against the protein analytes.  

To avoid the agglomeration of magnetic beads during sample preparation and then 

prevent the interactions between magnetic beads and biological samples, 

superparamagnetic beads are commonly employed. Superparamagnetic beads are 

magnetized by an external magnetic field and lose their magnetizations once the field is 

removed. So, external magnetic fields should be applied during the operation of magnetic 

biosensors, in order to magnetize the superparamagnetic beads and thus maintain a 

detectable stray field. For spin valve sensors, the external magnetic field is usually along 

the sensitive direction. For GMR multilayer sensors, the applied magnetic field is usually 

perpendicular to the sensor surface. The benefit of a perpendicular field is that, the sensor 

shows no offsets without the presence of beads. Under a perpendicular field, the stray 

field of a magnetic bead is central symmetric, which means zero average stray fields on 

the sensor plane. Therefore, a perpendicular field can only be used by GMR multilayer 

sensors, which have the same response to a positive or negative field along the sensitive 

direction.   
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The design of magneto-resistive biosensors has gradually been developed from small 

sensors (several µm2) to large sensors (several hundred µm2). Several groups have 

demonstrated the capability of small sensors to detect single micro-sized bead. However, 

in order to increase the biological sensitivity, the area for biological binding events 

should be increased. As the width of the sensor increases, the signal of magnetic bead 

will decrease. The sensor’s width is usually kept small to maintain a detectable signal, 

and only the length is increased to enhance the biological sensitivity. The sensor usually 

has a small width (micrometers to sub-micrometers) and a great total length (hundred 

micrometers to millimeters). The design is usually a spiral-shaped sensor, or many sensor 

strips organized in a rectangular area.  

Most research focuses on employing magneto-resistive biosensors to detect DNA or 

protein targets, which are usually nanometer-sized. In order to avoid hampering the 

biological reactions, nanometer-sized magnetic beads are needed. This sets a higher 

requirement on the sensor’s detection ability. In addition to use sub-micrometer width 

sensors, the biochips usually consist of an array of sensors. In order to obtain signals 

from these sensors without using a lot of electrical bonding pads, the biochips can be 

integrated in a CMOS chip and a multiplexing strategy can be employed.  

The magnetic biosensors are mostly still at the laboratory prototype stage. The 

researchers from Standford University established a startup company in 2005, to 

commercialize magnetic biosensors [44]. A handheld device developed by the Stanford 

group in 2010 seems very close to a final product ready for commercialization [11]. 

However, commercial magnetic biosensors are still not available on the market.   
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Chapter 2 Detection of magnetic beads via magnetoresistive sensor 

    This chapter describes the detection of super-paramagnetic beads via magnetic tunnel 

junction (MTJ) sensor. The concept of frequency modulation is used to enhance the 

signal-to-noise ratio, enabling the detection of a single magnetic microbead. An 

alternating current is applied to the magnetic sensor, and an alternating magnetic field is 

employed to magnetize the magnetic beads. The sensor’s output voltage is measured at 

the sum of those two frequencies. The alternating magnetic field is provided by applying 

alternating current to a gold microwire. This greatly reduces the size of the device, since 

the commonly used external magnetic field sources (usually a big coil) are not needed in 

our device.   

2.1 Materials and methods 

2.1.1 Device 

As shown in Fig 2.1, the magnetic biosensor is comprised of a gold microwire, a 

trapping well and a MTJ sensor. The microwire is at the bottom of the trapping well. 

Applying current to the gold microwire creates a magnetic field with a large gradient; 

thus, attracting superparamagnetic beads near the microwire. The magnetic force is given 

by [45], 

 ( ) V ( ),χ= ∇ ⋅ = ∇ ⋅magF m B H B   (2.1) 

where m is the magnetic moment of the bead, V is its volume, and χ is its susceptibility, 

H is the magnetic field and B is the magnetic flux density. The microwire serves two 

purposes: (i) attract and immobilize magnetic beads inside the trapping well and (ii) 

provide a magnetic field to magnetize the beads.  
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Fig 2.1 Magnetic biosensor system comprised of a trapping well, a gold microwire and a 
MTJ sensor. The MTJ sensor is beneath the gold microwire.    

    The stray field from the beads in the trapping well is detected by the MTJ sensor 

beneath the well. The more beads the well is filled with, the larger the detected stray 

field, leading to a larger voltage output at the MTJ sensor. The MTJ sensor, fabricated by 

INESC Microsistemas & Nanotechnologias (INESC MN), shows an area resistance of 

600 Ω•µm2 and dimensions of 30 µm×3 µm. The major components of its material stack 

are Ru(5 nm)/IrMn(7.5 nm)/Co70Fe30(2.0 nm)/Ru(0.85 nm)/Co40Fe40B20(1.0 nm) /Ta(0.21 

nm)/Co40Fe40B20(1.64 nm)/MgO(1.0 nm)/Co40Fe40B20(3.0 nm)/Ta(0.21 nm)/NiFe(16 

nm). The sensor is characterized by a maximum resistance change of 150%, a sensitivity 

of 10%/mT and a linear range from -6 to 4 mT (Fig 2.2(b)).  
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Fig 2.2 (a) MTJ stack: Ru(5 nm) / IrMn(7.5 nm) / Co70Fe30(2.0 nm) / Ru(0.85 nm) / 

Co40Fe40B20(1.0 nm) / Ta(0.21 nm) / Co40Fe40B20(1.64 nm)/ MgO(1.0 nm) / 

Co40Fe40B20(3.0 nm) / Ta(0.21 nm) / NiFe(16nm). (b)Transfer curve of the MTJ sensor, 

and its magnetization configurations at maximum, medium and minimum resistances. 
The black and gray arrows represent the direction of the pinned layer’s magnetization. 
The white arrow represents the direction of the free layer’s magnetization.  

Essentially, the MTJ sensor consists of two ferromagnetic layers separated by a thin 

MgO insulting layer (Fig 2.2(a)). The top magnetic layer is a Co40Fe40B20 coupled to a 

NiFe layer. Underneath the insulating layer are two Co40Fe40B20 layers coupled through a 

thin Ta layer. The bottom magnetic layer is antiferromagnetically pinned to 

Co70Fe30/IrMn. The resistance of the sensor changes as the relative orientation of the 

magnetizations of the two ferromagnetic layers changes. When the magnetizations of the 

two ferromagnetic layers are pointing in the same direction, the MTJ sensor shows its 

minimal resistance; when they are in opposite directions, the MTJ sensor shows its 

maximal resistance. The magnetization of the bottom ferromagnetic layer is 

antiferromagnetically pinned to the sensor’s transversal direction, so this ferromagnetic 

layer is also called pinned layer; the magnetization of the top ferromagnetic layer, also 

named free layer, can rotate freely and has an easy axis, which is defined by shape 

(a) (b) 

Free layer 

Pinned layer 



53 
 

anisotropy, along the sensor’s longitudinal direction. This configuration generates a linear 

sensor response to external magnetic fields along the sensor’s transversal direction.  

As shown in Fig 2.2(b), the MTJ sensor has its maximum resistance, when applying a 

magnetic field opposite to the direction of the pinned layer’s magnetization (about -120 

Oe), and thus magnetizing the free layer along the direction opposite to that of the pinned 

layer. The MTJ sensor has its minimum resistance, when applying a magnetic field along 

the direction of the pinned layer’s magnetization (about 120 Oe), and thus magnetizing 

the free layer along the same direction to that of the pinned layer. The MTJ sensor has its 

medium resistance, when the direction of the free layer’s magnetization is perpendicular 

to that of the pinned layer. As can be seen in Fig 2.2(b), this does not happen exactly 

when the external magnetic field is zero, a possible reason is that the angle between the 

magnetization of the free layer and that of the pinned layer is less than 90 degrees, when 

there is no external magnetic field. This is due to two possible reasons: the magnetization 

of the bottom magnetic layer is not pinned exactly along the transversal direction, or the 

shape anisotropy does not define the magnetization of the free layer along the 

longitudinal direction.  Another possible reason is that there exists a stray field from the 

pinned layer, even if there is an angle of 90 degrees between the magnetizations of the 

pinned and free layers. 

2.1.2 Magnetic beads 

    The superparamagnetic beads used in the experiments are streptavidin-coated 

Dynabeads® M-270. The magnetization curve of 120 µL Dynabeads® M-270 solution 

with a concentration of 6.5×108 beads/mL is shown in Fig 2.3. The susceptibility of the 
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beads can be calculated from the slope of the magnetization curve. Taking into account 

the values between -35 Oe and 35 Oe, which covers the range applied during the 

experiments, the slope is 0.056 memu/Oe. The beads’ diameter is 2.8 µm. Using these 

data, the magnetic susceptibility of Dynabeads® M-270 is calculated to be 0.79 (SI unit). 

 

Fig 2.3 Magnetization curve of 120 µL Dynabeads® M-270 solution with a concentration 
of 6.5×108 beads/ml.  

2.1.3 Signal measurement 

As shown in Fig 2.4, a magnetic bead above the sensor will be magnetized by the 

magnetic field generated by the current in the microwire. The stray field of the bead can 

be sensed by the magnetic field sensor, if the magnetic bead is within the sensing space 

of the magnetic sensor. When a larger number of magnetic beads are immobilized inside 

the sensing space, a larger signal will be observed.  

The MTJ sensor used in the experiments has a resistance comparable to the leads’ 

resistance. In order to eliminate the influence of lead resistance, a four-probe 

measurement is employed. The sensor has four contact pads, two pads connect the top 
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electrode of the sensor, and the other two pads connect the bottom electrode. In order to 

obtain a high signal to noise ratio (SNR), frequency modulation is exploited. 

 

 

Fig 2.4 The current in the microwire generates a magnetic field, which magnetizes the 
superparamagnetic bead. The stray field of the magnetic bead is detected by the MTJ 
sensor beneath the wire. The black lines represent the current-generated magnetic field 
with the black arrows on the lines pointing along the direction of the magnetic field. The 
gray lines represent the stray field of the magnetic bead with the gray arrows on the lines 
pointing along the direction of the stray field. The black arrow inside of the magnetic 
bead represents the direction of the bead’s magnetization. 

The noise of the MTJ sensor includes thermal noise, 1/f noise and shot noise. Shot 

noise is usually smaller than thermal noises at low bias voltages [46]. In order to reduce 

the effect of 1/f noise, the sensor should not be operated with a DC current, but with an 

AC current. In addition to the noise of the MTJ sensor, there is crosstalk noise in the 

sensor output, due to the capacitive and inductive coupling between the MTJ sensor and 

the microwire [47]. This crosstalk noise can be considerably greater than the signal from 

the magnetic beads. Thus, frequency modulation is employed to minimize noise, i.e. 
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alternating currents are applied to the microwire and the sensor with the frequencies fM 

and fS, respectively (Fig 2.5). 

  

 

Fig 2.5 (a) Spectral components of the MTJ sensor output. (b) Frequency modulation is 
used to generate a high SNR. The beads are magnetized with a magnetization current in 
the microwire with amplitude IM and frequency fM. A current with amplitude IS and 
frequency fS is applied to the MTJ sensor, and its voltage is measured at the frequency of 
fM+fS using a lock-in amplifier.  

    The beads are magnetized by applying a magnetization current  

 ( ) 2 cos(2 )M M MI t I f tπ=   (2.2) 

with an RMS current of IM and a frequency of fM to the microwire, using a function 

generator (Agilent 33250A). The magnetization current together with the stray field of 

the beads causes an alternating magnetic field of B (RMS), which changes the resistance 

of the MTJ sensor by 

(a) 

(b) 
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 0( , ) 2 cos(2 ),MR t B R B f tδ πΔ =   (2.3) 

where R0 is the base resistance of the MTJ sensor and δ its sensitivity (in %/mT).         

    Applying a sensing current 

 ( ) 2 cos(2 )S S SI t I f tπ=   (2.4) 

with an RMS current of IS and a frequency of fS to the MTJ sensor, using a function 

generator (Agilent 33250A), results in the sensor voltage  

 0 0

1 2

( , ) 2 cos(2 )( 2 cos(2 ))

cos(2 ) cos(2 ),
S S M

ct S ct M

V t B I f t R R B f t

A f t A f t

π δ π
π π

= +
+ +

  (2.5) 

where Act1 and Act2 are the amplitudes of crosstalk noises at the frequency of fS and fM , 

respectively. 

Considering the modulation theorem, the sensor voltage can be expressed as [47] 

 0 1 2

0 0

( , ) ( 2 )cos(2 ) cos(2 )

cos(2 ( ) ) cos(2 ( ) ).
S ct S ct M

S S M S S M

V t B I R A f t A f t

I R B f f t I R B f f t

π π
δ π δ π

= + +
+ − + +

  (2.6) 

    The sensor voltage contains the signal of the magnetic beads at fS+fM and fS-fM, while 

the frequency components of the crosstalk noise are at fS or fM. By the help of a lock-in 

amplifier (Stanford Research, SR850), the output voltage Vout is measured at a frequency 

of fS + fM = 395 Hz with a bandwidth of 0.26 Hz 

 0

1
( ).

2
out M Bead S M StrayV V V I R B Bδ= + = +   (2.7) 



58 
 

    It includes two components: the voltage VM, due to the magnetic field generated by the 

current of the microwire, and the voltage VBead, due to the stray field of the magnetic 

beads inside the sensing space of the MTJ sensor. BM is the RMS value of the magnetic 

flux density generated by the current in the microwire, and MB is the average value of BM 

over the free layer of the magnetic sensor. BStray is the RMS value of the magnetic flux 

density of magnetic beads inside the sensing space of the MTJ sensor, and StrayB is the 

average value of BStray over the free layer of the magnetic sensor. 

2.1.4 Finite-element simulation 

In order to estimate the values of VM and VBead, from Eq. (2.7), a finite element method 

(FEM) simulation is performed (using COMSOL software) to calculate BM and BStray. The 

FEM model is based on Ampère’s law in the static case, 

 ∇× =H J ,  (2.8) 

where H is the magnetic field intensity and J is the current density. Using the magnetic 

vector potential A, the magnetic flux density B can be expresses as 

 = ∇×B A , (2.9) 

and with the relationship  

 μ=B H , (2.10) 

where µ is the magnetic permeability of the material, Ampere’s law can be rewritten as 

 1( )μ −∇× ∇× =A J . (2.11) 
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The entire model is contained inside a box of 20 µm×12 µm×12 µm (Fig 2.6) for which 

the tangential components of the magnetic vector potential at the boundary are set to 

zero, 

 0× =n A , (2.12) 

where n is the surface normal of the boundary.  

 

Fig 2.6.  Model used for finite-element simulation of the effects of the magnetization 
current and superparamagnetic bead on the sensor. The red rectangle represents the MTJ 
sensor’s surface. The model also includes a bead and the gold microwire. The sensitive 
direction of the MTJ sensor is along the y-axis. 

Exploiting the symmetry of the structure, only half of the device is modeled, as shown 

in the Fig 2.6. The susceptibility of the superparamagnetic beads used is 0.79 

(Dynabeads® M-270). In the model, the gold microwire has a width of 6 µm, a length of 

15 µm and a thickness of 0.3 µm. The red rectangle in Fig 2.6 represents the MTJ sensor 

surface. It has a width of 3 µm, a length of 15 µm and zero thickness. The sensor surface 

is separated from the gold microwire by a 200 nm thick layer of SiN and a 60 nm thick 

non-magnetic top electrode of the MTJ sensor. A direct current of IM = 21.21 mA is 
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applied to the gold microwire in x-direction, which is the RMS value of the alternating 

current used in the experiment. The current creates a magnetic field, which changes the 

resistance of the MTJ sensor. 

2.2 Results and discussion 

    All experiments in this chapter were conducted by applying a current IS(t) with a 

frequency of fS = 330 Hz and an amplitude of  √2IS = 200 µA to the sensor, and a current 

IM(t) with a frequency of fM = 65 Hz and an amplitude of √2IM = 30 mA to the gold 

microwire. For the detection of individual magnetic beads, after adding a 1 µL droplet of 

magnetic bead solution with a concentration of 6.5×106 beads/ml, the sensor is covered 

by a thin glass to enable the observation under microscope. 

2.2.1 Detection of magnetic beads 
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Fig 2.7.  (a) Sensor output Vout when magnetic beads are immobilized on the MTJ sensor 
and then flushed away. (b) Microscopic images of the device, when the number of beads 
on the MTJ sensor changes from 1 to 4, corresponding to 1 to 4 in (a). Note, the black 
rectangle represents the trapping well, and the MTJ sensor is beneath the trapping well.  

    Fig 2.7(a) shows the sensor output Vout measured when the magnetic bead solution is 

applied. The value of VM is constant at 33.5 µV. As magnetic beads get attracted to the 

sensor, VBead adds to the output voltage. When the first bead is attracted (Fig 2.7(b1)), the 

output voltage changes by 250 nV. The second magnetic bead (Fig 2.7(b2)) causes a 

change of 190 nV, the third (Fig 2.7(b3)) 118 nV and the fourth (Fig 2.7(b4) 130 nV. The 

remaining part of the figure shows the effect of flushing away the beads. 

2.2.2 Simulation results of magnetic beads 

 

Fig 2.8 Y-component BM,y of the magnetic flux density BM on the MTJ sensor’s surface, 
resulting from the field produced by the magnetization current in the gold microwire. 

    Fig 2.8 shows the y-component BM,y of the magnetic flux density BM, which is along 

the sensitive direction of the MTJ sensor. The average magnetic field along the MTJ 

sensing surface is  
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 ,M M yB B dxdy S=    (2.13) 

and 

 , ,Stray Stray yB B dxdy S=    (2.14) 

where S is the area of the MTJ sensor, which equals 15 µm × 3 µm = 45 µm2. The 

average value calculated for BM,y is 1.87 mT. Because the linear range of the MTJ 

sensor’s response to magnetic fields is between -6 and 4 mT, the average magnetic field 

value can be directly substituted into Eq. (2.7), to calculate the output voltage. As a 

result,   

 0

1
.

2
M S MV I R Bδ=   (2.15) 

    The output voltage VM during the experiment is about 33.5 µV (Fig 2.7(a)), and the 

base resistance of the MTJ sensor is 6.67 Ω. Thus the sensitivity of the MTJ sensor is d = 

2.68 %/mT.  

    Fig 2.9 shows the y-component BStray,y of the magnetic flux density BStray at the surface 

of the MTJ sensor, generated by a superparamagnetic bead, which is magnetized by the 

magnetic field from the current through the gold microwire. Fig 2.9(a) represents the 

situation in which the magnetic bead is at the center of the MTJ sensor. Using Eq. (2.14), 

the average value of BStray,y is found to be 1.225×10-2 mT, which corresponds to an output 

voltage VBead of 219.1 nV, according to Eq. (2.7). Fig 2.9(b) represents the situation in 

which the magnetic bead is at the edge of the MTJ sensor but still inside the trapping 

well. The average value of BStray,y is 8.719×10-3 mT, corresponding to VBead = 155.9 nV. 
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A simulation using a model of the whole device (symmetry doesn’t apply in this case) is 

also performed for a magnetic bead at the corner. The average value of BStray,y is 

5.401×10-3 mT, and VBead is 96.56 nV. As expected, the output voltage of the MTJ sensor 

caused by a single bead is highest, when the bead is located at the center of the trapping 

well and it is lowest, when the bead is located at its corner. In conclusion, the output 

voltage caused by a single bead should be between 96.56 nV (bead at a corner) and 

219.1nVnV (bead at the center). This is in good agreement with the experimental results. 

 

Fig 2.9 Y-component BStray,y of the flux density BStray of a superparamagnetic bead 
magnetized by the current through the conductor at the sensor surface. (a) Bead at the 
center of the sensor; (b) Bead at the edge of the sensor. 
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Chapter 3 Sensor theory for optimization 

    In this chapter, a simple analytical model is developed to calculate the signal caused by 

magnetic beads and biological targets in the trap. The process of optimizing bead size and 

sensor size is performed for a specific biological target and demonstrated by choosing 

optimized magnetic beads and sensor size for E. coli.Equation Chapter 3 Section 1 

3.1 Detection of biological targets 

The magnetic biosensor is basically composed of an MTJ sensor and a trap, either 

mechanical trap (Chapter 4, Fig 4.1) or electromagnetic trap (Chapter5, Fig 5.1). The 

MTJ sensor detects the stray field of magnetic beads inside the trap, while the sensor 

output depends on the number of beads. Sample solutions that only contain bare magnetic 

beads will cause larger sensor outputs than sample solutions that contain bead-biological 

target compounds, due to their smaller size, resulting in a larger number of beads inside 

the trap. Thus, the biological targets can be detected. 

3.2 Sensor signal of magnetic bead 

    The signal of a magnetic bead is determined by the voltage sensitivity S of the 

magnetic sensor (unit: nV/mT) and the stray field of the magnetic bead StrayB  averaged 

over the free layer of the magnetic sensor,  

 .Bead StrayV S B=   (3.1) 

    Using Eq. (2.7), the signal of a magnetic bead can be calculated as,  

 0

1
.

2
Bead S StrayV I R Bδ=   (3.2) 
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The voltage sensitivity of the magnetic sensor is  

 0

1
,

2
SS I R δ=   (3.3) 

where IS is the RMS value of the current applied to the sensor, R0 is the base resistance of 

magnetic sensor, and δ is the sensitivity of the magnetic sensor measured by the unit 

of %/mT. It’s obvious that, the voltage sensitivity S will increase as the sensor current 

and the base resistance increase. However, if the sensor current is too large, the resulting 

voltage will damage the sensor.  

    If the size of an MTJ sensor is increased by n times and the MTJ stack material is kept 

the same, the base resistance will decrease to R0/n. However, a larger sensor current of 

nI0 can be safely applied without the risk of damaging the sensor. Hence, the sensitivity δ 

can be assumed to stay the same. As a result, the voltage sensitivity S does not change 

when the sensor size changes. Using the values from chapter 5, i.e. IS=400 µA, R0=3.6 Ω 

and δ= 0. 804 %/mT, the voltage sensitivity S is calculated to be 8.19×103 nV/mT. This 

value is used throughout the rest of this chapter.  

    To calculate StrayB , the biosensor is modeled in the following way. The gold microwire 

on top of the MTJ sensor (Fig 5.1) is assumed to be an infinitely long current wire. When 

a current is applied to the microwire, a magnetic field Hext is generated and magnetizes 

the magnetic beads on top of the microwire.  

    The total magnetic field Htotal in the bead will be [48],  
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 / 3,= −total extH H M   (3.4) 

where M/3 is the demagnetizing field of the magnetic bead.  

Because 

 ,mχ= totalM H   (3.5) 

where mχ  is the magnetic susceptibility of magnetic beads, the magnetization of 

magnetic beads will be, 

 11 1
( )
3 mχ

−= + extM H   (3.6) 

 

Fig 3.1 A current I flowing along the X direction generates a magnetic field to magnetize 
the magnetic bead. The stray field of the magnetic bead with a magnetization of M is then 
sensed by the magnetic sensor with a length of l and a width of w. t1 is the distance 
between the free layer of the magnetic sensor and the current wire; t2 is the distance 
between the chip’s surface and the current wire. The origin of the coordinate system is at 
the center of the free layer of the magnetic sensor. 

    As shown in Fig 3.1, a current is flowing along the X direction, and generates a 

magnetic field at the center of the magnetic bead along the negative Y direction, and 

hence the magnetization of the magnetic bead will also be along the negative Y direction.  
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The magnetization of the magnetic bead is  

 11 1
(0, ( ) , 0).

3 mχ
−= − +


extM H   (3.7) 

     Assuming the location of magnetic bead is (xb, yb, zb) and the observation point where 

the stray field is calculated is (x, y, z), then 

 ( , , ).b b bx x y y z z= − − −r   (3.8) 

In case of the stray field on the free layer of the magnetic sensor, z = 0.  

    The same finite element method (FEM) simulations as described in section 4.1.1 are 

used to calculate Hext. 

    Assuming the magnetic bead is exposed to a uniform magnetic field, the stray field of 

the magnetic bead can be expressed as a dipolar field [49],  

 
3

20
5

[3( ) ],
3

R
r

r

μ= ⋅ −StrayB M r r M   (3.9) 

where R is the radius of the magnetic bead, r is the vector from the center of the bead to 

the observation point, and M is the magnetization of the magnetic bead.   

    Because the MTJ sensor used in the experiments is only sensitive along the transversal 

direction(Y direction), only the Y component of the bead’s stray field BStray,y is 

considered, 
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where r is the distance between the observation point and the center of the magnetic bead, 

 2 2 2( ) ( ) ( ) .b b br x x y y z z= − + − + −   (3.11) 

The stray field averaged over the magnetic sensor is calculated as, 

 
/2 /2

,

/2 /2

,
l w

Stray Stray y

l w

B dx B dy
− −

=     (3.12) 

where l is the length of the magnetic sensor, and w is the width of the magnetic sensor. 

 

Fig 3.2 Cross-sectional view of biosensor. 

To calculate the signal caused by a magnetic bead, the following the values, which 

correspond to the biosensor used in the experiments described in Chapter 5 are used: the 

sensor has dimensions of 30 µm× 3 µm; its voltage sensitivity S is 8.19×103 nV/mT; the 

distance t1 between the sensor’s free layer and the current is 0.41 µm, which includes the 

metal layers on top of the free layer (0.06 µm), the silicon nitride passivation layer (0.2 
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µm), and half the thickness of the gold microwire (0.15 µm) (Fig 3.2); the distance t2 

between the current and the sensor surface is 0.55 µm, which includes half the thickness 

of the gold microwire (0.15 µm) and the polymer layer covering the surface of the 

biosensor (0.4 µm)(Fig 3.2); the magnetic bead has a radius of 1.4 µm and a magnetic 

susceptibility of 0.79. The vacuum permeability µ0 is 4p×10-7 T·m/A. The bead is located 

on the sensor surface and at the center of the sensor, which means that its coordinates are 

(0, 0, 2.36 µm). The cross-sectional dimensions of the gold microwire are 6 µm × 0.3 

and a current of 30 mA is applied to it. The parameters are summarized in Table 3.1. 

 

Table 3.1 Parameters used to calculate the signal of a single magnetic bead at the center 
of the sensor surface Vbead, which are also corresponding the biosensor used in the 
experiment described in Chapter 5.   

Using these parameters, the signal of a single bead on the sensor surface and at the 

center of the sensor Vbead is 78.11 nV. The signal of an individual magnetic bead moving 

along the sensor’s longitudinal direction is shown in Fig 3.3. The signal is almost 

constant at the center (between Xb = -10 µm and Xb = -10 µm), and then gradually 

decreases and eventually reaches about 40 nV when the bead is at the edge. As a 

comparison, the signal obtained from FEM simulation (COMSOL) is 87.52 nV (details of 

Dimensions 30 µm× 3 µm
Voltage sensitivity S 819 nV/Gs
t1 0.41 µm
t2 0.55 µm
Cross dimensions 6 µm × 0.3 µm
Current 30 mA 
Radius 1.4 µm
Magnetic susceptibility 0.79
Coordinates (0, 0, 2.36 µm)

Magnetic biosensor

Gold microwire

Magnetic bead
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the FEM simulation are in Chapter 5). The rather small difference supports that the 

assumptions used are reasonable.  

 

Fig 3.3 Signal of individual magnetic bead moving along the sensor’s longitudinal 
direction. 

3.3 Sensor signal of biological target 

    When a biological target binds to a magnetic bead, it has an equal chance to bind to 

any location on the surface of the magnetic bead. For a simple model, the bead-target 

compounds are considered as a spherical entity composed of a magnetic bead at the 

center and a layer of nonmagnetic material (Fig 3.4). The volume of nonmagnetic 

material is the same as the volume of a biological target. Assuming the biological target 

has a characteristic radius Rbio, which means that the volume of the biological target 

equals to that of a sphere with a radius Rbio, then the radius of the bead-target compound 

Rcomp will be  
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 3 33 .comp bioR R R= +   (3.13) 

     The signal of a biological target is estimated as the difference between the signal of a 

bare magnetic bead and that of a bead-target compound, 

 , ,*( ),bio bead bead comp Stray Stray compV V V S B B= − = −   (3.14) 

where ,compStrayB  represents the Y-component of the stray field of a bead-target compound 

averaged over the free layer of the magnetic sensor. 

 

Fig 3.4 A magnetic bead-E. coli compound is modeled as a spherical entity composed 
of a magnetic bead at the center and a layer of nonmagnetic material. 

      Considering a rod-shaped E. coli with a length of 2 µm and a diameter of 1 µm, the 

characteristic radius is 0.72 µm, resulting in a radius of the bead-target compound of 1.46 

µm using Eq. (3.13) (Fig 3.4). In case of the bead-target compound, the magnetic bead 

will be further away from the sensor than in case of a bare magnetic bead. The 

coordinates of the magnetic bead are (0, 0, 2.42 µm), then the current-generated magnetic 
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field Hext is 1560.97 A/m, resulting in a smaller signal Vbead,comp = 74.19 nV than Vbead. 

Using Eq. (3.14), the signal of an E. coli is 3.92 nV. However, this only considers a 

single bead and a single E. coli at the center of the sensor. When the sensor is covered 

with magnetic beads and E. coli, the larger volume of bead-target compounds also causes 

fewer beads to be on top of the sensor. Considering the fact that the number of beads N 

that cover the sensor is proportional to (l/2R)*(w/2R), 
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is used to adjust the signal of bead-target compounds accordingly, 

which means that 
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  (3.16) 

Then, the signal bioV ′  caused by one E. coli at the center of the sensor, which is covered 

by magnetic beads, is 9.96 nV.  

  

3.4 Optimization of bead size and sensor size 

     This section will demonstrate the process of optimizing the magnetic bead size and the 

sensor size for the detection of E. coli bacteria.  
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    3.4.1 Optimization of bead size 

The goal of choosing a magnetic bead for a specific biological target is to obtain the 

largest possible signal from the biological target.  

The external magnetic field Hext is generated by an infinitely long current wire with 

cross dimensions of 6 µm×0.3 µm. When the magnetic bead becomes bigger, the cross 

dimensions of the current wire are assumed to stay the same.  

 

Fig 3.5 Magnetic field created by an infinitely long current 30 mA with cross-sectional 
dimensions of 6 µm×0.3 µm. The Z coordinate is measured from the center of the 
sensor’s free layer. The chip’s surface corresponds to the coordinate Z=0.96 µm. 

When using magnetic beads of different size, the magnetic field Hext that magnetizes 

the beads will change, due to the fact that the distance between the microwire and the 

center of the magnetic bead will change. Calculating Hext with the FEM model described 

in section 5.1.1 as a function of the distance Z between the observation point and the 
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sensor’s free layer for a microwire with the parameters from Table 3.1, the results shown 

in the Fig 3.5 are obtained. At the chip’s surface, Hext is about 2400 A/m. For a location 

about 3.5 µm higher than the surface, Hext reduces to about 1100 A/m.  

  

Fig 3.6 Signals of individual E. coli at the center of a magnetic sensor when the radius of 
magnetic beads changes from 0.1 µm to 3 µm. Different magnetic sensors with different 
sizes are considered. In the legend, the first number represents the sensor’s dimension 
along the sensor’s non-sensitive directions, and the second represents the sensor’s 
dimension along the sensitive directions.  

The signal caused by an E.coli at the center of a magnetic sensor is calculated using 

(3.16), while the radius of the magnetic bead and the size of the sensor change. As shown 

in Fig 3.6 and Table 3.2, the biggest signal is obtained using a magnetic bead with a 

(a) 

(b) 
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radius of about 1 µm, when the dimensions of the sensor are 30 µm×3 µm. As shown in 

Fig 3.6(a) and Table 3.2, the optimized bead’s radius keeps at about 1 µm, if changing 

only the length of the sensor from 5 µm to 30 µm. If increasing the width of the sensor 

from 1 µm to 11 µm, the optimized bead size will also increase. However, since the 

signal of an E. coli will decrease as the width increases, it is better to keep the width as 

small as possible. 

Sensor size l(µm), w(µm) 5, 3 10, 3 15, 3 20, 3 25, 3 30,3 
Radius of magnetic bead  
for maximum E. coli Signal (µm) 

1 1 1.1 1.1 1.1 1.1 

Sensor size l(µm), w(µm) 30, 1 30, 3 30, 5 30, 7 30, 9 30,11 
Radius of magnetic bead (µm) 0.9 1.1 1.2 1.3 1.4 1.4 

Table 3.2 Radius of magnetic bead when the signal of E. coli obtains its peak value for 
different sensor sizes.  

From the Fig 3.6 it can be seen that the optimized bead’s radius is about 1 µm for the 

detection of E. coli. In case of smaller beads, the signal of a single magnetic bead Vbead is 

very small, so the signal of an E. coli bioV ′  is also very small as can be seen from Eq. 

(3.16). In case of bigger beads, the size of bead-E. coli compounds increases very little 

compared to the size of bare magnetic beads as can be seen from Eq. (3.13), which means 

again that bioV ′  is very small.  

    3.4.2 Optimization of sensor size 

The optimization of the sensor size is performed based on the following 

first, the sensor should be as big as possible to place more beads in its sensing space and 

provide a large dynamic range; second, the total signal of magnetic beads covering the 

sensor should be as big as possible, which means the sensor output also has a large 
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dynamic range; third, the resolution should be high enough to detect individual E. coli, 

which means that the signal of individual E. coli should be greater than the noise.  

For the following, it is assumed that there is no interaction between magnetic beads. 

This assumption is valid, when [49] 
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 ,  (3.17) 

where d is the distance between the center of one bead to the center of another bead. 

d¥2R (d=2R in case of two closely neighboring beads), and with mχ  = 0.79, the 

assumption is reasonable.  

 

Fig 3.7 (a) In case of a magnetic sensor with a width equal to 5 times of the bead’s 
diameter, the total signal of 5 beads at the middle line of the sensor along the sensitive 
direction (Y direction) is calculated. (b) In case of a magnetic sensor with its length equal 
to 5 times of the bead’s diameter, the total signal of 5 beads at the middle line of the 
sensor along the non-sensitive direction (X direction) is calculated. 

First, the output signals caused by magnetic beads along the middle line of the sensor 

in Y-direction are calculated as a function of the ratio of sensor width to bead diameter. 

For example, for a sensor with a width of 5 times the bead’s diameter, the signal of 5 
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beads as shown in Fig 3.7(a) is calculated. The external magnetic field is assumed to be 

the same for each bead, and is generated by a current of 30 mA through an infinitely long 

microwire with cross-sectional dimensions of 6 µm × 0.3 µm (Table 3.1) below the 

 

(a) 

(b) 

(c) 
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Fig 3.8 Signal of magnetic beads located at the middle line of the sensor along the 
sensitive direction of the sensor (transversal direction). For example, if the width is 5 
times the diameter of magnetic beads, the signal is a result of 5 beads placed at the 
middle line along the sensor’s transversal direction (Fig 3.7(a)). (a) The length of the 
sensor equals the diameter of magnetic beads; (b) the length is 5 times the diameter; (c) 
the length is 10 times the diameter. Note, the length and width in this section do not mean 
that length is the long side and width is the short side of the sensor. Rather, the length 
means the side along the X direction (non-sensitive direction of the sensor), and the width 
means the side along the Y direction (sensitive direction of the sensor).  

As shown in Fig 3.8, when the length of the sensor equals the diameter of magnetic 

beads, the signal will decrease as the width increases. As shown in Fig 3.9, the stray field 

has a component in the opposite direction (considering only the Y component). When 

increasing the width of magnetic sensor, the sensor will measure a bigger negative stray 

field. As a result, the signal in Fig 3.8 decreases when the sensor’s width increases. The 

signal’s decrease reaches saturation, because as the width increases, almost all the stray 

field distributed in the plane of the free layer will be measured by the magnetic sensor.  

As the length increases, the signal of beads with a diameter of 2 µm obtains a peak 

value when the width is 2 times the diameter of magnetic beads. This is because, in case 

of magnetic beads with a diameter of 2 µm, the length of the positive stray field region is 

about 2.8 µm (Fig 3.9(a)). In case of a sensor with 2 times the diameter, only a small 

portion of the negative stray field affects the sensor signal. While the lengths of the 

positive stray field region are about 4.2 µm for beads with a diameter of 4 µm, and about 

5.6 µm for beads with a diameter of 6 µm. In those cases a sensor with 2 times the 

diameter is affected by a comparatively bigger portion of negative stray field. As a 

conclusion, the optimized width of the sensor is 4 µm. 
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Fig 3.9 BStray,y on the plane of the free layer of the magnetic sensor. The diameter of 
magnetic bead is 2 µm.  

(a) 

(b) 

(c) 

2.8µm 

4.2µm 

5.6µm 
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Fig 3.10 Signal of magnetic beads located at the middle line and along the non-sensitive 
direction of the sensor (longitudinal direction). For example, if the length is 5 times the 
diameter of magnetic beads, the signal is a result of 5 beads at the middle line along the 
sensor’s longitudinal direction (Fig 3.7(b)). Note, the results in Fig 3.8 and Fig 3.9 seems 
confusing, e.g. the signal in Fig 3.8 decreases as the length (comparing Fig 3.8(a), Fig 
3.8(b), and Fig 3.8(c)), and the signal in Fig 3.9 increases as the length. The reason is that 
the signals in Fig 3.8 and Fig 3.9 are caused by a different assembly of magnetic beads  

    Fig 3.10 shows the signal of magnetic beads on the middle line along the longitudinal 

direction as a function of the ratio of sensor length to bead diameter. The signal increases 

as the sensor’s length increases, which is independent of the diameter of the magnetic 

bead. This is because when the sensor’s length increases, more beads generate the signal, 

and the stray fields of each bead are in the same direction and add up to a greater signal.  

(a) 

(b) 
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Fig 3.11 Signal of individual E. coli at the center of magnetic sensor. The diameter of 
magnetic beads is 2 µm, and the width of the magnetic sensor is 4 µm. The noise of the 
sensor output is 16. 2 nV. 

When the sensor’s length increases, the signal of an individual magnetic bead will 

decrease, because the stray field of the magnetic bead is averaged over a larger surface. 

Thus, the signal of an individual E. coli will also decrease. Fig 3.11 shows the signal of 

an individual E. coli at the center of a magnetic sensor. The diameter of the magnetic 

bead is 2 µm, and the width of the magnetic sensor is 2 times the diameter of magnetic 

beads (4 µm), which is the optimum value (Fig 3.8). According to the measurements in 

Chapter 5, the noise of the sensor output is 16.2 nV. To maintain a resolution that allows 

detection of an individual E. coli, its signal should be greater than 16.2 nV. As can be 

seen from Fig 3.7, the optimized length should be 7 times the diameter of magnetic beads 

(14 µm).  

To summarize, magnetic beads with a diameter of 2 µm and a magnetic sensor with a 

length of 14 µm and a width of 4 µm are the best choice for the detection of E. coli, when 

assuming the characteristic radius of E. coli is 0.72 µm and when a sensing resolution is 

required that enables the detection of a single E. coli bacterium. 
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Chapter 4 Mechanical trap-based magnetic biosensor 

    In this chapter we demonstrate a magnetic biosensor capable to detect nucleic acids via 

the size difference between bare magnetic beads and bead compounds. The bead 

compounds are formed through linking nonmagnetic beads and magnetic beads by the 

target nucleic acids. The magnetic biosensor is comprised of a magnetic tunnel junction 

(MTJ) sensor, a mechanical trap, and a gold microwire. This system excels by its 

simplicity in that the DNA is incubated with magnetic and nonmagnetic beads, and the 

solution is then applied to the chip and analyzed. In current experiments, a signal-to-noise 

ratio of 40.3 dB was obtained for a solution containing 20.8 nM of DNA. The sensitivity 

and applicability of this method can be controlled by the size or concentration of the 

nonmagnetic bead, or by the dimension of the trapping well.  

4.1 Materials and Methods 

4.1.1 Device 

As shown in Fig 4.1(a), the magnetic biosensor includes a bead-concentrator, a 

trapping well and a MTJ sensor. The bead-concentrator is designed to manipulate and 

concentrate magnetic beads and biological targets to the sensor site. In order to simplify 

the experiments, only a gold microwire, i.e. the central conducting line of the bead-

concentrator, was used in the following experiments. Current flowing through the 

microwire creates a magnetic field gradient, thus exerting an attractive force to nearby 

magnetic beads. The number of beads fitting inside the trapping well depends on the size 

of the beads (Fig 4.1(b)). The binding scheme is shown in Fig 4.1(c), and will be 

explained in the sample preparation section.   
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Fig 4.1 (a) Optical micrograph of the magnetic microsystem comprised of a MTJ sensor, 
a bead-concentrator and a trapping well. The bead-concentrator includes a gold 
microwire at the center and three gold loops. The MTJ sensor is located beneath the 
trapping well and the central gold microwire of the bead concentrator. Note, the bead 
concentrator is not used in the detection experiment, because the currents in the three 
gold loops will cause noise to the MTJ sensor. (b) Schematic of the detection method. If 
biological targets (DNA in this case) are present, they link magnetic beads and 
fluorescent beads. This results in less magnetic beads to be inside the trapping well, 
causing a smaller signal at the MTJ sensor.  (c) Sketch of magnetic bead-nucleic acid-
nonmagnetic bead binding: Dynabeads® Oligo(dT)25 superparamagnetic beads hybridize 
with target DNA sequence which itself is attached to fluorescent beads through amide 
bond. 
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The gold microwire is fabricated by sputter deposition and has a thickness of 300 nm, 

and a width of 6 µm.  It serves two purposes: the first is to keep magnetic beads inside 

the trapping well; the second is to magnetize the magnetic beads. Thus, an external 

magnetic field source is not required.  

The trapping well, on top of the MTJ sensor, is fabricated by patterning a 4 µm thick 

layer of photoresist ECI 3027 (MicroChemicals, www.microchemicals.com). The 

dimension of the trapping well is 30 µm×6 µm. The magnetic beads used in the 

experiment are Dynabeads® Oligo(dT)25 with a diameter of 2.8 µm (Thermo Fisher 

Scientific, www.lifetechnologies.com). Therefore, the trapping well can hold 20 magnetic 

beads. Non-magnetic fluorescent beads Fluoresbrite® YG Carboxylate Microspheres 

(Polysciences, www.polysciences.com) with a diameter of 1 µm are used to magnify the 

volume difference between bead compounds and bare magnetic beads. Assuming the 

bead compounds consist of magnetic beads fully covered by nonmagnetic beads, their 

diameter is 4.8 µm, and the trapping well can hold only 6 bead compounds. These two 

cases, 20 bare magnetic beads or 6 bead compounds, represent the maximum and 

minimum sensor output, respectively. It has to be pointed out that the purpose of the 

nonmagnetic bead is merely to increase the size of the bead compounds, in case DNA 

target is present in the solution. It does not need to be fluorescent; the only requirement 

for it is to be nonmagnetic.  
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Fig 4.2 Calculated signal of an individual nonmagnetic bead or a biological target at 
the center of the sensor  

Employing the method described in Chapter 3, the signals of an individual 

nonmagnetic bead or a biological target at the center of the sensor is calculated, when 

changing the radius of the nonmagnetic bead or the characteristic radius of the biological 

target (Fig 4.2). The following parameters are used in the calculation (see Chapter 2 and 

this chapter): the sensor has dimensions of 30 µm× 3 µm; its voltage sensitivity S is 

1.788×104 nV/mT (The voltage sensitivity S is obtained from Eq. (3.3) using IS = 141.4 

µA, R0 = 6.67 Ω and d= 2.68%/mT); the distance t1 between the sensor’s free layer and 

the current is 0.41 µm, which includes the metal layers on top of the free layer (0.06 µm), 

the silicon nitride passivation layer (0.2 µm), and half the thickness of the gold microwire 

(0.15 µm); the distance t2 between the current and the sensor surface is 0.15 µm, which is 

half the thickness of the gold microwire (0.15 µm). The cross-sectional dimensions of the 

gold microwire are 6 µm × 0.3 µm, and a current of 21.2 mA is applied to it. The 
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magnetic bead has a radius of 1.4 µm and a magnetic susceptibility of 0.79. The vacuum 

permeability µ0 is 4p×10-7 T·m/A. These parameters are summarized in Table (4.1). The 

device is similar to that shown in Fig 3.2, except that there is no polymer layer on the 

sensor’s surface. 

 

Table 4.1 Parameters used to calculate the signal of an individual nonmagnetic bead or 
a biological target at the center of the sensor Vbio, which are also the same as the 
parameters of the biosensor used in the experiments described in Chapter 2 and this 
chapter. 

As can be seen in Fig 4.2, when the radius of nonmagnetic beads is less than 0.5 µm, 

the signal of an individual nonmagnetic bead at the center of the sensor is less than the 

noise (7.85 nV), meaning that a single nonmagnetic bead cannot be detected. As the 

nonmagnetic beads become bigger, the signal of a single nonmagnetic bead increases 

dramatically. When the nonmagnetic beads have the same size as the magnetic beads, the 

signal of single nonmagnetic bead will be about 90 nV.  

4.1.2 Attraction of beads by current-carrying microwire 

Simulations of magnetic field and magnetic force acting on a magnetic bead were 

carried out with commercial finite-element software (COMSOL) using the following 

parameters: The width and height of the gold microwire are 6 µm and 0.3 µm 

respectively, and the height of the trapping well is 4 µm (Fig 4.3). The current flowing in 

Dimensions 30 µm× 3 µm
Voltage sensitivity S 1788 nV/Gs
t1 0.41 µm
t2 0.15 µm
Cross dimensions 6 µm × 0.3 µm
Current 21.2 mA 
Radius 1.4 µm
Magnetic susceptibility 0.79

Magnetic biosensor

Gold microwire

Magnetic bead
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the gold microwire is 21.21 mA, which is the RMS value of the AC current used in the 

experiments. The parameters of the magnetic beads are those of Dynabeads® Oligo(dT)25, 

which has a diameter of 2.8 µm and a magnetic susceptibility of 0.79. The magnitude of 

the magnetic flux density is shown in Fig 4.2. The highest field values occur at the edges 

of the gold microwire and the field strength rapidly decreases towards the top of the trap.  

 

Fig 4.3 Magnitude of magnetic flux density generated by the current-carrying gold 
microwire (21.21 mA) and schematic cross-section of the trap 

The magnetic force Fmag acting on a superparamagnetic bead can be calculated using 

Eq. (2.1). The lateral magnetic force for a magnetic bead on the chip’s surface, i.e. the 

surface of the photoresist layer (Fig 4.4), is the most important one, since it determines 

whether a magnetic particle can be attracted to the trapping well. In case of no liquid 

flow, the distance which magnetic beads can be attracted from is determined by the 

relation of magnetic force to Brownian force. A detailed discussion on this will be given 

in chapter 5.  

As can be seen from Fig 4.4, when a magnetic bead is at the left side of the microwire, 

the magnetic force is positive, meaning that the magnetic force acting on the magnetic 

bead is along the X direction. So, if the magnetic force is larger than the Brownian force, 
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the bead will move to the center of the gold microwire, where the magnetic force 

becomes zero. Similarly, a magnetic bead at the right side of the microwire will move to 

the left towards the center of the microwire.  

 

Fig 4.4 Lateral force for a magnetic bead on the chip’s surface 

4.1.3 Sample preparation 

    For the experimental studies, a poly(A)25 oligonucleotide(Eurofins MWG Operon,  

www.operon.com) was chosen as the biological target. The nonmagnetic beads are 

attached to the target by activating the carboxyl groups (COOH) on the fluorescent beads 

with a water soluble carbodiimide, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) (Thermo Fisher Scientific,  www.lifetechnologies.com), to create an active ester. 

The esters couple with the amino groups (NH2) at the 5’-end of the target-

oligonucleotides through amide bond. During the preparation, fluorescent beads were 

mixed with target oligonucleotide followed by 30 minutes of incubation and, then, EDC 

was added with following incubation for at least 2 hours. Superparamagnetic beads were 

then added and incubated for at least 30 minutes. In this way the target was bound to 

superparamagnetic beads, based on the hybridization between the polyA and the 

oligonucleotide dT sequences of the beads. The binding scheme of the magnetic bead, 

target poly(A)25 oligonucleotide and fluorescent bead compound is shown in Fig 4.1(c). 
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Fig 4.5 shows three fluorescent beads attached to one magnetic bead via target 

oligonucleotides. Though this experiment was done with polyA and polyT sequences, the 

concept is general and can be performed, with any complementary DNA strand pair to 

give specificity of the detection to a particular genetic condition, or a pathogen nucleic 

acid. 

In order to test the device, different solutions are prepared containing either only 

magnetic beads, or magnetic beads with different amounts of target nucleic acid and 

fluorescent beads. The concentration of magnetic beads is the same for all solutions, 

which is 1.1×104 beads⋅μL-1.  

 

Fig 4.5 Three fluorescent beads attached to a Dynabeads® Oligo(dT) 25 via target 
nucleic acid 

4.1.4 Measuring methods 

    Four-terminal sensing is employed, to measure the sensor output, since the sensor’s 

resistance (around 6.7 Ω) is relatively small compared to the resistance of the leads. 

Therefore, the MTJ design includes two pads connected to the top of the sensor and two 

pads connected to the bottom of the sensor.  
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    In order to increase the signal-to-noise ratio, the measurement setup utilizes frequency 

modulation as described in chapter 2. A current with frequency f1 = 330 Hz and 200 µA 

in amplitude is used to excite the MTJ sensor, while a current with frequency f2 = 65 Hz 

and 30 mA in amplitude is applied to the central line of the concentrator, in order to 

magnetize the beads with an alternating field. The sensor output is measured at the 

modulated frequency f1+f2 = 395 Hz with a lock-in-amplifier at a bandwidth of 0.078 Hz. 

This method enables the detection of single magnetic beads in the trapping well with a 

sensor output of about 150 nV/bead. 

    First, current is applied to the MTJ sensor and the gold microwire. The latter causes a 

slight increase in temperature of the MTJ sensor. In the next step, a 2 µL droplet of 

deionized water is applied to the sensor, using a micropipette. This is to stabilize the 

temperature, thus the sensor output. Then, the sensor output is recorded for about 180 

seconds (first part in Fig 4.6) to determine the noise level (Fig 4.7(b)) before a 2 µL 

droplet of bead solution is added. 

4.2 Results and discussions 
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Fig 4.6 Sensor outputs for four different concentrations of fluorescent bead solutions. 

At first, a 2 µL droplet of deionized water is added. Then, after the output becomes 
stable, the signal is recorded for determining the noise level. After 3 minutes, the 
deionized water is removed and a 2 µL droplet of sample solutions is added. While the 
beads gradually fill the trapping well, the sensor output increases and saturates 
eventually, when the trapping well is full.  

After bead solution is added, the beads are quickly attracted into the trapping well, 

where they cause an increase in the sensor output. Within the first minute, most spots 

inside the trapping well are taken, while it takes about 5 more minutes to completely fill 

the trapping well and obtain a constant output voltage. In case of a bead solution without 

biological target, only bare magnetic beads will be trapped inside the trapping well, and 

the sensor output is about 2.87 µV, corresponding to 20 beads. In case of a bead solution 

containing biological target, which will link magnetic beads and fluorescent beads 

together, less magnetic beads will be captured inside the trapping well since the size of 

bead compounds is larger than that of bare magnetic beads, which leads to a smaller 

sensor output. So the presence of biological target can be detected. Theoretically the 

target can be any molecule to be detected. It depends on the probe which is bound with 

the beads. The probe can be DNA molecule, antibody, etc. During sample preparations, 

the biological targets first bind with fluorescent beads; and then different amounts of 

fluorescent beads are mixed with the same amount of magnetic beads. In Fig 4.6 and Fig 

4.7(a), the sensor outputs are related to different concentration of fluorescent beads with 

biological target. An increased concentration of fluorescent beads causes a lower sensor 

output; i.e., 2.06 µV for 1.9×104 beads⋅μL-1, 1.37 µV for 3.8×104 beads⋅μL-1, 0.94 µV for 

7.6×104 beads⋅μL-1. This reflects that an increasing concentration of fluorescent beads 

with biological targets increases the number of bead compounds; thus, increasing the 
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proportion of bead compounds in the solution. In turn, the likelihood of bead compounds 

filling the trap increases and the output voltage decreases.  

 

Fig 4.7 (a) Signal vs. concentration of non-magnetic fluorescent beads; (b) Noise 
measurement after the sensor output becomes stable upon adding deionized water 

Defining the signal as the output difference between bare magnetic bead solution and a 

solution containing bead compounds, the signals for 1.9×104 beads⋅μL-1, 3.8×104 

beads⋅μL-1, 7.6×104 beads⋅μL-1 of fluorescent bead concentrations are 0.81 µV, 1.50 µV 

and 1.93 µV respectively, as shown in Fig 4.7(a). Fig 4.7(b) shows the noise level of the 

sensor output after the signal is stabilized. The noise is calculated as the standard 

deviation of sensor output during 150 seconds, which is 7.85 nV. Thus, the signal-to-

noise ratio obtained is about 40.3 dB for the 1.9×104 beads⋅μL-1 fluorescent bead sample, 

with oligonucleotide concentration of 20.8 nM.  

The presented method can also be used for detection of other biological targets, like 

protein or bacteria. The only requirement is that they can bind with magnetic beads and 

non-magnetic beads. When the size of biological targets is comparable to that of 

magnetic bead, non-magnetic beads are not needed any more and the sensor outputs can 

be directly related to the concentration of biological targets. As shown in Fig 4.2, when 
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the characteristic radius of biological targets is greater than 0.4 µm, a single biological 

target at the center of magnetic sensor can be detected. For example, when this method is 

used for detection of E. coli, the sample preparation is straightforward; bio-

functionalizing magnetic beads with anti-E. coli antibody, and then mixing bio-

functionalized magnetic beads with E. coli. The E. coli concentration can also be deduced 

from the sensor output.  
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Chapter 5 Electromagnetic trap-based magnetic biosensor 

  In this chapter, a magnetic biosensor with an electromagnetic trap is demonstrated 

through the detection of E. coli. The trap is formed by a current-carrying microwire that 

attracts the magnetic beads into a virtual sensing space on top of a tunnel magneto-

resistive sensor. Experiments were carried out with a 6 µm wide microwire, which 

attracted the magnetic beads from a distance of 60 μm, when a current of 30 mA was 

applied. A sensing space of 30 µm in length and 6 µm in width was defined by the 

magnetic sensor. The results showed that individual E. coli bacterium inside the sensing 

space could be detected using super-paramagnetic beads that are 2.8 µm in diameter. The 

electromagnetic trap setup greatly simplifies the device and reduces the detection process 

to two steps – (i) mixing the bacteria with magnetic beads and (ii) applying the sample 

solution to the sensor for measurement, which can be accomplished within about 30 

minutes with a sample volume in the µl range. This setup also ensures that the biosensor 

can be cleaned easily and re-used immediately. The presented setup is readily integrated 

on chips via standard microfabrication techniques. Equation Chapter 5 Section 1 

5.1 Materials and Methods 

5.1.1 Electromagnetic trap 

The device consists of a magnetic tunnel junction (MTJ) sensor, connected via four 

electric contacts, with a centrally tapered gold microwire on top of it (Fig 5.1(a)). The 

TMR sensor used for the experiments was fabricated by INESC Microsistemas and 

Nanotechnologias (INESC MN).  It has the dimensions of 30 µm × 3 µm. The major 

stack components of the TMR sensor are IrMn(7.5)/CoFe30(2.0)/Ru(0.85)/ 

Co40Fe40B20(2.6)/MgO(1)/Co40Fe40B20(3.0)/Ta(0.21)/NiFe(16) (numbers in nanometer). 
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The microwire is fabricated using standard microfabrication techniques in which sputter 

deposition is used to deposit 20 nm Ti and 280 nm Au sequentially on top of the 

magnetic sensor, which is covered by a 200 nm thick silicon nitride layer. A photoresist 

layer is spin-coated on top and photo-lithographically patterned. The Ti/Au layer is then 

dry etched to fabricate the microwire. A 400 nm-thick layer of polymer 

(MicroChemicals, AZ 1505) is spin-coated on top of the gold layer to minimize the 

adherence of magnetic beads to the chip’s surface. The electromagnetic trap is realized by 

applying a 30 mA electric current in the microwire that generates a non-uniform 

magnetic field, attracting magnetic beads and immobilizing them. The number of beads 

trapped on top of the sensor depends on the size of the beads, which changes when 

biological targets are attached (Fig 5.1(b)).  
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Fig 5.1 A magnetic biosensor comprised of an electromagnetic trap and a magnetic tunnel 
junction (MTJ) sensor: (a) An optical image of the magnetic biosensor. The pads (not 
shown) for the electrical connections are about 3.7 mm away from the TMR sensor. (b) 
Schematic of the detection method. The current in the microwire creates a non-uniform 
magnetic field, forming an electromagnetic trap on top of the TMR sensor. The 
transparent box filled with magnetic beads represents the sensing space of the TMR 
sensor, which is the area from which magnetic beads influence the signal of the TMR 
sensor.   

The size of this electromagnetic trap is defined by the design of the microwire, the 

amount of current and the type of magnetic bead to be trapped. Finite element method 

(FEM) simulations are performed to investigate the properties of the electromagnetic trap 

and to determine the boundary of the trap. The FEM model is based on Ampère’s law in 

the static case (details in chapter 2). The entire model is contained inside a circle with a 

radius of 300 µm. With the magnetic vector potential A obtained from the FEM 

simulations, the magnetic force Fmag acting on a superparamagnetic bead can be 

calculated using Eq. (2.1). 

The microwire is considered to be infinitely long in the X direction, which is a 

reasonable assumption given that in the experimental setup the length of the wire (7.5 

cm) is much greater than the width (6 µm) and thickness (0.3 µm). Therefore, a 2D 

model is used for the calculation of Fmag: the microwire is modeled as a rectangle of 6 µm 

× 0.3 µm; the current is 30 mA, and its direction is perpendicular to the cross section of 

the wire.  

In total, the forces acting on a magnetic bead consist of forces in the plane of the chip 

surface and forces perpendicular to the chip surface. The dominant perpendicular forces 

are the perpendicular component of the electromagnetic force, the electrostatic force, and 

the Van der Waals force, when the magnetic bead is close to the chip’s surface. The 
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direction of the electromagnetic force and the Van der Waals force is towards the chip’s 

surface. The electrostatic force can be repulsive or attractive, depending on the charge on 

the bead’s surface and the chip’s surface. To ensure a proper function of the 

electromagnetic trap, the electrostatic force needs to be repulsive, otherwise the beads 

will stick to the chip. Since the zeta potential of the magnetic bead (M-270) at pH=7 is -

50 mV, a repulsion is obtained by coating a polymer (AZ 1505), which is negatively 

charged, on the chip’s surface. The in-plane forces acting on the magnetic bead include 

the in-plane component of the electromagnetic force, the hydrodynamic force and the 

Brownian force. The size of the electromagnetic trap is given by the distance which 

magnetic beads can be attracted from. Assuming all beads are at rest before applying 

current to the microwire, the hydrodynamic force will be zero, since it is proportional to 

the velocity. Therefore, the size of the trap is determined by the distance at which the 

electromagnetic force overcomes the force of the Brownian motion. Of course, once the 

bead is moving towards the center, the hydrodynamic force will become relevant, but it 

will affect only the velocity with which the bead will be moving with and not the distance 

which it can be attracted from.  

The diffusion of a bead due to Brownian motion in a random direction and within the 

time t is given by the diffusion length  

 , (5.1) 

where D is the diffusion coefficient of the bead (in unit of m2/s), R its hydrodynamic 

radius and h is the viscosity (for water 8.94×10-4 Pa·s at 298 K).    

( ) 2
3diff

kT
L t Dt t

Rπ η
= =
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Fig 5.2 Boundary of Electromagnetic trap. (a) Location of the magnetic bead relative to 
the microwire at the center of the trap. The Y-axis is on the chip surface and 
perpendicular to the longitudinal direction of the microwire. The Y-axis is in the same 
direction as the Y-axis in Fig 5.1. (b) Lateral electromagnetic force acting on a magnetic 
bead on the chip’s surface 

By applying a magnetic force, the probability of the bead to diffuse in a certain 

direction will increase. In case of the electromagnetic trap from Fig 5.1, and considering 

only the direction perpendicular to the current carrying microwire (Y direction) (Fig 

5.2a), the probability P(y) to find a magnetic bead at a location y is  

 
( ) (0)

( ) (0)exp( )
V y V

P y P
kT

−= − , (5.2) 

where P(0) is the probability to find the bead at a reference point 0, V(y) is the 

electromagnetic potential energy (in J) at the location of y, V(0) is the electromagnetic 
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potential at the reference point, k is the Boltzmann constant (1.3806488×10-23 J/K) and T 

is the temperature (298 K).  

Considering a bead at the location a on the Y-axis the probability for the bead to be the 

distance L closer to the microwire (Y=a+L) compared to being the distance L further 

away from it (Y=a-L) is 

 
( ) ( )

( ) ( ) exp( )
V a L V a L

P a L P a L
kT

+ − −+ = − −  (5.3) 

Eq. (5.3) shows that the electromagnetic trap extends to infinity. Practically, this is 

irrelevant, since the trapping process needs to be accomplished within a reasonable 

period of time. Taking the radius of the magnetic bead as a reference length for diffusion, 

Ldiff= 1.4 µm, from Eq. (5.1) it takes about 5.6 seconds for a magnetic bead (M-270) to 

diffuse over this distance.  

     Under the assumption that the electromagnetic force is constant between the 

locations Y=a-Ldiff  and Y=a+Ldiff, which is reasonable for distances far away from the 

microwire, the electromagnetic potential at a ± Ldiff is 

 ,( ) ( )diff mag y diffV a L V a F L± =  , (5.4) 

and 

 ,2
( ) ( )exp( )mag y diff

diff diff

F L
P a L P a L

kT
+ = −  (5.5) 
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     The distance at which the electromagnetic energy for moving the bead across Ldiff 

has the same value as the thermal energy (kT/2) can be considered as the boundary of the 

electromagnetic trap. This condition means 

 ,2
1mag y diffF L

kT
= , (5.6) 

and using Eq. (5.5)  it corresponds to a probability of 73 % for a bead to move closer to 

the trap rather than away from it. It follows further that 

 , 2mag y
diff

kT
F

L
= , (5.7) 

which is 1.479 fN. From Fig 5.2(b), the electromagnetic force is 1.479 fN, when the bead 

is at the location of Y=-70.47 µm. This value is in good agreement with the observations 

made in the experiments. During the time of a typical measurement (about 5 minutes), we 

observed all beads within a distance of 60 µm were attracted to the wire (Fig 5.3). Some 

beads were attracted from up to 75 µm, but they moved too slowly to reach the 

microwires. Obviously, the size of the trap can be modified by changing the magnetic 

force, which, from Eq. (2.1), (2.8) and (2.10) can be accomplished by changing V, χ, or J. 

Out of those, J is the parameter that can be changed most conveniently.  

Considering a magnetic bead suspended in the sample solution far away from the 

chip’s surface, the perpendicular forces acting on the magnetic bead include the gravity 

force Fg , the buoyant force Fb, and the perpendicular electromagnetic force. Neglecting 

the electromagnetic force, the total perpendicular force acting on the magnetic bead is  
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  (5.8) 

 

Fig 5.3 Electromagnetic trap. (a) Right before current is applied to the microwire; (b) 5 
minutes after current is on. After 5 minutes, magnetic beads inside the dashed white 
rectangle are attracted to the microwire, except those denoted by circle or ellipse. Those 
magnetic beads are also denoted in the Fig 5.(b), with the same color corresponding to 
the same bead.  

In water, the Ftotal is 38.16 fN for a streptavidin-coated magnetic bead M270. Since 

 
2total

kT
F

R
> , (5.9) 

where R is the radius of the magnetic beads M-270, Ftotal quickly causes the magnetic 

bead to settle down on the chip’s surface. In the case when the magnetic bead is close to 

the microwire of the electromagnetic trap, the perpendicular component of the 

electromagnetic force will further accelerate the sedimentation.   

     In summary, magnetic beads M-270 suspended in the sample solution will quickly 

settle down on the chip’s surface, where they are attracted into the electromagnetic trap 

total g bF F F= −
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by the magnetic force generated by the current through the microwire. In case of the 

conditions used in the experiments, the size of the trap is about 60 µm. 

5.1.2 Signal measurement 

 The beads are magnetized by applying a magnetization current with a root-mean-

square (RMS) value of IM = 30 mA and a frequency of fM = 330 Hz to the microwire 

using a function generator (Agilent, 33250A). At the same time, a sensing current with a 

RMS value of IS = 400 µA and a frequency of fS = 65 Hz is applied to the TMR sensor 

using another function generator (Agilent, 33250A).   

    The sensitivity, δ, of the TMR sensor can be obtained from Eq. (2.7) by applying a 

known value of a magnetic field to the sensor using the microwire. To this end, the value 

of IM is swept from 0 mA to 40 mA, in order to study the sensitivity, δ, at a magnetic 

field of variable strength. A three-dimensional (3D) model is used to calculate MB  for a 

certain value of IM, and the microwire has a total length of 90 µm. The length and width 

of the center part are 30 µm and 6 µm, respectively. At the edge, the width is 13.2 µm 

and the width gradually decreases to 6 µm toward the center. The thickness of the 

microwire is 0.3 µm. The model is based on Ampère’s law in the static case (details in 

chapter 2). The entire model is contained inside a box that is 120 µm × 30 µm × 30 µm 

for which the tangential components of the magnetic vector potential at the boundary are 

set to zero. 

To determine the distance from which the magnetic beads can be detected by the 

magnetic sensor, we investigated the output voltage caused by an individual magnetic 

bead. Taking into account only the stray field, the voltage can be found from Eq. (2.7) as 
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 0

1

2
Bead S StrayV I R Bδ=   (5.10) 

Another 3D model is used to calculate StrayB  . The model is the same as that for 

calculating the magnetic field, MB , except that: (i) The current is 30 mA, which is the 

RMS value of the AC current used in the E. coli detection experiments; (ii) A 

superparamagnetic bead with a diameter of 2.8 µm and a magnetic susceptibility of 0.79 

is added to the model. 

5.1.3 E. coli detection 

    Samples for the experiments are prepared by adding 5 µL of E. coli bacteria sample to 

2 mL Terrific Broth (modified) and incubating at 37 °C for 18 hours. The detailed 

procedure for preparing E. coli samples is described in the Appendix. The concentration 

of E. coli is measured with a spectrophotometer (Thermo Scientific, NanoDrop 2000c), 

and different concentrations are prepared by diluting with deionised water. Then, 5 µL of 

bio-functionalized bead solution with a concentration of 6.5×108 beads/mL is mixed with 

95 µL of E. coli solution and incubated at room temperature for 30 minutes. This 

produces a sample solution containing bare beads and bead-E. coli compounds (Fig 5.4), 

which varies in different experiments depending on the concentration of the E. coli. The 

magnetic beads are Dynabeads® M-270 Streptavidin (Thermo Fisher Scientific), and the 

E. coli antibody is “Anti-E. coli antibody (Biotin) (ab20640)”. Preparation of bio-

functionalized beads can be found in the Appendix. 
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Fig 5.4 Streptavidin-coated superparamagnetic beads bound to E. coli bacteria via 
biotinylated anti-E. coli antibody (ab20640): (a) SEM image; (b) Optical image. Note that 
the E. coli in the SEM image looks smaller than the actual size because it shrinks under 
the vacuum environment of the SEM chamber.  

At the beginning of each measurement, the magnetizing and sensing current are applied 

and the sensor output voltage is recorded.  Then, 1 µL of deionized water is applied to the 

sensor surface to stabilize the temperature of the sensor, which is slightly raised by the 

Ohmic losses of the currents. After 60 s, a 1 µL droplet of sample solution is added, and 

the output voltage is recorded for another 4 minutes. The average voltage measured over 

the first 60 s is calculated. This “bias” value is then subtracted from all other values to 

obtain the actual signal values. The experiment is repeated three times for each sample 

solution. Between each measurement, the device is washed with deionized water. 

5.2 Results and discussion 

5.2.1 Sensor sensitivity 

Fig 5.5 shows the sensor’s output voltage as a function of the current applied to the 

microwire, which produces a magnetic field at the sensor. The sensor shows a linear 

response with a slope of 0.762 µV/mA. The value of BM produced by a magnetizing 
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current of 1 mA (RMS) is obtained from the finite element (FEM) simulation, and its 

average value over the free layer of the magnetic sensor is  = 0.9306 G. Hence, using 

Eq. (2.7) and the base resistance of the magnetic sensor of 3.6 Ω leads to a sensitivity of δ 

= 0.804%/mT. 

 

Fig 5.5 Output voltage of the magnetic sensor, when applying a current to the 
microwire. The magnetic field generated by the current in the microwire is perpendicular 
to the sensor’s longitudinal direction.  

5.2.2 Simulation of E. coli detection 

    Fig 5.6 shows the voltage, VBead, caused by an individual magnetic bead and its 

dependence on the bead’s location. For one bead on the chip’s surface at the center of the 

microwire (Y = 0 µm, Z=1.4 µm), VBead will be 87.52 nV. This represents the highest 

value that can be expected from an individual bead. For a bead located somewhere along 

the edge of the microwire (Y = ±1.5 µm, Z = 1.4 µm), VBead is about 60 nV. For a bead 

located next to the sensor (Y = ±4.5 µm, Z=1.4 µm), it drops to about 9 nV. In case the 

surface is already covered with a layer of beads, additional beads can be trapped in 

another layer on top of it. A magnetic bead above the center of the sensor in the second 

MB
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layer (Y = 0 µm, Z =4.2 µm) has a VBead of 12.42 nV and the value drops drastically for 

beads further away from the center.  

 

Fig 5.6 Simulation results for the voltage, VBead, of the magnetic sensor caused by the 
stray field of an individual magnetic bead, when currents of 30 mA and 400 µA are 
applied to the microwire and sensor, respectively. 

    Summarizing the above, when the TMR sensor is fully covered with magnetic beads, 

two rows of magnetic beads in the first layer contribute (Y = ±1.5 µm, Z=1.4 µm) the 

most to the total signal. Because, essentially, only beads within this space of 30 µm × 6 

µm × 2.8 µm will be detected, it is denoted as the sensing space. In total, the sensing 

space can hold 20 beads, and the total signal generated by those beads should be around 

1.2 µV.  

    When bacteria are attached to the surface of the beads, a part of the sensing space 

will be occupied by them, yielding a decrease in the sensor signal. In a simple model, this 

can be taken into account by assuming that a bacterium inside the sensing space reduces 

the volume of the magnetic beads inside the sensing space by the amount that 

corresponds to the volume of the bacteria. E. coli typically is rod-shaped with a length of 
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2 µm and a diameter of 1 µm. Depending on the orientation of the bacteria, the signals 

obtained from a bacterium are 22.74 nV, 20.33 nV and 16.33 nV, when the long axis is 

aligned along the X direction, the Y direction and the Z direction, respectively.  

5.2.3 Detection of E. coli 

Fig 5.7(a) shows the signals of bare magnetic beads and mixtures of magnetic beads 

with different concentrations of E. coli. Once the E. coli solution has been added (after 60 

s), the signal increases quickly as the beads fill up the sensing space. Eventually, the 

signal saturates, with the saturation value depending on the E. coli concentration. Fig 

5.7(b) shows the average saturation values of the signal obtained for three separate 

measurements of each sample solution. The saturation signal of a bare magnetic bead 

solution is 1.47 µV, which is in good agreement with the simulation result, since the 

signal expected from 20 beads inside the sensing space of the TMR sensor is about 1.2 

µV. The discrepancy is caused by the magnetic beads located outside the sensing space of 

the TMR sensor, which were neglected in the calculation of the theoretical value. As 

shown in Fig 5.7(b), the average saturation signals of solutions containing E. coli with 

concentrations of 1.29×108 bacteria/mL, 3.23×108 bacteria/mL and 6.45×108 bacteria/mL 

are 1.09 µV, 0.681 µV and 0.665 µV, respectively.  

In order to study the influence of the E. coli concentration on the number of E. coli 

attached to beads after the incubation step, the sample solutions were analyzed under a 

microscope. For each solution, the number of E. coli attached to a bead was counted on 

15 randomly chosen beads that were studied. The results are shown in Fig 5.7(b), where 

each point represents the average value obtained from three different experiments. In the 
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sample with an E. coli concentration of 1.29×108 bacteria/mL, on average one E. coli is 

attached to one bead. Since the sensing space can hold 20 beads, the number of E. coli 

trapped inside is 20, in this case. The signal obtained from this sample is 1.09 µV, and the 

difference of 0.38 µV from the signal obtained for bare magnetic beads (1.47 µV) is 

caused by the 20 bacteria. If we assume that each bacterium inside the sensing space 

contributes equally to the signal difference, then the signal of a single E. coli is 19 nV. 

This value is in good agreement with the simulated one, which was found to be between 

16.33 nV and 22.74 nV. 

 

Fig 5.7 Detection of E. coli: (a) Signals of bare magnetic beads and mixtures of magnetic 
beads with different concentrations of E. coli. First, a 1 µL droplet of deionized water is 
added to stabilize the sensor output voltage. After about 1 minute, a 1 µL droplet of 
sample solution is added. The magnetic beads gradually fill the space on top of the TMR 
sensor, causing the sensor output to increase gradually. The saturation value of the signal 
is obtained after about 5 minutes. Note that the value of the stable sensor output, obtained 
after adding the droplet of deionized water, has been subtracted from the signal. (b) The 
average saturation signal versus the E. coli concentration (black curve) and the average 
number of E. coli attached a bead versus the E. coli concentration (blue curve). 

    The noise voltage, calculated as the standard deviation of the sensor output over a 

period of 1 minute, is 16.2 nV. This is enough to detect a single E. coli inside the sensing 

space, which causes a signal change of 19 nV. As can be seen from Fig 5.7(b), when the 

concentration changes from 0 bacterial/mL to 3.23×108 bacteria/mL, the signal decreases 
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almost linearly from 1.47 µV to 0.681 µV. In this range, the sensitivity is 0.244 µV/(108 

bacteria/mL), resulting in a detection limit of 6.6×106 bacteria/mL. The detection range is 

between 6.6×106 bacteria/mL and 3.23×108 bacteria/mL. These numbers strongly depend 

on several parameters. For example, the detection limit depends on the bead-to-bacteria 

ratio, and the detection range depends on the TMR sensor size, which could be changed 

by utilizing an array of sensors. In case of small bacteria concentrations, the detection 

limit can be enhanced by reducing the concentration of the beads. For example, in case of 

a bead concentration of 3.25×102 beads/mL, the detection limit would be 6.6×101 

bacteria/mL with a range of 3.23×103 bacteria/mL. However, such a low concentration 

requires a method to ensure that there is binding interaction between the beads and 

bacteria. In order to exploit the potentially high sensitivity of the method, the biosensor 

can be integrated with a microfluidic system, in which E. coli bacteria are concentrated 

first before adding magnetic beads. 
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Chapter 6 Conclusion and perspectives     

6.1 Conclusion 

In this dissertation, a new magnetic biosensor concept is investigated with the aim to 

develop easy-to-operate and efficient magnetic biosensors. The sandwich method, 

commonly used in magnetic biosensors, requires functionalization of the sensor’s surface 

and needs several process steps for the detection of biological targets. To simplify the 

detection procedure, the magnetic biosensors developed in this dissertation takes 

advantage of the size difference between bare magnetic beads and bead-target 

compounds. Traps, either mechanical or electromagnetic, are used to hold magnetic beads 

and bead-target compounds. The magnetic beads inside the traps are sensed by the MTJ 

sensor located at the bottom of the traps. In case of bare magnetic beads, a larger 

numberof beads will occupy the traps than in case of magnetic bead-target compounds, 

due to the increased volume of bead-target compounds. The higher the concentration of 

biological targets in the sample, the larger the number of bead-target compounds in the 

sample; thus, more compounds will be attracted to the traps, leading to a smaller amount 

of magnetic beads inside the traps. This means that this magnetic biosensor concept 

allows not only the detection of the presence of biological targets but also their 

concentration. 

In chapter 2, the detection of magnetic beads using MTJ sensors is implemented. A 

microwire replaces the external coil, which is commonly needed by other magnetic 

biosensors. An alternating current in the microwire generates an alternating magnetic 

field to magnetize magnetic beads and induce a stray field. The stray field of magnetic 

beads is then detected by the MTJ sensor. Another alternating current is applied to the 
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MTJ sensor, and the voltage outputs of the MTJ sensor are measured with a lock-in 

amplifier at the sum of the frequencies of those two alternating currents. This method 

(frequency modulation) has been introduced previously and enhances the signal-to-noise 

ratio, enabling the detection of individual magnetic bead. It is worth to note that the 

magnetic field for magnetizing beads is provided by on-chip microwire, thus greatly 

reducing the size of magnetic biosensors.  

In order to adjust the sensitivity of the biosensor to different biological targets 

(different sizes), the dimensions of the magnetic sensor can be altered, as well as the size 

of the magnetic beads. In chapter 3, the influence of those parameters on the sensor 

signals are investigated to optimize the size of magnetic beads and the dimensions of 

magnetic sensors. The optimization is demonstrated for the detection of E. coli, and 

similar optimization processes can be performed for the detection of other biological 

targets. 

In chapter 4, the detection of biological targets is studied, using a magnetic biosensor 

composed of an MTJ sensors and a mechanical trap. Magnetic beads and biological 

targets are concentrated and trapped at a sensing area, where an MTJ sensor is used to 

detect the stray field of the beads. In combination with the trapping well, this enables the 

discrimination between bare beads and compound beads, which, in turn, can be exploited 

to detect biological targets. Using this method, a specific DNA sequence has been 

detected. After preparing the sample solution, by mixing the biological targets with 

magnetic beads and nonmagnetic beads, the solution is analyzed in a single process step. 
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Thus, this method also enables the detection of small targets with large beads by using 

nonmagnetic beads.   

A further improvement of the new concept is shown in chapter 5, where an 

electromagnetic trap replaces the mechanical trap. Because the MTJ sensor essentially 

detects only magnetic beads right on top of it, the mechanical trap can be omitted. The 

detection range of the MTJ sensors forms a virtual trapping space for quantifying 

magnetic beads or bead-target compounds. We employ this idea and develop an 

extremely simple and easy-to-operate magneto-resistive biosensor for the detection of E. 

coli bacteria. Similar to the detection of DNA sequences, after mixing the E. coli sample 

with bio-functionalized beads, the mixed sample is applied to the biosensor and the signal 

is obtained after a few minutes. The total time required for mixing and analyzing steps 

together is about half an hour. The signal-to-noise ratio of the magnetic biosensor used in 

this experiment is high enough to enable the detection of an individual E. coli bacterium 

attached to a bead inside the sensing space.  

Compared to a magnetic sensor utilizing the mechanical trap, a magnetic sensor 

utilizing the electromagnetic trap is simpler to fabricate and easier to clean. However, 

more magnetic beads and biological targets are needed to cover the electromagnetic trap-

based sensor. Because the space, from which magnetic beads can influence the sensor, is 

larger than the mechanical trap. This space needs to be totally filled with magnetic beads 

and biological targets, to ensure that the signals are the same between different 

measurements of the same sample solution. So, mechanical trap-based magnetic 

biosensors are more suitable for low concentration biological detection. 
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Compared to the sandwich method commonly used in magnetic biosensors, the new 

concept features several advantages. First, the sensor surface does not need any 

biochemical treatment, which is required for the state-of-the-art sandwich concept. In 

order to obtain specificity with respect to biological targets, the surface of the magnetic 

beads still requires functionalization; however, this is easy to accomplish off chip. Also, 

beads coated with carboxyl group (COOH) or streptavidin are commercially available, 

while the sensor surface functionalization requires a gold-coated or silicon nitride-coated 

sensor surface and several biochemical process steps. While several process and washing 

steps are necessary during measurements with sandwich-based magnetic biosensors, 

target detection is accomplished with only two process steps with the new biosensor 

concept, which take about half an hour in total. Furthermore, there is no need for an 

external magnetic field source, which is usually employed to magnetize magnetic beads. 

In our biosensor, the magnetic field is provided by a current through a microwire 

fabricated on top of the magnetic sensor, which also creates a magnetic force to attract 

magnetic beads. This greatly reduces the size of the device and simplifies integration. It is 

also worth noting that our magnetic biosensor can readily be re-used. With the 

electromagnetic trap, the biosensor is easy to clean after a sample is analyzed: once the 

current in the microwire is switched off, the beads are no longer trapped and the sensor 

can be washed. Since no functionalization is needed, it can be used again immediately.   

In summary, the main features of the new biosensor are: (i) no functionalization of the 

chip’s surface; (ii) a straightforward, wash-free detection procedure; (iii) re-usability and 

(iv) simple on-chip integration. 
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Compared to other kinds of biosensors, the new concept features the following 

advantages. First, magnetic biosensors are cost-efficient compared to optical biosensors, 

since no expensive camera is required. Second, magnetic biosensors show high 

sensitivity. Individual E. coli can be detected using magnetic biosensors, while a 

significant amount of E. coli is needed to generate a detectable signal in electrochemical 

biosensors. Third, magnetic biosensors are easy to integrate into a compact, handheld 

device. The size and power consumption of a magnetic sensor are very small, and no 

external magnetic field source is required. The output of a magnetic sensor is an electrical 

signal, making on-chip integration with electronic circuits easy for analyzing the signals, 

when compared to optical biosensors.  

6.2 Future perspectives 

The next step of this project is to enhance the detection limit of the biosensor, i.e. to 

detect low concentration biological targets. The signal of the biosensors described in this 

thesis actually reflects the ratio between the amounts of E. coli and magnetic beads. 

Using less magnetic beads, the sensor can detect lower concentrations of E. coli. 

However, there is a trade-off. When magnetic beads and E. coli are both at very low 

concentrations, there is little chance that they bind to each other. This could be overcome 

by increasing the mixing time. A more elegant solution could be provided by a 

microfluidic system that would first concentrate E. coli before transferring them to the 

magnetic biosensor. 
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Fig 6.1 Concept for a magnetic biosensor for the detection of E. coli with low 
concentration. The biosensor includes two layers of microfluidic channels. The lower 
channel is connected with the inlet and interface. The interface is used as inlet at first and 
then as outlet, to control the transport of magnetic beads and biological targets.  The 
upper channel is connected to the outlet. The two microfluidic channels are linked via a 
membrane filter.  

Conceptually, such a microfluidic system is shown in Fig. 6.1. The microfluidic system 

is fabricated through integrating a membrane filter with micro-pores. The pore size is 

0.45 µm; thus, E. coli cannot pass the membrane filter. The membrane filter connects two 

microfluidic channels in different layers of the device. The inlet and interface are 

connected to the lower channel, while the outlet is connected to the upper channel. The 

magnetic sensor is located at the bottom of the lower channel. At first, buffer solution is 

injected through the interface at a small flow rate to prevent magnetic beads and E. coli 

from flowing to the sensor during the concentration process. A small amount of bio-

functionalized magnetic beads (about 100 beads) is then injected through the inlet. They 

will stop at the membrane filter. Next, the E. coli sample is injected through the inlet. E. 

coli will also stop at the membrane surface and react with the bio-functionalized 
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magnetic beads. Then, the injection of buffer solution through the interface is stopped 

and the interface is used as an outlet, so the liquid flow from the inlet to the interface will 

transfer magnetic beads and E. coli to the magnetic sensor. With the help of the 

conducting line, magnetic beads and E. coli will be attracted to and trapped at the sensor, 

where detection takes place. 

The final goal is to develop a compact, portable device for on-site detection. To this 

end, the measurement instruments need to be miniaturized, i.e., the functions of 

instruments need to be realized using on-chip circuits. The main instrument used in our 

experiments is the lock-in amplifier SR-850, which has great sensitivity and resolution 

but is heavy and bulky.   

The operation of lock-in amplifiers is based on the orthogonality of sinusoidal 

functions [50]. When one sinusoidal function is multiplied by another sinusoidal 

function, and then integrated over a time much longer than periods of those two 

sinusoidal functions, the result is zero when those two functions have different 

frequencies or they have the same frequency but a 90 degree phase shift. When the two 

sinusoidal functions have the same frequency and are in phase, the average value is half 

the product of those two functions’ amplitudes. 
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Fig 6.2  A block diagram of a lock-in amplifier [51] 

On-chip lock-in amplifiers can be made according to the block diagram in Fig. 6.2. A 

pre-amplifier is used to increase the input signal. Then, the input signal is multiplied with 

a reference signal and integrated over a certain time. The resulting signal is a DC signal, 

which is proportional to the amplitude of the component of the input signal that has the 

same frequency and phase as the reference signal.  Other components of the input signal 

do not contribute to this DC signal. A low-pass filter is used to eliminate the first and 

second order harmonics of the reference signal. The signal is usually very small, so an 

output amplifier is employed.   
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APPENDICES 

Preparation of E. coli and magnetic beads 

The magnetic beads used in the E. coli experiments are Dynabeads® M-270 

Streptavidin (Thermo Fisher Scientific). They are superparamagnetic with a diameter of 

2.8 µm and a magnetic susceptibility of 0.79. The surface of the beads is covalently 

coated with a monolayer of streptavidin.  

The magnetic beads are bio-functionalized by incubating them with biotinylated anti-

E. coli antibodies. The biotinylated anti-E. coli antibody, referred to as “Anti-E. coli 

antibody (Biotin) (ab20640)”, has specificity for many "O" and "K" antigenic serotypes 

of E. coli and is tested specifically with the strains O18, O20, O44, O55, O111, O112, 

O125, O157, K12.  

Before bio-functionalization, the magnetic beads are washed three times to remove 

preservatives. We place 100 µL of magnetic bead solution with a concentration of 

6.5×108 beads/mL into a tube, and then the tube is placed on a magnet for 2 minutes. The 

supernatant is then removed by aspiration with a pipette while the tube is kept on the 

magnet. After removing the tube from the magnet, 100 µL of washing buffer (1×PBS & 

0.05% Tween20) is added and the magnetic beads are re-suspended. These steps are 

repeated twice more. To the washed magnetic beads, 0.5 µL anti-E. coli antibody solution 

is added for 30 minutes at room temperature under gentle rotation. The magnetic beads 

are then washed three times to remove excess antibodies, and the same procedure is 

applied as before when removing preservatives. Finally, the bio-functionalized magnetic 

beads are re-suspended in 100 µL of buffer solution (1×PBS & 0.05% Tween20).  
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The bacteria are obtained by scratching the inner wall of a toilet bowl with a cotton 

swab, from which they are transferred to a tube containing 100 µL of solution (1×PBS & 

0.05% Tween20). After adding 5 µL of bio-functionalized magnetic bead solution, the 

tube is placed on a magnet for 2 minutes and the supernatant is removed. Next, 100 µL of 

washing buffer (1×PBS & 0.05% Tween20) is added and the magnetic beads are re-

suspended. This procedure is repeated three times. The magnetic beads are then 

transferred to a tube containing 2 mL Terrific Broth (modified) and incubated at 37 °C 

for 18 hours. After removing the magnetic beads, the bacteria are kept at -20 °C for long-

term storage. 
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