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Abstract - Water safety and monitoring has been a 
concern for a long time. Recently, a need for portable, 
rapid and easy-to-handle devices has arisen and 
microfluidics-based devices integrated with 
magnetoresistive microchips can be the solution. 

To confirm the potential of these devices, this work 
focused on the production and development of Spin 
Valve sensors to be integrated with a microfluidics unit 
thus forming a microchip for the detection of 
immunomagnetically labelled cells. As E. coli is the 
bastion of water quality control, cells of E. coli DH5α 
(106 UFC/mL) were used as a detection target. These 
cells were labelled with 100 nm magnetic nanoparticles 
(MNPs), using an anti-E. coli antibody. Polymeric 
microspheres were used as an initial model to 
understand the cells’ behavior inside the microfluidics 
channel and simulations were performed to assess the 
sensors capability of detecting the magnetic field 
variation provoked by the MNPs. 

The dimensions of the Spin Valve sensors developed 
are 100×3 µm2, with MR in the range of 5%-6%, and 
sensitivities around 0,4-0,6 Ω/Oe. PDMS microfluidics 
channels were fabricated with a width of 100 µm and a 
height of 20 µm. 

The magnetically labelled cells were analyzed with an 
acquisition platform that integrated the microchip and a 
successful detection was achieved, in the range of 
1,5%-2% of the expected for all experiments. Although 
a precise quantification was not reached, valuable 
insight on future steps to take was obtained and this 
method can be considered very promising for the 
monitoring of E. coli content in water. 

Introduction 

Water quality and safety is a very important issue 
nowadays, as over a third of the world's population lack 
access to modern sanitation facilities, and 780 million 
individuals lack access to improved drinking water [1]. 

One of the main focal points in the determination of 
water quality is the detection of possible fecal 
contaminations, that are one of the most common 
sources of biocontamination. The fact that Escherichia 

coli is present in very high numbers in human and 
animal feces and is rarely found in the absence of fecal 
pollution makes this microorganism the ideal indicator 
for detection of fecal contamination in water. In fact, the 
World Health Organization Guidelines for Drinking 
Water Quality states that “Escherichia coli is 
considered the most suitable indicator of fecal 
contamination” [2]. The aim of this work is to detect and 
quantify the presence of these microorganisms and 
thus prevent a contaminated water sample from being 
consumed or used before further treatment. 

State of the Art 

Traditional E. coli detection methods 

The most common E. coli detection methods that are 
currently being used rely on selective growth media [3].  
The two main alternatives amongst these methods are 
the Multiple Tube Fermentation (MTF), and the 
Membrane Filter (MF) technique.  

The MFT alternative consists of inoculating a series of 
tubes with appropriate dilutions of the water sample. 
The tubes are incubated for 48 hours at 35 ºC and 
checked for the production of gas, formation of acid or 
abundant growth [4], and if this result comes back 
positive, further tests are performed. The MF technique 
consists of filtering the water through a sterile filter that 
retains bacteria. The filter is incubated on a selective 
culture medium and the colonies that appear are 
counted [4]. The problem with these methods is that 
they can give very ambiguous results, requiring further 
confirmation [5], and can be very time consuming, 
since these techniques require between 18 and 96 
hours to perform [6] while the changes in water 
bacterial levels in nature occur in a much shorter time 
scale [7] [8]. Another limitation of these techniques is 
the inability to detect viable but non-culturable bacteria 
[9] [10] and the high potential of false positive results 
given the appearance of atypical colonies. 

Enzyme-based E. coli detection methods 

This method is based on the determination of β-
galactosidase (β-gal) [11] and β-glucuronidase (GUD) 
activity [12].  These direct enzyme-based assays 
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circumvent the time-consuming culturing period and 
enable the exploitation of a range of enzyme substrates 
to improve both sensitivity and practicality of the 
detection of pathogens [13] [14] [15]. 

Both enzymes are hydrolases that catalyze the 
breaking of the glycosidic bonds in an array of 
substracts. Given that β-gal is present in almost all 
coliforms it can be used as an indicator of their 
presence. Similarly, GUD is present in more than 95% 
of all isolates of E. coli [16] and can be used as an 
indicator of its presence in a sample. The hydrolytic 
capacities of these enzymes have been exploited to 
facilitate their detection given that they hydrolyze a 
wide range of chromogenic and fluorogenic substrates 
yielding products which can be monitored 
spectrophotometrically or fluorometrically [17]. 
However, this method too has some flaws that sparked 
the development of newer, faster methods. 

Rapid E. coli detection methods 

Rapid detection methods were the answer found to the 
issues raised by the previous methods, as in these new 
alternatives the focus is on the rapid output of the 
results. A detection method is considered rapid when 
the detection time associated is lower than four hours. 
These methods have two separate phases: the capture 
phase and the detection phase. Each phase can be 
performed with three main different ways. The three 
types of capture methods are: Molecular recognition 
methods, Nucleic acid methods, and Enzyme/substrate 
method; and the three types of detection methods are: 
Optical, Electrochemical, and Piezoelectrical. 

Flow cytometry is another method that also has shown 
great potential. In this method cells are analyzed based 
upon characteristics such fluorescence or light 
scattering [18] [19] [20]. However, flow cytometry 
systems are generally too robust to be portable and 
require advanced training to operate [6]. To overcome 
this portability issue related to this technique, it can be 
combined with microfluidics. One option is the 
integration of magnetoresistive sensors in conjunction 
with the microfluidics channels. These sensors have 
already been used for the recognition and detection of 
biomolecular targets, using magnetic particles (MPs) 
as labels, and are now being integrated in flow 
cytometry platforms [21]. MPs have been successfully 
used for labelling of E. coli cells in microfluidics 
devices, both for separation [5] and detection [11] [22]. 
Their potential be the future of cell detection in liquid 
samples in general [23] [24] [25] and of E. coli detection 
in water samples in particular [22] [26] is discussed in 
this work. 

Theoretical Background 

Magnetoresistance and Spin Valve sensors 

Magnetoresistance ( ) is the property of a material 
by which its electrical resistance changes when it is 
under the influence of an externally-applied magnetic 
field. It is defined by equation 1, where is the 
minimum resistance and  is the maximum 
resistance under said applied magnetic field. 

=
−

=
∆

 (1) 

In this thesis, the magnetoresistive sensors used 
consist of a device named Spin Valve (SV), that 
operates with a Giant Magnetoresistance (GMR) effect. 
When two magnetic layers separated by a non-
magnetic layer (called spacer layer) display a 
spontaneous antiparallel alignment of the 
magnetizations, at zero external field. This is known as 
the antiferromagnetic interlayer exchange coupling [27] 
and is the basis for a GMR structure. When the 
magnetizations of the ferromagnetic layers face 
opposite directions, under no externally applied 
magnetic field, the device presents a higher state of 
resistance. If an external field is applied the orientation 
of the magnetizations of these layers tend to a parallel 
alignment and this leads to a lower resistance state. 

A Spin Valve is a device that consists of 4 extremely 
thin layers that are: two ferromagnetic (FM) layers, one 
being the free layer and the other the pinned layer, 
separated by a conductive nonmagnetic spacer layer, 
and an antiferromagnetic (AFM) pinning layer. The 
AFM layer has the purpose of immobilizing the 
orientation of the magnetization of one of the FM 
layers. This immobilized layer is denominated as 
pinned layer, since its orientation is restrained, 
meaning that it doesn’t change in the presence of an 
external magnetic field. This happens due to its strong 
exchange interaction with the AFM layer [28]. 

One of the most important properties of a Spin Valve 
sensor is sensitivity, which is defined by equation 2, 
representing the ratio between the resistance variation 
(∆ ) and the magnetic field variation (∆ ). 

= ≈
∆
∆

 [Ω/ ] (2) 

Materials and Methods  

The SV sensors used in this work are integrated in a 
microchip that was developed and microfabricated at 
INESC-MN. For this work the design that was used is 
constituted of 4 sets of 7 SV sensors. Of all these 
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sensors, only 3 sensors of one set will be used at any 
given time, which are those marked in Figure 1 as 
being sensors 8, 9 and 10. Each sensor has 
dimensions of 100 µm × 3 µm. 

 
Figure 1 – Detailed design of the spin valve sensors of biochip 
mask in AutoCad®: a) detail of one SV sensor and its 
dimensions; b) detail of the disposition of a group of sensors 
with the representation of the microfluidics channel (in pink) 
and with the identification of the 3 sensors (8, 9 and 10) 
whose signal is acquired in the experiments performed in this 
work 

This microchip will be integrated with a microfluidics 
channel to be placed directly on top of the sensors, as 
illustrated in Figure 1 b) by the pink lines. 

Microfabrication and characterization of the SV 
sensors  

The microfabrication of the sensors was performed in 
INESC-MN’s clean-room facilities, guaranteeing a 
temperature, humidity and impurity-free controlled 
environment, which is of the outmost importance as the 
sensors have dimensions smaller than most airborne 
particles, microorganisms and impurities. The main 
steps in this process are: 

1 - Alumina (Al2O3) deposition: Al2O3 is an electrical 
insulator. 700 µm are deposited to prevent current 
leakage from the device. 

2 - Spin Valve stack deposition: Spin Valve (SV) stack 
was deposited in the Nordiko 3000 by Ion Beam 
Deposition (IBD). The SV stack that was used in 
this thesis was Ta 30 Å / NiFe 28 Å / CoFe 23 Å / 
CoFe 30 Å / Cu 27 Å / CoFe 23 Å / MnIr 70 Å / Ta 
100 Å  

3 - Spin Valve sensors definition: Photolithography 
that imprints the desired mask design on the 
sample. It can be divided in 4 minor steps: Vapor 
prime pre-treatment; Photoresist coating; 
Lithography; Development. 

4 - Spin Valve etch: Removal of the material that is not 
protected by the PR. Done by ion milling in a 
Nordiko 3600 machine. 

5 - Resist stripping: PR is stripped from the sample, 
leaving only the layer of thin film that was under the 
patterned PR. 

6 - Contact leads definition: Similar to step 3. 
7 - Aluminum deposition: 3000 Å of aluminum and 150 

Å of TiWN2 are deposited on the sample by 
sputtering deposition, in a Nordiko 7000 machine. 

8 - Aluminum lift-off: material directly over the PR and 
of the PR itself, unraveling the final contacts leads 

9 - Silicon nitrite deposition: A thin film (3000 Å of 
thickness) of Si3N4 is deposited on the sample in 
the Electrotech Delta Chemical Vapor Deposition 
System. The goal of this procedure is to perform 
electrical insulation and passivation. 

10 - Vias definition: Similar to step 3 
11 - Via opening: Opening of the vias by reactive ion 

etching on the LAM Rainbow Plasma Etcher 4400. 
The goal is to allow the access to the Al metal lines 

12 - Resist stripping: Similar to step 5 
13 - Wafer dicing: Separation of each one of the dies by 

cutting the wafer. Performed by an automatic 
dicing saw (Disco DAD 321). 

14 - Annealing:  Performed in the 21100 Tube Furnace 
of BL Barnstead Thermolyne at 250ºC for 15 min 
and naturally cooled with constant magnetic field of 
1 kOe in vacuum environment. 

Steps 3, 6 and 10 entail: a vapor prime pre-treatment 
that consists of covering the sample with HDMS 
(hexadimethylsilane)  at vacuum and 130 ºC, to help 
the adhesion of the photoresist (PR); a PR 
(PFR7790G27cP – JSR Electronics) coating with a 
thickness of 1,5 µm, performed in  a SVG coating 
system at 3200 rpm for 30 seconds, and baked 
afterwards at 85 ºC for 1 min; a photolithography  done 
by Direct-Write Laser System (Heidelberg Instruments, 
2.0 DWL) which uses a diode laser (405 nm 
wavelength) to write over the sample, thus imprinting 
the desired design on the PR layer; a development step 
(JSR Micro PTH70EG) to dissolve the exposed regions 
of PR while the non-exposed areas remain intact. The 
difference between steps 3, 6 and 10 is the layer that 
is being defined (SV sensors layer in step 3, contact 
leads in step 6 and vias in step 10) and the type of mask 
used (inverted for step 3, non-inverted for steps 6 and 
10). 

After the sensors are fabricated their magnetic 
behavior is characterized and the transfer curve is 
obtained (Figure 2 represents the magnetoresistive 
transfer curve for one sensor used in the signal 
acquisition experiments). The main parameters that 
are obtained from this characterization are the 
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magnetoresistance, the minimum resistance ( ), 
the coercive field, the bias point, and the sensitivity. 

 
Figure 2 – Electrical Transport Characterization: 
magnetoresistive transfer curve of one spin valve sensor 
(sensor 9 of the microchip used in the acquisition 
experiments).. MR=5,34 %; =666 Ω; =5,40 Oe; 

=0,01 Oe; Sensitivity=0,47 Ω/Oe 

The characterization of the sensors fabricated gave MR 

values in the range of 5%-6%,  values in the range 

of ±12 Oe,  values in the range of ±0,5 Oe and 

sensitivity values in the range of 0,4-0,6 Ω/Oe. The 
exact values obtained for sensor 9 are detailed the 
Figure 2.  

Fabrication of the microfluidics structures 

In this work, microfluidics channels were made out of 
PDMS , which is a  polymer with the empirical formula 
(C2H6OSi)n, with “n” being the number of monomers. 
Depending on the number of monomers, the non-
cross-linked PDMS may be almost liquid (low n) or 
semi-solid (high n).  

 
Figure 3 – Detailed design of the microfluidics channels mask 
in AutoCad®: a) full mask design: b) detail of one of the 4 sets 
of channels; c) detail of one of the 4 individual channels in 
each set 

The fabrication of a PDMS structure begins with the 
fabrication of a Glass Hard Mask with the design 
showed in Figure 3. This design consists of 4 sets of 4 
structures each, to pair with the 4 sets of SV sensors in 
the magnetic chip. Each structure will originate a 
microfluidics channels with 10.000 µm length and 100 
µm width. The design is imprinted onto an aluminum 
covered glass sample (with an aluminum thickness of 
1500-2000 Å), by photolithography (the result of this 
process can be seen in Figure 4). 

Once the Hard Mask is complete, it is followed by the 
fabrication of a SU-8 mold. SU-8 PR is an epoxy-based 
negative photoresist that, due to the formation of cross-
linking bonds, hardens when exposed to UV light, while 
unexposed areas remain soluble in a developer 
solution. In this work, the SU-8 used was SU-8 2050 
(MicroChem) and the developer solution was mainly 
composed of PGMEA (MicroChem). The exposure to 
the UV light was done using a contact lithography 
system (Figure 4). 

  
Figure 4 – Schematic illustration of the contact lithography 
system, in which the Glass Hard Mask (aluminum covered 
glass sample) is placed on top of the silicon sample covered 
with SU-8; scheme of the exposure of the samples to the UV 
light 

  
Figure 5 – Schematic illustration of the set of PMMA plaques, 
SU-8 sample and of the way these are used for the fabrication 
of the PDMS structures. On left side the scheme of how the 
syringe pours liquid PDMS onto the holes of the top plaque, 
and on the right side the closing of the holes with the metallic 
pins 

Finally, for the fabrication of the PDMS units, the liquid 
PDMS was mixed with a cross-linking agent in a weight 
ratio of 1:10 and produced.  The mixture was stirred 
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and placed in a degasser for one hour. Once the PDMS 
was gas-free it was placed on top of the SU-8 mold to 
define the microfluidics structures. This was done with 
the help of PMMA plaques, that were used as outside 
molds inside which the SU-8 mold is placed. The 
PDMS is injected from the top of the PMMA plaques, 
through a hole that will also serve to define the 
inlet/outlet of the microchannel, with the use of metallic 
pins. This process is illustrated in Figure 5.   

MR chip / PDMS bonding and PCB mounting 

This step consists in the permanent bonding of the 
PDMS structure to the MR microchip and marks the 
end of the fabrication of the microfluidics/MR chip. The 
PDMS is exposed to the oxygen plasma, developing 
silanol groups (Si-OH) at the expense of methyl groups 
(-CH3), making the exposed surface highly hydrophilic. 
When two layers under these conditions are brought 
into contact the silanol groups condensate with those 
on other forming a covalent Si-O-Si bond at the 
expense of a water molecule [29] [30] [31]. With this, 
the device becomes permanently bonded, as seen in 
Figure 6. 

 
Figure 6 – a) Macroscopic aspect of the bonded microchip; b) 
Microscopic aspect of the bonded microchip (near the 
sensors’ region) 

The microchip is then mounted in a PCB, which is 
soldered to connection pins that will later allow its 
connection to the electronic acquisition platform. 

Magnetic Particles and Labeling 

In this work, the detection of the cells is done using 
magnetic nanoparticles (MNPs) as labels, which are 
small ferromagnetic particles (ranging from 10 nm to 10 
µm) with superparamagnetic behavior, that is 
characterized by magnetic fluctuation leading to a net 
magnetization of zero [32]. 

In this work, the magnetic labelling is done with 
magnetic nanoparticles BNF-Dextran micromod® 
(diameter=100 nm), which have a surface covered in 
protein A, making them appropriate for antibody 

binding and thus immunoaffinity conjugation. The anti-
E. coli antibody (with conjugated biotin) ab68451 by 
abcam® is used. This antibody recognizes the O and K 
antigenic serotypes in the surface of the E. coli cell and 
has an igG Fc fraction that has affinity toward protein 
A. In preliminary tests, polymeric microspheres 
micromer® were also used in place of the cells. These 
have a labeling method similar to the case of the cells. 
Aside from the BNF-Dextran micromod® 
(diameter=100 nm) MNPs, another type of magnetic 
particle was used: Estapor® M1-070/60 
(diameter=0,87 µm). These particles are useful 
because they are much larger than the ones used for 
the labelling, which makes them easier to detect 
individually. 

Magnetic field created by one MNP (dipolar 
model) 

The magnetic nanoparticles create a magnetic field that 
can be detected by the SV sensor. Equation 3 shows 
the field created by a magnetic particle with a moment 

 at a position , , , in a cartesian coordinate 

system where the distance from the particle to the 
sensor is given by equation 4. 

Since the MR sensors lie in the XY plane, the sensors 
detect only the  and  components of the magnetic 
field. But, as the current flows through them in the  
direction, they only detect the  component of the 
magnetic field [80]. Therefore, to detect a MNP resting 
on a MR sensor, a magnetic field is externally 
generated in the  direction (using a permanent magnet 
that generates a 150 Oe field), causing the particle to 
produce a magnetic field in  direction, as the 
detectable component. 

=
1

4

3 ∙ ∙

| |5
−

| |3
 (3) 

= − − − ̂ (4) 

Integrating equation 3 over the volume of the free layer 
of the sensor it is possible to obtain the average 
magnetic field created by a MNP passing over the free 

layer volume, which is called the fringe field ( ). This 

is represented by the pulse shape in Figure 7, since the 
chosen perpendicular magnetization originates an 
average field with a bipolar configuration in which the 
amplitude is dependent on the height at which the 
particle flows as well as the speed at which it flows. It 
is this pulse that is recognized by the acquisition 
system as a detection event and that shows up in the 
signal processing plot as a voltage peak. 
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Figure 7 – Bipolar pulse that is expected as a result of the 
passage of one particle with perpendicular magnetization 
over the sensor 

The sensor converts the magnetic field variation in a 
variation of resistance (equation 5), which in turn is 
converted into a voltage variation by Ohm’s law 
(equation 6). 

∆ =  (5) 

∆ = ∆  (6) 

MNPs characterization and signal simulation 

The magnetic moment of each particle is related to the 
external magnetic field, but also depends on the 
composition and size of the particle itself. So, it is 
important to understand the magnetization of an MNP 
and how it plays in the sensors detection capability. 

For the BNF-Dextran (100nm) MNPs, a Langevin-like 
function (equation 7) is used to fit the values obtained 
from a characterization made in a VSM system. From 
this fit, the magnetic moment of one particle can be 
obtained: = 1,21 10 = 1,21 10  , 

and the magnetization of an MNP at 150 Oe is =

2,72 10 . 

= −  (7) 

This allowed to perform simulations of the sensors 
response and to determine that is the maximum height 
at which the MNPs can flow, that is still within the 
sensors range of detectability, is 85 nm, which means 
that it is virtually impossible to detect a free MNP since 
this height is practically on the bottom of the channel, 
thus in a region where velocity is close to zero. 

The same calculations were done for the Estapor® M1-
070/60 (0,87 µm) MPs, labelled cells and labelled 
microspheres. The results obtained for the maximum 
detectable height were respectively: 4,1 µm, 6,6 µm 
and 4,6 µm. This translates into a detection probability 
of 19,2% for the MPs, 31,9% for the labelled cells and 
21,3% for the labelled microspheres. 

Microfluidics – flow rate inside the microchannel 

The maximum flow rate that allows a proper detection 
was also calculated. Knowing that the acquisition 
system needs 10 data points to reconstruct the signal 
from one peak, and that the sample frequency is 50 
kHz, it is possible to use the continuity equation and 
Navier-Stokes equation to   define the velocity profile 
inside the channel. This velocity profile (equation 8) can 
then be integrated in the area of the microchannel to 
give the flow rate (equation 9), which allows to calculate 
the maximum flow rate that should be set, in order to 
have a proper definition of each peak. 

=
Δ

2
−  (8) 

≈

2
−

12
1 − 0,630  (9) 

The maximum flow rate that should be used for each 
target is given in Table 1. 

Table 1 – Maximum flow rate (µL/min) that can be used for 
each target in order to obtain an accurate peak 

Target to detect 
Maximum 
flow rate 

BNF-Dextran (100nm) MNP 146,1 µL/min 

Estapor® M1-070/60 (0,87 µm) MP 8,04 µL/min 

Labelled E. coli cell 14,81 µL/min 

Labelled microsphere 15,81 µL/min 

Microfluidics – flow rate inside the microchannel 

Measurements of the signal detected by the sensor 
were acquired using a multi-channel PCB setup 
platform developed at INESC-ID. This system is 
composed by 15 channels for parallel measurement of 
signals from 15 SV sensors. In this work, only the signal 
from 3 sensors was measured simultaneously, and 
these correspond to the sensors connected to the 
channels 8, 9 and 10 (Figure 1). The bandwidth used 
was of 10 kHz, with an amplifier gain of 5000, resulting 
in a sample frequency of 50 kHz. The digital signals 
were post-processed using a program developed in 
MATLAB® by INESC-ID, which allowed the 
observation of voltage signals versus time. 

The acquired signal was analyzed with another 
MATLAB® software developed with the goal of 
counting the peaks obtained and plotting the voltage 
versus time acquired signal. Voltage peaks are counted 
only if they appear above a given threshold and to each 
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of these peaks is attributed the meaning of a “detection 
event”, that consists in the passing of a MNP or labelled 
cell over the sensor 

Results and Discussion 

To allow the counting of the peaks it was necessary to 
define a threshold value that would mark the limit 
between what is considered noise and what is 
considered an actual peak associated with the passing 
of a labelled cell or microsphere – a so called “detection 
event”. A positive and negative threshold were defined 
by checking the values of signal acquisition for a control 
sample that does not have any magnetic material in its 
composition. Since the samples that were analyzed in 
this work were always majorly constituted of DI water, 
this was used as a control sample. 

Control Samples and threshold definition 

The threshold interval defined was [−5  , 5 ], where 
the  is the standard deviation calculated for each 
sample and each sensor. This results in a probability of 
finding a peak resulting from noise of less than 
0,000057%. Figure 8 shows the plot of voltage versus 
time that was obtained, and Table 2 represents the 
standard deviation values and corresponding threshold 
values for each of the three sensors used, as well as 
the number of counted peaks. 

Figure 8 – Acquisition signal obtained for each of the 3 
sensors used (8, 9 and 10) in the acquisition tests with the 
first control sample (DI water) 

Table 2 – Standard deviation values, threshold values and 
number of peaks observed for each of the 3 sensors used (8, 
9 and 10) in the acquisition tests with the first control sample 
(DI water) 

Sensor # 8 9 10 

Standard deviation: σ (µV) 1,75 1,84 1,61 

Threshold: 5 × σ (µV) 8,77 9,20 8,04 

Peaks counted 10 4 3 

As the cells and microspheres are labelled with the 
small MNPs (100 nm) it is important to assure that the 
peaks obtained during the acquisition tests are only 
due to the labelled cells/microspheres and not to free 
MNPs, which is expected given the low probability that 
these particles have of yielding a response from the 
sensor. To test this hypothesis a sample of 5 µL of 
BNF-Dextran (micromod®) was diluted in DI water to a 
total volume of 100 µL and tested at a flow rate of 10 
µL/min. This corresponds to a concentration 3×1011 
MNPs/mL for a total number of 3×1010 of MNPs in the 
sample. 

Figure 9 shows the plot of voltage versus time that was 
obtained, and Table 3 represents the standard 
deviation values and corresponding threshold values 
for each of the three sensors used, as well as the 
number of counted peaks. 

 
Figure 9 – Acquisition signal obtained for each of the 3 
sensors used (8, 9 and 10) in the acquisition tests with the 
second control sample (isolated particles BNF-Dextran – 
micromod®) 

Table 3 – Standard deviation values, threshold values and 
number of peaks observed for each of the 3 sensors used (8, 
9 and 10) in the acquisition tests with the second control 
sample (isolated particles BNF-Dextran – micromod®) 

Sensor # 8 9 10 

Standard deviation: σ (µV) 1,75 1,83 1,63 

Threshold: 5 × σ (µV) 8,77 9,17 8,13 

Peaks counted 25 26 24 

As expected, the number of peaks that was observed 
above the device’s noise is just slightly higher than the 
number observed in the first control case. This slight 
increase can be due to the formation of clusters or 
lumps of particles. These potential clusters can be 
detected by the sensor since they are an aggregate of 
particles, and therefore have a magnetization equal to 
the sum of the magnetization of all the particles in the 
cluster, making it detectable. 
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Given the low number of peaks counted for a sample 
with such a high number of MNPs it is possible to say 
that this control test was successful in proving what 
was expected and assumed. The free MNPs used for 
the labelling do not have a significant interference with 
the number of peaks that are counted when a labelled 
cell sample is being tested, since a sample with MNPs 
behaves almost identically to a sample with no 
magnetic material. 

Having proven that the small MNPs used for labelling 
aren’t individually detected by the sensors it was 
important then to verify if the sensors do indeed detect 
larger MPs, as expected. Another control test was 
performed to with large magnetic particles that have a 
diameter of 0,87 µm (Estapor® M1-070/60). In this 
acquisition test two hypothesis are being checked: if 
these particles do indeed produce a response from the 
signal as should be expected, and if the response 
obtained is a result of the particles and not from an 
outside disturbance. 

To test the first hypothesis, the sample used in this 
acquisition was constituted of 5µL of a suspension of 
Estapor® M1-070/60 MPs MPs (dilution 1:1000), in a 
total volume of 100 µL and tested at a flow rate of 30 
µL/min. To test the second hypothesis, the acquisition 
channel number 8 connected to a sensor that is placed 
not inside the microchannel through which the particles 
flow, but instead is connected to the extra sensor that 
is located outside of the microchannel. Sensor 8 acts 
as control sensor. Since it will not be in proximity of any 
magnetic material, this sensor should demonstrate a 
behavior that reflects this fact, so a low peak count is 
expected, similar to that of the obtained with the non-
magnetic control sample. 

As it is possible to see from Figure 10 and Table 4, 
sensors 9 and 10 show a large number of peaks, 
corresponding to a large number of detection events, 
while sensor 8 shows a behavior similar to that of the 
non-magnetic control sample.  

Table 4 – Standard deviation values, threshold values and 
number of peaks observed for each of the 3 sensors used (8, 
9 and 10) in the acquisition tests with the third control sample 
(isolated particles Estapor® M1-070/60) 

Sensor # 8 9 10 

Standard deviation: σ (µV) 1,84 2,63 2,07 

Threshold: 5 × σ (µV) 9,21 13,2 10,4 

Peaks counted 12 161 142 

Both hypothesis presented were therefore confirmed. 
The sensors detect the magnetic field variation 
corresponding to the flow of a magnetically detectable 

MP, and the peaks counted do indeed come from the 
sensors reaction to the passing of a MP, and not due 
to any external disturbance or unpredicted magnetic 
impurity. 

 
Figure 10 – Acquisition signal obtained for each of the 3 
sensors used (8, 9 and 10) in the acquisition tests with the 
third control sample (isolated particles Estapor® M1-070/60) 
and schematic indication of the sensors whose signal is being 
acquired 

Magnetic detection of labelled microspheres 

A sample consisting of polymeric microspheres 
labelled with MNPs was tested and analyzed. The 
experiments were performed with 5 µL of BNF-Dextran 
(micromod®) magnetic nanoparticles, 15 µL of 
micromer® (01-19-103) microspheres diluted 1:1000, 
2,5 µL of anti-E. coli antibody (with conjugated Biotin) 
ab68451 (abcam®) and DI water. This corresponds to 
a total of 6,9×105 microspheres and 3×1010 MNPs in a 
final volume of 100 µL. Table 5 represents the results 
from these acquisition tests, that were performed with 
a flow rate of 3 µL/min. 

Table 5 – Standard deviation values, threshold values and 
number of peaks observed for each of the 3 sensors used (8, 
9 and 10) in the acquisition tests with the 
immunomagnetically labelled microspheres micromer® (01-
19-103) 

Sensor # 8 9 10 

Standard deviation: σ (µV) 2,23 2,40 2,08 

Threshold: 5 × σ (µV) 11,2 12,0 10,4 

Peaks counted 2620 2543 2580 

Figure 11 represents the acquisition signal obtained for 
sensors 8. The signal obtained for sensors 9 and 10 is 
similar. It is possible to see in these plots that the peaks 
corresponding to detection events and are distributed 
throughout the experiment’s time frame, which 
suggests that the formation of aggregates or clusters 
was minimal and that there were no relevant clogging 
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issues, as the peaks don’t appear all close together. 
However, it is possible to see a larger concentration of 
peaks, and with higher amplitude, at around the 1200 
second-mark. 

  
Figure 11 – Acquisition signal obtained for sensor 8 in the 
acquisition tests with the immunomagnetically labelled 
microspheres micromer® (01-19-103) 

Analyzing in the same plot one detection event given 
by the three sensors (Figure 12), it is possible to see 
that the detection at each one of the sensors does not 
occur simultaneously but instead with a slight delay 
from sensor to sensor. This was to be expected given 
the distance from one sensor to another. The flow 
passes first by sensor 10, followed by sensor 9 and 
finally by sensor 8, so every event is detected in this 
order. From this, the velocity inside the channel was 
calculated by simply dividing the distance between 
sensors by the time between each detection event. The 
objective of calculating the velocity at which each 
particle flows inside the channel is to obtain the actual 
value of the flow rat inside the channel and thus confirm 
if the imposed flow rate is indeed the one being 
experienced in the microchannel. 

 
Figure 12 – Signal acquired from the 3 sensors used (8, 9 
and 10) for the detection of the same event in the acquisition 
tests with the immunomagnetically labelled microspheres 
micromer® (01-19-103) 

The distance between sensor 10 and sensor 9 is 153 
µm, while the distance between sensor 9 and sensor 8 
is 14 µm. To more accurately calculate the velocity and 

the flow rate, 10 detection events have been chosen at 
random, and the velocities associated to each of them 
have been calculated. The result obtained was 2,62 
µL/min, which, since the imposed flow rate was 3 
µl/min, represents an error of 13%. Considering the 
approximations made in the calculation, this is admitted 
as a good result. 

Magnetic detection of labelled E. coli cells 

Having tested the detection system with several control 
samples, and with a preliminary model with 
microspheres substituting the cells, the detection and 
quantification of immunomagnetically labelled E. coli 
cells was attempted. Three samples containing cells 
were prepared and the results obtained from the for the 
three samples are represented in table 6 and one 
example of the plot of the signal obtained is 
represented in Figure 13 (sensor 8, sample 1). 

The first and second sample were identical and 
contained 5µL of BNF-Dextran (micromod®) MNPs, 10 
µL of E. coli DH5α (106 CFU/100µL), 2,5 µL of anti-E. 
coli antibody (with conjugated Biotin) ab68451 
(abcam®) and DI water. This corresponds to a total of 
105 CFU and 3×1010 MNPs in a final volume of 100 µL. 

 
Figure 13 – Acquisition signal obtained for sensor 8 in the 
acquisition tests performed with the first water sample 
containing immunomagnetically labelled E. coli DH5α cells 

Since the number of MNPs that can cover each cell 
(980 MNPs per cell) is considerably lower than the ratio 
used in the experiments (300.000 MNPs for 1 UFC), 
the cells were considered to be entirely covered by the 
MNPs. With this in mind, and knowing that the sensors 
should be able to detect 31,9% of the labelled cells, the 
expected number of peaks would be around of 31.900, 
and not 2 orders of magnitude lower, with the average 
number of peaks counted staying at a mere 489 for 
sample 1 and 535 for sample 2. The results obtained 
with the first two samples differ only 9% from one 
another. The first impression from these results is that 
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the device could only detect approximately 1,5%-1,7% 
of the expected events, which impedes quantification. 
To confirm that this conclusion was not due to an 
anomaly, the experiment was repeated with a third 
sample was prepare, containing twice the 
concentration of E. coli cells (2×105 UFC), whilst 
maintaining the other reagents’ concentrations. 

In the third sample, with this increase in concentration, 
the MNP-to-cell ratio is now half of what it was in the 
first attempts but still much higher (150.000) than the 
calculated maximum number of MNPs per cell (980). 
Therefore, the assumption that the cells are entirely 
covered in MNPs is still valid. The average number of 
peaks counted was 1348. This result comes to confirm 
the predictions that the acquisition setup was only 
detecting a very low percentage of the expected 
events. With 2×105 cells, and a 31,9% detection 
expectation, the number of counted peaks should be 
around 63.800, but is instead 1348. This represents 
2,1% of the expected events. This points toward a need 
to optimize and improve the labelling protocol, focusing 
on the adjustment of the MNP-to-cell ratio, if 
quantification is to be achieved. 

Table 6 – Standard deviation values, threshold values and 
number of peaks observed for each of the 3 sensors used (8, 
9 and 10) in the acquisition tests with the 
immunomagnetically labelled E. coli cells, for all three 
samples analyzed (samples 1, 2 and 3) 

 Sensor # 8 9 10 
     

1 

Standard deviation: σ(µV) 2,16 2,19 1,85 

Threshold: 5 × σ (µV) 10,8 11,0 9,3 

Peaks counted 584 412 471 
  

2 

Standard deviation: σ(µV) 2,14 2,30 1,85 

Threshold: 5 × σ (µV) 10,7 11,5 9,2 

Peaks counted 466 546 592 
  

3 

Standard deviation: σ(µV) 2,13 2,24 1,83 

Threshold: 5 × σ (µV) 10,7 11,2 9,2 

Peaks counted 1152 1353 1538 

SEM analysis 

To better understand why the quantification of cells and 
microspheres was being unsuccessful, the samples 
tested were analyzed in a Scanning Electron 
Microscope (SEM) with X-ray Spectroscopy (Hitachi 
TM 3030 plus). From the SEM imaging it was possible 
to see that using a large quantity of MNPs with the goal 
of guaranteeing a total coverage of each cell is not the 
ideal method, as it results in fewer cells than expected 
in the final sample, too many MNPs for an adequate 

detection and the unexpected appearance of free 
microspheres. These facts seem to align with what was 
proposed at the end of the detection experiments: a 
need to optimize and improve the labelling protocol, 
with the main focus being on the adjustment of the 
MNP-to-cell ratio. Other possibilities to consider are the 
use of different MNPs (potentially smaller) and even a 
different antibody. 

Conclusions and Future Work 

This work focused on the development of an integrated 
microfluidics platform for the dynamic detection and 
counting of magnetically labelled E. coli cells. This 
project entailed two parts. At first, the microfabrication 
of MR sensors and of a microfluidics unit, and their 
unification in a microchip. Secondly, the 
immunomagnetic labelling of E. coli cells in water 
samples and their analysis with the microchip 
fabricated, integrated in an electronic platform. 

The sensors in this work were Spin Valve sensors and 
were successfully produced at the INESC-MN clean-
room laboratory and later characterized. The 
magnetoresistance measured (5%-6%) was high 
enough to enable the adequate transduction of variable 
magnetic fields into a measurable variation in signal. 
The production and bonding of the PDMS unit with the 
MR chip was successful and the chip mounting on the 
PCB and respective pin soldering was also performed 
with ease. 

On the other hand, the magnetic labelling of the cells is 
an area that still needs some considerable 
improvement. The protocol for the immunomagnetic 
labelling that was performed in this thesis is not ideal 
as it led to an overload of MNPs in the samples. This 
excessive amount of MNPs then makes it harder for the 
labelled cells and microspheres to be detected.  

My suggestion for any future work is that these 
microspheres be used first and foremost. There is a 
need to understand what the ideal MNP-to-target ratio 
is, in order to maximize the number of MNPs bonded to 
while maintaining the number of MNPs in the initial 
solution as low as possible. Eventually, when this 
optimization has been done, the cells can be 
reintroduced in the problem. 

In addition to improvements in the immunomagnetic 
labelling and the focus on the jump from detection to 
quantification, future work may include further 
optimization of the PDMS microchannels. New designs 
are being tested, with integrated mixing or 
hydrodynamic focus, with emphasis on a better cell 
dispersion and individualization. 
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