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Abstract

In recent years, the application of lateral flow immunoassays has seen a huge growth on the diagnostic industry. It
is considered to be a highly promising class of point-of-care (POC) diagnostic tests and represents a multibillion-dollar
market on its own. This development was motivated by the combination of unique properties of lateral flow, which include
its simplicity, relative accuracy, fast results, low price, and user friendliness. This technology has been used not only in
the academic context but also to support a wide range of commercial applications including glucose tests, pregnancy tests,
monitoring and testing of cardiac panels in emergency conditions, infectious disease screening (including Flu and HIV),
cancer marker screening, and drugs abuse testing.

The work presented in the thesis aims at exploring a new approach for combining lateral flow test with magnetoresistive
sensors, with particular focus on: i) designing more compact test platforms that are easier to use and handle; and ii)
to further push the detection limit of existing approaches by lowering the mechanical and thermal drift produced by the
movement of the lateral-flow strip. In order to achieve the platform with the properties indicated above, it was necessary to
combine several components in a single orchestrated architecture. To pave the way for the development of such a platform this
work: i) presents a comprehensive study on spin valve sensors; ii) provides an experimental evaluation of the applicability
of two magnetic nanoparticles to achieve magnetic labelling employing a permanent magnet for the magnetization method;
iii) presents experimental characterization of several nitrocellulose membranes usually employed in lateral flow tests; and
finally, iv) proposes an initial design of a physical platform that allows one to demonstrate a way to combine all required
elements of the envisioned platform. Experimental measurement using a locking amplifier in combination with a prototype
platform that was designed to serve as proof-of-concept for the applicability of the envisioned platform have shown that this
approach is very promising, and that the developed platform was able to effectively detect magnetic nanoparticles that were
inside a nitrocellulose membrane.

1 Introduction

The lateral flow technique allows the extraction of clinical results from the manipulation of small sample volumes (e.g.,
blood, urine). This enables the design of very small and portable testing units, enabling the miniaturization of complex
laboratorial procedures [1, 2]. In a nutshell, lateral flow techniques consists on using nitrocellulose strips to serve as a
conductor for the capillary flow of the sample. The antigen (protein, virus, bacteria...) of interest present in the sample
can be labeled with a fluorescent label, color dye or magnetic particle in the conjugate pad (Figure 1). The sample flows
in one direction in the nitrocellulose (NC) membrane through capillarity towards the absorbent pad. The sample will reach
a test line and a positive control line (detection zone). The test line consists of previously immobilized antibodies in the
NC-membrane specific to the antigens of interest. When passing through this line, the labeled antigens are captured while the
remaining molecules and labels continue flowing along the strip. The control line usually captures the conjugated markers,
which passed the test line to testify the activity of the detection conjugate, thus validating the assay.

Although the existing lateral-flow tests are user-friendly and fast, most commercial applications (one exception is the
glucose tests) only allow for a binary measurement (positive/negative result) besides possessing a lack of sensitivity (hardly
go below µM range) [3]. Therefore, additional research efforts are required to design quantifiable tests based on lateral-flow
techniques.

One of the alternatives of colorimetric or fluorescence labeling is the use of magnetic labeling. The main advantage of this
approach is that it potentially enables the performance of quantitative tests without the need of bulky detection equipment.
In these analytical assays, magnetic susceptometers are typically used to measure the induction variation due to the magnetic
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Figure 1. Schematic diagram of the lateral flow technique.

material [4, 5]. Although being able to quantify the amount of magnetic particles (MNPs) immobilized in the test line,
magnetic susceptometers still show low sensitivities.

Considering this, the combination of lateral flow and magnetoresistive sensors is a promising approach to further advance
the state of the art in point-of-care tests. Previous research efforts have already tried to pave the way for developing such
systems.

2 Theory Overview and Framework

The main contributions of the thesis are multi-disciplinary in nature, and due to this an extensive and comprehensive
survey on relevant theory is presented in the thesis. In particular the reader can find the relevant contents in the thesis main
document:

Spintronics Based on the GMR effect, Dieny et. al invented in 1991 at IBM a device called Spin Valve (SV) [6]. Typically,
a standard spin valve is composed by two ferromagnetic (FM) layers: a free layer and a pinned layer. As mentioned
previously, these layers are separated by a conductive spacer layer. Finally, SVs also present an antiferromagnetic
(AFM) pinning layer. Figure ?? illustrates the typical layer composition of a Spin Valve. The main proprieties of the
aforementioned layers are presented below:

Magnetic Particles As mentioned in the previous section, magnetic nanoparticles (MNPs) can be used as a labeling method
for biomocules and cells. The detection system in this work aims at enabling not only the detection, but also the
realtime quantification of MNPs that will serve as label for biomolecules. Superparamagnetic particles only possess
a single magnetic domain bellow a critical size, where all magnetic spins in nanoparticles align unidirectionallly and
its magnetic coercivity is zero [7]. These particles are non-magnetic when no external magnetic field is applied but do
develop an average magnetic moment in an external magnetic field. Therefore, superparamagnetic particles (MNPs)
were considered in the work of the thesis.

Lateral Flow Immunoassays LFTs rely on clever and sophisticated technology to build devices which are very simple,
enabling them to be operated by almost anyone. The fundamental principle underlying lateral flow immunoassays is
based on the procedure of loading and handling a liquid sample along a single axis combined with a specific immuno-
logical assay. In more detail, a sample flows through capillary flow in a microporous membrane in one direction (see
Figure 1). Along the course, analyte-specific antibodies, which are identified targets designated to produce a signal, la-
bel the analyte which is free in the sample by forming a complex. Then, the sample with the labeled analyte of interest
reaches a detection zone where capture antibodies, bound in the membrane, seize the labeled analyte. The function of
the antibodies is to detect the analyte, and is analogous to an ELISA (Enzyme-Linked Immunoabsorbent Assay), with
the distinction that in LFTs the detection analyte-specific antibody is labeled with an element/particle that produces
a signal, that can be chromogenic, fluorescent, or magnetic field signal. LFTs can operate as either competitive or
sandwich assay formats. These formats are chosen considering the proprieties of the target analyte [8].

Additionally, we provide here a brief overview of some works found in the literature from both industry and academic
research groups that are closer in nature to the goals of the work discussed in the thesis. The first work briefly exposed
employs a magnetic susceptometer, and the remaining employ MR sensors, such as SV.

2.1 Magnetic Assay Reader from Magna BioSciences

For the magnetic particles analytical assays, magnetic susceptometers are typically used to measure the induction variation
due to the magnetic material. An example of this application named Magnetic Assay Reader (MAR), is currently commer-
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cially available, and is produced by Magna BioSciences. This enables MAR to detect the presence of molecules with a
precision of 10 to 1000 times higher than conventional visual means [9]. According to the MAR s manual book [10], these
quantitative lateral tests have achieved equivalent, or superior, sensitivity when compared with ELISA tests. It is a compact,
portable, simple, cost-effective and presents a result in seconds. A study based on this MICT platform is presented in [11],
where a sensitivity and specificity are reported to be 93% and 98% respectively, for the detection of Taenia Solium, which
causes taeniasis and neurocysticercosis in humans.

2.2 Research Group from Innovative Surface Technologies

A research group from Minneapolis, USA, have conducted research with the aim of improving the sensitivity of magnetic
quantification platforms [12]. They successfully demonstrated a equivalent range and sensitivity comparing their MR detec-
tion platform to colorimetric ELISA assays. Considering the results of their research, they suggest the eventual ability of
such an assay to be much faster (15min instead of more than 4h), as well as portable, while achieving detection of 12 pg/ml
for protein detection of rabbit IgG and interferon-gama (Il-γ). The magnetization method of MNPs consisted in a Helmoltz
coil in-plane with the SV sensitive direction.

A similar work was also reported [13], where the same magnetization method as employed and the lateral flow test strip
was moved on top of the sensor at constant velocity of 100µm/s. Although quantification limits were not reported, a
detection of a few pg/mL could potentially be achieved.

2.3 Research Group of INESC-MN and University of Zaragoza

In parallel, INESC-MN, in collaboration with INA located in University of Zaragoza, has proposed a detection ar-
chitecture, based on the movement of the lateral-flow strip over the sensor, which showed sensitivities below the visible
limit [12, 14]. Furthermore, biological detection and quantification of the pregnancy hormone has also been demonstrated
using this approach [15]. The method is based on a discrete scan of lateral flow strips, of 70µm steps, and a precise control
of the contact force between sensor and LFT membrane. The membrane was placed parallel and above the sensor chip,
however, and in contrast with the approach of the Minneapolis setup, the magnetic particles were magnetized out-of-plane.

2.4 Research Group from Chungnam National University

Another research group conducted a study for devising a magnetic detection systems for real-time LFT for Cardiac Tro-
ponin I (cTnI). The real time monitoring of the sensor voltage for the concentrations of 0.12, 0.34, and 0.42nM of cTnI
allowed to obtain a faster result within 1min of the loading of the sample. This system supports quantitatively monitoring of
accumulated labels, above the test line, the authors employ a hybrid AMR/PHR ring sensor [16]. The sensor is mechanically
positioned over the test zone by cutting the plastic cartridge edge at one side.

In the following sections we identify the focus of the thesis in each of the studied components and present a few relevant ex-
perimental results. The interested reader is referred to the main thesis document for additional information and experimental
results.

3 Magnetoresistive Sensors

Sputtering systems are used to deposit thin films. Sputter deposition is a type of physical vapor deposition (PVD), accom-
plished by the condensation of a vaporized form of the desired film material onto a substrate, such as a silicon wafer. Several
sputtering equipment (IBD 3000, UHVII, Nordiko 7000) were employed to build the designed SV biochip composed of an
array of 20 SVs (see Figure 2(a) and fig:SVmask). Patterning techniques such as etching (by ion milling beam in IBD3600)
and liftoff techniques were performed in the microfabrication of the final biochip, using the shape manipulation of a film of
photoresist. Figure 2(c) depicts a developed SV sensor. The MR curve of the patterned SV is depicted in Figure ??. For a total
of 65 measured sensors, a good MR ratio was obtained (7.68±0.41 %), low coercive field (Hc = 0.34±0.14Oe) and a good
linearity in the region centered at the zero applied field. An important propriety for the measurement of MNPs is the fact that
the linear region is centered at the zero field (Hf = 0.83±0.82Oe). The resistance at zero fieldR0 was of 140.5±4.6 Ω, and
the sensitivity and normalized sensitivity was estimated to be 0.205± 0.066 Ω/Oe and 0.194± 0.018 %/Oe, respectively.

The noise characterization and magnetic detection limit was performed using the methodology used in [17, 18]. For this
purpose, the developed SV submitted to evaluation. Figure 3(a) and 3(b) depict, respectively, measured noise spectral density
and calculated magnetic detection limit of different applied bias currents from 50 Hz to 10 kHz. At a frequency of operation
of 10 kHz, and for for bias current of 1mA, the voltage spectral noise density obtained was 3.58nV/

√
Hz and the minimum

mangnetic field detectivity obtained was of 1.66× 10−5Oe/
√
Hz.
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Figure 2. a) Spin valve biochip mask composed of an array of 20 SVs in red displayed horizontally in the centre of the chip. The
contact leads (two per SV) are presented in blue lines. b) Each SV was design in Yoke shape with width (W) of 3µm and length (L)
of 10µm. c) Microfabricated Spin valve. .
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Figure 3. a) Measured spectral noise density of the SV sensor. b) Field detectivity of the SV sensor.

4 Magnetic Labeling

The SV sensor, described in the previous section, is sensitive to external magnetic fields along one direction (the direction
of the width of the sensor), and thus changing the SV resistance. Assuming this fact, we can evaluate the magnetic field
of a MNP based only in this direction, which is sensed on the SV. Figure 4(b) depicts the magnetic field of a MNP on this
direction (HX(x, 0, h)) defined with blue arrows in Figure 4(a), at a constant height (h) in z-direction relative to the sensors
sensing layer. The HX(x, y, z) of a MNP vertically magnetized is given by Equation 1, where mP is the magnetic moment
of the MNP in the z-direction, i.e., vertically magnetized. Eventually the interaction of the magnetic field of the MNP near a
SV sensor will incite a change in its resistance proportional to the average magnetic field over the sensing area.

HX(x, y, z) = mPz
3xz

(x2 + y2 + z2)5/2
10−3 [Oe] (1)

To better understand the effect of the detection of the MNP over the SV sensor, lets consider the simplified example of a
single MNP traveling over the center of the sensor (considering the SV length (L)). This scenario is illustrated in Figure 5.
Initially (Figure 5(a)), the MNP will be distant from the sensor (represented in green), thus the magnetic field of the MNP
(which intensity is denoted by the blue line) applied on the sensor is very small and negligible. Therefore, in this scenario
the sensor is unable to detect the particle. As the MNP moves towards the sensor (Figure 5(b)), the average magnetic field
(< HX >) sensed over the sensor decreases. In this scenario, the < HX > sensed by the sensor is given by the integral of
the magnetic field of the MNP divided by the sensor area (represented by the red area in the figure). Note that, as the MNP
continues to move over the sensor, the average magnetic field sensed by the sensor changes. A particular case occurs when
the MNP is over the center of the sensor (Figure 5(c)). In this case the average magnetic field sensed by the sensor is zero, as
the integral of the magnetic field (HX ) is zero, i.e., the sum of the red areas in the figure. Finally, as the MNP moves away
from the sensor, the magnetic field applied (HX ) on the sensor will became dominant on a positive intensity (Figure 5(d)).
This happens until the distance between the MNP and the sensor becomes large enough such that the magnetic field of the
MNP becomes negligible again, similar to Figure 5(a).

Numerical simulations of vertically magnetized MNPs, at an applied field of 1000 Oe, were conducted in order to evaluate
and compare the magnetic field fringe of two types of MNPs (10 nm and 130 nm). These MNPs were measured in a VSM
equipment and the magnetic moment of a particle was of 1.0184×10−16 emu, for 10 nm particles, and 1.1375×10−13 emu,
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Figure 4. MNP magnetized vertically relative to the sensor surface. a) MNP with magnetic field lines, centered at the sensor
surface at a height (h) with magnetic moment (mP ) due to the applied field (Happlied). b) Numerical simulation of the magnetic
field along the x-direction (HX(x, 0, 1µm)) of a 130 nm particle at different heights. c) Schematic representation of the average
magnetic field sensed by the sensor relative to position of the MNP over time (x(t)).Red dots represent the instants related to
Figure 5. ) Transducing the average magnetic field sensed by the SV will result in change in resistance over time.
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Figure 5. Trajectory of a MNP over the sensor (in green) at a height (h) along the x-direction.

for the 130 nm particles.
Figure 4(b) depicts the x-direction field (Hx(x, 0, h)), for different heights relative to the sensor sensing layer surface:

h = [ 1, 2, 4] µm for a 130 nm MNP. One can observe that despite the high magnetization of the MNP the magnetic field
Hx(x, 0, h) decreases drastically for increasing height, the same was observed for 10 nm MNP. In fact, Figure 6(b) depicts
the average magnetic field magnitude according to the height of a 10 nm and a 130nm MNP relative to the center of the sensor
at a position of the highest signal. Figure 6(a) depicts the magnetic field along the x and y-direction (HX(x, y, 1µm)) of a
130 nm particle. And finally, Figure 6(c) and 6(d) depict the simulated change in signal of a SV a 10 nm and a 130 nm MNP.

The interaction of the MNPs with the ring permanent magnet employed in the work of the thesis was also experimentally
studied and exposed.To better understand the interaction of both types of MNPs and the ring magnet, several experiments
were conducted, and showed the movement of MNPs inside a droplet of 6µL of MNPs with a concentration of 1.16 ×
108 particles/ µL (130 nm) (see Figure 7(c)) and 2.31× 1011 particles/ µL (10 nm) (see Figure 7(d)). These were spotted
at different locations, considering the plane at half the height of the ring magnet as depicted in Figure 7(b). This included a
developed platform of PMMA which is depicted in Figure 7(a), were a PMMA support platform was developed in the Micro
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Figure 6. a) Magnetic field along the x and y-direction (HX(x, y, 1µm)) of a 130 nm particle. b) Numerical simulation of the
average magnetic field magnitude according to the height of a 10 nm and a 130nm MNP relative to the center of the sensor at a
position of 1.5µm. And simulated change in signal of a SV, considering a sensitivity of 0.221 Ω/Oe and two bias currents, relative
to the position of a MNP to the center of the SV c) 10 nm and d) 130 nm MNP.
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Figure 7. a) Dimensions of the ring magnet. At the center a magnitude of 1000 Oe was measured. b) Cross-view of the ring
magnet positioning the surface of the chip (green) with the sensors. The MNPs are being magnetized in this plane. c) Spot of three
130nm particle droplets in three locations at the center of the magnet, after 1 minute. The MNPs in the middle droplet are attracted
towards the closest edge of the magnet. c) Same experience considering 10 nm MNP, after 35 minutes.

Milling Machine to hold the ring magnet and expose this plane correctly. Although 130 nm MNPs provide a higher magnetic
fringe field, and thus higher output signal of the SV, the 10 nm MNPs seem to be the most appropriate for this detection setup
as they are less attracted to ring magnet.

5 Lateral Flow Membrane Characterization

Several LF Hi-Flow Plus nitrocellulose membranes were purchased from Millipore, comprised of 6 similar membranes
with different pore sizes, which eventually modifies the capillary flow rates and kinetics of the liquid sample in the membrane.
These were characterized by SEM imaging and were subjected to flow rate tests, to determine the position that the test and
control line should be placed for the designated membrane (3mm× 20mm). The six different membranes were considered
and the capillary flow rate was extrapolated from measurements of the position of the sample front over the time. This setup
consisted of placing the membrane next to a ruler and a stopwatch, and then a video camera recorder filmed as the sample was
loaded at one edge of the membrane until the flow of the sample stopped. The resulting experiments of 3 tests per different
pore sized membrane is depicted in Figure 8.

The MNP sample have a brownish/yellow color and when the sample was loaded, a clear front of the sample flows in one
direction to farthest side of the membrane, which exhibits a homogenous color along the flow (uniform dispersion of MNPs).
Approximately 8 to 11 min after loading the sample a clear line of agglomerated MNPs gradually intensifies at the end of
flow front. Contrary this fact, the flow of MNPs employing the ring magnet, showed that the 130 nm MNPs remain in the
area where the sample was loaded due to attraction exerted by the magnet. However, it is relevant to note that contrary to
results presented in the previous section, instead of MNPs concentrating on the edge closest to the magnet, most of them
concentrate at the rightmost side of the sample droplet (see Figure 9(a)). This phenomenon was not observed for the 10 nm
MNPs (depicted in Figure 9(c)) but is explained by the fact that there is a drag force induced by the capillary flow of the
sample in the membrane. A way to circumvent this problem, to ensure the MNPs flow through the membrane would be
to increase the drag force exerted by the capillary flow. To maximize that drag force one should avoid the air to leave the
membrane from anywhere else other than its rightmost edge. A recent paper reports a similar development of a method to
control the flow rate of fluids within paper-based microfluidic analytical devices [19]. To achieve this, a small PMMA piece
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Figure 8. a) Estimation of the position of the detection zone for all membranes. b) Amount of time took for the sample front flow
rate reach 1 cm/s.
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Figure 9. a) Experimental setup with the ring magnet depicting the MNPs trapped in the area where it was loaded. b) PMMA
piece for enhancing the drag force of the liquid in the membrane. c) Experimental setup of 10 nm MNPs with the ring magnet using
the same PMMA piece. c) Example of a NC membrane after the experimental setup of 130 nm MNPs.

was built in the Milling machine such that it covers most of the membrane surface, as well as its lateral edges (see Figure 9(b)
and 9(c)).

It was experimental observated that the flux of samples labelled with smaller MNPs is much uniform (monodisperse) than
when using larger MNPs and the flow rate of MNP sample by employing a PMMA piece that limits the exit of air to the
extremity of the membrane farther from the inlet. A clearer line is depicted at the end of most tests, as shown by Figure9(d),
although for 130 nm MNP samples, a higher background occurred. This happens because smaller MNPs travel faster across
the membrane and are less attracted by the permanent magnet. This motivates the use of smaller MNPs to achieve more
reliable and predictable tests.

6 Integration Platform

As the sensor surface must be at the center of the permanent ring magnet which only has a 2.5 cm internal diameter, we
had to design a custom made PCB composed of three individual components to allow the wirebonding to be made directly
between the SV chip and the PCB. The thesis also discussed the detailed information of the developed platform which
included a PMMA support to hold the magnet was developed in the MicroMilling Machine.

For the signal acquisition of the voltage tension applied at the sensors terminals a lock-in amplifier (DSP 7265, Signal Re-
covery, USA) and an AC voltage source is employed. A lock-in amplifier is a specialized AC voltmeter that uses synchronous
demodulation to measure signal strength or phase, even under severe noise conditions. The position of the magnet was fixed
in all experiments resulting in a baseline voltage of 75.840mVrms and 153.300mVrms for Vpp values of 1Vpp and 2Vpp
respectively. For each applied Vpp, the resulting bias currents (Ibias) were, respectively of, 0.806mApp and 1.612mApp.

Reported experiments were conducted using three different samples of: control sample, consisting only of phosphate
buffer solution (PB) without MNPs; a sample consisted of 10 nm MNPs in PB suspension with a concentration of 2.31 ×
1011 particles/µL; and a sample consisted of 130 nm MNPs in PB suspension with a concentration of 1.16× 108 particles/µL.
A volume of 6µL was employed.

The experimental procedures for were tested as follows:
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Figure 10. Schematic diagram of the experimental setup for a direct measure of a sample droplet. a) The SV sensor is shifted
towards the magnet and the sample of MNPs is loaded on top of it. b) The MNPs are attracted to the closest edge of the ring magnet,
and the output signal is acquired. c) a) Signal change (V output − Vbaseline) of two sample droplets (10nm MNPs in red, 130nm
MNPs sample in blue, PB solution in green). d) Signal change ∆ V (denoted in Figure a)) of the output signals for both sample
droplets.

7



Direct Measurement of a Sample droplet: The sample, in the form of a droplet, was placed directly on top the SV, the
signal was obtained for about 150 s. The goal of this experiment was to ascertain the capacity of measurement setup to
sense MNPs.

Moving Membrane Over the Sensor: Samples of 10 nm and 130 nm MNPs were applied to HF135 membranes and al-
lowed to flow and dry outside of the platform. The MNPs lines that formed were gently passed over the SV by direct
manipulation of the membrane. The goal of this experiment was to further validate the ability of the SV to detect MNPs
in NC membrane, by employing an approach similar to the one employed in previous works such as [12] and [14].

6.1 Direct Measurement of Sample droplet

Figure 10(a) and 10(b) depicts a schematic diagram of this experimental setup. After loading the sample on top of the SV,
the MNPs tend to travel to the closest edge of the permanet magnet. This effect is transduce to a signal change of the SV, as
the MNPs travel to one of this side. Figure 10(c) depicts the typical SV response observed in terms of signal output voltage
to the loading of a sample droplet over it. Presented results covers samples of PB, 10 nm MNPs, and 130 nm. Note that the
values in the y-axis present the nominal change in signal, i.e., it disregards the baseline signal, only quantifying the absolute
variation in the signal. The first relevant aspect of these results was that contrary to samples that contained MNPs, the control
sample of PB did not resulted in a significant output variation of the signal. This leads us to believe that indeed the MNP is
able to sense the MNPs.

6.2 Moving Membrane Over the Sensor

In these experiments, samples were loaded in HF135 NC membrane, and the sample was allowed to flow and then dry
on the membrane, outside the platform. This leads to the emergence of a visual line close to the end of the NC membrane,
containing a deposition of a high agglomerate of MNPs. After this, the membrane was cut such that this line was positioned
exactly at its end. The membrane was then carefully passed over the sensor with the extremity containing the agglomerate of
MNPs in the direction of the SV.

Figure 11(a) shows the signal output when a membrane loaded with a sample of 10 nm MNPs is moved over the sensor,
from the right to the left and then from the left to the right. One could expect that if the sensor was indeed able to sense the
magnetic field of the MNPs agglomerated in a line on the membrane, the signal output should present a negative variation
(when the MNPs are sensed in right side of the sensor) followed by a positive variation (when the MNPs are sensed on the
left side of the sensor). This effect is expected to be inverse when the membrane travels from the left to the right of the sensor.
Indeed, the results show this to be true as the sensed signal first increases and then decreases, when the membrane crosses
the SV from right to right. Finally, the output signal drops and then rises as the membrane travels from the left to the right of
the SV. This shows that the SV is able to detect the presence of the agglomerated MNPs in a dried membrane, as shown by
the works described in Section 2

Figure 11(b) presents summarized results for the maximum variation observed in the output signal of the SV for different
samples. Similar to the results discussed in the previous section, we observe that the PB sample (without MNPs) did not result
in a significant variation of signal, validating the results obtained with the remaining samples. Surprisingly, the membranes
in which the sample containing the 10 nm MNPs obtained the highest variation in the output signal. This can be explained by
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Figure 11. a) Signal output of 10 nm sample in a HF135 membrane, considering two directions when the membrane is crossed
the sensor (the first curve corresponds from the right to the left and the second corresponds from the left to the right). b) Signal
variation for each peak considering both samples of 10 nm and 130 nm of MNPs.
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the fact that, the 130 nm MNPs sample is very diluted. Considering the magnetic moment at 1000 Oe of both single MNPs,
the total magnetic moment of 6µL for each sample concentration was respectively, 1.411×10−4emu and 7.917×10−5 emu
for 10 nm and 130 nm MNPs samples. Also, as shown in shown that the smaller MNPs can more easily flow in the membrane
therefore, the total number of MNPs that are agglomerated at the extremity of the membrane is higher for these MNPs.

7 Conclusions and Future Work

This thesis studies and experimentally evaluates several components that are essential for devising a new approach for
combining lateral flow test with magnetoresistive sensors in such a way that more compact and easier to use and handle test
platforms can be devised while simultaneously pushing the detection limit of existing approaches.

In particular, the thesis focus on the following essential components:

Spin valve sensors Single SV sensors that could potentially fulfil the goals of the thesis were successfully designed, pro-
duced, and characterized in the INESC-MN laboratory. The MR of the SV was shown to be high enough to enable the
adequate transduction of variable magnetic fields into measurable variation in signal as to potentially enable the quan-
tification of MNPs successfully. The developed SV are simple yet reliable devices with fast in the microfabrication
processes, compared to other MR sensor, and served as a first approach towards the detection schemes.

Magnetic nanoparticles Two different types of MNPs that differed in size and magnetic moment were experimentally char-
acterized as candidates to support the labeling of relevant agents in the samples. Experimental results using a perma-
nent ring magnet to vertically magnetize the MNPs showed that the smaller particles (10 nm) were less attracted to
the magnet therefore could easily flow across the nitrocellulose membrane despite the attraction of the magnet, being
potentially better candidates to support the envisioned platform. Both MNPs (10 nm and 130 nm) have been proved to
be detected using the SVs.

Nitrocellulose membranes Six different types of nitrocellulose membranes were experimentally characterized to study their
capillary flow rate. Using these experimental results we were able to determine the adequate positioning for the
detection zone in each membrane. These results are relevant as they can allow to select the most appropriate membrane
for a particular lateral flow test device according to the dimensioning of the device.

Integration platform An integration platform, based on a preliminary design, that was discussed in the thesis, was devel-
oped and proposed here with the goal of serving as an initial proof-of-concept to the envisioned platform. The designed
and built platform has shown a successfully way to integrate all the components required by the envisioned platform,
showing that by using a component to limit the areas of the membrane where air could leave the membrane, one could
achieve a more stable and complete flow of MNPs across the membrane. Experimental results with samples of 10 nm
and 130 nm MNPs were extracted with this platform and a measurement setup using a lock-in amplifier. This results
have clearly shown the detection of magnetic field of MNPS inside the NC membranes, while the membranes were
moved over the SV. These results are therefore highly supportive for the possibility of achieving a LFT using SV
sensors as the one described in the thesis.

7.1 Future Work

The work that is presented in the thesis is currently being further developed with the goal of submitting a patent. Addi-
tionally, in the future we plan to pursue the following research vectors:
Integration with Biochip platform The developed integration platform was designed with the goal of integrating it with

an existing portable Biochip platform developed previously in INESC-MN [20]. This will allow to perform additional
types of tests in that platform which could be beneficial for the academic community that currently leverages this
platform in their work, while at the same time simplifying the use of this particular type of test, as it able to detected
simultaneously 32 sensors.

Study the applicability of different MR sensors Because the sensitivity of a single SV may not be enough to accurately
sense the magnetic field of smaller particles, it would be relevant to test different types of magnetoresistive sensors that
could offer improved sensitivity. In particular, the use of magnetic tunnel junctions, add flux guides, use series of MR
sensors, and a Wheatstone bridge chip design are all viable candidates to achieve this and should therefore, be subject
of study in the future.

Medical application to design a relevant assay As a final proof-of-concept of the applicability of the envisioned platform
for biomedical applications, one should develop a fully functional medical application. In particular, it would be
interesting to develop a lateral flow immunoassay for detecting cancer biomarkers present in human whole blood.
There is an increasing research effort on the identification and validation of biomarkers relevant to specific cancers
aiming for early detection of cancer (prognosis). One example, is the biomarker for prostate cancer (PSA).
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Develop a functional mechanical and electrical prototype Such prototype could include means to bias the sensors, am-
plify the signal and digitally acquire and process the signals. It could also include a display-screen where the results of
each assay can be displayed. All the electronics should be battery powered to allow the prototype to be an independent
handheld (portable) reader point-of-care device.
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