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Point of Care POC
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Serial Peripheral Interface SPI
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1 Summary for SensUs

Valproic acid is a drug, used for treating epilepsy. However, it has a very small therapeutic
window, while the wrong dosage can lead to ine�ectiveness of the drug or side e�ects. Biosensors
are receiving a lot of attention these days, due to their huge potential within the �eld of disease
monitoring. We investigate how to design a giant magnetoresistance (GMR) point-of-care biosensor
to monitor the concentration of valproic acid (VPA) in blood plasma.
The initial goal was to fabricate this device using GMR. Due to COVID-19 and restrictions to
access the laboratories, no analytical results were achieved. However, the electronics as well as the
interface was prototyped and tested.
The GMR biosensor should be fuctionalized by antibodies, which can bind to VPA. When VPA
is bound the surface of the GMR sensor, the concentration of VPA is detected by the binding of
magnetically labeled antibodies that bind to another binding site of VPA. This interaction can
then be measured as a change in electrical resistance propotional to the concentration of VPA.
The change in the resistance happens due to the change in the relative orientation of the magnetic
moments in alternate ferromagnetic layers created by the addition of the magnetic nanoparticles
to the sensor surface.
Compared to traditional optical detection, GMR sensors have the advantages of being low-cost,
sensitive, portable and be able to give a full electronic readout.
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2 Introduction

Great progress has been achieved within the �eld of drug discovery against epilepsy over the last
decades. Valproic acid (VPA) is one of the drugs that are primarily recommended for the adminis-
tration of seizures by therapeutic guidelines. VPA can prevent unexpected seizures, which is why
it is used as preventative medicine, that is taken on a daily basis [1]. However, the therapeutic
window of total valproate is 50-120 µg/mL, which is a very small range. A too low dosage can
lead to ine�ectiveness of the drug leading to breakthrough seizures, while a too high dosage can
cause side e�ects. Life-threatening adverse drug reactions (ADRs) may occur at high dosage ex-
posure [2, 3]. Therefore, a strategy is needed for rapid and sensitive measurement of the valproic
acid concentration in blood plasma.

Biosensors are receiving a lot of attention these days, due to their huge potential within the �eld of
disease monitoring. In 1988, Albert Fert and his coworkers discovered the giant magnetoresistance
(GMR) e�ect. The GMR e�ect reveals that the resistance of a GMR sensor changes with the
magnetic �eld applied to the sensor. Furthermore, it is well known that micro- and nanoparti-
cles can be used for surface based biochemical assays. When an antibody is magnetically labelled,
it is therefore possible to induce a signal from that particular magnetically labelled biomolecule [4].

Here, we investigate how a cheap and portable GMR biosensor that provides rapid results, can be
developed for monitoring the concentration of VPA in blood plasma.
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3 Biosensor System and Assay

3.1 Molecular recognition

We want to create a biological recognition site on the surface of the GMR sensor. As seen in �g.
1 this should work by: 1) Immobilizing the primary antibodies on the GMR sensor surface. 2)
Adding a sample containing a concentration of VPA, the measurement of which is desired. The
VPA binds to the primary antibodies on the sensor surface. After this step a washing step will be
required to remove unbound molecules from the sample. 3) Secondary antibodies with magnetic
nanoparticles are added to the sensor. A washing step will be required here as well to remove
excess secondary antibodies. The bound amount of magnetic nanoparticle on the sensor interface
will be measured by the GMR transducer, outputting a signal propotional to the concentration of
VPA from the sample.

Figure 1: Biological recognition site of the sensor.

To make the biological recognition site work there are following requirements:

ˆ VPA has to have two binding sites, that we can bind to with our antibodies.

ˆ We have to be able to fuctionalize the surface of the sensor by immobilization of the primary
antiodies.

ˆ We have be able to bind the bind the magnetic nanoparticles to the secondary antibodies.

3.2 Testing VPA binding sites

3.2.1 Sandwich ELISA

In order to successfully design the detection part of the device, the number of binding sites of
the analyzed substance needs to be determined. It has been discovered that VPA has 2 binding
sites [5]. However, due to signi�cant di�erences in size between the acid molecule and antibod-
ies, it may not be possible to bind 2 antibodies to 1 molecule of the VPA. If less than 2 binding
sites are present, the system won't be able to detect the analyte properly. To determine whether
the presented approach can be successfully translated to the proposed measuring system, ELISA
testing will be carried out. Here, a speci�c type of VPA-speci�c immunoglobulins (Igs) will be
immobilized on the surface of the testing well. Then, molecules to be investigated are introduced.
Finally, a second, di�erent type of VPA-speci�c Igs that is the secondary antibodies are added to
the well. After a rinsing, if the experimental plate shows a yellow colour reaction from the well,
it will indicate that the analyte is successfully bound by 2 di�erent antibodies simultaneously and
further quanti�cation from the absorbance value will we done, thus proving meaningfulness of the
designed measurement system.
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In case this sandwich structure works, it lets us measure free VPA, since there will not be room
for the antibodies if the molecule is bound to albumin.

A protocol for the sandwich ELISA test of the VPA binding sites can be found in appendix A and
a 
owchart can be found in appendix B.

3.2.2 Indirect competitive ELISA using BSA conjugated VPA

If the primary approach fails, an alternative test will be carried out, based on the competetive
assay [6]. VPA molecules will be conjugated to bovine serum albumin (BSA) and immobilized to
the surface of the testing well. Then, in a separate vessel, VPA-speci�c Igs will be mixed with
analyzed sample containing free VPA. Once the equilibrium state within the sample is established,
the content will be injected into the well. The more antibodies are bound to the free VPA the
less of them will be able to bind to immobilized BSA:VPA complex, resulting in decreased signal.
Once the equilibrium state is achieved, the well will be rinsed from antibodies bound to free VPA
and antibodies that would not bind to the immobilized complexes. Afterwards, the results are
quanti�ed by measuring the intensity of the color reaction using a plate reader, which measure's
absorbance. A caliberation curve would be prepared based on di�erent concentrations of VPA and
the corresponding absorbance, that will determine the linearity of a given correlation. A stronger
intensity of signal will be achieved if larger amount of free antibodies are present in the rinsed
sample, indicating lower concentration of free VPA in the tested batch. Similarly, the larger con-
centration of the free VPA that is introduced, the smaller amount of free antibodies will remain
potent to bind to the BSA:VPA complexes resulting in attenuated signal.
In order to successfully determine correlation between concentration of VPA and signal emitted by
bound antibodies, a calibration curve preparation will be necessary. To do so, for known several
concentrations of free VPA a constant amount of antigen-speci�c antibodies will be introduced,
the experiment will be performed and the signals will be measured with absorbance. Overall, the
obtained correlation between the concentration of free VPA and its signal should be propotional.
If both of the presented methods fail to succeed, the detection mechanisms cannot be considered
as reliable methods for the device design.

A protocol for the competitive indirect ELISA test of the VPA binding sites can be found in ap-
pendix C.

3.3 Functionalization strategies

To achieve the immobilization of the antibodies it is necessary to activate the surface with a
way that the antibodies will be attracted to the surface. The optimal method of immobilization
depends on the characteristics of the biomolecule and the solid material. Due to unknown surface
material of the commercially available GMR sensor dies and lack of testing facilities to determine
this, di�erent strategies for this functionalization are planned. The chemicals that are used for
the functionalization are cross-linkers that contain reactive ends to speci�c functional groups of
mAb-VPA [7].
The structure of VPA can be seen on �g. 2.
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Figure 2: Structure of VPA.

As it can be seen on �gure 2, the molecule contains a functional group, which is a carboxylic acid
(R-COOH). After �guring out the characteristics of the biomolecule, it will �rst be investigated
how the magnetic nanoparticles can be bound to mAb-VPA.

3.3.1 Antibody - Conjugated Nanoparticles

By using covalent bonds, it is possible to attach magnetic nanoparticles to antibodies. Espe-
cially, amide bond formation is an appropriate way, since antibody surfaces contain primary amine
functional groups. Furthermore, it is also well known that primary amines are highly reactive to
carboxylic acids. However, it is necessary to modify the nanoparticle, which can be done by using
a chemical linker. As it can be seen on �g. 3, Carbodiimide (EDC) / N-hydroxysuccinimide (NHS)
can be used in this case [7]

Figure 3: Amide bond formation between antibodies and nanoparticles.

A protocol for the functionalization of the magnetic nanoparticles can be found in appendix D.

After attaching magnetic nanoparticles to the antibody, it is necessary to have a strategy for
functionalizing the sensor surface. A strategy for this functionalization will be considered in the
following.

3.3.2 Antibody { Silica/glass/quartz surfaces

The most commonly used material for biosensor surfaces is Silica, and it can be modi�ed by using
silanization chemistry. However, the sensor surface can also be made of materials such as glass
and quartz. Notably, 3-Aminopropyltriethoxysilane (APTES) is the most commonly used agent
for attaching antibodies on these surfaces [8]. As it can be seen on �gure 4, the sensor surface
is covered with primary amines (-NH2) using the aminosilane reagent. These amines are reacted
to the crosslinker Sulfo-SMCCC, resulting in a maleimide-activated surface, which is able to react
with sulfhydryl groups on antibodies [9].
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Figure 4: Attachment of antibodies to silica surface.

A protocol for functionalizing a silica sensor surface can be found in appendix E.

3.4 Physical transduction: Giant Magnetoresistance

The detection of the binding of VPA on the sensor surface is done using a GMR sensor chip and
magnetic gold-shelled nanoparticles, functionalized in order to bind to the antibodies.

3.4.1 GMR sensor

(a) GMR is a multilayered con�guration of ei-
ther parallel or antiparallel magnitised ferro-
magnetic materials and a non-magnetic material
between them. (b) GMR Magnetoresistance curve for FE/CR multi-

layers in a perpendicular orientation with various levels
of impurities in the lattice structures.

Figure 5: Working principles of a GMR sensor

GMR is a quantum mechanical magnetoresistance e�ect observed in multilayers composed of al-
ternating ferromagnetic and non-magnetic conductive layers. This e�ect relies on the quantum
property inherited by electrons called spin. Spin describes the way that an electron moves in the
presence of a magnetic �eld. In the case of GMR, this is used in ferromagnetic conductive materials
to e�ectuate a sort of drag to some electrons, thus changing the e�ective resistivity of the material,
this e�ect is conceptually illustrated in �g. 5a. The layered structure of the GMR enhances this
e�ect to the point where a GMR sensor on the scale of 10� 5m2 can detect variations in the Earth's
magnetic �eld, which is on the scale of a few micro tesla. A theoretical plot of the resistivity
ratio of the GMR sensors can be seen in �g. 5b. Compared to traditional optical detection, GMR
sensors are cheaper, more sensitive, portable and give a full electronic readout. The fabrication of
GMR biosensors is also compatible with the current very large scale integration technology. This
is why GMR biosensors can be easily integrated with electronics and micro
uidics to detect several
analytes on a single chip [10].
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3.5 Cartridge technology

A GMR sensor works on the basis of a antibody functionalized surface and a solution with func-
tionalized magnetic nano-particles. The most common way to reuse these functionalized surfaces
is to wash the surface with a bu�er solution. Applying this to our GMR sensor should work great,
however, washing is not seen as simple and user friendly. When adding another step for the �nal
user, the risk of error is increased as well.

To simplify our GMR biosensor removing this washing step is detrimental for having a simple
Point-of-care (POC) device. The initial concept for achieving this was to have the functionalized
surface on a super-thin, non-magnetic �lm instead of on the GMR sensor itself. There is a risk
that this might cripple the GMR sensor performance and thus make it unsuitable. Further testing
will have to be done to �nd out if it is possible to have a �lm thin enough where the increased
distance between the ferromagnetic GMR layer and the magnetic nano-particle will not attenuate
the magnetic �eld lower than needed for detection.
If this �lm is possible, it will help with the usability of the device. Otherwise, a di�erent approach
has to be tried. A fail-proof cartridge could be a cartridge containing the GMR sensor itself, and
thus replacing the sensor part after every measurement. This will introduce a lot of GMR sensors
being used, however can go hand in hand with a "return and get-new" delivery style for cartridges.

3.6 Reader instrument and user interaction

Besides the sensor technology, a lot of peripherals are needed to have an actual point-of-care testing
device. There has to be power, data reading, user interfaces, control signals. That is, electronics.
Most of this is controlled through an Arduino Mega 2560, connected to a TFT-LCD shield with
touch capabilities. Due to the small voltage output of the sensor, it needs ampli�cation, created
with a di�erential ampli�er.

The whole device is powered by a 12V Li-Po battery at �rst. At a later point, the possibility of
using a power supply to charge the battery and run the device will be added as a secondary option.
The GMR measurement circuit that is seen in �gure 8a, have to be connected to an analog port of
the Arduino, as the TFT-LCD shield takes up the �rst �ve pins, this is connected to pin A6. The
Arduino only reads this pin, and doesn't interact with this circuit itself. The shield is by default
required by its Arduino library to use pins 0 to 9 of the digital pins, and A0 to A5 of the analog
ports alongside power outputs. The shield was built in a way that the SD read/write pins are
connected to digital pin 10 to 13, on an Arduino Mega 2560. These pins don't have the required
functionality for writing and reading the SD card, and so it needs to be rewired to the digital pins 50
to 53. This is due to these having the SPI functionality, a communcation protocol used for displays.

What is not present on the diagram of �gure 6, is the external �eld that will be needed to align the
ferromagnetic nanoparticles. This part is currently left out as the orientation and requirements for
this external �eld is yet to be determined experimentally by the physics subteam. It is expected
that this setup would be a simple constant current drive which is adjustable from the Arduino,
and a solenoid like the one designed in section 3.6.2
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Figure 6: Block diagram showing the connections of the device

3.6.1 Interface

A point-of-care device has to be user friendly, making the interface of utmost importance. The
interface, which is coded in Arduino C, was tested on the Arduino Mega 2560. It is a menu,
displayed on a TFT-LCD touch screen, with menu points Measure and Calibrate. The touch
screen functionality works as expected. In the measurement phase, a function for saving and
writing data to an SD card has been written.
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