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Resumo

Numa era marcada pelo envelhecimento da populacao verifica-se inevitavelmente um aumento da
prevaléncia das doencas proprias desta faixa etaria. A necessidade da aplicagao imediata de terapéutica
veio realcar a necessidade de estabelecer diagnosticos de forma célere. O desenvolvimento de ferramentas
de diagnostico priméario imediato que possam ser aplicados no primeiro contacto com o doente reveste-se
de uma grande importancia.

A Biosurfit desenvolveu um dispositivo que permite obter resultados de anélises sanguineas em menos
de 15 minutos. Para que este dispositivo possa ser tutil a diversos centros de cuidados médicos, nomeada-
mente no que concerne a doenga cardiaca isquémica, ha certas caracteristicas que se constituem como
fundamentais, tais como a detecgao de proteinas associadas a eventos isquémicos e cuja concentragao
sanguinea € inicialmente muito baixa.

A presente tese foca-se precisamente nesta questdo: diminuir o limite de deteccio do Spinit®, ou
seja, incrementar a sua sensibilidade para a deteccdo de material biolégico. Foi projectado um novo
sistema de detecgao que incorpora a manipulagao de nanoparticulas magnéticas com recurso a imanes.
Foi desenvolvido um ensaio modelo utilizando albumina de soro bovina biotinilada e nanoparticulas com
estreptavidina.

O projecto desenvolvido permitiu a amplificacao do sinal em 50% para concentragoes altas de anal-
ito, com um aumento do limite de deteccio de albumina de soro bovino biotinilada de 1pgml~! para
0.1pgml~!, o que corresponde a um aumento de 10 vezes na capacidade de deteccio. Assim, fica demon-
strada a viabilidade da aplicacao de nanoparticulas magnéticas, com o protétipo construido, para detecgao

de proteinas no Spinit®.

Palavras-chave: Nanoparticulas Magnéticas, Ressonancia dos Plasmées de Superficie, Spinit®,

Imunoensaio, Plataforma Microfluidica, Biotina-Estreptavidina
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Abstract

Population is ageing and associated with it there is an inevitable increase of the diseases associated
with these ages. The need for a rapid diagnosis urges, so it is important to develop a diagnostic system
that allows to have the results within the duration of a medical appointment.

Biosurfit developed an user-friendly instrument that gives results within 15 minutes. To achieve this
goal it is important to be able to detect proteins that are present in a very low concentration such as
some cardiac markers.

This thesis aims for decreasing the detection limit of Spinit®, that is to detect lower concentrations of
proteins or other biological element. A new system using magnetic nanoparticles and their manipulation
will be developed. This system will use magnets to attract the magnetic nanoparticles which will lead to
a higher interaction efficiency. A model assay is developed to test the magnetic effect using biotinylated
bovine serum albumin and streptavidin coated nanoparticles.

The results show that an increase of 50% is achieved for higher concentrations and the detection
limit is pushed from 1pgml~! (using the standard system) to 0.1 pgml~! when using the magnet. This
thesis allows to demonstrate the feasibility of the application of magnetic nanoparticles, with the new

prototype, to detect biological elements in Spinit®.

Keywords: Magnetic Nanoparticles, Surface Plasmon Resonance, Spinit®, Immunoassay, Mi-

crofluidic Platform, Biotin-Streptavidin
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Introduction

The population on Earth is increasing and, due to the improved living and health conditions, the
population is ageing. The population over 60 years of age has doubled since 1980 and in the coming years
this difference will increase even further. Furthermore, the projections show that by 2030 the number of
deaths due to cardiovascular diseases will be around 25 million, cancer will cause 13 million victims, and
respiratory diseases will lead to 6.6 million deaths ([32]) heightening the demand for improved primary
and secondary prevention. In the near future, governments will need to optimise the healthcare system to
overcome this public health issue therefore investment on this area will grow immensely. A strategy for
tackling this problem is to improve earlier diagnosis through new devices that make the entire diagnosis

process more time and cost efficient.
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Figure 1.1: Life expectancy at birth from 1983 to 2028. Figure from U.N..

In addition to demographic drivers, costs also arise from technology, chronic conditions, obesity, and
end of life care. There are a lot of drivers and one effective way of address all these drivers is using an
early diagnosis which might help avoid both the suffering and costs associated with the progress of the
disease. Hence, to keep and improve public health, developing structures which are able to detect several

biological elements in a short amount of time in an affordable manner is imperative.

1.1 Biosensors

Biological recognition aiming to create better medical devices has been a hot topic for a while. For
several decades there have been efforts to create devices capable of measuring biological elements such

as proteins, enzymes, nucleic acids, or even cells. It all started in 1962 when Clark and Lyons built a



machine which was able to obtain quantitative data concerning glucose bloods levels ([7]). Since then,
this technology evolved. It became more sophisticated and its range of application increased from medical
diagnostics to food safety, process control, environmental monitoring, military, and security applications.

Along with their growing development, Biosensors were given several definitions. Today, the one

considered to be the more accurate was stated by the International Union of Pure and Applied Chemistry:

"a self-contained integrated device which is capable of providing specific quanti-
tative or semi-quantitative analytical information using a biological recognition

element (biochemical receptor)"

The impact of biosensors technology can be measured by assessing the market value associated with
it, which amounts to millions of dollars. Figure 1.2 demonstrates a market that in the last ten years
experienced a growth of 550% and keeps on growing. In 2014 the market is estimated to be around

13 billion US dollars (circa 10 thousand million euros) ([32]). To evaluate the growth in the biosensors

18000

1996 2000 2002 2004 2006 2008 2010 2018

Figure 1.2: Biosensors market value evolution from 1996 to 2018. Horizontal axis represents the year and the
vertical axis the biosensors market in millions of US dollars. Figure from [32].

technology, more than the business should be considered. The evolution in terms of academic publications
should also be taken into account (Fig. 1.3). Considering "Biosensors and Bioelectronics" journal there
is an obvious increase in the number of publications over the years, for example comparing 2000 and 2010
we can see a growth of 350% ([32]).

A biosensor can be divided into two components:
e recognition layer - sensitive structure which selects the binding analytes!,

e transducer - converts the interaction between the recognition element and the analyte into a physical

signal, such as an electric signal

The function of the recognition layer is to allow the binding of specific biological elements, namely
proteins. This selectivity can be achieved either by using the same principles inherent to the reactions
within our body - biomolecular recognition such as antigen-antibody and protein-virus/bacteria affinity
binding ([4]) or by using a chemical reaction on the sensor’s surface that is functionalized with self-

assembled monolayers or polymers coatings - catalytic binding ([4]). These layers have to be treated to

Lelement that is intended to be quantified/target component ([9])
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Figure 1.3: “Biosensors and Bioelectronics” publication with “Biosensor” in the title from 1980 to 2013.

achieve the immobilization of the biosensing elements so the recognition process can take place. The
main techniques for immobilization are adsorption, entrapment, microencapsulation, cross-linking and
covalent bonding ([31]).

This immobilization is one of the challenges that biosensors technology faces: with lowering concen-
trations of a certain analyte, high efficient markers are needed to allow the analyte detection without
losses or functionality changes. On the other hand, if a sensor is not specific enough can corrupt the
measurements, which result in false positives, lack of reproducibility and ultimately impair medical diag-
nosis. Hence, immobilization strategies are of a great importance to achieve the right specificity ([28]).
Despite the importance of immobilization techniques, biosensors technology is classified according to the
transduction principles associated with it. A biosensor is a device that intends to measure a biological
component using a transducer to quantify the physical signal produced by the presence of the target

biomolecule, as shown in figure 1.4.

Biosensor
Q O enzymes | electrical
0 nfmlcc.ul.:r : i electrochemical
imprints : ' )
Input lectins aptical Amplifier Output
TECEPTUYS E E rhermal
O O antibodies | j Austic
0 nucleic acids | ¢ pieacelectric
Sample Recognition Interface Transducer User interface
element

Figure 1.4: Overall structure of a biosensor. Figure from [5].

There are several kinds of physical signals, such as mechanical, electrical, optical, and magnetic.
Besides this classification we can divide the biosensors technology into two different categories: label free
and not label free. Label free means that there is no need of using any external probe to be able to
create the conditions for detecting the target analyte. On the other hand, a biosensor which is not label
free, does require a probe which connected with the analyte is able to create a signal proportional to the
amount analyte.

In terms of mechanical transducers, we can use cantilevers (Fig. 1.5) which are structures that can



be used by measuring the deflection of its free end (Surface Stress Detection) or by calculating the
resonance frequency due to mass change in the cantilever surface (Mass Detection). Both these detection

mechanisms are label free.

(b)

Figure 1.5: Scheme of a cantilever biosensor. Figure from [1].

Electrical transducers comprise three basic setups. The amperometric transducers use the electric
current as detection mechanism. Another way of using electric transducers is by measuring the change
in potential at the electrodes because of ions or chemical reactions near the electrodes - Potentiometric.
Finally, the conductometric biosensors (Fig. 1.6) that take into account the conductance changes due to

modifications of the ionic medium between the electrodes.

Conductomeltric Detaction
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Figure 1.6: Scheme of a conductomentric biosensor. Figure from [1].

Optical signals can also be used to detect biological elements. This optical detection technique is
based on fluorescence which makes use of fluorescent markers which emit a specific wavelength that is

enhanced or reduced due to the presence of the matching biomolecules. Other way of using optical probes

F..rtl"l!'li.'!"l'l:l.'\

] i

I:;.-r?hn deteckan Tangel
- A Fiobes

(

Protein defection on chip surfaces
Figure 1.7: Scheme of a fluorescent biosensor. Figure from [1].

is through chemiluminescence which matches the energy release occurring due to chemical reactions. Both
these approaches are not label free biosensors. An example of an optical label free transducer is the one
based on surface plasmon resonance that uses the principle of total internal reflection due to excitation
of surface plasmons to measure the presence of the analytes. This principle will be explained in more

detail in section 2.1.



Finally, there is the group of transducers which use magnetic detection principles. Using magnetic
labels we are able to take advantage of the low interaction of biomolecules with the magnetic field, and aim
to a single particle sensitivity with the possibilities of magnetic manipulation. Giant magnetoresistance

and Hall sensors are examples of this approach for analytes detection.

1.1.1 Point of Care - POC

Point of care testing (POCT) is a way of decentralizing the analysis required by the doctor. This
system has to fulfil several conditions to be able to compete against the regular laboratory tests.

The requirements for a POC system are divided into two categories. The practicability related ones
which take into account issues like the required skills and the sample type. And the reliability related
ones, which deal with precision, detection limits, linearity, and the dynamic range. Neither of the two
can be neglected, because if on one hand, the POC test has to yield robust and consistent results, on the
other hand it has to be easy to operate so it can actually help to increase the doctor-patient interaction.

The requirements for a POC system ([33]) are:
e Direct measurement in fluid,
e Full automation from sample to result,
e Small sample volume,
e Results within the duration of a usual appointment,
e Precision, sensitivity and accuracy,
e Internal calibration,
e Fasy handling: minimal training and user friendly interface,
e Reduced need for maintenance,
e Simultaneous analyses of multiple analytes, and
e Low cost disposables.

POCT is commonly associated with the time length required for the test, however it goes beyond
being just a rapid test. It can help to optimize the hospitalization and the patient-doctor appointments.
Currently, if a patient goes to the doctor and has to do a laboratory assay the procedure is: Test Request
— Go to the laboratory — Test — Gather test results — New Appointment. With a POCT, the results
can be obtained and analysed at the moment of the appointment, therefore reducing immensely the time
wasted by both patient and doctor.

Through this shortening of the testing process, POC technology can make the sampling less painful,
reduce turn-around-time (TAT), avoid unnecessary hospital admissions, achieve earlier diagnosis, and
earlier therapeutic interventions. However, there are also disadvantages such as the need for further

confirmation of results, limited test menus, increased cost per test result, overuse due to availability, errors
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Figure 1.8: Comparison of the different types of clinical tests in terms of time consumption. Figure from [33].

due to untrained operators, and sample preparation variability. The POC immunotest is already used
for several analytes: allergy markers, bacterias, cardiac markers, diabetes markers, or tumour markers;
mainly as detection or diagnosis mechanism.

POCT analysers can be divided into several groups ([18]) :

e Qualitative strip based- A test that discriminate plus and minus. The signal is obtained through sim-
ple visualization or by optical detection. The detection mechanism varies from chemical-indicator
reactions to immunological reactions. It is commonly used in pregnancy tests, detection of blood

in stool, or urine dipstick analyses.

Unit Use - Quantitative device in which the reaction take place in a test strip. The reader is only
used to read the result from the strip that is used only once. Examples of available sytems are:

EPOC Smart Card, 4cast-Chip & Reader, In2It HbAlc analyser, and Afinion AS100 Analyzer.

Bench Top - These devices are more complex and are thought to be used in the doctor’s room. These
devices are based on several analytical principles: spectrophotometric (Piccolo, Triage Meter Pro,
Reflotoron, MICT Benchtop System) , haematological particle counting (PocH-100i), immunoassay
(Pathfast, Radiometer AQT90), and sensor-based blood-gas analysis.

1.2 SPR and Clinical Diagnostics

Surface plasmon resonance application for clinical tests has been attracting more interest in recent
years ([9]). Several studies involving biological variables such as C-Reactive protein, human ferritin and
prostate-specific antigen demonstrated the capacity of detecting these clinically relevant analytes. There
are devices from different companies such as Biacore, IBIS, GWC Technologies, Biosensing Instruments,

K-Mac, and Lumera available in the market. However, these equipments aim for the research market and



not for clinical diagnosis.
Detection through SPR is considered one of the most adequate to fulfil POC requirements, for several

reasons ([9]):

e It allows for rapid detection since it is based on the refractive index changes due to the binding

event which are translated into a value as they occur.

e It is capable of direct detection of many important analytes. When the sensitivity is not enough

to detect the analyte, adaptability towards amplification is feasible.

e Optics is a major concern for the SPR imaging. Since this can be miniaturized, it can fit in a

POC system.

e [t allows for simultaneous detection of multiple events using spatially addressed capture

arrays.
e Along with the development in microfluidcs, preconditioning of small sample volumes is possible.

These devices, are commercially available, as Spinit® is. All of them are aiming for the reduction of
the limit of quantization (LOQ). Therefore, several amplification strategies are applied to increase the

signal for the lower concentrations.

1.3 Signal Amplification Strategies

With the variety of sensors available, presently the focus relies on the detection of low molecular weight
analytes (<400 Da) which are present in very low concentrations ([38]). SPR based sensors present several
advantages such as a rapid, direct, and not label dependent detection. The miniaturization and adapt-
ability for novel amplification techniques are also features to underline their importance ([9]). Despite all
these advantages, the usual setup is not sensitive enough to detect analytes with small molecular weight
such as cardiac troponins, cancer biomarkers, and hormones ([38]).

The ordinary SPR and the localized SPR are the two main type of surface plasmons. The first one
corresponds to the surface plasmons resonance due to an excitation on thin metal films using a prism
or grating with a propagation length of hundreds of micrometers ([38]). The second one refers to the
excitation of surface plasmons only on the surface of nanostructures which can be tuned by size, shape,
and composition ([38]).

The challenge for the SPR sensors is to detect small molecular weight (< 8kDa) and low concentrations
(<1 pM). To operate in this regime, several sensitivity-enhancement approaches have been applied. Figure
1.9 shows the different methods used to enhance sensitivity based on nanomaterials and a bird’s-eye view
of the current state-of-the-art strategies to improve the SPR signal.

There are several methods evolving nanomaterials to improve SPR sensing: the electric field increase
due to the coupling of the LSPR on the nanomaterials surface and the ordinary surface plasmons resonance
on the sensing film. There is also an increase of mass load to achieve greater perturbations on the film. In

addition, the charge transfer from the nanomaterial to the surface film is used to enhance the evanescent
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Figure 1.9: Nanomaterials enhanced Surface Plasmon Resonance. Figure from [38].

wave. The adsorption is also improved by using the pi-stacking force between the analyte and the
nanomaterial surface. Finally, the catalytic activity of functionalized nanomaterials as a further trigger
for secondary signal amplification is also an option to enhance the SPR signal.

Figure 1.9 depicts that there are two main groups of strategies:
e enhanced SPR sensing substrate based on nanomaterials,
e enhanced SPR sensing using nanomaterials as amplification tags.

One of the most commonly used techniques for amplifying SPR signal consists in employing gold
nanoparticles as amplification tags. As the localized SPR peaks of these nanoparticles are dependent on
their size, shape, and dielectric constants, the setup can be optimised by choosing the gold nanoparticle
features that best couple the LSPR and the ordinary SPR. Shuwen Zeng et al. showed through a size-
dependent signal response analysis which showed that 40 nm diameter Au nanoparticle at 5nm from the
sensing surface offer the best amplification factor: norm of electric field is 4.5 times higher with 40 nm
nanoparticles than 80 nm nanoparticles [37]. Hence, this work can be used as a guide for tuning the gold
nanoparticle enhanced SPR.

An important application of SPR sensing are the immunoassays based on protein biomarkers and
antibodies, since they are used for both preclinical and clinical assessments. However, there are many
proteins either with a low molecular weight or at low concentration which are not detectable by the
conventional SPR sensor. To increase the dynamic range, Lyon et al. have developed a sandwich im-
munoassay with human immunoglobulin (h - IgG). They functionalized colloidal gold nanoparticles with
secondary antibodies - goat monoclonal anti-human IgG Fe-specific. The results showed a 25-fold increase
in SPR sensitivity with a detection limit of 6.7 pM for h-IgG ([19]).

As a method for further improvement of sensitivity, Caos et al. proposed a gold nanoparticles formu-
lation for sensing anti-glutamic acid decarboxylase antibody (anti-GAD- Ab) used for the diagnosis of
insulin-dependent diabetes mellitus. In their setup, Au NPs were treated to form an enzyme-immunogold

complex (Au NPs - anti IgG-HRP). The first step of the assay consisted on binding the anti-GAD-Ab
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Figure 1.10: SPR sensing formulation proposed by[38]. Figure from [38].

to the GAD on the sensor surface which lead to a small signal change. Second, the AuNP - anti IgG -
HRP complex was introduced as an amplification tag which was detected due to the reaction between the
anti-IgG and the anti-GAD-Ab. Finally, the second amplification was achieved injecting a DAB — HyO2
which reacted with the HRP leading to the deposition of an oxidized product on the sensor surface. This

configuration allowed for a LOD of 0.03ngml~! of anti-GAD-Ab ([35]).

Law at al. used gold nanorods conjugated to anti-rabbit IgG in a setup with a fixed wavelength of
785nm as a light source and several aspect ratios were tested - 530, 642, 718, 772. The detection limit
was estimated to be around 40 pgml~! for the NR642-anti-IgG versus de 0.9ngml~! without using the
nanorods therefore a 23-fold increase in sensitivity was demonstrated ([16]).

Gold nanoarrays with diffractive coupling of localized plasmon resonances were designed by Kravets
et al. showing a high phase sensitivity for single-molecule detection. The surface plasmon excitation is
achieved using a geometry which allows for the attenuated total reflection through a visible light source.
Both wavelength and resonance angle can be modified by manipulating the periodicity of the nanoarrays.
This group used several nanoarrays structures such as nanodots, double dots, Au dumbbells, stripes and
arrays of holes in PMMA-Au double layers. The double dot structure showed the best performance and
it was capable of detecting a solution of streptavidine at 10 pM ([14]).

A SPR signal amplification strategy based on creating a binding matrix by electropolymerizing a bis-
aniline-cross-linked Au NPs composite on the sensing surface was created to detect TNT molecules. In
addition, Au NPs were functionalized with a mixed monolayer of thioaniline and mercaptoethane sulfonate
to serve as amplification tags. NPs were first electropolymerized onto to the surface as imprinted sites
that along with picric acid (similar to a TNT molecule) formed w-donor-acceptor complexes. The final
version of the sensing film was obtained with the reaction between a 0.1 M solution and the piric acid
molecules that left the m-donor sites to interact with the TNT molecules. The detection limit for this
configuration was approximately 10 pM ([25]).

Additionally, structures such as magnetic nanoparticles, carbon based nanomaterials, silver nanoparti-
cles, latex nanoparticles and liposome nanoparticles were created to detect analytes with small molecular
weight or present in small quantities.

Magnetic nanoparticles (MNPs) have a high area-to-volume ratio so encompass high surface energy
for chemical reactions. These nanoparticles also allow the conjugation of several biomolecules due to
versatile surface modification chemistry, have a high molecular weight, a high refractive index, and are

cost-effective to synthesize, therefore being an appealing case study for SPR signal enhancement.



Magnetic nanobeads were used by Teramura et al. to detect brain natriuretic peptide (BNP), an
indicator of heart failure. In this experiment, the sensing film was functionalized with monolayers of
carboxyl-group terminated with alkanethiol and the primary monoclonal antibodies, specific to the na-
triuretic peptide, were covalently immobilized onto the sensing surface. The first step of the assay
was the injection of the BNP solution followed by the biotin-labeled secondary antibodies (sandwich
immunoassay). Next, the amplification was carried on with several layers of alternated biotin-labeld anti-
streptavidin antibody and 50 nm streptavidin-cojugated nanobeads. The LOD for BNP was of 25 pgml~—!
([30])-

Magnetic nanoparticles (FezO4) were used as an amplification tag to detect adenosine with a range
from 10 nM to 10* nM. The nanoparticles were built by pyrolysis of iron carboxylate in an organic
phase. The transition to the aqueous phase was achieved using a hydrophilic functional group. Two
different sizes - 14.51 nm and 32.82nm - were used in this study. These nanoparticles were then bounded
to the thiol modified sensing film. Results showed that larger NPs and larger NPs concentration had
a larger signal change which was explained by the molecular weight and the increase of the surface
coverage. The study for the adenosine detection was based on an indirect competitive inhibition assay.
The first step included the functionalization of nanoparticles with antiadenosine aptamers and the surface
functionalization with the complementary antiadenosine aptamers. Next, the bioconjugated magnetic
NPs solution was introduced into the system leading to a larger SPR signal change due to the interaction
between the complementary antiadenosine aptamers and antiadenosine. Lastly, the addition of target
adenosine to the magnetic NPs solution created nanoparticles with reduced binding capacity leading to
a smaller SPR signal change ([34]).

MNPs combined with magnets were studied in 2011. The setup used a metallic diffraction grating
sensor functionalized with recognition antibodies. On the other hand, the magnetic nanoparticles were
coated with conjugated antibodies serving both as label due to the increase of the refractive index and as
a faster way of recognizing due to the magnetic field manipulation. Tests on ShCG were performed and
the results show an increase of approximately 4 orders of magnitude (compared to the direct detection
mechanism) in sensitivity to 0.45 pM ([35]).

Graphene coated Au-Ag thin films were tested with a prism coupling system with angular variation.
Results showed an increased contrast at the resonance angle compared to the structure without the thin
film. Non specific interaction analysis showed that the association constant for bovine serum albumin
(bsa) on the new configuration was three times smaller (2.4 x 107 Ms™!) than in anti-bsa modified
capture Au sensing (7.4 x 1075 Ms™1) (]27]).

Graphene oxide sheet-coated Au thin film was used to test human IgG. In this experiment the graphene
oxide was assembled onto the sensing film by strong electrostatic forces that resulted on a monolayer or
bilayer with high surface flatness. The SPR sensor consisted on a wavelength modulation that allowed
for the antibody-antigen monitorization. First, the graphene oxide was functionalized anti-human IgG,
then the target analyte was introduced in different concentrations. This study reported a four times more

sensitive configuration than the conventional gold sensing film ([11]).

A different way of using carbon atoms is through carbon nanotubes (CNTs ). A study in 2011, shows
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the possibility of using these structures to detect human erythropoietin (EPO) and human granulocyte
macrophage colony-stimulating factor (GM-CSF) molecules. CNTs were functionalized with secondary
antibodies that were specific to EPO and GM-CSF and surface with the capture antibodies for EPO and
GM-CSF. Results showed an improvement of 30 times (with a detection limit of 0.1 ngml~!) when CNTs

were used compared to the amplification tag free immunoassay ([17]).

1.4 Thesis Outline

This thesis is divided into four main chapters: Introduction, Simulation, Spinit Assays, and Conclu-
sions.

Chapter two is based on the simulations ran to produce a new diffraction grating disc. Therefore, it
starts with the explanation of the physical principle used to detect biological elements - Surface Plasmon
Resonance. Furthermore, the results from the simulations are presented and discussed. The last part
concerns the atomic force microscopy analysis of the produced grating.

Chapter three introduces the basics of immunoassays and magnetism to set the ground for the exper-
iments which will be described afterwards. The material and both initial and final setups are described.
Along with the material, the methods for the assay analysis are explained. Finally, the main conclusions
from the initial testing are presented followed by the analysis of the magnet implementation.

Chapter four is a sum up of all the work carried on during this thesis. The discussion of the results

and the conclusions resulting from this project are presented. In addition, future work is proposed.

1.5 Research Question

Biosurfit created a device - Spinit®- which uses disc shaped disposable cartridges. The assay uses
a drop of blood and yields results within 15 minutes. These discs contain a microfluidics system which
allows the detection of the C-Reactive protein with a quantification limit of 5 pgml~!. Even though this
detection limit is enough for detecting the usual amounts of these proteins present in blood, there are
several other proteins such as cardiac troponins which are liberated in low concentrations into the blood
stream and are not detected with the current sensing capabilities. The improvement of the quantification
and detection limits is a major focus on both academic and applied research. With this thesis, we aim
for the application of a magnetic nanoparticle assay to decrease the LOD. This decrease on the LOD is
intend to be achieved through the development of a new diffraction grating and the implementation of
MNPs along with a magnet to increase the throughput of nanoparticles near the surface. The core of

this thesis can be summarized with the following research question:

How to incorporate a magnetic nanoparticle assay into Spinit®?
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Grating Development

2.1 Surface Plasmon Resonance - SPR

Surface plasmons were first observed in 1902 by R. M. Wood ([36]) which he described as anomalous
diffraction. He observed dark and bright bands of light using an optical grating and an incandescent lamp.
At the time, he realized that this result was possible only for p-polarized light and named it “singular
anomalies”. The first theoretical breakthrough on this matter was presented by U. Fano ([8]) in 1941
explaining surface plasmons excitation through surface waves. In the 1950’s the excitation of plasmons
due electrons was presented by Pines and Bohm ([3]) and in 1957 R.H. Ritchie postulated the existence
of surface plasmons in thin metal films penetrated by electrons ([26]). Despite the early discovery, the
optical methods to the surface plasmon excitation were presented only in late 60’s: Kretchman ([15]) and
Otto ([23]) used the attenuated total reflection to demonstrate the optical excitation of surface plasmons
explaining, finally, the physical principle supporting SPR.

In the 1970’s, a SPR based sensing technique was used to characterize thin films. Further investiga-
tion into SPR applications allowed to build sensors to evaluate bio-molecular interactions. The 1980’s
brought the first company founded based on a SPR based machine - Pharmacia Biosensor AB (now
Biacore AB). During the years, development in SPR sensors led to a wide range of applications such
as medical diagnosis (Cancer Biomarkers, Hormones, Pathogens, etc.), bioanalysis, biomolecular interac-
tions, biopharmaceutics, surface enhanced spectroscopes which lead to the construction of several systems
that are now available commercially.

This phenomena is a result from an interaction between a material and an external magnetic field. To
describe such phenomena, the dielectric function is essential so it is important to describe it mathemati-
cally. In an insulator, such as proteins, the electrons are strongly localized at the atomic sites and only
strong electric fields might give them some mobility. For these materials the real part of the dielectric
function is small and positive while the imaginary part is approximately zero. Metals, on the other hand,
possess electrons with mobility that are able to move to different sites when acted by an external electric
field. At the macroscopic level, this peculiarity gives rise to the typical metallic luster, ductility, heat
conduction and electric currents. The real part of the dielectric function is negative and small while
the imaginary part is positive. The dielectric properties of metals can be described by the free electron
gas model. There is a wide range of frequencies in which a metal can me described by a plasma model
([20]), for noble metals the limitation occurs at the visible frequencies while for alkali metals the range

extends up to the ultraviolet. In this model, the lattice potential and electron - electron interactions are
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not considered and the band structure aspects are incorporated into the effective optical mass m. When
applying an electromagnetic field, the electrons oscillate and their motion is damped via collisions that
occur at a characteristic frequency v = 1/7 where 7 represents the relaxation time of the free electron

gas (= 10714 s at room temperature). Considering this framework the dielectric function is given by:

=1-—r 2.1
() =1- t 21)

where w is the applied field frequency and w, is the plasma frequency of the free electron gas:

’I’L€2

=2 (2.2)

w. )
€om

2
p
where n. is electron density, e the electron charge and m. the effective electron mass. In addition to

these bulk plasmons, there are surface plasmons.

2.1.1  Surface Plasmon Polaritons at Metal /Dielectric Interfaces

Surface plasmons can be seen as an oscillation of free electron density. The coupling of the electromag-
netic wave to the oscillations of electrons on a metal surface leads to the creation of an electromagnetic
surface wave. These electromagnetic waves are excitations that propagate at the interface between a
dielectric and a conductor, evanescently confined in the perpendicular direction. Maxwell’s equations can

be used to obtain the dispersion relation of surface plasmons:

v < E] = —‘f , (2.3)
and N
[VXE’]:?’JF%. (2.4)

Combining these two equations and assuming that there are not external stimuli, the wave equation is:

- 8°D
[v X [v X EH = —Ho Sy (2.5)
which considering the vectorial identity {V X {V X EH = V(V.E) — V2E and that VE = 2 =0
~ ¢ OE
V2E - £ =0. (2.6)

2 o

If the electric field is assumed to have a harmonic time dependence, described by E (?, t) -F (7)etwt,

This leads to the Helmholtz equation:
- 2
V2E — (f) E=0. (2.7)

Without loss of generality, the equation 2.7 can be applied to an one-dimensional problem represented in

figure 2.1.
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Figure 2.1: 1D geometry. Figure from [20].

In this problem, the waves propagate along the x-direction so the electric field can be described as
E(w, y,2) = E(2)e#* where /3 represents the propagation constant of the wave and it is the result of the

wave vector in the direction of propagation so the wave equation is:

O*E =
# + (kie —BHE =0. (2.8)
0z
Applying equations 2.3 and 2.4 and assuming a harmonic time dependence (% = —iw) we can obtain
the system of equations:
E
% = —iwpoH, , (2.9a)
oFE, . .
5 iBE, =iwuoH, , (2.9b)
iBE, = iwuoH, , (2.9¢)
OH .
6;’ = iwegel, | (2.9d)
OH, . .
azl —ifH, = —iwegeEy , (2.9¢)
iBH, = —iweoel, . (2.9f)

The equations 2.9 allow for two sets of of solutions: one for the transverse magnetic - TM or p-polarized
- and one for the transverse electric - TE or s-polarized. The transverse magnetic is characterized by
a magnetic field component along the y-axis while the transverse electric is characterized by an electric

field along the y-axis. For the TM modes, the system is simplified to:

1 0OH,
E,=— Y 2.10
Zweoe 0z ( 2)
E,=- p H, . (2.10b)
wege Y
On the other hand, TE mode yields:
1 OF
Hy=i——"2 (2.11a)
wpy 0z
- g, (2.11b)
WHo
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The simplest geometry able to sustain surface plasmons polaritons is a flat interface between a dielec-
tric and conducting material. The dielectric space is characterized by a positive real dielectric constant

(€dictectric) and the conducting space by a dielectric function with the real part being negative.

Dielectric

Metal

Figure 2.2: Dielectric-Metal geometry. Figure from [20].

The solutions that give raise to surface plasmons are confined to the interface, that is, solutions in
which there is an evanescent decay in the perpendicular direction (z axis). First, we apply the continuity
equations for the TE modes. Hence, using equations 2.11, we get the components for both magnetic and

electric field for z>0:

Ey = Adielectriceiﬂxe_kdielecmwz 5 (212a)
. 1 B ks .
H, = _ZAdielectricrlmkdielectmcezﬁze Rdictectric2 ) (212b)
H, = Adielect'r‘icwiuoeiﬂreikdidecwwz , (212‘3)
and for z < 0:
Ey = Ametaleiﬂxeknwtalz 5 (213&)
1 )

Ha: = Z.147ne75al7knwtaleZBzekmemlZ 5 (213b)

WHo
Hz = Ametalieiﬁzekmemlz . (2130)

WHo

The continuity conditions at the interface for the E field and the H field are Ey gicicctric = Eymetal and

H, gictectric = Hymetar that leads to
Adielectric = Ametal 5 (214&)
Ametalkmetal + Adielectrickdielectric =0 B (214b)
= Ametal(kmetal + kdielectric) =0. (214(3)

To have a confined solution, both R[kmetai] and R[kgieicctric] must be positive therefore the condition is
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true only when A, ctar = Adiclectric = 0. In summary, it is not possible to have a surface mode in a TE
polarization mode.

Applying the same analysis to the TM mode, for z>0:

Hy — Adielectricelﬂxe_kdielectricz , (21534)
E — A 1 k. 18T ,—Kdielectric? 2 1 b
z = 1Adielectric dielectric€ € ) ( 15 )
€0€dielectric
E, = —Agijectrio——— BT g kaictectricz (2.15¢)
WeEp€Edielectric
and for z < 0:
H,= Apetar€?®elmetatz (2.16a)
. 1 iBx k 12
E, = —iApetal ——kmetare "€ Mmool (216b)
WENEmetal
E, = —Aporal ——— BT Fmerarz (2.16¢)
WENEmetal

The continuity conditions at the interface for the E field and the H field are €gicicctricE: diclectric =

€metallz metal a0d Hy dielectric — 11y metal that leads to
Adielectm’c = Ametal 5 (2173)
kdielectric o 76dielectric (2 17b)
kmetal €metal

For the confinement to be possible, there is the need for a R[e;nerqr] <0, which means that €gieiectric must
be positive, so the surface waves exist in case the interface is between two materials with opposite signs
of the real part of the dielectric permitivities. Incorporating the result from 2.17 into the wave equation,

it is possible to obtain the dispersion relation of SPPs:

8= W\/ €metal €dielectric . (218)

c €metal T Edielectric

Surface plasmon resonance exist only for TM polarized waves.

2.1.2 Propagation Length and Penetration Depth

Absorption, which was not consider until this moment, is not neglectable. These losses are introduced
into the equations via a positive imaginary part of metals’ permittivity. From equation 2.18 it is possible
to introduce an imaginary part to the dielectric constant that will lead to a 8 with both real and imaginary
parts. So it becomes 8 = 8’ + ¢”, which allows to define the propagation length. This is the length at
which the energy decreases by 1/e of the initial energy ([20]):

1 1
L=— = . (2.19)
Qﬁ 2% ¥ _Emetal€dielectric
c €metal tE€dielectric
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The typical values for the propagation length for gold /dielectric (n=1.32) interface goes from several

nanometers for a wavelength of 525 nm up to 100 micrometers for a wavelength of 900 nm ([12]).

A similar concept but along the z-axis is given by the evanescent wave. The penetration depth defines
how long will propagate in the z direction until it drops by 1/e of its initial amplitude. Therefore, this
characteristic of the system allows for the better preparation of an immunoassay in terms of a layer depth.
Analogous from what happened to the propagation length, we have a real and an imaginary wave vector
along z-axis. Considering the equations for the electric and magnetic field we can see that the evanescent

decay length (penetration depth) is given by:

1
L == 2.20
metal %(kmetal) ) ( a‘)
1
Ldielec ric = w/1. N 2.20b
’ §R(kdielectric) ( )
Considering that wave equation for a transverse magnetic mode is given by:
0’H w?
azzy + (076 ~ ) Hy, =0, (2.21)
which combined with equation 2.17 results in:
2 s W@,
kmetal = ﬂ - Cigemetal ) (222&)
2
kzieletric = 62 - %ezieletric . (222b)
c
Finally, the penetration depth for both media:
1
Loetar = , (2.23a)
2
§R( ﬂz - %egnetal)
1
Ldielectric = . (223]3)

2 2
§R( 52 - %edieletric)

For a gold/dielectric interface the penetration depth into dielectric is in the 102> nm order of magnitude.

As for the metal, it is more narrow with a 20 to 30 nm penetration depth ([12]).

2.1.3 Surface Plasmons Excitation Configurations

The dispersion relationship for the surface plasmons is given by

k= ﬂ _ W\/ €metal€dielectric ] (224)

c €metal T Edielectric

Comparing this equation with the dispersion relation for photons and considering only the dielectric

w
kphoton,air = ;\/a ) (225)
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it is clear that besides the zero frequency there is not another point where the right momentum and
energy conservation can be achieved, as presented in figure 2.3. If a prism is introduced i.e. a high
refractive index material, it causes an increase on the refractive index and a reduction on the slope of the
dispersion relation of the photons, therefore by rotating the interface one can move along the intersection
Wiaser AN Kgur face plasmon and meet the kpnoton prism- When the three of them intersect, the energy and

momentum of plasmon and photon are the same and the surface plasmon excitation is possible to occur.

k=k, . o SN,

Figure 2.3: Dispersion relations for the different apparatus. Figure from [22].

There are two configurations purposed using the prism coupling (Fig. 2.4):

Figure 2.4: Surface plasmon polaritons excitation with Kretschmann (left) and Otto (right) configuration.
Figure from [20].

The Otto configuration, on the right, has a prism that adjacent to the base has a gap of low refractive
index with a thickness of the order of the laser wavelength. On the other side of the dielectric, there
is an optical infinite metal layer. After achieving the total internal reflection, the evanescent field can
tunnel across the dielectric space and originate surface plasmon modes on dielectric/metal interface. The
reflected energy is monitored and the coupling is identified by a minimum on the reflected intensity.
However, this configuration presents some drawbacks: the tunnelling process is very sensitive to changes
on the thickness of the gap therefore a highly precise thickness must be projected. On the other hand,
for binding studies it is necessary to have access to the dielectric layer that keeps the layer thickness
which demands a really thin construction that can be build and re-build ([22]). The second approach to
a prism coupling was designed by Kretschmann in 1968 ([15]) and it is more robust and relatively simple
([22]). In this configuration the metal layer and the dielectric layer exchange positions as presented on
the left side of figure 2.4. The precision in terms of the layer adjacent to the prism base is still important

to perform better as we can see from the extreme cases presented in figure 2.5.
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Figure 2.5: Reflectivity variation according to the gold layer thickness. Figure from [22].

In this configuration, photons from a beam directed in an angle greater than the critical angle tunnel
through the metal film and excite the surface plasmons at the dielectric/metal interface. Another option

for the momentum and energy matching are metallic gratings.

Light -1
wave 0

-2 Dielectric

Figure 2.6: Grating coupling scheme. Figure from [12].

A grating is a periodic surface modulation with a period A that allows for the plasmons excitation

when:

Emetal Edielectri w 2m
fracwe e SeetTe = Zsin(f) £v— . (2.26)
€metal + €dielectric C A

where v is the diffraction order, # is the incidence angle, and w is the angular frequency. When the
propagation constant of the diffracted wave propagating along the surface (x-axis) equals the surface

plasmon propagation constant (), a surface plasmon is created.

2.1.4 Why do we need a new diffraction grating?

Surface plasmon resonance based sensors are an optical sensing configuration that is applied for several
purposes: medical diagnostics, food safety, process control, environmental monitoring, or even defence
issues. Hence, there is not one optimal configuration for all these applications but one configuration may
fit best for process control and others for food safety and so on. Therefore, to use effectively a diffraction
grating in an optical or an electronic system it urges to understand how grating parameters affect the
the quality of the grating for the desired application. Hence, a wavelength, period or other parameter

associated with the grating must be optimized, in our case, to obtain higher sensitivities and contrasts.
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In this thesis, we will simulate a grating using PCGrate 6.1 for a fixed wavelength in the beginning and

a more larger phase space in a second stage.

2.2 PCGrate

PCGrate-S(X) 6.1 is a software that is designed to model efficiency of both relief, phase diffraction
gratings and rough mirrors. This software can simulate scattering effects on periodic and non-periodic
structures using multilayer with micro and nano roughnesss with different shapes. It allows for the
simulation of several polarizations (Transverse Magnetic, Transverse Electric and with different angles
between TM and TE) with finite (or perfect) conductive or lossless layers. Border profiles can be either
user customized with a .ggp file or with a predefined shape: trapezoidal, sine trapezoidal, polygonal,
trigonometric and section dependent. The program encompasses wavelengths from the X-Rays to the
microwave region and uses plane, cylindrical, spherical, and gaussian shaped waves as incident waves
using a modified boundary integral equation method to calculate the diffracted wave. The demonstration
version allows to simulate three layers with up to 100 points per boundary. There is also a thickness to
period ratio limitation: 0.25 thus there are depths that cannot be simulated.

This thesis uses two editions of PCGrate 6.1. Until the first iteration the demo version is used and
the produced grating was mainly a result from this version. Moreover, the version was replaced and a
larger phase space was used to simulate new gratings. The goal was to cover a large phase to find at
least a local minimum that would fulfil our requirements. Once the wavelength and the grating period
are defined, the border profile must be decided. Edgy gratings with a triangular or a rectangular shape
are not possible to built so only the sine trapezoidal profile was considered (Fig. 2.7) because it is the

shape that is possible to manufacture.

e

Figure 2.7: Sine trapezoidal grating profile from PCGrate 6.1.

In this profile, one can set sizxdifferent dimensions: period, ridge, land, depth, left frequency and right
frequency. Ridge is defined has the width of the plateau at the maximum height and land is the width of
the plateau with the height equal to Onm. The depth defines the height of the grating profile. Finally,

left and right frequency control how steep is the transition from land to ridge. A higher frequency means

Period

SFreq for each side

a more steep transition because the width (in the x axis) of the transition is given by
of ridge and land.

A system to be robust does not need to use only new and very complicated hardware and software.
For example, a reading system that works well is the DVD player pickup which uses a disc and reads

with a small, fully tested, and approved pickup with a 650 nm diode laser and a numerical aperture of 0.6
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which means that for air § ~ 37° is obtained. First, a grating with a fixed wavelength is simulated for
different periods. The land is the dependent variable, which is obtained by using the following formula

_ : D _ _Period _ Period
Land = Period — Ridge SHFreqg — 2LFreq

2.3 Results

Results concerning the initial selection are present in appendix. The new solution will use a diffraction
grating that instead of needing a large incidence angle would need an incidence angle within 10° so it can
contain all the angle variations without losses and would allow for the application of new algorithms. For
a fixed wavelength of 650 nm, five periods were tested: 600 nm, 700 nm, 800 nm, 900 nm, and 1000 nm. For
each period, the depth was tested and in case the Ogpr was less than 10°, both frequency and ridge were
simulated. The procedure, initially, was based on the contrast and #spr. Hence, for a fixed wavelength
and for each period the depth, frequency, and ridge are changed and the configuration with the best
contrast and fgppr are considered. The three final grating are presented in appendix due to copyrights
agreement.

To select which grating was the best, simulations changing the bulk refractive index were performed
simulating variations from n=1.333 to n=1.4. This variation represents the change from an aqueous buffer
solution to a solution with a high concentration of proteins (n=1.54). The change in the angle of resonance
is considered and normalized to reference at n=1.333 for the different gratings. For a surface plasmon
resonance based sensor it is important to be sensitivity for surface changes and not to bulk changes,
therefore the following simulation taking into account a change in the refractive index was considered: a
change from a bulk configuration to a 20 nm layer with a refractive index of n=1.4+ i 0.2. A SPR signal
change is measured in terms of the angle shift so a sensitivity metric is the surface sensitivity divided by

the bulk sensitivity, that we named as the Overall Sensitivity:

0S8 — Sur faceSensitivity  |0sprn = 1.333 — Osprn = 1.4 4 40.2] (2.27)
" BulkSensitivity — |0sprn =1.333 —0sprn =14 ’

This way, a higher surface sensitivity and a lower bulk sensitivity reveals a higher overall sensitivity
therefore a better grating. Figure 2.8 shows the representation of this coefficient (yazis) for the three
final gratings (x azis). Figure 2.8 shows that when using a wavelength of 650 nm both 800 nm and 1000 nm
gratings perform better with a coefficient of 0.51 and 0.54 (5.8 % higher), respectively. In addition to the
shift analysis, the signal quality should be considered because the factor does not take into account the
dispersion or the contrast associated with the signal. The signal quality factor is expressed in terms of the

contrast and the full width half maximum (FWHM). Therefore, a larger contrast will increase the signal

Contrast

quality and a larger FWHM will decrease it so a term given by 3757

of the surface signal is considered
since this is the signal that we want to measure and identify. The Overall Sensitivity Corrected is defined

as:

0SC — |0sprn =1.333 —sprn = 1.4+ 0.2 " Contrast
" |0sprn =1.333 —fOsprn = 1.4 FWHM °

(2.28)

22



0,54

0,4

0,3 -

(O]

0,2 1

0,14

0,0

T T T
A=650 nm,A=800 nm A=650 nm,A=900 nm  A=650 nm,A=1000 nm

Grating

Figure 2.8: OS for the different gratings.
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Figure 2.9: OSC for the different gratings.

Figure 2.9 shows that there is 27% higher sensitivity for the grating with A=800nm compared to the
grating with A= 1000 nm. Hence, the grating with a period of 800 nm is selected to be manufactured. As
the initial grating was already ordered back in March, further simulations were considered using different
wavelengths and more periods. The conditions for a better construction were defined so there was a
margin from the desired values and the construction limits. The specifications for the simulations are

presented on table 2.1.

Considering the working restrictions and since it is not manageable to cover all the phase space with a

nm step, reasonable steps were chosen for each dimension based on the range of each one. To get, at least,
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Characteristic | Minimum | Maximum

Angle (°) 0 10
Wavelength (nm) 400 1000
Period (nm) 600 1600
Depth (nm) 20 100

Ridge (nm) >20% Period

Land (nm) >20% Period
Gold depth 100 | 100

Table 2.1: Grating simulation specifications for the sine trapezoidal grating profile.

a local minimum the optimization was made for each grating period: 600 nm to 1600 nm with steps of
100 nm. The initial conditions for each grating are the ones with the minimum value for each dimension
so the depth is 30nm, the ridge is 20% of the period, the frequency is 2. To start, the wavelength is
incremented from 400 nm to 1000 nm in 100 nm steps. Next, the depth varies from 30 nm to 100 nm with
15nm steps. Third, the frequency is changed from 2 to 5 with a step of 1 since both 1 and 6 originate
a ridge and land that do not meet the requirements. Finally, the ridge varies from the minimum to the
value at which the land is less than 20% of the period which is dependent on the frequency. The method
to evaluate the sensitivity of the new grating is the same used previously. The sensitivity is, one more
time, calculated for the gratings that presented a higher contrast and a resonance angle within the 10°
range. Summarizing, the final four gratings considered to compare with the current grating are presented
in appendix due to copyrights agreement.

Figure 2.10 shows the overall sensitivity not considering the signal quality factor for the four gratings

presented on the list and for the current grating used by Biosurfit. We can see that, there is a higher
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Figure 2.10: OS for the different gratings not considering signal quality effects.

sensitivity for the grating that was built (OS=0.51) and for a grating using a incident wave of 900 nm and
a period of 600 nm (OS=0.41). In addition, using just the information concerning the angular shift might
hide information about the signal so the OSC is presented for these five gratings in figure 2.11 Adding the
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Figure 2.11: OSC for the different gratings.

signal quality to the performance metric we can see that the OSC for the built grating is lower than the
other three cases since it leads to a higher decrease on the sensitivity. This was expectable because the
FWHM of this grating was intend to be higher to allow to calculate area variations. On the other hand,
the grating with A=600nm A=900 nm shows an amplification of 81% in the sensitivity measure due to
the signal quality. This is mainly due to the higher contrast (25% higher than the current grating) and a
FWHM that does not increases more than 2° while in the rest of the cases it is higher than 2° reaching 4°
to 5°, in some cases. The values show that the built grating (OSC=0.05) has a sensitivity 27% lower than
the current (OSC=0.07) one. And the grating with a A=600nm A=900nm shows a higher sensitivity
(0SC=0.74).

2.4 Produced Grating

The grating was manufactured by Synchronicity Mastering Services and it was characterized using
atomic force microscopy (AFM) at Instituto Superior Técnico (IST) with professor Pedro Brogueira and
analysed with Nanoscope V6.14r1. The AFM parameters can be found in the appendix. Figure 2.12
presents the groove profile that results from the height channel (Channel 1). This image is obtained after
a flatten operation (Analyze->Flatten->Execute) which recovers the height pattern from the original
image. The brighter areas represent the ridges and the brownish areas the lands. Figure 2.14 represents
an isometric view of the grating. To evaluate whether the characteristic dimensions (ridge, land, depth)
are correct, they were measured using Nanoscope V6.14r1. Since the depth could vary, two gratings with
the same ridge (115nm), land (439nm), and different depth: one with 40 nm and other with 50 nm were
ordered. The grating with depth equal to 40 nm analysis is represented in appendix.

The difference between the expected period and the manufactured is less than one sigma for both

spindles with less than 1% deviation from the designed value. The ridge and the land have opposite
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80.0 nm

Figure 2.13: Front view of the grating.

0.0 3.0 pm

Figure 2.12: Depth profile through AFM analysis.

Figure 2.14: Isometric view of the grating.

deviations (one is larger and the other lower) from the expected values which is comprehensible since
the transitions ridge-land and land-ridge are similar and the period is more or less the expected. The
differences in these two cases vary from +8.2% +12.5% for the ridge and -2.4% to -5.2% for the land
which considering the error corresponds to not more than two sigma. Last, the depth presents an error
that can represent up to 10.7% of its nominal value which leads to less than one error deviation from the

intended value. The grating with depth equal to 40 nm analysis is represented in appendix.

Table with the AFM results in appendix shows the AFM results for the grating with depth=50nm.
The difference between the expected period and the manufactured is at maximum 1.13 sigma for both
spindles with less than 2% deviation from the designed value. The ridge and the land have opposite
deviations for the same reasons explained before. The ridge presents no more than 1.22 sigma from the
desired value while the does not reach the 0.5 sigma deviation. Finally, the depth presents a smaller error

which lead to more than two error deviations from the intended value.
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Final Remarks

Overall, the produced grating is within the expected range of deviation accepted (10%) so the final
result from Synchronicity Mastering Services can be used to further investigation with a new setup.
Even though, we presented here the selection and the evaluation of this new grating profile, there were
problems regarding its manufacturing. The grating was predicted to be ready by the middle of April
allowing the tests during the following months but due to a misleading on the dimensions and on the
stamper to use, it resulted in a delay of four months that interrupt the construction of the new setup.
Despite this bottleneck, we decided to continue with the magnetic nanoparticle project using the existing
detection setup and select the most suitable magnet configuration which will be presented in the following

sections.

27



28



Spinit® Assays

3.1 Immunoassays & SPR

An immunoassay is a test that is used to detect certain molecules using the ability of antibodies to
bind to a specific molecule. The classical immunoassay rely on the signal generated by the labels like
fluorescent dyes or radioisotopes. The usage of labels has several problems such as undesired interactions
between the analyte and the biomolecule used for recognition.

SPR based biosensors use the effect of the biomolecules binding directly as a shift in surface refractive
index therefore, if treated correctly, it can overcome the referred problems. There are several appropriate
configurations for immunoassays: Direct, Competitive, Inhibition, and Sandwich Assays ([9]).

A direct assay (Fig. 3.1) can be explained by an interaction like A + B = AB. The antibodies are
immobilized on the sensor surface so the analytes can bind to it. The solution with the analyte flows
over the sensor surface and the amount of the biomolecule that binds will influence the strength of the

output signal. Another way of using the SPR principle for immunoassays is through competitive assay

FECLL L L

Figure 3.1: Direct Assay. Figure from [9].

(Fig. 3.2). This kind of approach is used when the molecular weight of the analyte is low so it does not
generate a measurable signal using a direct assay. Analogous to the previous configuration the antibody
is immobilized against the sensor surface and a solution with mixed antigen and antigen conjugate is
used. The antigen conjugate increases the total molecular weight so it enhances the angle shift associated
with the antibody - analyte binding. If the concentration of antigen is lower than the concentration of the
conjugated tag, it will have a higher enhancement (less competition) while a higher antigen concentration
relative to the conjugated tag will lead to a weaker signal (more competition). An inhibition assay (Fig.
3.3) uses the analyte attached to the sensor surface and the high molecular weight of the antibodies
is used for detection. The sample solution is a mixture of antibodies with excess analyte which result

in antibodies that bind to both immobilized antigen and in solution analyte. The difference between a
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Figure 3.2: Competitive Assay. Figure from [9].

sample without antigen and the describe one allows to calculate the amount of antigen in the sample.
Higher concentrations of antigen lead to more binding of antibodies therefore less binding to the sensor

surface which leads to a lower signal. Finally, in a sandwich assay (Fig. 3.4) a structure with antibody -

Figure 3.3: Inhibition Assay. Figure from [9].

analyte - amplification tag is formed. First, the antibodies are attached to the surface sensor. Next the
analyte flows and interacts with the antibody. Last, the amplification tag, such as a secondary antibody
or a nanoparticle, flows to increase the signal. To measure the right signal, it is advisable to use high

affinity antibodies. A SPR immunoassay can be study with a sensogram that represents the resonance

Antgen binding sibe

Figure 3.4: Sandwich Assay. Figure from [9].

angle as a function of time. Usually, a SPR based immunoassay starts with a base signal that serves has
the initial reference (BaseLine 1). This signal will increase with the introduction of the target solution
(Association) until the saturation or until a new solution is introduced and then the signal stabilizes
(BaseLine 2). In some assays, a dissociation and a regeneration may be present. A further analysis on

the kinetics ([13]) related with the association and dissociation phases allows to find the constants that
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describe both association and dissociation and can give insights about how effective is the introduction

of more analyte.

- qspr
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Figure 3.5: Example of a sensogram.

The most common model for the rate calculation is the Langmuir model that describes the interaction

between one ligand and one analyte.

A+ B = AB. (3.1)

The model assumes that binding and dissociation reactions are equivalent and independent from bind-
ing site to binding site. Furthermore, mass transport limitations are not considered. If the concentration
of analyte ([A]) is considered constant due to a larger mass transport than the association rate it is
possible to write the association rate as

kqo[AlR (k .
Russociation = M[l — e (halAl+Ra)Y] (3.2)
where k, represent the association constant, kg the dissociation constant, and R,,,, the maximum as-

sociation that the system can achieve. Studying the dissociation the same constraints are applied but

this time it only has the dissociation constant participating so the result is an exponential decay of the

response
ka[A]Rimaz ¢
R issociation — 7 1 A1 . 1. ar, 3.3
D t ks [ A} T ky € ( )
Considering equations 3.2 and 3.3 the equilibrium is achieved for:
ka [A]Rmam
RP wilibrium — 5 1 a1 7. 3.4
quilib ka[A] + kq (34)

from which it is easy to see that if k, [A] > k4 the system is able to reach the highest value if response

possible. In case the dissociation constant is much higher - k, [A] < k4 - the equilibrium value is
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dependent on the association and dissociation constants.

3.2 Magnetic Nanoparticles and Magnetic Forces

Magnetic nanoparticles are given more and more attention for lab-on-a-chip applications due to the
possibility for in flow manipulation and functionalization with biomolecules. A magnetic nanoparticle is
usually formed of magnetic nanocrystals surrounded by a non-magnetic matrix that is bio-compatible.
Iron oxides are more stable against oxidation so they are preferable to iron ([10]). MNPs can be formed
by superparamagnetic nanocrystals in a polymer matrix that avoids direct contact between the biological
element and the metal oxide. These crystals are characterized by randomly oriented magnetic moments
in case they are not in the presence of an external magnetic field. When acted by an external magnetic
field, all moments are aligned in a preferential direction. Once the magnetic field is switched off, all

moments return to the random configuration (Fig. 3.6). This characteristic allow for the resuspension of

Figure 3.6: Magnetic moments behaviour with the external applied field. Figure from [21].

the nanoparticles without agglomeration ([10]), hence the possibilities for switching on and off the field
are enormous. Larger nanoparticles with diameters from 0.5 pm to 5 pm have a multi-domain structure
and have a hysteresis curve that present a remnant magnetization, resulting in bead clustering therefore
for this application smaller nanoparticles are preferable.

The magnetic force acting on a superparamagnetic is not only function of the magnetic field intensity
itself. It is important to consider the gradient because an uniform field would give rise to a torque and
not to a translational movement. The magnetic force acting on a single superparamagnetic particle with
a magnetic moment m and in presence of an applied magnetic field B is given by ([10]):

<

Frnag = m \ (3.5)

which assuming that the magnetic moment is not varying in space, for example, assuming that the
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nanoparticles is at saturation - Mg, the expression can be simplified to

- 1 . —
Frag = —(m.VB) . (3.6)
Ho
In case the medium in which the nanoparticles are prepared and used is non magnetic, the magnetic
moment can be written as
= VoM = VuoxH , (3.7)

where H is the magnetization and x is the magnetic susceptibility of the particle that using the relation

—

-
B = pH gives rise to:

Frnag = %(E.V)E . (3.8)

Assuming that [V x E] = 0 and applying the vector calculation V(Eﬁ) = 2(§V)§ the magnetic force
become:
- Vx

Frae = —X~VB2 . .
. QHOV (3.9)

To use these nanoparticles for immunoassays and for manipulation of biological material, they are inserted
in a liquid flow with some viscosity associated with it. Therefore, the magnetic force has to be larger
than the drag force to effectively pull and push the nanoparticles. In this setup, there are four important
forces: drag , magnetic , buoyancy and gravity ([21]). Due to the small size of the nanoparticles, both
gravity and buoyancy are neglected and the magnetic force has only to compensate the drag force to act
in an effective way. The drag force is dependent on the Reynold’s number (Re) which accounts for the
flow conditions, the size of the nanoparticle (r), the viscosity of the media (), and the velocity of the

bead with respect to the containing media (A7) ([21]):

Farag = 6mrAT . (3.10)

3.3 Material

3.3.1 Spinit®

Spinit® is a device that is able to perform cell type and immunoassay clinical tests and includes a
considerable amount of the most common blood analysis. The device can be divided into the reader and
the cartridges. The basic specifications show that the user friendliness is not only about the software and

the display but also the weight and the size :

e Size: 31x25x20 (cm)

Weight: 3.6 kg

Temperature Control Precision: 0.1°C

Main Board: Mini-ITX x86

IDE: OS + Proprietary Data Analysis Software
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e Connectivity: Ethernet + USB ports

Spinit® is constituted by a multi-function electronic board that has the systems to control the temper-
ature, various sensors, optical modules, and a CD drive control (rotational speed). This CD can be

controlled with an approximate 10 micrometre scale precision.

SPR optical module

Image sensor

Diode
spinit® cartridge lasers”

detection zone
CD/OVD drive

Figure 3.7: SPR module and cartridge. Figure from [2].

SPR Module

The SPR detection system uses a microfluidic "lab on a disk" substrate with a controlled rotation.
The reader comprises an optical module with a light source and a detector to receive the signal from the
substrate. While the disk is rotating the detection module receives light from the substrate and stores the
intensity profile. As Spinit® cartridges use detection zones, the data is collected while the detection zones
pass in the detection window. Thus, a proper alignment mechanism is needed. The triggering mechanism
is presented in appendix. The first part of the data handling cares about capturing the references (S1),
that is capture the signal before any analyte-antianalyte interaction. Next the same signal is captured
for the assay (S2). The final result is a division S2/S1 because that way the relative intensity is presented

and the SPR deep can be calculated.

Discs

In addition, a microfluidic platform, that allows for the liquid sequencing, is needed, to perform the
several steps in an immunoassay. The microfluidic channel system was developed at Biosurfit considering
the optimization of solution volume and amount of liquids to be sequenced (Patent US20140109972 A1).
The polycarbonate discs are manufactured by Axxicon and have a 120 mm diameter and are 600 pm thick.
The microfluidic disc and the working principle are presented in appendix. The first liquid zone must
be filled with 251l of solution and the following eight chambers with 20 l. These discs were mastered
by Ritek and were then milled with a computer numerical control (CNC) in which the beginning of each
zone was drilled with 500 pm drill to create the liquid inlet. The procedure to use the CNC machine
can be found in appendix. Besides the nine liquid holes, a tenth was created to work as air outle. After

the milling process, the grating discs were cleaned with a air duster gun and stored in a disc box with
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capacity for 25 discs using spacers.

In addition, to the microfluidic disc, a grating disc is needed. The grating disc is a polycarbonated disc
with a costumed grating profile that is optimized for SPR detection. This disc is molded by Ritek and
has a 120 mm diameter and is 600 pm thick. It is sputtered at Biosurfit which creates 12 gold spots. The
third component of the disc is the dry-film photopolymer which is 20 pm deep. To define the detection
zones the dry film is cut in so only the detection zones are dry-film free. The cut profile is presented on

figure 3.8.

Figure 3.8: Dry-film cut profile.

After these three stages are completed, the assembling takes place. The assembling process is explained

in appendix.

3.3.2 Working Solutions

An immunoassay in these discs is completed after the passage of several liquids. The solutions that

were used in the final version of the immunoassay are the following:

e Phosphate buffer saline (pbs),

Biotinylated bovine serum albumin (bsa-bt),

Streptavidin+Thiol,

e Magnetic nanoparticles (MNPs),

Blocking,
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e Surfynol .

The pbs solution contains 10 mM phosphate buffer, 137 mM sodium chloride, and 2.7 mM potassium
chloride tablets are produced by AMRESCO (tabs #E404-200 tabs lot #2223¢318). These tablets were
mixed into 100ml of ultra pure water with a magnetic stirrer that resulted in PBS 1X with a pH on
average of 7.4 and was stored in a fridge. This solution was used both as a buffer to calculate the
baselines and as a dilution for the other solutions.

The blocking solution consisting of low-molecular weight casein fragments with sodium chloride and
tween allows for the saturation of the binding capacities on plastic consumables so the non specific binding
can be reduced. The efficiency of the solution provided by Candor is improved due to the production
of casein with different molecular weights. This solution has a pH = 7.2 + 0.2. Streptavidin-+thiol from
protein Mads (Cat#SVT LOT#1306SVT2) is provided at 1 mgml~! in citrate buffer (pH=4.5) and with
EDTA ( 3mM ) as preservative.

The bsa-bt is bought from Sigma (cat# A8549-10mg Lot#SLBC 7388V arrived 23th August 2013
stored at 4°C) and comes in form of powder. Has a purity of at least 80% and 10 ml of HoO were added
to the vial and the powder dissolved through inversion. All protein was aliquoted under flame in landing
tubes, 500l each, in a total of 20 tubes.

The projected discs need that the first liquid overcomes the syphon by capillary action so the adherence
to the channels must be assured. This way, the surface functionalization is assured with a dilution in
a surfynol solution. The surfynol 0.5% is formed using 10l of surfynol 465 from Air Products with
1990l of pbs 1X obtained as described previously. This surfactant allows for a "low foam surface
tension reduction with improved solubility and compatibility in waterborne coatings, inks, and adhesives
systems". Next, the streptavidin+ thiol with a concentration of 1mgml™! is diluted into the surfynol
solution to generate the final solution.

The immunoassay that we intend to perform was based on the very high effective binding of strep-
tavidin and biotin therefore magnetic nanoparticles coated with streptavidin were used since each bsa
had five biotins to attach to streptavidin and therefore a higher probability of interaction. Micromod’s
nanoparticles shaped as clusters with diameters of 20 nm, 50 nm, and 100 nm were bought with an iron

3

concentration of 2.4mgml~'and a density of 1.4gcm™3. They were stored in a solution with a pH of

7.4. Chemicell also provided nanoparticles dispersed in a 7.4 pH solution with a density of 1.25gcm 3.

Two different diameters were available: 100nm and 200nm . Admetech streptavidin coated nanopar-
ticles are available in four different diameters 100 nm, 200nm, 300nm and 500nm. They present a

1

density of 2gem™ and a binding capacity of 4490 pmolmg~! while Chemicell’s nanoparticles present a

1 1

80 pmolmg™" and Microdmod’s approximately 30 pmolmg™".

3.3.3 Magnet & Magnet Holder Prototype

An immunoassay with magnetic nanoparticles requires a nouvelle setup to handle the magnets that
will create the magnetic field and allow the actuation on the MNPs. Magnets used in these experiments

were bought from Neotexrz. Neodymium boron iron (NdFeB) magnets with a nominal B, of 1.33T.
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Neotexxr magnets showed actuation forces up to 20 pN which is coherent with the values calculated by
other studies as the necessary retention force ([24]). Electromagnets from RS and the MidiMACS®
from MiltenyiBiotec were used to test the possibility for a different implementation. Three different
electromagnets were ordered with a diameter of 20 mm, 25 mm, and 30 mm with retention forces up to
53 N. MidiMACS® was tested because is indicated for cell separation in columns.

As Spinit® encompasses both the driver and the detection system for the SPR signal there were
obvious limitations with respect to the mounting of the new prototype. The magnet handler was designed
to optimize the number of magnets to use and to be implemented without fundamental changes on both
drive and sensing system. The result of several iterations using the Solid Works Premium 2009 and a 3D

printer (Makerbot Replicator 2 Desktop) is the design on figure 3.9. From figure 3.9 and figure 3.10it is

Figure 3.9: Magnet holder prototype with three pieces Figure 3.10: Magnet holder prototype built with a 3D
connected. printer.
clear that the base in which the magnet will be supported does not have spiky edges so there are not
problems with wires that get damaged due to the edges. On other hand, the extensions with holes in
the edge allow that it can be implemented without any change in the drive using only screws already
available on the drive.

This support allows for the allocation of three magnets near the sensing surface and near the syphon
which is expected to increase the retention capacity not only on the detection zone but also starting on
the syphon area. Considerations about the magnet shielding were not taken into account at this point

because, after one month, differences on the electronic systems were not observed.

Shift Calculation

A SPR immunoassay is evaluated based on the difference in terms of resonance angle due to the
presence of a ligand. The result of an experiment is a sensogram (Fig. 3.11) that is a plot that represents
the Ospgr in time, therefore it allows us to see the dynamics of the reaction. Typically there is an initial
washing with a buffer solution that allows to set the initial fgpr value. Next, the intended analyte with
or without an amplification tag flows over the sensor surface and interacts with the functionalized surface
leading to an adsorption that shifts the SPR angle. To evaluate the actual angular shift the reference

solution is passed first so the difference can be associated to the interaction between the target analyte
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and the sensor surface functionalization. The adsorption dynamics is characterized by an initial high
rate association between the analyte and the surface which is mainly due to the amount of available
association sites. As these sites are being fulfilled the rate decreases and finally the last wash leads to
a decrease that will reach an equilibrium between the association and dissociation. As this difference
between the initial and the final wash are essential to measure the interaction, it is important to develop

a systematic method to calculate each baseline: before and after the analyte/amplification stage.

Sensogram

Pixel

Time (s)

Figure 3.11: A sensogram resulting from a sandwich immunoassay using streptavidin-+thiol on the surface,
bsa-bt as analyte and 120 nm magnetic nanoparticles as amplification tags.

The original data comes in a .txt file with a time step that varies from 0.1 seconds to 0.3 seconds
and each liquid passes through the detection zones for 100 seconds up to 300 seconds, so in case there
are spikes that are not representative, but only oscillations of the acquisition system, it is important to
smooth the data and avoid these spikes. We decided to smooth the data with a simple moving average
(SMA) which for each time instant ¢ takes into account a fixed time window, both to the right and to the
left of the instant t. For example, for a time window of 4 seconds, we consider the interval [t—2s; t+2s].

This procedure is applied to the original data considering a time window of 1, 2, and 4 seconds.

Smoothed =

f(t —window/2) + f(t — window/2 + timestep) + - - - + f(t + window/2 — timestep) + f(t + window/2)
window :
timestep

(3.11)

Considering the smoothed sensogram, the derivative point by point is calculated and plotted with
respect to time:
dSmoothedSensogram  SmoothedSensogram(ty) — SmoothedSensogram(t;)

= . 3.12
dt to —t1 ( )

The goal of the described operations is to calculate a proper time reference to obtain both baselines,
so the maximum of the derivative is taken to be the reference. As we are taking a derivative from discrete
data, the maximum might be a single variation on the area of interest so the calculation takes into account

that near the maximum there are more points with a derivative that have a value no less than 95% of
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the maximum. The centroid of this region is calculated:

Zif Pizel.time

Dyror = Mazimum of derivative = Zi* T (3.13)
and the time at which the maximum occurs by:
Zi* Pizel.time
tmaz :=TimeQDyjgy = —F—— (3.14)

S Pizel

Now that we have the instant at which the adsorption reaches its maximum we can sum and subtract
the instants to get the baseline for the initial and final wash. Depending on the speed of the assay, the time
needed to reach the equilibrium might vary so an instant ¢,;,s and ¢,,in.s are defined for each speed and
assay, and added to the instant at which the maximum of the derivative occurs. The baseline is calculated
considering a 2 seconds window so the interval for the baseline is [tmaz + tminus — 1 tmaz + tpius +1]. The
same procedure is considered for the lower baseline. There might be some temperature drifts and flow

conditions that cause the signal to not stabilize so the data within the interval has to fulfil two conditions:

AveragederivativeQtmay + to — 1 tmaz + tx + 1] < 10%Daras ( )
3.15
StandardDeviationQt,ar + te — 15 tmaz + tx + 1] < 1Pizel .

The first condition guarantees that the data oscillations are small compared to the maximum of the
derivative so we can calculate the average on a plateau. To double check system the standard deviation

of the interval is calculated and has to be less than a pixel which is the precision of our measurement.

3.4 Results

3.4.1 Assay Development

The interaction that we will test will be an avidin - biotin binding because its dissociation constant
is one of the lowest existing in nature (kg = 1 x 107!%M) while the usual values are at least five or-
ders of magnitude higher. Considering that the nanoparticles produced by the different suppliers are
functionalized either with biotin or streptavidin, this will be the target interaction.

The main goal of the magnet and magnetic nanoparticles implementation is to serve as an amplification
tag of the reaction. After the assembling, we have a microfluidic disc with a bare gold surface which needs
to be functionalized to interact with the biological elements. One of the most efficient ways of interacting
with gold is to use thiol because of the affinity of the sulfur to the gold surface. This semi-covalent
interaction has a strength of 45kcalmol=t (|29]). Other way of getting the surface functionalized is to
use the non-specific interaction of the proteins to the surface, for example, the reaction of bsa-bt with
the gold surface as used in [6].

This interaction was tested initially with static Spinit® setup. This setup used metallized discs with

gold spots and channels that allow for the inflow and outflow of the liquids using a peristaltic pump.
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The detection system was an open drive with a SPR module that was connected to an I'TX board, which
allowed for the real time monitoring of the reaction (In appendix). The assay was conducted with a timer
that would allow for monitoring each liquid passage, so after a predefined time the peristaltic pump was
paused and the tubes changed for the next liquid. The static Spinit® setup allowed for several conclusions
regarding the nanoparticles supplier to use, the magnet and the bsa-bt concentration that would lead to
the signal saturation.

The experiments with this setup showed that it was not possible to use the magnet from Midimacs or
the electromagnets from RS, because they would lead to a visible interaction only after a couple of hours,
when it was visible. In addition, it allowed to see that for a nanoparticle solution at 6 x 10 NP ml~!
the concentration of bsa-bt at which the streptavidin coated nanoparticles from Ademtech would saturate
was 5pgml~!. Experiments with this setup confirmed that the slowest the nanoparticles flow through
the detection zone higher the final shift was obtained. To further confirm this results and before using
the liquids sequencing discs this assay was implemented on the c-reactive protein discs. These discs were
first functionalized with bsa-bt at 30 pgml~! deposited in 201l drops with a pipette on the surface and
blocked with a blocking solution. Three holes were made in the disc for the reference pbs, MNPs, and for
the washing pbs. In these discs, different concentrations of 100 nm diameter nanoparticles coated with

streptavidin were tested.

Tests with CRP discs

£ 150 \ 1%
: ’_ ! : 25%
i1 T T 105
[ I )
I I D S S A T o25%
50 1 1 1 50%
0 e i i H : : : H : 3 ]
) 5 4 6 8 10 1

Detection Zones

Figure 3.12: Test for the interaction between a pre-coated gold surface and 100 nm diameter streptavidin coated
mnps from Ademtech.

Figure 3.12 shows that with a 30 pgml~! bsa-bt solution on the sensor surface and 100 nm diameter
streptavidin coated nanoparticles, the system saturates at 6 x 1011 NP ml=! (25 % of the stock solution)
and the detection limit of nanoparticles is approximately a concentration of 1.4 x 10'® NP ml~! (0.5 %
of the stock solution).

When analysing an assay, it is important to know if the value that is being measured is due to the
target interaction or due to some non specific binding (nsb). In this case this might occur between the
magnetic nanoparticles and the gold surface, since it is being tested for the case when the surface is blocked
and there is no bsa-bt on the surface. These values are not constant for each concentration because as

the nanoparticles concentration increases the amount of non specific binding increases, therefore, to fully
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characterize an assay, this interaction should be calculated for all the concentrations used. Since this was
a preliminary test, it was used as a saturated concentration resulting in approximately 20% NSB for each
detection zones. Despite the interaction present values up to 228 pixel shift, the non specific interaction
represents a fifth of the nominal value, so a more reliable assay should be implemented with the liquids

sequencing discs.

Liquids Sequencing Discs Experiments

The first experiments with the new discs were concerned about the assay to evaluate the magnetic
interaction. Besides the assay with bsa-bt on the surface which interacted with streptavidin coated
nanoparticles there was the possibility of creating a sandwich immunoassay with a surface functionaliza-

tion of streptavidin followed by bsa-bt flows and streptavidin coated nanoparticles.

P et
g Quer
'-d-/

Figure 3.13: Diagram of the intended assay.

The decrease on the non specific binding due to the initial surface functionalization with strepatavidin
leaded to a non-specific binding of 9 pixel which is five times lower than the assay only with the interaction
between nanoparticles and the bsa-bt. Despite the decrease on the nsb, this value is still considered too
high.

As the discs were used with a surfactant the initial liquid it may connect to surface and decrease the
amount of streptavidin that attaches to gold so the comparison using for the first liquid only the surfactant

and the surfactant with streptavidin were carried on. To test this effect two assays were performed:

Surfynol — PBS1X — Streptavidin + Thiol — PBS1X —

Blocking — BSA — Bt - PBS1X — Nanoparticles - PBS1X
and

Sur fynol + Streptavidin + Thiol - PBS1X — Blocking — PBS1X

— BSA — Bt - PBS1X — Nanoparticles - PBS1X — PBS1X
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The results from this experiment showed that there was a 30% increase (140 pixel to 182 pixel) in terms of
shift when using surfynol combined with streptavidin+thiol. Therefore, the final configuration to use for

testing with the magnet implementation was the one where the first liquid already contained streptavidin.

Sur fynol + Streptavidin + Thiol - PBS1X — Blocking —» PBS1X

— BSA — Bt - PBS1X — Nanoparticles - PBS1X — PBS1X .

Ideally, the result from an assay would be from the interaction between the surface recognition element
and the target analyte. But this is not always the case, and, as explained previously, there are unwanted
interactions between the amplification tag and some element on the surface leading to a result that is
misleading. Therefore, the system is characterized by calculating the non specific binding for different
concentrations of nanoparticles. The non specific interaction is measured with an assay in which the
target analyte is not used and the nanoparticles can only interact with the surface or with other elements
on the surface. In addition, it can be noticed that this value is not the same for all concentrations because
as the concentration increases the interaction probability increases leading to higher nsb values. With
this assay, we are overestimating the actual value since no analyte is being used and the probability of
the interaction between the nanoparticles and the surface is maximized.

Hence, assays in which the nanoparticles flow after the blocking were performed in both Spinit®.
Figure 3.14 shows the nsb value for all zones. The error is estimated to be the average deviation from
the mean. In all these graphs the Spinit® with a magnet is named Spinit®221 and the regular one as

Spinit®223. This is due to the numbering of the Spinit® on the server.
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Figure 3.14: Nsb for Spinit® 221 (with magnet) and Spinit® 223 (without magnet). Each assay was repeated
twice.

It is clear that the non specific binding is controlled in both Spinit® with values from 0 to 2 pixel
which is basically the precision of the SPR sensing module. The nsb will be overestimated to be 2 pixel

and this value will be considered the noise level of this system. Figure 3.14 confirms the expectation that
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there would be an increase in the non specific interaction for higher concentrations reaching 1.8 pixel.

The first test to confirm the effectiveness of the magnet implementation was a 20 minutes assay
at 1600 RPM, using a saturated concentration of both streptavidin and bsa-bt to serve as a biological
recognition layer (brl). Five different concentrations of nanoparticles were tested: 2.5% , 10%, 20%,50%
and 75% of the stock solution (2.4 x 102 NP ml~1!).
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Figure 3.15: Comparison between the first zone in each Spinit® rotating at 1600 RPM using a saturated biological
recognition layer - streptavidin at 100 pgml~! and bsa-bt at 500 pgml™". Spinit® 221 (with magnet) and Spinit®
223 (without magnet).

Figure 3.15 shows that the difference between the pixel shift increases as the nanoparticles concentra-
tion increases, reaching a maximum near 1.2 x 102 NP ml~! (50% of the stock solution). These results
show that increasing the amount of the amplification tags does not lead to an increased association,
mainly due to the formation of agglomerates along the microfluidics channels which means a lower num-
ber of nanoparticles reaching each sensor and subsequently a lower interaction probability. The increase
in terms of shift varies from 11% to 108% reaching its maximum at 50% concentration of the stock so-
lution. Furthermore, the concentration of 50% shows that the system reaches a saturation because the
average deviation from each zone is 11 to 18 pixel which represents 4% to 7% of the maximum. In the
same way, the overall behaviour is not clearly descendant but on the contrary, it shows an oscillatory
behaviour as presented on figure 3.16 which confirms the saturation condition.

An immunoassay is dependent on several variables: the time that it is allowed for the reaction to
occur, the binding constants of the elements that are being studied, and the sensor area. Hence, to get a
higher number of associations between the recognition element and the target analyte, one may increase
the area or work with reactions that are more favourable than others. As the assays is with the interaction
between biotin and streptavidin which presents one of the lowest values for the dissociation constant and
the sensor surface area is a variable that must be kept constant because it is a requirement for Biosurfit’s
cartridges, it is possible to increase the interaction time, increasing this way the association probability.

To increase the time in which the analyte (bsa-bt) sees the recognition element (streptavidin) and the
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Figure 3.16: Shift per detection zone for an assay with streptavidin at 100 pgml~' and bsa-bt at 500 pgml~!,
and nanoparticles at 1.2 x 10" NP ml~*. Spinit® 221 (with magnet) and Spinit® 223 (without magnet).

time the nanoparticles have to interact with the bsa-bt, the rotating speed can be decreased and provide a
higher interaction time. To test this hypothesis, a speed approximately 25% lower was applied to system

and the five concentrations tested for the 1600 RPM were tested with 1240 rpM (Fig. 3.17).
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Figure 3.17: Comparison of the effect of decreasing the speed of rotation. 1600 RPM are compared to 1240 RPM
for the same five concentrations used for figure 3.15. Results regarding zone 0.

Figure 3.17 shows that the overall behaviour is the same for both 1240 RPM and 1600 RPM but with
a higher shift, when using a lower speed, as expected. The evidence suggests that using a concentration
of 1.2 x 10'2 NP ml~! an optimal point is achieved between the quantity that forms agglomerates and is
kept way from the detection zones and the one that actually interacts with the detection zones. Besides,

at the concentration 2.4 x 101 NP ml~!, there is a clear increase in the shift due to the interaction of
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nanoparticles at low speed rather than high speed. At the optimal point, where the shift is higher, there
is a 18% increase in terms of shift reducing the speed. Hence, our final assay will be performed rotating
at 1240 RPM and during 30 minutes instead of 20 minutes.

It is clear that using nanoparticles with 50% concentration of the stock solution (2.4 x 102 NP ml~1)
the efficiency is maximized. In this assay the recognition element is the streptavidin linked with thiol so
it can adhere to the gold surface, the bsa-bt as analyte and the magnetic nanoparticles as amplification
tags. This final interaction is possible because each bsa is surrounded, on average, by five biotins so it

allows for the connection to both streptavidine from surface and from the nanoparticles.

3.4.2 Dynamics Analysis

An assay is limited by the amount of interacting elements on the surface, the time that these elements
have to associate, and, ultimately, by the binding capacity - association constant. This constant represents
the maximum binding capacity for a certain setup. Magnetic nanoparticles are incorporated into an assay
because it allows not only for a higher increase in the effective refractive index but also an increase on
the dynamics in case the maximum efficiency is not yet achieved. This number allows to know when
a concentration increase is not relevant and therefore an optimal number of nanoparticles to be used
is reached, for a specific setup. Furthermore, knowing the binding capacity, there is the possibility to
understand how long it takes to a lower binding efficiency to reach the same pixel shift. With this
in mind, the maximum of the derivative, which is proportional to the binding capacity is calculated.
Additionally, the time until the equilibrium is calculated. The maximum of the derivative is calculated
as the centroid, in which the points representing the region of points with the derivative within 95% of
Disaz are considered. To calculate the time needed to reach the equilibrium the same method used for
the shift calculation was used.

The time needed for the equilibrium was on average 250 seconds which indicates that this time is
controlled by the pbs 1X wash after the nanoparticles flow. This time is used to reject some assays that
were disturbed by a small flow which leaded to 400 seconds to reach the equilibrium. The small flow
happens when the time that the operator (myself =) took to fill the liquids chambers was too high. In
addition to the time to reach the equilibrium, the rate at which the association occurred was studied.
Figures 3.18, 3.19, 3.20, and 3.21 show the variation of D4, for all the eleven zones in both Spinit® -
with and without magnet.

It is clear that there is a higher binding rate for the first zone and that this rate decreases in the
following detection zones. The higher binding rate means that the amount of available nanoparticles,
when all sites are free, is higher for the first zones than in the precedent detection zones. This behaviour
is characteristic of the disc because it is supposed to occur in a sequential flow of nanoparticles. Figures
3.18,3.19,3.20, and 3.21 show that as the bsa-bt concentration increases the rate at which Dj,, decreases
also increases. This may indicate that for lower concentrations the nanoparticles replacement due to the
flow compensates the lost of nanoparticles due to previous binding while for higher concentration the

amount that is lost it is higher than the recovered through the flow. To confirm this visual idea that
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the rate at which Dy, decreases is higher for higher concentrations, each curve was fitted to a function
described by f(z) = a z+b and the modulus of the slope (|a|) is represented for the different concentrations

(Fig. 3.22).
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Figure 3.22: Dy, variation rate over the 11 detection zones. Spinit® 221 (with magnet) and Spinit® 223
(without magnet).

Results agree with the visual inspection because higher concentrations lead to a higher slope on the
Drae variation. The shape of the curve is similar in both Spinit® but with higher slopes in the Spinit®
using a magnet. The shape indicates that there is the possibility to further increase the amount of
nanoparticles near the surface and expect the rate to not be limited by the physical interaction between
the bsa-bt and the nanoparticles.

To calculate the amplification generated by the magnet introduction in terms of the association rate

the ratio % was calculated. Figure 3.23 shows the representation of this ratio for different

zones 1 .

On average the binding rate was increased by a 1.5 factor which means an increase of 50%. On
the other hand, the increase does not have a monotonous behaviour, it oscillates without a clear visible

pattern so the average can be used as the mean amplification factor.

3.4.3 Amplification Analysis

A sensor has a dynamic range associated with it, that is a range of concentrations that it can detect.
A sensor exhibits a saturation at both low and high concentrations. At low concentrations, a sensor
cannot detect any concentration because there is not a 100% efficiency so there might be none or small
analyte interaction which will lead to a imperceptible signal resulting from the nanoparticles and the

target analyte. After raising the concentration, the signal starts to increase and will increase more and

1The lines connecting the points are only used to improve the visualization. They do not represent any information.
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Figure 3.23: Association amplification increase with the magnet’s introduction.

more as the amount of analyte increases. Even though this suggests that the more analyte is fed into
the system higher would be the shift, that is not possible because of the limited efficiency on the binding
capacity. Therefore, there is a concentration at which the system reaches its maximum efficiency and
cannot interact with more analyte leading to the signal saturation. In between, there is a S-shaped

behaviour from the non detectable plateau to the upper saturation plateau.

Figure 3.24 shows the behaviour for all the eleven zones with respect to bsa-bt’s concentration for the
Spinit® with magnet. This concentration varies from 10ngml~! to 1000 pgml~!. Figure 3.25 shows the
same assay but performed in the Spinit® without magnet. The x axis is showed in a logarithmic scale
because the range of values that it covers corresponds to 5 decades which was not perceptible in a linear
axis. Each concentration was tested, at least, twice so the average for each zone is taken and the error is

estimated as the mean of the difference to mean for each zone.

Despite the fact that this graph is not the best to show how individually each zone is shaped, it is
possible to notice that the overall behaviour is similar to a S-shaped curve with a higher detection limit
for the magnet implemented Spinit®. On the other hand, it seems that it saturates around 100 pgml=".
These two figures allow to see that there is an increase in two aspects: the lower detection limit and the
total shift that is obtained. We can see that there is a big error bar associated with the 10 pgml~! and

100 pgml~" due to an assay that has a behaviour different from the other points and increases the error.

To see this behaviour more closely the first and last zone (Fig. 3.26 and Fig. 3.27) are plotted for
each Spinit®.

Figures 3.26 and 3.27 show that as we go from zone 10 to zone 0 there is not a great difference between
the shifts giving the idea that there is not a significant depletion effect. Equally important, the variability
associated with the last zone values is much greater than in the rest of the zones, representing 55% for the
100 pgml~! (assay with magnet) and 44% for the 500 pgml~! (assay without magnet), which is mainly

associated with a point in which the value was much lower than the rest of the assay and due to the
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Figure 3.24: Shift per zone for different concentrations of bsa-bt in the Spinit® with a magnet.
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Figure 3.25: Shift per zone for different concentrations of bsa-bt in the Spinit® without a magnet.
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Figure 3.26: Shift in the last and first zone for different concentrations of bsa-bt in the Spinit® with a magnet
(S221).
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Figure 3.27: Shift in the last and first zone for different concentrations of bsa-bt in the Spinit® without a
magnet (S223).
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reduced number of assay it has greater impact on the result.
The effect of low depletion needed to be confirmed plotting the relative shift from zones 1 to 10 with
respect to zone 0 for both Spinit® and each concentration. Figure 3.28 and 3.29 show the relative shift

for each zone.
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Figure 3.28: Relative shift from zone 1 to 10 compared to the first zone for the Spinit® with the magnet setup.

For higher concentrations there is a plateau and the shift is more or less constant for all the 11
detection zones. For the 1 pgml™! concentration there is an initial depletion until zone 5 than a plateau.
Concerning the lowest detectable concentration there is a more clear depletion effect which is mainly due
to the reduced amount of bsa-bt available after the interaction in the first zone.

Figure 3.29 shows that there is a plateau and the shift is more or less constant for all the 11 detection
zones. The depletion effect is observed for the lower concentrations as it happens for bsa-bt at 1 pgml=!.

The data that is obtained can be quantified using a fit for each zone. Previously the curve was
described as a S-shaped curved which is within the sigmoid functions class. One of the most usual
examples is the logistic function given by:

Ay —

Ay
AL L2 o in ug/mI 3.16
T+ (2) ng/ (3.16)

y= Az +
where y represents the pixel shift and x the concentration of bsa-bt. In this formula A5 represents the
upper saturation asymptote, that is the maximum response that can be expected from the concentration
profile. As the concentration decreases the shift decreases following a S-shape. There is a detection limit
where the shift response is zero or below the noise level of the configuration which corresponds to Aj.
The p parameter refers to the Hill’s slope which controls the steepness of the curve. In this assay this
parameter can only be positive so there is a growth from A; to As. Finally, x¢ represents the inflection

point that is the maximum of y derivative with respect to x. Using other words, is the point the curve
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Figure 3.29: Relative shift from zone 1 to 10 compared to the first zone for the Spinit® without the magnet
setup.

changes from being concave upwards to concave downwards. After this point the derivative decreases
until y=As, where it is approximately zero.

The expression 3.16 is fitted to every detection zone using the experimental data with and with-
out magnet. The results are presented in appendix. Figure 3.30 shows the fits for zone 0 using both
configurations.

First, the comparison between zone 0 from each setup are shown because these zones are in the same
conditions for both assays and, one more time, it was not worthwhile to show every single zone. Figure
3.30 shows that the theoretical curve fits well into the experimental data (R* = 0.99). In addition, the
pixel shift is higher when using the magnet rather that when it is not used. The increase is minimum for
the higher concentration with an increase of 31.7% and is maximum for the lower concentration with a
shift of more than 2300 %. Both experimental data and theoretical fit suggest that, considering the error
bars, the assay reaches its saturation at 100 pgml~' of bsa-bt. To further check the detection limit and
show that there is a significant difference between not having a magnet and the new setup improvement,
a zoom of the region near the 100 ngml~! is presented if figure 3.31.

The green line represents the noise level that is calculated based on the maximum of the nsb. We
can see that the value obtained with the new setup, besides being higher than the one obtained using
the previous setup, it is four times higher than the noise level which corresponds to a 40 sigma deviation
from the average.

Finally, using the results from the fits we can use the saturation concentration for both configurations

and calculate the amplification based on that value. The amplification is defined as

Shiftwith magnet

Shiftwithout magnet

(3.17)
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Figure 3.30: Logistic fit to zone 0 for both setups: with and without a magnet. Disk rotating approximately
1240 rpM. Spinit® 221 (with magnet) and Spinit® 223 (without magnet).
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Figure 3.31: Logistic fit to zone 0 for both setups. Zoom into the detection limit zone. Spinit® 221 (with
magnet) and Spinit® 223 (without magnet).
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To apply this formula, the parameter A, that resulted from the fits was used for the 5 point. This
value is calculated for each zone and for both setups. Figure 3.32 represents the expression 3.17 for five

different concentrations.
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Figure 3.32: Amplification calculation using the fitted results.

It is important to notice that for the lowest concentration only two points are presented. This
can be explained, not by the great amplification but due to the values obtained for the shift without
magnet being close to zero so the amplification value increases immensely. The amplification for the
lower concentration is approximately 3.3 for zone 0. When using 1pgml~!, we can observe that the
signal amplification fluctuates with an average amplification of 3.48. For the higher concentrations the
oscillations are less notorious. It continues to fluctuate for 10 pgml=!, 100 pgml~!, and 1000 pg ml~* but

now with an average value that represents an increase of 50% relative to the non magnet configuration.
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Conclusions

Biosensors are devices that detect several biological elements. One of the most important applications
concerns the clinical diagnostics. There is a demand for faster diagnostics which will help to give a more
effective treatment to the patient . Therefore biosensors face the challenge of reducing the time to detect
biological elements and at the same time to give accurate results for all conventional blood tests. Our
objective with this thesis is to develop a magnetic nanoparticle assay and demonstrate its feasibility using

a nouvelle magnetic manipulation system and using a new diffraction grating.

First, we simulate a grating optimized for a setup that uses a SPR angle within 10° so it is possible to
apply a method of analysis that uses not only the angular shift but also area variations because near 0° the
area variations are grater. In addition, this allows for the utilization of a dvd-pickup which already uses
a 650 nm laser and is a robust and well tested system. We simulate the grating using a fixed wavelength
of 660nm and calculate its sensitivity for both bulk changes and surface changes. Using this approach
the overall sensitivity in terms of angular shift, defined as the surface sensitivity divided by the bulk
sensitivity, shows values from 0.4 to 0.54 for the selected gratings. This is not the best metric because
the signal quality in terms of contrast and FWHM is neglected. The factor associated with these two
elements is included showing that there is a higher sensitivity for the grating with a period of 800 nm,
right and left frequency equal to 3.25 and ridge of 115 nm. This grating was produced by Synchronicity
Mastering Services twice due to the mother and son stamper different definitions. The final result is
within the 10% error margin which we considered acceptable . These gratings were not tested because
they arrived in the end of June and the full analysis was only available in the middle of July. As the
magnetic system was already incorporated within Spinit®, the new setup was not developed and only

the magnetic implementation is tested.

We tested the magnetic nanoparticles implementation with a setup that uses the same SPR module
used by the Spinit® but without the rotating system so the system is fed with a peristaltic pump and
the detection zone position is tuned by hand. This setup allows for the selection of the magnet and the
magnetic nanoparticles supplier. Further investigations on the assay shows that the assay yields a high

non specific binding therefore leading to a higher imprecision in the final results.

We see that the liquids sequencing disk allows to increase the rapidity and easiness of the testing of
new assay configurations. We tested two different assays to implement magnetic nanoparticles. Both
assays were based on the high association constant between biotin and streptavidin. We observe that the
assay is more controlled when we use strepatavidin with thiol to functionalize the surface rather than the

unspecific interaction of bsa-bt with the gold sensor.
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We designed and built a prototype that can handle three magnets allocated at the same radius and
protected with a non reflective adhesive tape so there is not reflected light coming from the upper part of
the magnet. This design is implemented into Spinit®, without any structural change besides the position
of the pickup, which means that the usual tests are not compromised by this infrastructure.

We aim to maximize the pixel shift due to the magnetic nanoparticle amplification therefore we test
different concentrations of nanoparticles using both Spinit® (with and without a magnet) at 1600 RPM.
Results show that there is parabolic shape for the shift and the maximum in shift is observed when using
1.2 x 1012NP ml~! with a shift two times larger than the one observed without using the magnet. There
was an effect of agglomeration causing high losses along the microfluidic channels that was higher for the
higher concentrations which explain this parabolic shape.

An immunoassay depends on the probability of interaction which is increased by the time in which
two elements have to react. We test this time by decreasing the speed of rotation from 1600 RPM to
1240 rPM . The assays are repeated using a saturated biological recognition layer, leading to an increase
of 18% compared with a rotation at 1600 RPM.

This assay has some peculiarities because it does not present the usual depletion effect that we would
expect from a successive interaction such as the present one. We would expect that the second zone would
have a lower shift because part of the nanoparticles interacted in the first zone. This can be explained by
the size of the nanoparticles (hydrodynamic diameter = 120 nm) which leads to a larger area coverage per
nanoparticle hindering the association of other nanoparticles that are left in enough number to saturate
equally the following detection zones.

Furthermore, we calculate the time for the magnetic nanoparticle interaction to stabilize and the
results show that there is not a clear difference between using or not using a magnetic for the time
needed to reach the saturation. The dynamics analysis show that the association is not limited by the
binding capacity of the nanoparticles to the bsa-bt on the surface because for the saturating conditions
Dsqr increases as the amount of nanoparticles increase. This means that the amount of nanoparticles
can be further increased leading to a higher association rate, which may reduce the time needed to
perform the assay. The prove that the amount of nanoparticle decreases is that the rate at which the
Djpyq. decreases is higher for the higher concentrations which means that for these concentrations, more
nanoparticles are binding leading to less nanoparticles available for the following zones. This behaviour
suggests that the resuspension due to the flow is enough to compensate the nanoparticles lost for the
lower concentrations but not for the larger concentrations.

We test several concentrations of bsa-bt: from 10ngml~! up to 1000 pgml~'. The experimental data
shows that the LOD is improved from approximately 1pgml~! to 100ngml~! which means a 10 fold
improvement in the detection limit with the magnetic actuation system for an immunoassay using 120 nm
diameter nanoparticles coated with streptavidin as an amplification tag and bsa-bt as analyte.

The points from each zone were fitted with a logistic function and the parameters from the fit are used
to calculate the shift amplification. A 50% increase in shift is obtained, when using a magnet , for the
higher concentrations, and a 200% increase when using lower concentrations (100ngml~! and 1 pgml—1!).

Combining the results from the dynamics analysis and the amplification analysis, we can understand
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that despite the fact the association rate is higher in the first zones, the shift is the same for all the zones
which is explained by the duration of the assay. Passing the nanoparticles during 250 seconds there is
time to saturate the binding sites.

In this work the magnetic nanoparticle implementation is achieved with success showing a 10 fold
increase in the detection limit using a versatile and adaptable prototype which allows the usage of

magnets with different diameters and shapes.

4.1 Future Work

One of the goals of this project was to build a new setup which would use a different detection
module. This module would use an incidence angle within 10° but it was not possible to build it due to
delays on the grating manufacturing. The gratings are ready and approved therefore this setup should
be implemented applying new algorithms to increase the sensitivity.

Studies to show the effect of the magnetic field in the electronics should be carried on to see if there
are major concerns and to check if any magnetic shielding is necessary. The magnets being used were the
strongest ones considering the standard magnets available so a customized magnet with higher magnetic
forces should be tested.

There is still some variability associated with the measurements that can be mitigated using a protocol
before using the magnetic nanoparticles that avoids the formation of agglomerates. In addition there are
some slow flow problems that need to be addressed.

Furthermore, when comparing the results with the current detection capabilities (37.5ngml~! for the
C-Reactive protein), the result is far from being better, however it is important to notice that there is
no optimization in terms of buffer’s pH so this analysis is also suggested. There is also the competition
with the surfynol which hinders the streptavidin+thiol binding to the surface so new discs, which do not

need surfynol and are now available should be used.
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