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Introduction

An increasing interest in nanotechnology is crossing more and more fields of application thanks to
the properties of metallic nanomaterials that are enhanced by external electromagnetic fields. In
particular, the development of controllable objects at the nanoscale, using magnetic fields, is an
emerging and steadily-growing phenomenon because of the recent technological advances. Among
the many reasons, magnetic nanostructures are redeeming great success for the benefits they bring
when combined with biosensors for the detection of several analytes in clinical, food and

environmental applications.

Biosensors date back to 1962 when the biochemist Leland C. Clark and his colleagues realized a
device called the "enzyme electrode” that was able detect glucose oxidase [1]. Biosensor-based
approaches, including colorimetric, magnetoelastic, and magneto resistive, have been tested to
complement — or even replace — the conventional methods in a variety of applications, including food
safety [2] and environmental pollution monitoring [3]. The reasons why gold standard laboratory
techniques such as liquid chromatography-mass spectrometry (LC-MS), reverse transcriptase-
polymerase chain reaction (RT-PCR), high-performance liquid chromatography (HPLC) and the
emerging enzyme-linked immunosorbent assay (ELISA), have limited applicability for routinely
mass screening applications is because they are expensive and time-consuming in addition to the fact
that they require well-equipped laboratory and skilled personnel. On the other hand, to date there are
no other approaches that can match their exceptional performance in terms of selectivity, sensitivity,

and reliability.

In this regard, biosensors are capable of rapid, practical, and affordable applications in many fields,
being particularly attractive for point-of-care testing (POC) and high-throughput analysis. Therefore,
the scientific community is investing many resources to improve the applicability of biosensor-based
methods overcoming their difficulties in surface functionalization, complex industrial
implementation and limited sensitivities [4,5]. In recent years, magnetic sensors have become

increasingly popular due to the possibility of combining them with magnetic nanoparticles (MNPs).
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MNPs have gained popularity due to the exceptional tunability of their magnetic properties by
tailoring their shape and size [6,7] and they are moving towards multifunctional materials with a great
potential for biosensors. The majority of MNPs used in biosensors are iron oxides (y-Fe2Os and
Fe304), because they have highly active surface and fast reaction kinetics [8]. MNPs can respond to
a magnetic field and redisperse upon removal of the magnet when their sizes are down to nanometers
[9]. For what concern their use for biosensors, their easy magnetic separation and large active surface
area allow the immobilization and purification of biomolecules under a magnetic field, as well as a
decrease of the matrix effect. Furthermore, MNPs can accelerate the signal transduction and amplify
the target recognition, thereby improving the overall detection sensitivity of biosensors. In addition,
the intrinsic properties of MNPs make them excellent magnetic probes for the signal readout for
ultrasensitive convenient and real-time measurement. Finally, MNPs are particularly suitable for the
integration in microfluidic devices to develop lab-on-a-chip bioassays for POC testing [10]. All these
inherent merits and advantages render MNPs prominent for easy, reliable, and cost-effective
detections for POC diagnostics. However, despite the enormous potential of MNPs, the low electrical
conductivity and limited optical properties compromises the ability of MNPs to be the transducing
element of a sensor [11]. Another challenge facing the use of MNPs in sensing is due to the large
surface area to volume ratio and low surface charge at neutral pH. Because of this, MNPs dispersions
typically have low stability and high tendency to non-specific aggregation. Such aggregation can be
reduced with appropriate surface chemistry, which is also vital for sensing applications [12].
Therefore, MNPs for biosensing are generally composed of two parts, a magnetic core and a chemical
component on the outer surface with bio-recognition properties. Nevertheless, the surfaces of most
magnetic materials are not compatible with well-defined surface chemistry such as the alkanethiol
system, and complex, expensive and time-consuming procedures are required to link the bioreceptors
onto these bioactive surfaces. In addition, the biological layer is generally not sufficient to effectively

protect the magnetic core from oxidation.

Other nanostructures that caught the attention of the scientific community include gold nanoparticles
(AuNPs) [13]. AuNPs are much simpler to synthetize and have gained popularity for their surface
chemistry and biocompatibility [14,15], allowing the adoption of well-known functionalization
techniques to link bioreceptors onto the external surface [16]. However, unlike MNPs, AuNPs cannot
be manipulated by external magnetic fields to rake the target in solution (preconcentration) or to

improve liquid transport properties (nanomixing).

Recently, several protocols have been proposed to decorate MNPs with gold creating the so-called
gold decorated structures (MNPs@AuU) [17]. The idea behind it, is to gather in a single nanostructure
all the advantages of AuNPs and MNPs. However, MNPs@Au are not routinely adopted yet because
of their complex fabrication procedures and low availability on the market [17].
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The aim of the work in this thesis was to propose novel effective protocols for gold coating of
commercial MNPs to improve the applicability of biosensors in environmental control, food safety
and clinical analysis. Three different types of gold decorated magnetic nanoparticles were designed
and tested in combination with as many types of biosensors. The introduction of MNPs@Au was
aimed at improving the performance of already widespread biosensing setups, narrowing the gap in

terms of sensitivity and applicability with gold standard techniques.

This thesis work has been organized to provide the reader with the basic theoretical and experimental
notions before delving into the innovative content. To this end, Chapter 1 briefly introduces
biosensors focusing on the types of transducers exploited in the following part of the work. Then, in
the context of functionalization techniques, the main advantages of Photochemical Immobilization
Technique (PIT) over conventional methods are listed. In the final part of the Chapter, nanoparticles

are introduced, focusing on AuNPs and MNPs@Au.

In Chapter 2 is presented a magnetoelastic (ME) biosensor for wireless detection of analytes in liquid.
A new amplification protocol exploiting MNPs@Au is demonstrated to significantly enhance the
sensitivity. The superiority of MNPs@Au over AuNPs, has been demonstrated by testing the ME
biosensor against Human 1gG in the range 0-20 pg-mL 1. The experimental results show that the ME
biosensor works well in water and has a rapid response time, being promising for real-time wireless

detection of pathogens in liquids and for real life diagnostic purposes.

In Chapter 3 a simple, easy-to-use and efficient colorimetric immunosensor that exploits spinning
MNPs@AuU in a rotating magnetic field is presented. The proposed biosensor was tested against
glyphosate in tap water, being able to detect the pesticide in concentration lower than the ones legally
permitted in food according to several authorities. The excellent result in terms of sensitivity was
achieved thanks to the adoption of MNPs@Au, as shown by the comparison made with the AuNPs
based biosensor. This performance makes the colorimetric approach described in Chapter 3 an

interesting tool for on-site detection or even POC diagnosis.

In Chapter 4 is reported a fast, simple and effective protocol for coating commercial MNP clusters
with AuNPs. The resulting core@satellite magnetic particles (CSMPs) consist of isolated gold
nanoparticles stuck onto an aggregate of individual iron oxide crystals (core). The CSMPs were used
in combination with a powerful MR biochip equipped with a unique highly-portable detection
platform properly designed to achieve a POC device. The biosensing setup was tested against Human
IgG at concentrations of clinical interest. The novel CSMPs have an enormous potential for excellent
sensing applications, especially in the target protein quantitative detection field with quick response
(within 1 hour), potential multiplexing analysis (up to 6 different analytes at the same time) and signal

redundancy (up to 30 measurements).

The global conclusions of the thesis work are summarized in the final remarks.
13
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Chapter 1.  Principles of Biosensing

The thesis has been organised to gradually introduce the readers into the world of biosensing and
throughout the conducted experiments. This introductory Chapter is designed to provide a foundation

for later understanding the original content presented in the next three Chapters.

In Paragraph 1.1, the concept of a biosensor is introduced. In addition, the transduction methods
exploited in this thesis are discussed along with some examples of applications. Paragraph 1.2
focuses on surface functionalization techniques, introducing the Photochemical Immobilization
Technique that has been extensively employed in this thesis. Finally, Paragraph 1.3 briefly describes

the main characteristics of gold nanoparticles and the gold decorated magnetic nanoparticles.
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1.1 Biosensors

A biosensor is an analytical device able to convert the presence of a chemical substance into a
measurable signal. It can be represented schematically as made of three elements (Figure 1.1):

1. a bioreceptor (e.g. enzymes, antibodies, aptamers, cell, receptors) that is able to selectively
react and recognize biochemical elements (e.g. small molecules, bacteria, pesticides, proteins,

toxins).

2. aphysicochemical element (detector or transducer) which converts the recognition event into

a measurable signal.

3. an electronic system (including a signal amplifier, processor and display) which analyses the

signal and displays a data output.

Biochemical substance

L
T
Hp m»

Figure 1.1. Schematic representation of a biosensor.

The digital output represents the interaction between the biological component and the analyte. In
general, the aim is to produce an electronic signal that is proportional to the concentration of a specific

chemical or group of chemicals.

Biosensors date back to the development of the first enzyme electrode in 1962 [1]. Immobilizing
enzymes on electrodes, Clark and his colleagues realized a device called the "enzyme electrode™ that

was able detect glucose oxidase by using a dialysis membrane.

Since that time, the scientific community's interest in biosensors has been steadily growing. Thirty
years ago, you might have read a paper on biosensors once every 2 years and the total world market
was worth less than US$ 5 million per year. Today, around 4500 papers are published on biosensors
each year and worldwide sales of biosensors are worth about US$ 13 billion (Figure 1.2a) [18].
Government funding for biosensor research has also been increasing for security, health monitoring
and food safety applications. For these reasons a double-digit increase is expected for 2023 for the
Compound Annual Growth Rate (CAGR) (Figure 1.2b).

16
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Figure 1.2. a) Trends in biosensor market. The global world market for biosensor is steadily increasing since the 80s as
well as the interest of the scientific community. According to popular forecasts, the market will continue to grow in double
digits through 2023 [18].

In order to evaluate the performance of a biosensor, the following parameters are considered:

= Limit of detection (LOD): the lowest concentration of an analyte that can be reliably measured

in a sample.
= Sensitivity: the ability to distinguish between small differences in analyte concentration.
= Linear range: the range of analyte concentrations for which the response changes linearly.

= Specificity: the capability of detecting only a specific analyte in a sample containing other

contaminants.

» Reproducibility: the ability to obtain coherent results when repeated experiments are

performed.

= Stability: the degree to which the system is susceptible to environmental disturbances (e.g.

temperature).

1.1.1 Classification

Generally, based on the bioreceptor-antigen interaction process, biosensors can be classified in bio-
catalytic (enzyme), immunological (antibody) and nucleic acid (DNA) sensors. All three biosensors
presented in this thesis are based on the antibody-antigen interaction that are also called
immunosensors. Moreover, biosensors are classified according to the transduction principle, which
turns out to be a characterizing element. In fact, the transducer-dependent way of converting the
antibody-antigen interaction into signal significantly impact the performance of the biosensor. Based
on the type of the transducer, biosensors may be classified as optical, electrochemical, calorimetric,
piezoelectric or magnetic. In recent years, magnetic sensors have become increasingly popular in

particular due to the possibility of combining them with magnetic nanoparticles (MNPSs). In this
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thesis, three transduction methods were exploited for each of which a specific type of MNPs was
developed. Two of the transducers presented belong to the class of magnetic sensors (magnetoelastic
and magneto resistive) and the remaining one belongs to the class of optical sensors (colorimetric).

Magnetoelastic (ME) sensors are acoustic-waves/mass-based detection platforms, meaning that they
rely on the principle that the output signal, generated by mechanical vibrations of the transductor, is
due to mass changes on the sensing platform [19]. The most common type of magnetoelastic sensor
is a ribbon-like thick-film strip made of amorphous ferromagnetic alloys, such as FesoNioP14Be
(Metglas 2826). The operating principle is based on the Joule magnetostriction of the ME material,
which can vibrate longitudinally at a characteristic resonance frequency when subjected to a variable
magnetic field. The adhesion of a small mass to the surface of the material involves a change of the
resonance frequency, which can therefore be used as a sensing parameter. The magnetic flux
generated by the elastic waves in a ME material is detectable remotely. Magnetic field telemetry
enables contact-less, remote-query operation that has enabled many practical uses of the sensor
platform. The main advantages of the resulting device are its cheapness, given the low production
costs, and the possibility of creating a multiplexing scheme, considering the small size of the sensor
[19]. To cite one of the many applications that are now widespread, ME sensors with a size of
approximately 4 cm x 6 mm x 25 um are widely used as anti-theft markers. In Chapter 2 is proposed
a ME biosensor based on antibody-antigen interaction for wireless detection of pathogens in liquid
[20]. For the first time, the performance of this type of sensor has been improved by means of
core@shell MNPs.

A colorimetric sensor based on metal nanoparticles is able to detect the color change in a colloidal
suspension that is caused by changes in the refractive index of the surrounding environment and
plasmon coupling between the particles [21-25]. Gold nanoparticles (AuNPs) (diameter from 15 to
35 nm) exhibiting wine-red colour with a localized surface plasmon resonance (LSPR) wavelength
lying in the range 520-530 nm are the most popular for this kind of applications [26]. The aggregation
of AuNPs results in a large red-shift of the LSPR peak that leads to a colour change from red to blue
[21]. Such an unique feature has been exploited to develop aggregation-based colorimetric assays for
detecting proteins [27], small molecules [28], inorganic ions [29], oligonucleotides [30] and viruses
[31]. Colorimetric immunosensors based on colloidal solution of functionalized AuNPs are very
attractive since they provide a fast and accurate response with a very high sensitivity and easiness-
of-use. In Chapter 3 is proposed a nanoparticles-based biosensor for the detection of glyphosate in
tap water. For the first time, instead of using simple AuNPs, the sensor was made using core@shell
MNPs. This innovation has led to a significant improvement of the performance of the colorimetric

sensor making it interesting for more challenging applications.
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Magneto resistive (MR) sensors exploit the change of resistance under the influence of an external
magnetic field. Sensors based on the MR effect have been successfully implemented thanks to the
capacity of some stratified structured material to convert magnetic signals to electrical signals. So far,
MR sensors have been used for a wide variety of applications, such as magnetic random-access-
memory (MRAM) [32], hard disk drives [33], position sensing [34,35], pressure measurement
[36,37]. MR biosensors date back to 1998 when the first application to detect a biological signal was
proposed [38], since then they have been widely used in the detection of proteins, bacteria, and DNAs.
The main advantages of MR biosensors are the low background noise, the high sensitivity and the
stability with respect to environmental parameters (i.e. pH and temperature), as well as the possibility
to detect very weak magnetic fields (nT) at room temperature [39]. In addition, nanofabrication
technologies allow the integration of multiple MR sensors on a single chip. This feature makes MR
sensor chips very attractive platforms for potential multiplexing measurements and biomarker panel
analysis [40]. Last but not least, since MR biosensor chips can be miniaturized, they are particularly
suitable to be integrated on point-of-care (POC) devices for rapid, portable and on-site diagnosis
[41,42]. In Chapter 4 a high-performance MR biochip is presented. In combination with specially
designed and manufactured core@satellite magnetic particles, the sensor was tested for detection of

Human IgG in simulated samples.

1.1.2 Examples of applications

Due to their multiple advantages (robustness, fast response, real time detection, low cost, stability,
sensitivity, selectivity and reproducibility) biosensors have a variety of applications in different fields
including agriculture, food industries, environmental pollution monitoring and medical diagnosis. For
instance, interesting areas for biosensing are the food quality, which requires rapid and low cost
methods to evaluate the presence of contaminants, and the biomedical field where real-time and in

situ analysis of clinical samples are key objectives.

In recent years, food safety has become an issue of public importance due to the enormous changes
that have affected the food system characterized no longer by a close relationship between production
and consumption but by the globalization of food, i.e. trade, traveling goods and exotic products from
countries where food and agricultural legislation may not be as stringent as the European one. Food
safety is really guaranteed only if food, before being released on the market, is subjected to precise
controls following proper practices which establish a series of prevention measures. If these measures
are not correctly applied, food can be contaminated by various pathogenic microorganisms (bacteria,
viruses and parasites) capable of causing a high number of infections, sometimes even fatal. The
incidence of these infections has significantly increased in recent years and, currently, foodborne

diseases, but also waterborne diseases, are ranked among the most significant problems in the world
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as they negatively affect human health. Some infections can result from untreated water or water
contaminated by human or animal sewage, others from common foods such as milk, cheese, meat,
chicken, fruits and raw vegetables contaminated during the preparation process. Thus, monitoring
water and food is essential to ensure that they are safe and fit for consumption, meaning that both
pathogenic microorganisms and their toxins are absent. This is crucial to preserve the well-being of
the population, but despite advances in health care, such diseases are still a global problem to such an
extent that the World Health Organization has placed food safety among its top eleven priorities. In
order to prevent the growth and evolution of food- and water-borne diseases, it is important to develop
new rapid and cost-effective technologies for the detection and quantification of the most common

pathogens.

All three biosensors developed in this thesis can be applied to food safety or water quality control
problems. In particular, the capability of the colorimetric biosensor presented in Chapter 3 to deal

with this type of problem was directly demonstrated with the detection of glyphosate in tap water.

1.2 Surface functionalization

An important component of a biosensor device is the biological recognition element, or bioreceptor.
Choosing the biorecognition element is one of the most important steps in the design of a biosensor.
The key features of an ideal bioreceptor are high selectivity and specificity for the molecule of interest
among the matrix of other biological components. Due to their ability to bind to a wide variety of
substances, antibodies (Abs) are the most chosen over other bioreceptors as aptamers, DNA, cells and
enzymes. Moreover, the analytical performance of a biosensor are strongly influenced by the was the
Abs are immobilized on the surface, making the choice of the functionalization procedure a key factor
in the development of a biosensor [43]. Over the years, a wide range of immobilization methods have
been investigated and the choice of the most suitable depends on the nature of the bioreceptor, the

transduction principle and the target molecule.

Abs (Figure 1.3) are characterized by two binding sites (antigen binding sites) that are responsible
for selective recognition of the analyte (antigen). For an efficient biosensing, Abs (Figure 1.3) should
be correctly immobilized on the biosensor surface in order to retain their biological function, which
means that their binding sites should remain unobstructed and available to bind the target molecule.
This makes functionalization of the transducer surface a critical step in biosensor development. Over
the years, many functionalization methods have been proposed. The simplest method is to immobilize
the antibody on the sensor surface by adsorption. Depending on the type of interaction that occurs
between the antibody and the surface, adsorption can be defined as physisorption (physical) if weak
20



intermolecular bonds (van der Waals bonds) are involved or chemisorption (chemical) if strong
intramolecular bonds are involved. Other immobilization methods exploit the specific interaction
between two molecules (e.g. avidin/streptavidin and biotin), covalent bonds (e.g. sulfur-gold bonds),
or entrapment in polymer matrices. Although these approaches provide effective immobilization of
the antibody, they are time-consuming and laborious procedures applicable only in the laboratory
setting as they require chemical treatments and several purification steps. In addition, the toxicity of
some chemical reagents used could change the biological properties of Abs, including the ability to
recognize the specific antigen. These problems motivated the introduction of a new surface
functionalization named Photochemical Immobilization Technique (PIT) [44] that allows proper
immobilization of the antibody while retaining its biological and analyte binding properties in order
to achieve better sensitivity and lower detection limits. In the next paragraphs the most conventional

functionalization techniques are listed, before delving into the characteristics of PIT.

a)
Binding sites
e !
T —
o
r
Light chains C) fioe B
L —
Heavy chains
-

Figure 1.3. a) Schematic representation of the structure of an IgG antibody consisting of four peptide units, two heavy
chains and two light chains. b) The UV irradiation protocol leads to the selective production of thiol groups, two of them
are highlighted in the figure. ¢) Schematic representation of an antibody linked to a curve gold surface. Thanks to the
position of the thiols that reacts with the gold surface, the antibody is immobilized with one binding site exposed to the
surrounding medium.

1.2.1 Antibodies as bioreceptors

In the following paragraph, the main features of the antibodies will be briefly discussed since they

were used as bioreceptor for all the sensors presented in thesis.

Monoclonal and polyclonal antibodies are among the most commonly used sensing elements as they

can be prepared for a large number of analytes. Abs, also known as immunoglobulins (Ig), are

glycosylated proteins that play a key role in the immune system since they are capable of tagging and

neutralizing foreign substances that invade the body such as toxins or viruses. The immune system
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recognizes extraneous substances as alien when they enter the body and starts to produce Abs in order
to remove the infection. Different Abs are characterized by distinct antigen-binding site produced and
secreted by a peculiar B lymphocyte (white blood cells). Immunoglobulins make up approximately
20% of the total protein in plasma by mass, thus constituting the most abundant component of the
blood. In particular, 1gG, widely used in this thesis, represents the most abundant antibody isotype in
blood which, approximately, accounts for the 75% of human adult serum immunoglobulins. It is the
main effector molecule of the B cell activity against invading pathogens. In view of their properties,
in particular the high specificity and avidity, immunoglobulins are commonly used as powerful bio-

recognition element in biosensors development.

Abs consist of four polypeptide chains: two identical light chains of about 25 kDa and two identical
heavy chains of about 50 kDa for a total of 150 kDa (Figure 1.3). Each polypeptide chain presents a
specific region that is different for each antibody and a common region which does not vary
significantly among Abs. The four chains are connected by a combination of disulphide bonds and
non-covalent interactions (i.e. salt bridges, hydrophobic interactions and hydrogen bonds). The
antigen binding sites of the antibody are at the end of the light chains.

Each part of an antibody has a different function. The top part, containing the two antigen binding
sites, endows the antibody with specificity towards a particular segment of the target. This region,
called Fab (antigen binding fragment), corresponds to the upper part of the structure and consists of
one constant and one variable domain for each heavy and light chain of the antibody. The lower part
of the structure plays a role in modulating immune cell activity and it is also the site of binding for

secondary Abs.

In the biomedical and bio-sensing fields, as well as in diagnostic testing, and therapy, antibodies can
be produced in several ways. The easiest way to achieve an efficient production is to immunize
mammalian species such as mouse, rabbit, and goat. Immunization strategies are highly dependent
on the properties of the antigen, such as its nature, solubility, purity, and availability. Immunizing
mammals requires injecting a foreign antigen into the host so that, upon receiving such an injection,
the immune system will produce an abundance of Abs. Blood samples are generally collected during
the experiment so that the antibody response can be monitored. When the antibodies produced meet

predetermined quality criteria they are purified by chromatography.

The Abs produced by several B cells clones against an injected antigen are called polyclonal
antibodies (pAbs). pAbs possess the ability to bind different regions of the antigen. On one hand, this
property provides a fast and efficient neutralization of the target. On the other hand, it may happen
that the antibody recognizes non-specifically biomolecules that show similar parts to those of the
target. Clearly, the risk of an a-specific detection is negligible with small molecules but increases in

the detection of large-sized antigens (like bacteria). For this reason, monoclonal antibodies (mAbs)
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are often preferred over pAbs for biosensing experiments. mAbs they are produced by identical B
cell which are clones from a single parent cell implying that they are able to recognize only a specific
region of an antigen. Unlike pAbs, which are produced in alive animals, mAbs are produced ex vivo
using tissue-culture techniques. Since the procedure to produce mAbs are more time-consuming and
complicated, they are more expensive than pAbs. A polyclonal antiserum can be obtained within a
short time (4-8 weeks) with a modest financial investment whereas the production of mAbs takes
about 3-6 months and requires more advanced techniques. Thus, the use of pAbs or mAbs depends

on the time and money available for the production [45].

1.2.2 Conventional immobilization techniques

In this Paragraph the most popular conventional immobilization techniques are listed before
introducing the innovative Photochemical Immobilization Technique (PIT) used throughout the thesis

work and presented in the next paragraph.

Physical adsorption of Abs onto a solid surface after a prolonged incubation is the easiest
immobilization method [46,47]. This method results into weak and non-covalent interactions
(electrostatic or ionic bonds, hydrophobic interactions and van der Waals forces) between Abs and
the surface [48,49]. While the adsorption does not require any chemical modifications, resulting in
an easy immobilization technique, weak bonds can be quickly dissolved by changes in environmental
parameters (i.e. pH or temperature), making the surface coverage not stable over time. Furthermore,
in the absence of privileged binding points, the Abs are orientated arbitrarily on the substrate often

compromising their functionality.

Affinity interaction is a non-covalent method based on the specific interaction between two
molecules, one linked to the sensor surface and the other to the molecule that should be immobilized.
An example is the specific interaction between streptavidin and biotin [50,51]. The streptavidin,
which has high affinity to biotin, can be covalently linked to surfaces functionalized with amino
groups by cross-linking its amino or carboxyl functions. Then, biotinylated antibodies can bind the
streptavidin-functionalized substrates with high affinity. This method has several advantages such as
the great availability of pre-functionalized Abs with biotin. In fact, this strategy is particularly popular
for functionalizing magnetic nanoparticles since some types of commercial magnetic nanoparticles
coated with streptavidin are available on the market. On one hand, the biotinylation of Abs does not
prejudice their functional activity but on the other hand the process is expensive and time-consuming.
Moreover, as in the case of the adsorption method, the interaction biotin-streptavidin can be easily

denatured by changes in pH or temperature.

23



Another methods to immobilize Abs is to exploit two intermediate binding proteins: protein A and
protein G [52-56]. Such proteins are able to bind to the Fc region of antibodies leaving the antigen-
binding sites free for binding to antigen molecules. Even if the tertiary structure of both proteins is
very similar, they have inherent differences such as the optimal pH binding conditions which is 8.2
for protein A and 5 for protein G. Although these biomolecules recognize the Fc region of most

immunoglobulins IgG, this interaction is not stable enough for most applications.

Several chemical strategies have been developed to covalently bind Abs molecules on a substrate.
The most popular covalent immobilization methods require the surface to be modified with functional
groups to which the antibodies will be attached. In recent years, a lot of attention has been given to
the functionalization of noble metal surfaces with organic molecules in order to form self-assembled
monolayers (SAMs) that provide oriented antibodies immobilization, ensuring the antibody binding
sites are accessible. In thiols based monolayers, sulphur compounds adsorb onto gold surfaces by
means of the formation of the strong bond S-Au, resulting in highly oriented and densely packed
monolayers [57,58]. In spite of the many advantages, SAMs offer, there are several issues that should
be considered in order to correctly assess their applicability [57,59,60]. The structure of SAMs on
gold surfaces is usually described as a perfect monolayer, with molecules packed tightly together. In
everyday life however, this model often deviates from reality. The realization of a well-assembled
monolayer is essential to benefit from the advantages offered by the technique. The quality of SAMs
is a key point in many applications and it strongly relies on factors that are difficult to control. For
example the purity of the solutions used and the presence of even a low amount of contaminants, as
for instance thiolated precursor molecules that are the typical impurities in thiol compounds, can lead
to a non-uniform and, hence, non-ideal monolayer [61]. In addition, the sensor surface plays an
important role in the realization of SAMs. In particular, several studies have shown that the roughness
of the sensor surface to be functionalized significantly impacts the quality of the SAM layer, in several

cases impairing functionality [62].

1.2.3 Photochemical Immobilization Technique (PIT)

To overcome the issues outlined in the previous Paragraph, the well-established Photochemical
Immobilization Technique (PIT) was adopted for antibody functionalization in this thesis. PIT is a
fast, effective and easy to use strategy to tether Abs directly on noble metal surfaces (such as gold) in
a proper orientation, that is with their binding sites well exposed upright to the environment (Figure
1.3c) [63-65]. This technique exploits UV irradiation of Abs that induce selective photoreduction of
the disulfide bridge in specific cysteine-cysteine/tryptophan (Cys-Cys/Trp) triads [66]. Every
immunoglobulin G has twelve triads but it has recently been demonstrated that only two of them are

involved in this process [65]. The breakage of such Cys-Cys bonds in both Ab Fab fragments is by
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solvated electrons generated by the UV excitation (Figure 1.4) of the trp. The whole process produces
four free thiol groups (Figure 1.3b) two of which are able to interact with gold surfaces giving rise to
acovalent Ab tether. Moreover, PIT was also successfully applied to functionalize AuNPs in colloidal
solutions to provide either colorimetric transducers [14,27] or a ballasting tool for mechanical
platforms [20].

Practically, the Abs solutions are irradiated for 30-60 s, according to the UV lamp used (for protocol
details see Paragraph 2.3.2, 3.3.3 and 4.3.4). This time is the result of an optimized protocol that, as
confirmed by the Ellman’s assay [67], produces a high concentration of UV-activated antibodies
while guaranteeing no denaturation of the antibodies as evidenced by their selectivity and efficiency
in antigen binding in the developed biosensors. Compared to the conventional methods, PIT is a quick
and user-friendly immobilization method which does not require a previous modification of the

surface.

In previous works, PIT has been used in a number of experiments to develop sensitive and selective
biosensor (i.e. QCM-based [68—71] and colorimetric biosensors [14,27,72]) assuring both close-

packing and control over the orientation of the immobilized Abs [65,73].
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Figure 1.4. Example of use of the Photochemical Immobilization Technique (PIT). a) 1 mL of Ab solution at 25 pg-mL"
! was pipetted in a standard quartz cuvette. b) The cuvette was placed into the lamp and c) irradiated for 30 s. d) Detail of
the UV lamp when turned on. €) Functionalization of a colloidal solution of nanoparticles. The Abs solution, previously
the irradiated, was spiked into the solution with nanoparticles while magnetically stirred.
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1.3 Nanoparticles

1.3.1 Gold nanoparticles

Nanoparticles technologies enabled a revolution in the field of sensing tools, providing opportunities
and possibilities. A major research line in the last decade has been the use of functionalized AuNPs
for sensing selective biomolecules. Because of their unique tunable optical properties, AUNPs are
being extensively investigated in various fields, including sensing, detecting, and imaging. To date,
advances in AuNPs synthesis have led to better control over their size and shape, establishing them
as an increasingly useful tool. AuNPs are being largely used in biosensing thanks to their inertness
and plasmonic properties, which make them highly exploitable in manifold ways. Moreover, they are
widely used due to their biocompatibility and their large specific surface area on which bioreceptors

such as Abs can be properly immobilized Figure 1.5.

AUNPs exhibit unique plasmonic properties due to their capability to confine the electromagnetic
(EM) waves within the near-field region close to the surface. This provides them with unique features;
such as extremely large electric field enhancements [74], nano-antenna [75], huge light scattering and
absorption [76], and striking photothermal conversion capabilities [77]. In the last years, considerable
efforts have been performed in order to exploit plasmonic properties of the nanostructures in the
biosensing field. Several different plasmonic biosensors were developed to improve the sensitivity
and to reduce the response-time [78-80]. One of the most attractive are AuNPs-based colorimetric
biosensors since they are cheap, simple to manufacture and can be extremely sensitive. The
absorbance wavelengths of noble metal nanospheres (gold and silver) are in the visible region thereby
giving rise to the vivid colors of their colloidal solutions. The color depends both on their diameter
and on the surrounding medium [21]. Gold is generally preferred to silver because of its

biocompatibility [81], inertness [82] and surface chemistry [16].

Another popular use of AuNPs is as ballasting tool for mass-based biosensors, in the process known
as biological signal amplification [20]. The amplification of the response signal via AuNPs exploits
the typical sandwich-assay scheme, in which AuNPs, functionalized with bioreceptors (e.g. Abs),
bind to the couple target-bioreceptor (e.g. Antigen-Ab) steering on the sensor surface. Thus, the mass

loading on the sensor surface increases, enhancing its sensitivity of detection.
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Figure 1.5. a) Schematic representation of the functionalization process involving AuNPs and UV-activated antibodies.
b) Detail of a single functionalized gold nanoparticle with three Abs. Adapted from [25].
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1.3.2 Gold decorated magnetic nanoparticles

Magnetic nanostructures are currently a topic of great interest for the scientific community as
evidenced by the growing number of scientific publications on the subject (Figure 1.6) [83]. The
ability to manipulate and control the properties of nanoscale objects through an external magnetic
field has already been exploited in several fields from diagnostic imaging to biosensing [83,84].

Among these materials, magnetic nanoparticles (MNPs) have gained popularity due to their
exceptional magnetic properties and the ability to adjust them by changing shape and size [6,7]. MNPs
are generally composed of two entities, a central core made in most cases of magnetite or maghemite
and a chemical component on the outer surface with bio-recognition properties. The most important
disadvantages of such a setup, is that the procedures employed to link the bioreceptor to the metallic
core are complicated, expensive and time-consuming. Furthermore, the biological layer is often not

sufficient to effectively protect the magnetic core from oxidation.
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Figure 1.6. The number of published papers mentioning “magnetic nanoparticles” derived from statistics (Web of
Science), the statistics for 2019 is not complete. The image is reproduced from [83].

To overcome such issues, protocols have recently been studied to cover the magnetic core with a
coating of noble metal. The outer layer, usually gold or silver, endows the nanoparticle with superior
stability and durability making it possible for biosensing applications. The presence of gold makes
the structure biocompatible and allows the use of well-known powerful functionalization techniques
to link the bioreceptor to the gold decorated magnetic structure.

Gold coated magnetic nanoparticles have been recognized and applied in analytical chemistry mostly
for bio-separation and the development of electrochemical and optical sensors [85,86]. Applications
of these particles in biomedicine, including magnetic resonance imaging contrast agents [87] and
targeted drug delivery [88] have also been explored. The reason that these particles can be used for
so many applications is because they are highly versatile; the optical and magnetic properties of the
particles can be tuned and tailored to applications by changing their size, gold shell thickness, shape,
charge, and surface modification. One of the major issues with gold decorated magnetic nanoparticles
is that being a relatively new topic there are not yet many products on the market and the protocols
available in the literature require expensive laboratory equipment or are complex and time-

consuming.

Gold decorated magnetic nanoparticles can be assembled in several ways. They can be classified as
core@shell, core@satellite, nanodumbbells and hybrid structures [17]. In this paragraph the
core@shell and the core@satellite, that have been exploited for sensing purposes in this thesis, are

briefly discussed.
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Core@shell nanoparticles are characterized by the presence of a uniform gold coating around the
magnetic core (Figure 1.7a). In this configuration the magnetic core does not come into contact with
the external environment resulting in a high stability of the structure. Moreover, the fact that the
surface is entirely covered with gold allows to maximize the presence of Abs per particle. One of the
disadvantages of this configuration is that the diamagnetic nature of gold causes the outer shell to
shield the magnetic field produced by the core with the result that the magnetic properties of the
core@shell structure are weakened.

Core@satellite magnetic particles (CSMPs) have a single magnetic core with the binding by covalent
bonds of numerous AuNPs similar to satellites (Figure 1.7b). The CSMPs comprise a residually
exposed magnetic core surface suitable for magnetic resonance imaging and further functionalization.
In addition, the CSMPs structure consists of many peripheral AuNPs with a large surface area of the
satellite nanoparticle that is advantageous for imaging as well as photothermal capabilities [89]. This
configuration is particularly suitable for applications where the magnetic properties of nanoparticles
are to be exploited to the fullest. In fact, the AuNPs around the magnetic surface do not shield the
field as much as in the case of core@shell structures.

a)

Figure 1.7. Schematic representation a) of a core@shell structure and b) a core@stallite structure.
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Chapter 2. Magnetoelastic biosensor

In this Chapter a magnetoelastic (ME) biosensor for wireless detection of analytes in liquid is
described. The ME biosensor was tested against Human IgG in the range 0-20 pg-mL 1. The sensing
elements, anti-Human IgG produced in goat, were immobilized on the surface of the sensor by using
a recently introduced Photochemical Immobilization Technique (PIT), whereas a new amplification
protocol exploiting gold coated magnetic nanoparticles (FesOs@Au MNPs) is demonstrated to
significantly enhance the sensitivity. In particular, the gold nanoflowers grown on the magnetic core
allowed us to tether anti-Human IgG on the nanoparticles so to exploit the sandwich detection
scheme. The experimental results show that the 6 mm x 1 mm x 30 um ME biosensor with an
amplification protocol that uses magnetic nanoparticles has a limit of detection (LOD) lower than 1
nM, works well in water and has a rapid response time of few minutes. Therefore, the ME biosensor
is promising for real-time wireless detection of pathogens in liquids and for real life diagnostic

purpose.

Paragraph 2.1 contains an overview of the content outlined in the Chapter, highlighting the novelty
points and scope of the work. Paragraph 2.2 summarize the most important features of the theory of
the magnetoelasticity. The materials and methods exploited to build the biosensor and to analyze the
data are reported in Paragraph 2.3. In Paragraph 2.4 are presented the results related to the
advantages of using FezOs@Au MNPs as well as the biosensing performance of the magnetoelastic
biosensor. In Paragraph 2.5 the interaction among FesOs@Au MNPs is modeled and the dose-

response curve is analyzed. The conclusions of the work are drawn in the Pragraph 2.6.

Some of the content included in this chapter has been published on Nanomaterials from MDPI.

30



2.1 Overview

In recent years biosensors have proven to be an interesting platform for developing sensitive and
portable devices devoted to detecting biological or chemical entities for a variety of applications, such

as monitoring of environmental pollutants, food and water safety and biomedicine [18].

Recently, among the magnetic biosensors [90-92], magnetoelastic materials (ME) have emerged as
interesting acoustic-wave transducers for development of high-sensitive biosensors [19]. ME sensors
can be placed in a vibration condition due to magnetostriction effect, at the characteristic resonance
frequency fo, employing time-varying magnetic fields. The attaching of a small mass to the surface
of the material involves a shift of the resonance frequency, which can therefore be used as sensing
parameter. In fact, the mass addition dampens the resonance behaviour of the resonant sensor. The
principal competitive advantage of ME biosensors is that they are wireless, namely there is no
physical connection between the detection electronics and the sensor. Wireless sensing turns out to
be a very interesting feature for applications as point of care testing, especially by considering that
most of the other devices require complex wiring for power and measurement. Furthermore, ME
transducers are composed by a low-cost raw material, and their compact size make them suitable for
multiplexing schemes. However, sensitivity remains the main drawback of these transducers. Recent
attempts to enhance sensitivity rely on several strategies such as the reduction of the size of ME
platforms [93], and the amplification of the signal response by using gold nanoparticles (AuNPs)
[94]. It should be noted that the attempt of reducing the dimension of sensor platforms is limited by
manufacturing difficulties and loss of the intensity of the signal that occur when the microscale is
reached [95,96].

AUNPs are widely used in biosensing due to their high chemical stability, biocompatibility and large
specific surface area on which bioreceptors such as Abs can be properly immobilized. In the case of
a ME sensor, the amplification of the response signal via AuNPs exploits the typical sandwich-assay
scheme, in which AuNPs, functionalized with bioreceptors (e.g., Abs), bind to the target-bioreceptor
pair (e.g., antigen-Ab) on the sensor surface. Thus, the mass loading on the ME sensor surface
increases, enhancing its sensitivity of detection.

Besides AuNPs, magnetic nanoparticles have also found application as signal labels in biosensing
systems, such as molecular detection and related strategies that rely on ligand-receptor binding. In
particular, iron oxide magnetic nanoparticles (MNPs), such as magnetite (Fe3Os) and maghemite (y-
Fe203), are particularly appealing due to their magnetic properties, tunable size, and greater ease of
synthesis than other magnetic materials [83,97,98]. Indeed, recent studies have shown how to use
magnetic nanoparticles to improve the efficiency of the functionalization process [99], to realize

multiplexing immunoassays [100] and for magnetic detection [92,101,102].
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In this Chapter, we describe how core@shell magnetic nanoparticles (FesOs@Au, i.e., gold
nanoflower grown on a magnetic core) can be used to amplify the signal from a ME biosensor for
wireless detection of contaminants in liquid. The use of the magnetic properties of nanoparticles is a
current and relevant topic for scientific community, although the tendency to aggregation is an
obstacle to their applications. In our case, the FesOs MNPs gold coating and functionalization
protocols employed for signal amplification have also the effect to prevent nanoparticles aggregation,
so that other complex and time-consuming techniques can be avoided [103,104]. The sensor platform
is a low-cost and commercially available ME material (Metglas 2826), shaped in a ribbon of small
size (6 mm x 1 mm x 30 um). We propose the synergy of two strategies to increase the performance
of this sensor: (i) a new amplification procedure that exploits gold coated nanoparticles with magnetic
core (ii) the use of reliable, quick and easy-to-use antibody functionalization procedure. We observed
that the signal amplification obtained with FesO4@Au was significantly higher than that obtained
using AuNPs. The fact that in our case both the magnetic sensitive platform and magnetic
nanoparticles contribute to the measurements process is an element of novelty in comparison with
standard configurations, widely discussed in literature [105,106]. It should be noted that the
amplification of the shift of the resonance frequency of the ME sensor is due to the mass of magnetic
nanoparticles and does not depend directly on their magnetic properties. Indeed, the advantage of the
magnetic core of the nanoparticles relies in its coupling with the local magnetic field, which in turn
leads to an increase of the local density at proximity of the ribbon surface. Such an effect can be well
understood by working out the magnetic field produced by the magnetized ribbon and comparing its

action on a magnetic nanoparticle with the thermal energy (Brownian motion).

Regarding the functionalization procedure, the Photochemical Immobilization Technique (PIT)
recently introduced by Della Ventura et al. [65] not only was used for the first time to functionalize
a ME material (coated with gold), but also the gold nanoflowers grown on the magnetic nanoparticles.
This technique, based on a controlled UV-activation of Abs, has proven to be an effective
[28,68,73,107-109] and competitive methodology since it is rapid and user-friendly and leads to
strong (covalent) and conveniently oriented bonds of Abs on the sensor surfaces, without affecting

the intrinsic selectivity of the antibodies.

The experimental results show that the proposed ME biosensor has a reliable stability in liquid, a

quick response to antigen exposure and exhibits a limit of detection (LOD) lower than 1 nM.
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2.2 The theory of magnetoelasticity
2.2.1 Metallic glasses

The constituent materials of the magnetoelastic sensor belong to the class of amorphous solids. A
solid is amorphous when it does not show long-range order, thereby it is impossible to find a clear
structure above the atomic scale. The elementary building block in the amorphous solids are arranged
irregularly, they do not possess any kind of definite geometry and have a short-range order. The
amorphous state (also called the glassy state) is characterized by a brusque transition that the material
undergoes when it is rapidly cooled down. Typically, the materials that exhibit this behavior are
composed of elements belonging to the 4" 5™ and 6™ column of the periodic table of elements, e.g.
SiO», of which the common glass is mostly composed. In Figure 2.1a, a schematic representation of
the crystallographic structures of crystalline and amorphous materials is shown. It is possible to assess
the nature of the structure of a material by X-ray diffraction (XRD) [110]. The resulting intensity of
the diffraction peaks I(K)is given by the following equation:

1(K) = z z ity S Kimn), 21

KTmn

where f is the atomic form factor, K = |Ak| = k' — k with k'and k being the wavevector of the
outgoing and ingoing beam respectively and lastly 7, = |r,, — | the modulus of the difference
between the position vectors of two atoms in the position m and n respectively. A crystalline structure
will be characterized by a spectrum with sharp peaks corresponding to the directions in which the
interference among the ingoing and the outgoing beam is constructive. On the other hand, the
spectrum of an amorphous material will be characterized by broader peaks because of the random
positioning of atoms or molecules in the structure. To better understand the amorphous structure, it
is possible to calculate the Fourier transform of the XRD distribution, obtaining the radial distribution
4mr?p(r), where p(r) is the concentration of atoms at distance r. The profiles of the radial
distribution of atoms for a solid in the amorphous state to the one for a liquid it turns out to be in
agreement and for this reason the glassy phase is often described as an extrapolation of the liquid
phase [111].

Metallic glasses can be produced through different techniques, but all of them use the rapid cooling
of the liquid phase, so that the atoms do not have enough time to rearrange themselves to form a
crystal lattice. The most spread technique is the one called planar-flow casting that exploits cooling
rates around 10%-10° K-s*. One of the effects of rapid cooling is that the short time taken for
solidification, forces the material to remain in the glassy state, although the crystalline state is more

favorable from an energetic point of view. This happens because this time is not sufficient to allow
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the reorganization of the strong covalent bonds (i.e. in the case of common glass SiOa, Si-Si or Si-O

bonds) into an ordered long-range structure (Figure 2.1b) [112].

Providing a detailed description of the properties of solid amorphous metals and their fabrication
processes is beyond the scope of this work, which focused on applications of these materials in the

field of biosensing. A complete discussion of amorphous metals can be found in [113].
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Figure 2.1. a) Schematic representation of the structure of a crystalline and amorphous solid and the associated X-ray
diffraction (XRD) spectra. b). Schematic representation of potential energy of amorphous and crystalline state for an
amorphous solid (glassy phase). Rapid cooling forces the material to remain in the glassy state, although the crystalline
state is more favorable from an energetic point of view. The figures are adapted from [110] and [112].

2.2.2 Physical origin of magnetoelaticity

The elastic and magnetic properties of matter are linked so that when a material is subjected to a
magnetic field, it undergoes a change in its shape, while if it is subjected to external stress, a change
in its magnetization occurs. These two effects are called respectively direct magnetoelastic
(magnetostrictive) effect and inverse magnetoelastic (magnetomechanical) effect. Although this
effect is negligible in most materials, this is not true for some types of metallic glasses. In this work
we will focus on the magnetostrictive effect, whose working mechanism is depicted in Figure 2.2,
because it was the one exploited for the magnetoelastic sensor discussed in this Chapter. The physical
origin of the magnetostrictive effect lies in the spin-orbit coupling of the electrons. The effective
strain AL-L%, enlarged for visual reasons in Figure 2.2, is due to the reorientation of the electrons'
spins along the direction of the external magnetic field which also involves a reconfiguration of the
orbits with a consequent structural deformation. Typical values of magnetostriction are around units
or a few tens of parts per million (p.p.m), i.e. for Metglas 2826 is 11-10®, which leads to a strain of
66 um for a 6 mm long ribbon [114].
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There are several approaches to study magnetostriction, but the most spread out are the group theory
and the thermodynamic description, both phenomenological. In this work it has been chosen to
illustrate the thermodynamic approach which is most suitable for describing applications in the field
of biosensing because with this method it is easier to solve the wave equation and obtain the resonant

frequencies of the ME ribbon.
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Figure 2.2. Schematic representation of direct magnetoelastic (magnetostrictive) effect. In panel a) a magnetoelastic
ribbon is magnetized by means of an external magnetic field generated by a coil which increases the length of the ribbon
by a quantity AL. In panel b) a schematic representation of how the physical principle of the magnetostrictive effect
works. The external magnetic field causes a reorientation of the electrons' spins which also involves a reconfiguration of
the orbits and a consequential structural deformation.

2.2.3 Thermodynamic approach

In the thermodynamic framework it is possible to derive constitutive equations of magnetoelasticity
from the internal energy choosing as extensive parameter: entropy, strain and flux density, i.e.

U(S, v, B). From the first law of thermodynamics:
dU = 5L + 60, 2.2

where §L is the infinitesimal work done by external forces and §Q is the heat absorbed by the body.

In this case, the external forces are due to the shear stress 7;; [115] induced by the magnetic field H;.

When an external force is applied to the material, for example in the z direction, the following

equation holds true:

2.3

0%u, (01, 0Tz 014
F, = - .
2= P g2 <6x+0y+az

By combining Equation 2.2 with the second law of thermodynamics for reversible processes, it is

obtained:
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where S is the system entropy, y;; the symmetric terms of the deformation tensor [115] and B; the

magnetic induction. Using the definition of internal energy, it is possible to derive the following

relation:

(au) u (EiU) ,
TR = [ = Tij 5
0B; a)/u By J

Y'Y

The eight magneto-elastic coefficients, which are third-order tensors two by two identical, can be
obtained as in [116]:

<%) = <%) = _h"k 26
0vij)p, \9Bk/, Y '
(25) () g .
0ry), \9B), 7Y '
=(52)  =dy 28

<aTij H, aHk T Lk
<aBk> __ (61'1]) = e, 29
0Yij H, OH . N '

Each of the four quantities B;, H;, y;j, T;;can be written as a function of a magnetic term and a
mechanical term, giving rise to four pairs that give the constitutive equations of magneto-elasticity as
reported in [117].

H
{Vij = S;jmnTmn T dijHy 210
B = dimnTmn + Hflthz
_ Bk
{ Tij = CijmnYmn — hijiB1 )11
H; = —himn¥Ymn + Vi];khBl
_ Bk
Yij = SijmnTmn T GijiBi 919
H; = —IGijmnTmn + Vi‘;khBl
H
{Tij = Cjmn¥Ymn — €ijiHy )13
Bi = eimnVmn + uﬁthz
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Table 2.1 Fundamental magnetoelastic constants

B
Cij'fnn Specific elastic stiffness
Constant flux density B
sBk Specific elastic compliance
ijmn
H
Cijfnn Specific elastic stiffness
Constant filed strength H B _ _
sHk Specific elastic compliance
ijmn
u}/lkh Permeability
Constant strain y
v .
v Reluctivity
uflk " Permeability
Constant stress t
z .
v Reluctivity

~,
-

H

Figure 2.3. Schematic representation of a 4 vs H curve of an amorphous ferromagnetic material. Values of H in
correspondence to the (O) region and the saturation plateaux lead to no magnetoelastic effect because small variations of
the field do not cause relevant variations for 4. On the contrary, if they occur in proximity of the region (1), which has the
maximum slope, the material undergoes the magnetoelastic effect.

Equations from 2.10 to 2.13 only holds for small perturbations (e.g. small deformations) around
equilibrium values where the material behavior can be considered linear and almost reversible. These
conditions are satisfied for amorphous ferromagnetic materials mainly due to their soft magnetic
properties, in fact the linearity condition of the direct magnetoelastic effect occurs if the external

polarizing field H is located next the inflection point (I) of the A(H) curve shown in Figure 2.3 where
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A is the magnetoelastic coefficient [118]. Thus, in proximity of the region (l) it is possible to replace

the infinitesimal value dX with the finite value X, where X = (B, H, y, 7):

Table 2.1 shows the roles of the constants obtained.

2.2.4 Acoustic wave equation in air

In the thin beam approximation it is possible to derive the equation of motion for the displacements
involved in Equation 2.3 by using the first equation of 2.10 [117]:

~ 0%u, 0H, 0%u,
(s33)u l 5.2 93, l =P5 2.14
By combining Equations 2.14 and 2.9 it is obtained the following relationship:
0%u 0%u
(53_31)11[1 — €33933] aZZZ =p 6tZZ' 2.15

which is the wave equation of an acoustic oscillatory phenomenon with propagation velocity

p p

. \/(53_31)11[1 — €33933] _ E 2.16

By imposing the free-standing boundary conditions d,u,-, = 0 and d,u,—;, = 0, (where L is the

length of the rod) the following harmonic frequencies are obtained [115]:

1 |E
=— |—n = . 2.17
f=gp [Fn=fon

The magnetoelastic biosensor discussed in this chapter exploits a ribbon with width/length ration of
1:6. For this ratio the beam approximation fails implying that the equations 2.15 and 2.17 must be

modified. A better approximation can be obtained by introducing the Poisson’s ratio (o) in the model
[106,119,120]:

2 _ 2\A2
0 uz_p(l c“)0 uZ:O, 518
0z2 E at?

1 E

=— [—  n="f. 2.19
le 2L p(l_O_Z)n fO
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2.2.5 Oscillations in liquids

As described in this Chapter, ME biosensors operating principle is based on the Joule
magnetostriction of magnetic materials, which can vibrate longitudinally at a characteristic frequency,
depending not only on physical parameters of the materials but also on the external environment. For
a ribbon shaped sensor, that undergoes a plane-stress or biaxial state, the fundamental resonance

frequency in air, f,;,, is given by equation:

1 E
— ’— 2.20
falT 2L ,0(1 _ 0_2)'

where L is the length of the ribbon, E its Young’s modulus, p its density and o the Poisson’s ratio

[120], while in low viscosity liquids the resonance frequency, fj;4, is given by equation:

NiigPiiq
\} T 2.21
——— “Vfair

fliq=fair_ 2pd ’

where 7,;, and p;, are the dynamic viscosity and density of the liquid (Figure 2.4). The relationship
2.21 is obtained by approximating the ribbon to a thin beam, a valid approximation when the thickness
is negligible with respect to the other two dimensions involved. The length to width ratio is needed
to be greater than five for a good magnetoelastic response of the material, the latter being further
improved for ratios greater than fourteen [121]. In our case we chose a length to width ratio of six

because, as the length and mass of the sensor increases, the mass sensitivity (S,,) decreases [122].

39



1.0

o
©

o
o

= \Water

o
o

Ethanol

Normalized amplitude

o
wn

—— Ajr

182.5 185.0 187.5 190.0 192.5 195.0 197.5 200.0

Frequency (kHz)

Figure 2.4. Resonance frequency of a magnetoelastic ribbon in different media.

2.2.6 Mass sensitivity

When the testing temperature, humidity and other environmental parameters are constant, the
resonance frequency change of the magnetoelastic sensor depends only on the mass change on its
surface (Figure 2.5). In the approximation of small mass loading (Am « Mweg) uniformly distributed

on the ribbon surface, the shift in resonance frequency in low viscosity liquids is given by equation:

5fliq - 3fair Am
4M 5

Afiiq = — 2.22
where fj;, is the initial resonance frequency in liquid, Af;, its variation due to the detection of
antigens of mass 4m and M, is the initial mass of the ribbon [122]; thus, the sensitivity of the sensor

is:

_ Afliq _ 5fliq - 3fair
Am AMyp

S = 2.23
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Figure 2.5. When environmental parameters are constant, the resonance frequency change of the magnetoelastic sensor
depends only on the mass change on its surface and in this particular case by the recognition of the target. In the
approximation of small mass loading (Am « Myg) uniformly distributed on the ribbon surface, the shift in resonance
frequency in low viscosity liquids can be calculated.

2.3 Materials and methods
2.3.1 ME sensors fabrication

ME sensors platforms, composed of Metglas alloy 2826 (FesoNisP14Bs), were purchased from
Honeywell Corporation (Morriston, NJ, USA) in the form of roll and cut in ribbon form with the
dimensions 6 mm x 1 mm X 30 um using a computer-controlled laser cutting machine. The ME
ribbons were ultrasonically cleaned sequentially in ethanol and distilled water each for 20 min, then

dried in an inert atmosphere.

The surfaces of the cleaned ME ribbons were covered with a layer of titanium (Ti) in thickness of 30
nm, followed by a layer of gold (Au) in thickness of 100 nm. The titanium inner layer was used to
improve the adhesion of the gold film on the sensor surfaces, while the gold layer was exploited to
enhance the immobilization process of sensing-elements (i.e., antibodies in this study) on the sensor

surfaces and also to protect the ME ribbons from corrosion.

Compared with other works found in literature [123,124], polishing and annealing of the ME ribbons

were not needed in our procedure
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2.3.2 Antibodies immobilization

The ME sensor surfaces coated with gold and washed sequentially in ethanol and ultrapure water
were functionalized by means of Antibodies (Abs) Human IgG produced in Goat, purchased by
ImmunoReagents Inc. (Raleigh, NC, USA).

The adopted functionalization procedure was the Photochemical Immobilization Technique (PIT)
[65], a powerful and quick methodology based on an appropriate UV-activation of Abs, whose
effectiveness was already confirmed in several application for biosensing [28,68,73,107—109]. It was
demonstrated that this method leads at the same time to a strong (covalent) binding of Abs onto gold
surfaces while orienting Abs with one fragment antigen-binding site (Fab) exposed to the solution.
As an immediate consequence, the antigen detection efficiency of the immunosensor is enhanced.
The functionalization procedure via PIT involved the following steps: the ME sensor was mounted
into a fluidic circuit and immersed in MilliQ water; a quartz cuvette containing 1 mL of Abs dissolved
in ultrapure water (25 pg-mL ™) was irradiated by UV light (lamp Trylight®) for 30 s, which is the
optimal irradiation time for PIT; since the Abs binding sites remain active for about five minutes,
immediately after the irradiation, the activated Abs solution was placed in the fluidic circuit and
conveyed onto the ME sensor surfaces. The solution flowed into the closed fluidic circuit for several

minutes.

In this study gold nanoparticles (AuNPs) and core@shell (FesOs@Au) MNPs were used to amplify
the biosensor response, in order to determine, for the same mass of the nanoparticles, whether the
magnetic action produces an improvement in the sensitivity of the biosensor. The functionalization
was again achieved by PIT for both types of nanoparticles (NPs). A volume of 1 mL of suspended
NPs in MilliQ water was prepared, whereas a volume of 100 uL of Abs solution (25 pg-mL™?),
irradiated by UV-light for 30 s, was added in twenty spikes (5 UL each) to the NPs solution and gently
stirred in order to avoid aggregation. The absorbance spectra of the functionalized NPs, characterized
by the UV/vis spectrophotometer (model 6715 Jenway, Cole-Parmer® Company, Illinois USA),
showed a red-shift of 3 nm of the LSPR wavelength, in accordance with the change of both types of

NPs refractive index due to immobilization of antibody onto gold layer [28].

2.3.3 Synthesis of AUNPs

The AuNPs were synthesized by chemical reduction of tetrachloroauric(lll) acid trihydrate
(HAUCI4-3H20) through sodium citrate (NasCsHsO7) [125]. A solution of 50 mL of ultrapure water
and 0.5 mL solvated HAuUCIs-3H20 (24 mM) was heated up at 150 °C and stirred constantly.
Afterwards, 6 mL of sodium citrate dihydrate (39 mM) was added into the boiling solution to achieve

particle nucleation.

42



To further increase particle growth, another 4.2 mL of HAuCl4-3H20 (24 mM) was added after 2
min. The color of the solution changed from transparent to black to finally move to bright red in few
minutes. As final step, the solution was let cool down for 2 hours keeping the same stirring.
In order to employ AuNPs as signal amplification factor, it was necessary to remove the sodium
citrate, in which they were suspended to avoid aggregation, during the functionalization of the surface
with Abs. The centrifuge protocol working conditions for 1 mL of citrate AuNPs (the dilution: 200
uL of citrate AuNPs and 800 pL of ultrapure water) was achieved through two steps: (a) 15 min at
9000 g, and (b) 10 min at 5000 g. After each centrifugation, the pellet was re-suspended in 1 mL

ultrapure water.

The resulting optical density (OD) was ~ 1.0 that corresponds to =~ 10 AuNPs-mL* with average
diameter of 40 nm [126].

2.3.4 Au coating of FesO4 MNPs

The magnetic FesO4 nanoparticles (average diameter 30 nm) were purchased by MERCK (catalog
number 747327) and gold coated as follows. 100 puL of magnetic nanoparticles were added to a
solution containing 50 mL of MilliQ water and sodium citrate (10 mg-mL 1) and they were heated
until 90 °C with vigorous stirring. Once the temperature was reached, 50 pL of HAuCls-3H20 (10
mg-mL™) was added to the solution for four times every ten minutes. At this point the solution was
let to cool down until it reached the room temperature keeping the same stirring. As a result of such

a procedure a colloidal solution of 50 mL of FezOs@Au MNPs was obtained.

2.3.5 Experimental setup

The ME biosensor was mounted into a fluidic circuit by inserting it in a 3D printed Acrylonitrile
butadiene styrene (ABS) cell that was subsequently placed in a glass tube to be connected to a fluidic
continuous pump Figure 2.6.

Two identical home-made Helmholtz coils were mounted at a distance equal to their radius and
employed to produce a static and uniform magnetic field in the central region between them, where

the glass tube, enclosing the ME sensor, was placed.

A vector network analyzer (VNA) (E5071C ENA series, Keysight Technologies) was connected to a
home-made cylindrical coil wound around the glass tube containing the ME sensor. The cylindric
single layer coil was made with 80 consecutive windings, using a copper wire (diameter of 0.1 mm),
for a length of 8 mm and a diameter of 3.5 mm. The VNA, operating using S-parameters [127], was
employed to provide an AC field to excite the ribbon and monitor the reflected signal from the
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cylindric coil around the sensor. The reflection coefficient S11, i.e., the ratio between the amplitude
of the reflected signal and the amplitude of the incident one, is commonly used to monitor the
resonance frequency of a ME resonator [19]. In fact, S11 signal reaches its minimum at a frequency

corresponding to the resonance frequency, f,, of the sensor.

The error of the experimental setup on a resonance frequency measure, extracted by fitting the signal
obtained by the VNA, is of the order of 1072 Hz, much smaller than the error related to stability

fluctuation over time of f;, (3 Hz as estimated in Paragraph 2.3.6).

Antibodies
PIT
@ Fluidic Helmholtz coils
he——p
Yy ] pump
YY Switch <0l 0 [m\ a
4 &
Antigen —- VNA U
<
°s W
Waste
NPs PC
S 1 7
* S ——
e

Figure 2.6. Schematic representation of the experimental setup. From left to right: the solution containing antibodies
(activated via PIT), antigens and functionalized nanoparticles, fluidic channels and switch, fluidic (continuous) pump,
Helmholtz coils, the ribbon enclosed by the cylindrical coil, the VNA connected to the PC and the flash out container
(waste). A flow rate of 5 pL-s™* was used in order to ensure laminar flow over the magnetoelastic sensor. Resonance
frequencies were continuously monitored and recorded by the analyzer (VNA) and computer system (PC). Finally, the
waste analyte was collected in the flush out container for disposal. Reproduced from [20].

2.3.6 Experimental procedure

Before starting the sample injection, the fluidic circuits (flow rate of about 5 pL-s™*) and the ME

sensor were rinsed with MilliQ water.

A typical sensorgram reporting all the measurement steps is shown in Figure 2.7. In first step (I) a
solution of 25 pg-mL* of UV-activated antibodies (anti-Human IgG produced in Goat) was conveyed
to the cell for the surface functionalization (PIT). The decrease of the resonance frequency of the
sensor makes evident that the functionalization took place correctly in just ten minutes. After the
stabilization, the fluidic circuit was rinsed for five minutes with MilliQ water to remove the unbound
Abs (II). Subsequently, a bovine serum albumin solution (50 ug-mL™) flowed into the fluidic circuit
for five minutes to fill possible free space left by Abs on the gold surface (blocking, step I11). In the
step IV a solution of target antigen (Human IgG) flowed into the circuit for fifteen minutes. After the
rinse (step V) a solution (1 mL) of functionalized FesOs@Au MNPs was conveyed to the cell (step

VI). As it can be noticed looking at Figure 2.7, the FesO4@Au MNPs play an important role since the
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ME sensor response is eventually amplified by a factor slightly greater than 3 at this intermediate
concentration. We highlight that all the steps were carried out until the equilibrium condition was
reached thereby making more robust the whole approach. For each detection step the time to achieve
a reliable stability was approximately five minutes, thus we carried out long term stability
measurements (blue line in Figure 2.7), which we used to analyze the distribution of the means of the
resonance frequency measured over intervals of five minutes. It turned up that the standard deviation

(0¢) of such a distribution was 1 Hz so that 3 Hz (3 SD) was used to determine the threshold to

establish the occurrence of a signal (limit of detection).
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Figure 2.7. Typical dynamic response of the ME biosensor. On the y-axis the shift of the resonance frequency f;, due to
the mass loading and on the x-axis the time interval. The black line represents the response of the sensing ribbon in each
of the following steps: (I) functionalization with a solution of 25 pg-mL™ of UV-activated antibodies, (11) rinse with
MilliQ water, (111) flowing of bovine serum albumin solution (50 pg'mL™?), (IV) flowing of target antigen solution (5 pg
mL™1), (V) rinse with MilliQ water, (V1) amplification with core@shell magnetic MNPs (FesOs@Au). The control ribbon,
that was employed to estimate the noise level, is represented by a blue line. Reproduced from [20].

2.4 Results
2.4.1 Characterization of FesOs@Au MNPs

Transmission electron microscopy (TEM) micrographs were collected using a FEI Tecnai G2 S-twin
apparatus (University of Naples Federico I, Italy) operating at 200 kV (LaB6 source). The particle
powder samples were transferred on carbon-coated copper grids (200 mesh) by dispersing them in
ethanol and then adding one drop on the copper grid and evaporating the solvent.

Figure 2.8 shows the TEM micrograph of AuNPs synthetized according to the abovementioned

protocol (a) as well as the FesO4 MNPs before (b) and after (c) the gold coating (Fez0s@Au MNPs).
45



3 s X

30 nm 30 nm 30 nm

Figure 2.8. TEM micrographs of (a) AuNPs, (b) FesOs NPs and (c) FesO4s@Au core@shell MNPs. FesO4 (gold
nanoflower grown on a magnetic core). In the lower part of the figure the circled portions in panels (a,b,c) are respectively
reported in detail in panels (d,e,f). In panel (f) the magnetic core is highlighted with a red circle. Reproduced from [20].

The mass distribution of the AuNPs and FesOs@Au NPs, which was crucial in order to construe the
results related to signal amplification, was assessed by applying the software SPIP Mountains 8 to
the TEM micrographs (Figure 2.9a,b). The nanoparticle of interest was considered and extracted from
the collective TEM micrograph (1), the contour of the nanoparticles was detected and distinct by the
background (I1), then the particle surface (111) together with its 3D rendering (IV) were generated.
The latter was employed to estimate the volume of the object. Once the volume of the nanoparticle
had been estimated, its mass was obtained by multiplying by the density of the FesOa4. In Figure 2.9
the mass distribution of AuNPs (blue histogram) and of FesOs@Au MNPs (red histogram) are
compared. Each nanoparticle employed for the mass analysis was extracted randomly from collective
TEM micrographs. The two mass distributions (Figure 2.9¢) turned out to be unimodal distributions
with the picks around the value 0.4 fg for FesOs@Au NPs (red histogram) and 0.63 fg for AuNPs
(blue histogram). The standard deviations are respectively 0.2 fg and 0.09 fg. Thus, the masses of
AUNPs and FesOs@Au NPs result to be of the same order of magnitude.
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Figure 2.9. The steps of the protocol employed to estimate the mass of AuNPs (a) and FesOs@Au NPs (b) using the
software SPIP Mountains 8. The nanoparticle of interest was considered and extracted from the collective TEM
micrograph (1), the contour of the nanoparticles was detected and distinct by the background (I1), then particle surface
(111) and its 3D rendering (1V) were generated. The latter was employed to estimate the volume of the object. (c) Mass
distribution of AuNPs and FesOs@Au NPs (core@shell NPs). The mean and the standard deviation for the mass
distributions were 0.4 + 0.2 fg for Fes0.@Au NPs and 0.63 + 0.09 fg for AuNPs. Each nanoparticle employed for the
mass analysis was extracted randomly from collective TEM micrographs. Reproduced from [20].

2.4.2 Comparison between AuNPs and FesOs@Au MNPs

The idea of taking advantage of the magnetic interaction between magnetite nanoparticles and ME
ribbons has already been employed in the past to detect bacteria [128]. In that case, Fe3Os
nanoparticles were modified by using chitosan, a linear polysaccharide, so that their surface was
charged positively. In this way, in specific conditions, the nanoparticles bind to negatively charged
bacteria as E. coli and therefore, thanks to magnetic attraction, they also bind to the surface of the
ME sensor giving rise to a signal enhancement. This approach has several drawbacks. Firstly, the

chitosan coating and the E. coli binding process are expensive and time consuming (several hours);
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and furthermore, the whole procedure has to be carried out under controlled conditions, this
preventing the application to complex matrices. Secondly, since the adhesion between bacteria and
nanoparticles results from the electrostatic interaction between bacteria and the chitosan, it is
expected that the specificity will be greatly compromised when other gram-negative bacteria are
present in the sample. To circumvent such limitations, we functionalized the gold surface of
Fe304@Au MNPs with the antibodies targeting antigen, in this way achieving high specificity for the

nanoparticle-antigen interaction.

Moreover, the magnetic core of the nanoparticles still played an important role since the (specific)
nanoparticle-antigen bond is somehow catalyzed and enforced by the interaction between the
magnetic dipole moment of the FezO4@Au MNPs and the strong local magnetic field. The occurrence
of the latter process can be deduced by the results shown in Figure 2.10, in which the response signals
obtained by exposing the sensor to 1 pg-mL™ of antigen solution and amplifying once with AUNPs
(blue line) and once with FesOs@Au MNPs (red line) are reported. Even though their mass was
smaller (Figure 2.9c), FesOs@Au MNPs were able to amplify the frequency shift by a larger amount
(Figure 2.10) thereby demonstrating the higher sensitivity that can be achieved when the additional

tool provided by magnetic moment is exploited.
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Figure 2.10. Comparison between the amplification effects due to AuNPs and FesO.@Au MNPs. (a) The blue and the
red lines represent the response of the sensing ribbon to the following steps: (1) functionalization with 25 pg-mL™* of UV-
activated antibodies (anti-Human IgG) which causes a shift of the resonance frequency Af = 30 Hz; (I1) rinse with MilliQ
water; (II) flowing of bovine serum albumin solution (50 ug-mL?); (IV) exposure to the antigen solution (Human IgG)
which causes a shift Af =~ 10 Hz; (V) rinse with MilliQ water; (VI) amplification with AuNPs for the blue line and
amplification with FesO.@Au MNPs for the red line. The former causes a shift Af =9 + 1 Hz while the latter causes a
shift Af =30+ 2 Hz. (b) A direct comparison between the amplification of the response signal due to AuNPs (blue) and
Fes04s@Au MNPs (red). Reproduced from [20].
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2.4.3 Detection of Human IgG

The dose—response curve, i.e., resonance frequency shifts Af versus Human IGg concentrations.is
reported in Figure 2.11 together with the best fit of the experimental data provided by a Langmuir

isotherm curve [129]:

f(x)=ax+c 2.24

where a =68.9 + 0.5 Hz and C = 1.25 + 0.04 pg mL™* are the asymptotic value, and the concentration
at which the frequency shift reaches the 50% of its maximal value, respectively. We carried out every
experiment with a different ribbon obtaining coherent results. This is a strong confirm of the
robustness of the experimental setup with respect to fluctuations related to differences in the
fabrication process of ME sensors. The dose-response curve exhibits signal saturation at
concentrations larger than 10 pg-ml?, thus showing that the ME immunosensor is able to provide a
quantitative measurement over two decades. The error on each experimental point of the dose
response curve was estimated by propagating the errors of the resonance frequency values in the
equilibrium states before and after the amplification with Fes0s@Au MNPs. The error of the
resonance frequency of an equilibrium state was estimated as the standard deviation of the measured
values in a time interval of five minutes. The limit of detection (LOD) was assessed inserting the

error estimated in Section 3.6 (3 - 6r = % 3 Hz)) in Equation 2.24 and turned up to be lower than 0.1

ng'mL™ (0.66 nM).
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Figure 2.11. Dose—response curve, i.e., resonance frequency shifts Af versus Human 1Gg concentrations. Experimental
data are fitted by Langmuir isotherm curve (Equation 2.24). The range of tested concentrations varies from the zero
concentration to 20 pg-mL™. Each concentration has been tested using different ribbons. Reproduced from [20].
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2.4.4 Specificity assay

To ascertain the sensor specificity, the same experimental procedure was used to test the ME sensor
with similar compounds. In the present case, we measured the response of the immunosensor to a
mixture Rabbit 1gG produced in sheep and Mouse IgG produced in goat at a concentration of 20
ug'mL? each, whose sensorgram is shown in Figure 2.12. As it is clearly visible, only the shift
resulting from the surface functionalization is visible, whereas no additional frequency shift is
measured as a result of the presence of Rabbit and Mouse 1gGs. This is true even when FezOs@Au
MNPs are conveyed into the interaction cell (step V). The high specificity of the immunosensor is

largely a consequence of the excellent biorecognition properties of the antibodies.
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Figure 2.12. Sensor specificity. ME sensor responses to a mixed solution of Rabbit 1gG produced in sheep and Mouse
IgG produced in goat. The black line represents the response of the sensing ribbon in each of the following steps: (1)
functionalization with a solution of 25 ug-mL of UV-activated antibodies, (I1) rinse with MilliQ water, (111) flowing of
bovine serum albumin solution (50 pg-mL™?), (1V) flowing of Rabbit IgG produced in sheep and Mouse 1gG produced in
goat solution both at a concentration of 20 ug mL?, (V) rinse with MilliQ water, (V1) amplification with FesOs@Au
MNPs, (VI1) rinse with MilliQ water. Reproduced from [20].

2.5 Discussion
2.5.1 Modeling the interaction among ME sensor and FesOs@Au MNPs

The magnetic force acting on each Fez0s@Au MNP is:
F(r) = V(m - Byo) 2.25

where m is the magnetic moment of a FesOs@Au MNP and B;,; = By + Bis the magnetic
induction field generated by the Helmholtz coils (By) and the ME ribbon (B), respectively. The

magnetic induction field produced by Helmholtz coils is directed along the z-axis (Figure 2.13a) and
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can be considered uniform in the region around the ribbon. On the contrary, the magnetic induction
field produced by the ME ribbon is not uniform and can be worked out by considering the ribbon as

rectangularly shaped permanent magnet whose significant components can be written as [100,130]:

2 2 2 _ 2 _ 2 %
B,(x,y,7) = ﬂ:MZ Z(_l)kﬂn n =y +[(x—xp)*+ (y—y1)* + (2 —2z) ]1 2.26
(= e} O =y2) + [ = %)%+ 7 = ¥2)2 + (2 — 2)2]2
B Gy, 2) = BN NS (cayeemen g [ O = %)C = Ym) 1] 2.27
T s (z—z)[(x —x,)2 + (7 — ym)2 + (2 — 2,)?]2

where p, is the magnetic permeability of free space, x4, x,, y1, ¥2 21, Z, are the positions of the edges

of the ribbon with respect to x, y and z-axis (Figure 2.13a).
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Figure 2.13. a) Schematic representation of the interaction among the Fes0.@Au MNP magnetic nanoparticle and the
magnetoelastic ribbon. M is the magnetization of the ME ribbon, m is the magnetic moment of the Fe;0.@Au MNP and
r indicates the position in the chosen reference system. b) and ¢) Intensity of the x and z components of the magnetic
induction field (B, and B,) in the symmetry plane x-z of the ribbon (y = 0.5 mm). Reproduced from [20].

The saturation magnetization M of the ribbon is oriented along the z-axis and the value of uyM is
approximately 0.2 T for Metglas [131]. The component B,,, can be neglected since it is always much

smaller than B, and B, while the latter are of the same order of magnitude and reach their maximum

nearby the ribbons ends (Figure 2.13b). The dependence of B, and B, on x, y and z variables in Figure
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2.13 suggests that the significant magnetic interactions are limited to a region with volume Sxy; = 100
um x 1 mm % 100 um close to the ends of the ribbon. In this region the magnetic field produced by
the Helmoltz coils is negligible with respect to Bxand B; and does not contribute significantly to the

nanoparticles’ magnetization (By =~ 50 Oe).

The magnetic moment, m, of a FesOs@Au MNP is the product of its magnetization, M, and

volume, V;,, = gan’n, where R,, is the radius of its magnetic core, m = Myp V,,. The volumetric

magnetization is induced by the external magnetic induction field, My, = 2—XB, where Ay =
0

XMyp — Xwater = Xmyp 1S the effective susceptibility of a magnetic nanoparticle with respect to the

medium (water). Since the component of the magnetic induction field along the y-axis is negligible,
the magnetic moment of a FesOs@Au MNP lies on the x-z plane. The order of magnitude of the
magnetic moment can be retrieved by the hysteresis cycles of Fe3O4 superparamagnetic nanoparticles
provided by the seller and reported in Figure 2.14, also considering the effect of the diamagnetic gold

shell that weakens magnetic properties [132].
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Figure 2.14. Room-temperature M-H curve of the magnetite samples [supplied by the nanoparticles manufacturer (Ocean
Nano Tech, LLC)] measured by cycling the external magnetic field between —14000 Oe and 14000 Oe. This
magnetization curve shows a very small hysteresis behavior for the samples and exhibits small values of coercive field
and remnant magnetization. This indicates that the nanoparticles can safely be considered as superparamagnetic.
Reproduced from [20].
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The intensity of external magnetic induction field was high enough to induce significant
magnetization, but only in the linear range of the magnetic response so the magnetic susceptibility

could be considered constant in our case.

Thus, the attractive magnetic force between the ribbon and a FesOs@Au MNP is:

do(—m-B) V,A JdB
( ) _ mX(ZBx X
dx o 0x

0B, .
E(x,y,2) =— cos 0 + ZBZ—X sin 0) 2.28

where 6 denotes the angle between the magnetic moment m and the x-axis. From the analysis of

Equations 2.26 and 2.27 along the x-axis, we have B, =~ B,, Figure 2.13b,c which entails

cosO = sin6 zgand % ~ % ~ 1 T-mm?; thus Equation 2.28 can be approximated as

follows:

Vil x

A
E.(x,y,2) = 2V2 p 2.29
0

6Bx]

BX(x’y’Z) [ax

The force in Equation 2.29 bends the nanoparticles velocity field lines towards the ribbon thereby
increasing the local density of the FesOs@Au MNP. The order of magnitude of the bending can be
estimated as the displacement induced by E, (x, y, z) acting on a nanoparticle in the region where the
force is non-vanishing, i.e. the region Sy, previously defined. The mean force F, acting on a
Fez04@Au MNP can be evaluated by averaging F, (x, y, z) in the region Syy,. According to the Stokes

law, for a spherical particle with radius r, the displacement caused by the mean force E, is:
As,, ~ uF,t,, 2.30

where p = (6mnr)~1 is the mobility, t; the time during which the interaction takes place. It should
be noted that this approach is valid in the approximation that the motion is uniform along x, a
condition well satisfied in our case since the limit velocity is reached within a very short time-interval
(=107 s). The time t, in which the magnetic interaction takes place can be estimated as t; = d -
Vet =~ 1S, where vgy,, = 100 pum-s? is the longitudinal velocity of the liquid inside the channel
and d = 100 um the size of Sxy; along z-axis. Eventually, Equation 2.30 provides Asm =~ 20 um that
leads to an increase of the frequency collision between nanoparticles and the ribbon surface whereby
more antigens (Human IgGs) captured on the surface are ballasted by nanoparticles.

The significance of such a bend arises from its comparison to the Brownian motion displacement
[133]

Asg = /2Dt 2.31
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where D is the diffusion coefficient (D = uk,T ~ 10 m?s?) and t, the diffusion time, which we can
estimate by requiring 4sg = 4s,,. Thus, from Equations 2.30 and 2.31, we obtain t, = 40 s, a time
much longer than the transit time of the FesOs@Au MNPs over the ME ribbon, which implies that
the velocity field lines remain bent by magnetic force along the whole length of the ribbon. This view
is confirmed by the analysis of the energy scales involved. The binding energy between the antibodies
and the antigen is of the order of 1.6 1071° J (1 eV), which is larger than the thermal energy at room
temperature (ksT = 0.04 107° J = 0.025 eV). Interestingly, the potential well due to the magnetic
induction field averaged over the region of interest Syy, is of the order of keT thus making consistent
the description about the role played by the strong magnetic induction field at the edge of the ribbon
in bending the velocity field lines and increasing the “effective” nanoparticle density, but without

giving rise to any non-specific interaction with nanoparticles and the surface of the ribbon.

2.5.2 Future research directions

The ME-based biosensor presented here has proven to be a high-performing, rapid and reliable
sensing technology that works effectively in water with a limit of detection (LOD) lower than 1 nM

for an antigen as Human IgG.

Compared with other sensing technologies, the ME-based sensor takes advantage of some features
common to all magnetoelastic sensors. Indeed, they are simple in design and can be produced in small
size using standard manufacturing procedures; they are very inexpensive so that the cost of
manufacturing of these sensors is mainly the sensing element (i.e., antibody in this study), which is
the same for all biological detection technologies. Therefore, these sensors can be used as disposable
sensors. Furthermore, they are wireless, eliminating the need for direct physical contacts, thus
favoring their use in real time applications such as detection in conductive liquids or in sealed and
opaque containers, and biological experiments such as monitoring of blood flow chemistry. In
addition to these features, the ME-based biosensor presented in this study, profits from the synergy
with PIT allows a fast and efficient functionalization, contributing to the rapidity of the detection
measure, which lasts approximately one hour. Moreover, PIT does not require complex chemical
procedures, skilled personnel or laboratories, thus increasing the possibility of turning the biosensor

into a portable device, suitable to perform real time and in situ detections.

It should be mentioned that the possibility to functionalize surfaces in few minutes and not in
laboratory conditions are key features that are not common to other experimental setups. Among all
the possible functionalization strategies, self-assembled monolayers (SAMs) is currently one of the
most widespread methods. Despite the advantages they offer in many applications, there are important
drawbacks that should be considered to correctly evaluate their potential for on field applications.

Firstly, despite SAMs on gold surfaces are often usually represented as compact monolayers, the
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realization of a well-assembled monolayer strongly relies on attention to details (i.e., the purity of the
solutions used and the presence of even a low amount of contaminants [61]), that makes it not suitable
for on field applications. On the other hand, an on field SAMs functionalization before detection

would take several hours to be implemented.

In this scenario, the advantages of combining PIT and the ME-based immunosensor are of great
interest for environmental control and food safety applications, such as the detection of pesticides in
water samples. Among the different pesticides, the glyphosate [(N-(phosphonomethyl)glycine)] is the
most used herbicide worldwide. Due to its high solubility in water, there is a need of investigating its
residual applications directly in fields for monitoring the contamination of aquatic environments
[134]. Currently, there exist several high-sensitive analytical techniques to detect pesticides,
including glyphosate, mostly based on gas and liquid chromatography coupled with mass
spectrometry [135]. However, their complexity prevents the opportunity of performing in situ and
real-time analysis. Therefore, several types of biosensor-based technologies have emerged as
promising tools for rapid on-site analysis of samples [136,137]. Among all types of biosensors,
immunosensors techniques have already gained attention in the last decade, proving their

effectiveness in this field.

The stability in water of the ME biosensor, the rapidity of sample analysis and the possibility of
turning the sensor into a portable device are essentials characteristics for future applications in
detecting glyphosate. In addition, a sensitivity adequate to the legal limits of glyphosate
concentrations is required. The European Union settled the maximum residue limit of glyphosate in
drinking water to 0.1 ug-L™* (i.e., 0.5 nM), while in the United State of America the established limit
is 700 ug-L ! (i.e., 4 uM) [Directive 2006/118/EC, Directive 2006/118/EC, USEPA. EPA 816-F-09-
004)]. The ME immunosensor shows a LOD of 0.66 nM for the tested antigen, which is well below
the maximum concentration allowed in the United State of America and of the same order of
magnitude of the European one, thereby suggesting future applications to the detection of pesticides

in water.

2.6 Conclusions

In this Chapter a high-performance magnetoelastic (ME) biosensor for wireless recognition of

antigens in liquid is presented. The surface of the biosensor is functionalized with antibodies by using

a very effective immobilization technique (Photochemical Immobilization Technique, PIT).

The performances of the device were tested with Human IgG and different ribbons were used for each

measurement. An innovative signal amplification method has also been introduced which exploits
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core@shell magnetic nanoparticles (FesOs@Au) so to exploit both the magnetic effect due to the core
and the gold nanoflowers on the surface, the latter being effective in tethering antibodies by PIT. The
results obtained with magnetic nanoparticles have been compared with those obtained with gold
nanoparticles, showing that the magnetic character of the former plays a crucial role for improving

the performance.

PIT was used here for the first time to functionalize a ME biosensor, allowing us to carry out the
whole measurement in about 1h. The limit of detection (LOD) lower than 1 nM paves the way to its

applications to environmental and food safety for on field measurements.
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Chapter 3.  Colorimetric biosensor

In this Chapter a simple, easy-to-use and efficient colorimetric immunosensor that exploits spinning
gold coated magnetic nanoparticles (MNPs@AuU) in a rotating magnetic field is presented. The
proposed biosensor was tested again glyphosate in tap water. Glyphosate is the most widely used
herbicide in the world and increasingly sensitive methods are studied to detect it. On one hand, the
gold shell of the MNPs@Au provided a sensitive optical transduction of the biological signal —
through the shift of the local surface plasmon resonance (LSPR) entailed by the nanoparticle
aggregation —, but it also allowed us to use an effective photochemical immobilization technique to
tether oriented antibodies onto nanoparticles directly to its surface. While such a feature led to
aggregates in which the nanoparticles were at close proximity to each other so that the resonance shift
could take place, the magnetic properties of the core offered us an efficient tool for self-assembly of
nanoparticles in chain-like agglomerates and for stirring the solution by a rotating magnetic field. The
dynamic motion of these non-spherical agglomerates under the magnetic field torques induced a
turbulent flow enhancing the mixing performance of the system. The resulting micromixing
inherently facilitated the encounters among nanoparticles and glyphosate, as well as the specific
aggregation among nanoparticles, with significant advantages for target recognition. As a matter of
fact, the combination of these features allowed us to reach a limit of detection of 20 ng-L?, the latter
being lower than that legally permitted in food according to several authorities. As for most
immunosensors, the recognition of targets by antibodies warrants high specificity and the whole
procedure can be easily extended to similar analytes making the colorimetric approach described here

an interesting tool for on-site detection or even POC diagnosis.

Paragraph 3.1 contains an overview of the content outlined in the Chapter highlighting the novelty
points and scope of the work. Paragraph 3.2 provides the theoretical basis for understanding the
phenomenon of the LSPR. The materials and methods exploited to carry out the experiments are
described in Paragraph 3.3. In Paragraph 3.4 are presented the results related to core@shell MNPs
characterization and biosensing. Paragraph 3.5 is devoted to the discussion of the results: a semi-
quantitative interpretation of the micromixing effect obtained by means of core@shell MNPs is
proposed and the dose-response curve is analyzed. The conclusions of the work are drawn in the

Pragraph 3.6.
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3.1 Overview

Since several decades, the glyphosate (N-(phosphonometyl)glycine) is the most frequently used
nonselective herbicide. It is a powerful inhibitor of 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS), an enzyme involved in the shikimate pathways, which catalyzes the reaction of shikimate-
3-phosphate (S3P) and phosphoenolpyruvate to form 5-enolpyruvyl-shikimate-3-phosphate (EPSP),
a precursor of aromatic amino acids such as phenylalanine, tyrosine and tryptophan in plants and
microorganisms [138-140] and it is an active substance used in Plant Protection Products (PPPs) for

plants control [141].

Glyphosate has a high herbicidal activity and relatively low toxicity for humans because the shikimate
pathway does not exist in the mammalian genome. However, concern is rising about the possible
effects on human health due to the exposure to glyphosate since evidence of increased risk for diseases
like non-Hodgkin lymphoma has been highlighted for workers in the agricultural sector compared to
other sectors [142]. In fact, several studies have shown that glyphosate can be absorbed in the gastro-
intestinal tracts of humans and mammals and its effects on mice and rats include gastric diseases,
kidneys damage, enlargement of the liver, and inflammation [143-145]. Thus, most of the countries
set the upper limits to the presence of glyphosate in drinking water in the range 10-700 pg-L™,
whereas European Union adopted the stricter level of 0.1 ug-L™? (for all the pesticides) as being as

low as reasonably achievable[146].

The content of glyphosate is usually assessed by means of the standard laboratory procedures like gas
chromatography (GC) and liquid chromatography (LC) coupled to various detection systems [147—
152]. However, the detection of glyphosate may be difficult due to its high solubility in water and
insolubility in organic solvents as well as for the lack of intrinsic chromophore or fluorophore groups
in its structure that inhibits the possibility to use photometric and fluorometric detection in LC
techniques. Currently, to improve the sensitivity a pre- or post-column derivatization — consisting in
the conversion of glyphosate into a sufficiently volatile and thermally stable derivative — is adopted
[152-154]. However, these derivatization procedures lead to unstable byproducts, require special
equipment and are time-consuming [155,156]. Even alternative approaches to derivatization like high
performance liquid chromatography (HPLC) [157], capillary electrophoresis combined with
enrichment step [158] or coupled to detecting techniques like indirect laser-induced fluorescence
(LIF) [151] or mass spectrometry [152,159] cannot be considered appropriate if quick and simple
methods are sought. Electrochemical biosensors are usually based on enzymatic reaction and are
promising candidates for rapid detection of glyphosate since they can reach low limit of detections
[145,160-163]. Nevertheless, their complexity still prevents them from being used in practical

conditions.
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Immunosensors can be considered a suitable tool for simple and rapid detection of glyphosate [164],
and the colorimetric ones are often preferred for their simple readout. One of the major limitations
that affects these biosensors when compared to laboratory biochemical analysis is their relatively
poor sensitivity. In an effort to improve the performances of a colorimetric immunosensor, we placed
core@shell nanoparticles (magnetic core) in a rotating magnetic field so to realize a self-assembly of
nanoparticles in chain-like structures whose rotational dynamics produce a mixing efficiency
enhancing. This micromixing increases their diffusion properties in the solution leading to a higher
encounter rate among nanoparticles and glyphosate. More specifically, FesO4 nanoparticles (MNPS)
are gold coated so to have FesO4s@Au nanoparticles, in which we are able to exploit both (i) the
localized surface plasmon resonance (LSPR) of the gold shell and (ii) the magnetic properties of the
core (Fes0Os) (Figure 3.1a). Since passive mixing by the simple diffusion takes long time, we
introduced an active micromixing method (effective even in a volume as small as 100 uL) by
exposing the solution to a rotating magnetic field [165]. The rotating external magnetic field used to

induce “microstirring” was produced through a custom-device (scheme in Figure 3.1b).

Magnetic stirring is considered the most convenient mixing method, thanks to the magnetic fields
ability to penetrate non-magnetic or weakly magnetic materials allowing an effective contactless
handling [165-168]. In this regard, the use of rotating magnetic fields is already widespread in the
literature [165-170]. In particular, the external magnetic field induces the provisional formation of
chain-like agglomerates which, under suitable conditions, rotate synchronously with the field [171].
The rotational motion of the structures significantly improves their diffusion within the solution
[165].

Although the use of MNPs under an external rotating magnetic field as a fluid mixing strategy has
already been verified and confirmed [165,168], so far no other approach has shown that MNPs allow
for an efficient colorimetric biosensor. The comparison of the limit of detections (LOD) obtained
with the magnetic field off and on shows that in the latter case an improvement of two orders of
magnitude emerges, which we explain as the result of a better interaction due to the mixing at the
microscale. For futuristic scopes, FesOs@Au MNPs could also be employed to pre-concentrate or

separate analytes in complex matrices.
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Figure 3.1. a) The MNPs are coated with gold and then functionalized with antibodies (IgG-EPSPSs) by means of UV
light (PIT, Figure 1.4). The glyphosate molecules act as linkers among the nanoparticles causing aggregation. The
complexation is facilitated by a rotating external magnetic field that enhances the nanoparticle diffusion. b) Scheme of
the wheel used to yield a rotating uniform magnetic field distribution. The wheel rotates at a frequency of approximately
five rounds per second. The poles are 4 cm apart (2 cm from the center).

3.2 The theory of plasmonic

3.2.1 Maxwells’ equations

The local surface plasmon resonance (LSPR), originated by the interaction between EM waves and
metals, is the phenomenon at the basis of the colorimetric sensor described in this Chapter. The goal
of this Paragraph is to briefly outline the theories underlying the phenomena involving the interaction
of EM radiation with matter that give rise to the LSPR.

For the purposes of this work, the macroscopic Maxwell’s Equations can be considered to describe

EM waves within a classical framework:
VD = eyt 3.1 V-B=0 3.2
VXE=—atB 3-3 VXH=]ext+atD 3.4

Here, the macroscopic fields D (dielectric displacement), B (magnetic induction), E (electric field),
and H (magnetic field) are driven by the external charge density pey: and current density Joy:. In
addition, D, B, E and H are related to the polarization P and the magnetization M fields through the

following constitutive relations:
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1
D=cE+P 35 H=--B-M, 3.6
0

where g, and p, are the electric permittivity and magnetic permeability of vacuum, respectively.

Metals exhibit different optical behaviour depending on the frequency o of the interacting
electromagnetic (EM) field. In the infrared region a negligible fraction of the incident radiation
penetrates the bulk and hence the metals can be approximated as perfect conductors showing high
reflectance. The EM field propagation through metals becomes prominent in the near infrared and
visible regions, resulting in increased dissipation effects, and finally, in the ultraviolet region of the
spectrum, the EM perturbations can propagate into the metals with degrees of attenuation that depend
on the electronic configuration of the atom. For instance, in noble metals there is a strong absorption
of the incident radiation due to the occurrence of interband transitions, whereas alkali metals show
an ultraviolet transparency thus their response can be retrieved by considering a free-electron-like

model.

Future considerations will be limited to frequency of interacting radiation far from the range of
interband transitions, thereby ignoring the fundamental interactions among charged particles, and to
nonmagnetic media because electric polarization effects are the most important in order to understand

the optical properties of metals.

As a result of the external electric field, the microscopic dipoles inside the medium align, resulting in
a macroscopic polarization field described as an electric dipole moment per unit volume. By taking
into account the charge conservation V-] = —d,p, the polarization can be related to the charge

density pp and current density Jp by
V-P=—pp 3.7 Jp = 0,P. 3.8
For linear, isotropic, and nonmagnetic (u = 1) media, the constitutive Equations 3.5 and 3.6 become
D = g4¢cE 3.9 B = uyH, 3.10

where ¢ is the relative permittivity of the medium. By combining Equations 3.5 and 3.9, it is found

that polarization and electric fields and are linearly related through the dielectric susceptibility y
P = gy xE. 3.11

In the case of ohmic and isotropic metals, the current density is proportional to the electric field by

the conductivity o
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Equations 3.9 and 3.12 are strictly valid for linear and non-dispersive media.

The non-locality in time and space of metals has to be recovered because of the strong dependence
of the optical response on the frequency of the electromagnetic wave impinging on the metal, thus it
results [172,173]:

D(r,t) = ¢, f dt'dr'e(r—r',t — t"))E(r', t"), 3.13

J(r,t) = f dt'dr'e(r—r',t — t")E(x',t"). 3.14

In frequency domain, the convolutions 3.13 and 3.14 can be simplify by decomposing the fields into

individual plane wave components of wavevector k and frequency w.
D(k, w) = gyé(k, w)E(k, ) 3.15
j(k w) =6k 0)Ek w) 3.16

The fundamental relationship between optical dispersion — described by the dielectric function & —
and the electric conductivity o can be obtained by combining the Fourier transform of Equations 3.5
and 3.8 with Equations 3.15 and 3.16. In order to simplify the notation, the symbol ~ indicating the

Fourier transform will be omitted from now on:

ioc(k, w)
Eow

ekw)=1+ 3.17

Maxwell’s Equations 3.3 and 3.4 can be combined to obtain the wave equation describing the
propagation of EM field inside the medium in absence of external source (peyx = 0 and Joxe = 0) in

the time and frequency domain:

0°D
VXVXE=—/,[0F, 3.18
w2
k(k-E) — k?E = —&(K, w)C—Z.E 3.19

In Equation 3.19 the constant ¢ = 1/,/eou, is the speed of light in vacuum. For transverse waves

(k- E = 0), the Equation 3.19 yields the dispersion relation 3.20, whereas for longitudinal waves, the
condition 3.21 defines the frequencies that allow the occurrence of longitudinal collective oscillation
[172,173]
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2
k2 = e(k,w) ‘;’_2 3.20 e(k, w) = 0. 3.21

3.2.2 Localized Surface Plasmon Resonance (LSPR)

The optical properties of metals can be described by considering a free electron-like system — in
which electron-electron interactions and lattice potential are not taken into account — at frequencies
far from the interband transitions [172-174]. The oscillations of electrons in such a system are driven
by impinging electromagnetic waves and dampened by collisions in the plasma with a characteristic
frequency y = 1/7, where 7 is the relaxation time of the free electron gas. Single electron motion can
be described by the following equation in the time domain:

mX + myx = —eE. 3.22

Where m and e are the effective mass and the charge of the conduction electron, respectively. By
considering the assumption that the external stimulus has a harmonic time dependence, Equation 3.22

in the frequency domain become

e

BRI

(w) 3.23
The displacement of the electrons gives rise to a macroscopic polarization that can be expressed by

the following equation:

ne?

P(w) = — (w), 3.24

————  E
m(w? + iyw)

where n is the number density of free electrons. By replacing the Equation 3.24 into the Fourier

transform of the constitutive relation 3.5, the dielectric displacement results

(1)2
_ P
D(w) =& (1 — m) E(a)) 3.25
2
Wi = 3.26
Egm

where w), is defined as the plasma frequency of the free electron gas. Therefore, the comparison

between Equations 3.9 and 3.25 provides the dispersion relation for a metal in the plasma model

approximation.
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f@w)=1——2 3.27
w? + iyw
wpy

S L — 3.29
w(y? + w?)

@)= 1- =2 3.28 (o) =
VZ + (1)2

When metals interact with external perturbations, the coupling between EM field and conduction
electrons can lead to the excitation of propagating surface waves called surface plasmon polaritons
(SPPs) [173-176]. SPPs are EM waves — produced by the oscillation of conduction electrons —
traveling at the conductor/dielectric interface, evanescently confined in the normal direction. The SPP
features can be investigated by considering the Maxwell’s Equations (from 2.1 to 2.4) in the case of
a flat metal/dielectric interface. Although electromagnetic radiation can also interact with the inner
part of the metal producing volume plasmons, the latter will not be discussed here since they are not
necessary to illustrate the mechanism of operation of the biosensor discussed in this Chapter.

In absence of external stimuli (p. = 0 and J. = 0) and by using the vector identitiesV X VX E =
V(V-E) —AEand V- (¢E) = E- Ve + £V - E, the electric wave 3.18 turns into

1 0’E
v <_EE - Ve) — AE = ~HofoE 57 3.30
£ 0°E
c? 0t?

where Equation 3.31 is retrieved by assuming a negligible variation of the dielectric function over
distances comparable with the optical wavelength (Ve = 0). In the case of harmonic time dependence

of the electric field E(r, t) = E(r)e™**t, Equation 3.31 becomes the Helmholtz equation [172,173]
AE + k3¢E = 0 3.32

where k, = w/c is the wavevector of the propagating wave in vacuum.

The interaction of EM waves with non-extended metal nanoparticles results in stationary (non-
propagating) oscillations of the conduction electrons against the positive core of the nanostructure.
This stationary surface mode is called localized surface plasmon (LSP) and shows up when the size
of the nanoparticles are on the same order of magnitude of the wavelength of the incident radiation
[173,176-178]. In particular, while the external electric field induces the oscillation of the conduction
electrons, the surface curvature of the nanoparticle exerts a restoring force on the displaced electrons
yielding a localized surface plasmon resonance (LSPR) that enhances the field both inside and in the
near region outside the particle. A formal solution of the scattering problem is only possible for
restricted geometries of nanoparticles and within an electrostatic framework [173,176,179].
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3.2.3 Mie’s and Gans’ theories

For spherical nanoparticles, the scattering problem can be conveniently addressed exploiting the
symmetries of the system. By introducing the vector spherical harmonics M and N that satisfy the
wave Equation 3.32, Equations 3.33 and 3.34 can be retrieved [177,178,180]:

1
M, =V X () 3.33 Nim = — (VX M,,) 3.34

In this framework the problem simplified to finding the solutions of the scalar wave Equation 3.35 in

spherical coordinates:
AY + k%P = 0. 3.35

Equation 3.35 can be solved by separating the wave equation for the three spherical components using
the ansatz ¥ (r, 6, @) = R(r)S(0)T (). The general solution is given by a linear combination of even
and odd generating function [180]:

™ = cos(me) P[™(cos ) z;(kr) 3.36
°dd — sin(me) P™(cos )z, (kr) 3.37

Here, P/™(cos 6) are the associated Legendre functions of the first kind of degree [ and order m,
whereas the symbol z; is representative of the four spherical Bessel functions j;, y;, h(l) h(z)

Equations 3.38 and 3.39represent two possible solutions of 3.35 [180]:

+1

u = e @t cos(¢) Z( l)l l(l ey P} (cos 6)j,(kr) 3.38
+1
v = e tsin(p) Z( l)l l(l ey P} (cos 0)j,(kr) 3.39

The EM fields satisfying the Maxwell’s equations (from 2.1 to 2.4) can be expressed as functions of
the particular vector spherical harmonics arisen from the generating functions 3.38 and 3.39
[177,178,180]:

E=M,+iN, 3.40 H = n(—M, + iN,) 3.41

The Mie solution inside and outside the sphere can be found by imposing the boundary conditions

onto the surface of the sphere and at infinite. Particularly, the field inside the sphere is generated by
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+1
u = e "t cos(¢) Z ne;(—i)t l(l D P} (cos 6)j,(nkr) 3.42

+1
— a—lot l 1 .
v= sin(¢) E nd;(—i) l(l D P, (cos 8)j;(nkr) 3.43

while the field outside the sphere results from the superposition of the incident plane wave and the

scattered wave

+1
— a—lwt l 1 @)
u=-e cos(p) E a; (i) l(l+1) P; (cos 0)h;” (kr) 3.44

+1
— a—iwt l 1 @)
v= sin(¢) E b, (i) l(l+ D P; (cos 8)h;" (kr) 3.45

Note that the different spherical Bessel functions j; and hfz) appearing in Equations 3.42 and 3.43
than 3.44 and 3.45 is due to the asymptotic behaviour of the finite field at the origin and the scattered
wave at infinite, respectively. In an effort to lighten the notation, the Mie coefficients a;, b;, c;, and

d; can be expressed by introducing the Riccati-Bessel functions 3.46 and 3.47:

vi(p) = pji(p) 3.46 &(p) = ph” (p) 3.47

Thus, the Mie coefficients in case of nonmagnetic conductive sphere (u = 1) embedded in a linear,

isotropic, and homogeneous medium result [177,178,180]

L = MmO () — Y@y (m) 243
T oma (mo) ] (x) — (0] (mx) '

. _ Pm)wi () — mapy () (mo) 240
LT (mx)E] (x) — mE (), (max) '

o G081 00 — mE @)Y () 250
LT mx)E] (x) — mE (o), (mx) '

my () (x) — m§ ) (x) 351
my; (mx)§; (x) — & () (mx) '

dl:

where the parameters m and x are defined as m = n, /n,, in which n, is the complex refractive index
of the metal 3.52 and n, is the real refractive index of the surrounding medium, and x = k»,a, in

which k, = 2mt/A, is the wavenumber in the surrounding medium and a the radius of the particle.
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n(w) = e(w) 3.52

In the case of nanostructures whose dimensions are much smaller than the wavelength of the external
EM field, the Mie problem can be addressed by adopting the quasi-static approximation. Since the
phase of the oscillating external field is approximately constant over the particle volume, the system
acts as a conductive particle in an electrostatic field. Although the quasi-static approximation is
strictly valid only for vanishingly small particles, in practice it provides reliable results for
nanoparticles whose dimensions are lower than 100 nm [173,176]. For larger particles, the phase of

the electric field varies over the particle volume, hence an electrodynamic approach is required.

An analytical solution to the scattering problem is obtained by considering a metal nanosphere of
radius a << 1 — embedded in a linear, isotropic, and homogeneous medium — interacting with an

external time-harmonic EM field.

Given the azimuthal symmetry of the system, the general solution of the electrical potential provided
by the Laplace equation A® = 0 is[173,176]

o

&(r,0) = Z[Alrl + Bir~ D] P (cos 6), 3.53
1=0

where P;(cos8) are the Legendre polynomials of order [ and 8 the angle between r and the z-axis.

The expression 3.53 can be written by separating the contribution of the potential inside and outside

the sphere.
®;,(r,0) = z A;rtP/(cos 6) 3.54
=0
By (r, 0) = Z[Blrl + Cr=®D]p,(cos 8) 355
=0

Note that the coefficient relative to »~(*+1) in the 3.54 has to be zero to keep finite the potential
solution in the center of the sphere. The determination of the coefficients A4;, B; and C; is provided by
imposing the boundary conditions at infinite and onto the surface of the sphere. Particularly, at r —
oo the potential results ®,,; = —Eyz = —E,r cos 8 following B; = —E, and B; =0 for [ # 1,
whereas at r = a the continuity of the tangential component of the electric field and of the normal

components of the displacement field demands

100y, 10Dy

a 00 l.., a 90 |._, 3.96
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By inserting the expressions of the potential 3.54 and 3.55 into the relationship 3.56 and 3.57, the
remaining nonzero coefficients are
3&, &1~ & 4

A =— E 3.58 ¢, =
! g +2e, ° 17 e + 26,

Ey 3.59

Therefore, the solutions for potential inside and outside the sphere are

3e,
®;,(r,0) = — e ¥ 28 Eyrcos 3.60
& — & 5 C0s 6
Dyui(r,0) = —Egrcos6 + e ¥ 2, Epa —7 3.61

The solution 3.61 describes the superposition of the electrostatic field and that produced by an electric
dipole located in the center of the sphere. Thus, the potential outside the sphere can be written in

terms of the dipole moment p.

p'r
oyt = —EgrcosO + W 3.62
€17 &
=4 3
p TEpE2a e+ 26, ° 3.63

Such a dipole moment corresponds to that induced inside the metal sphere by the external field E,

yielding p = gy&,aE, of magnitude proportional to polarizability a.

& — &

a = 4nad 3.64

& + 2¢,
The polarizability 3.64 experiences a resonant enhancement at the minimum of |&; + 2¢&,]. In the case
of slow-varying 3m{e; (w)} = &;" around the resonance, the minimum is provided by the Fréhlich

condition 3.65 and the associated mode is called dipole surface plasmon [173,176]
Re{e,(w)} = g1 = —2¢,. 3.65
It is worth to notice that in real cases the magnitude of the polarizability « in Equation 3.64 is limited

by &' # 0 in the denominator [173,176].

The spatial distribution of the electric field inside and outside the sphere can be retrieved by
calculating the gradient of the potentials 3.60 and 3.61 yielding
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E. :LE 3.66
M e +2e, ° '

3 . —-p1
M_ 3.67

Eout = Eo +
out = =0 4mege, 13

Note that a resonance in polarizability entails an enhancement of both the internal and dipolar fields.
The harmonic time dependence of the electric field E(r,t) = Eoe™*“t can be recovered in the
framework of the quasi-static approximation since the spatial retardation effects are negligible over
the whole particle volume for subwavelength nanospheres. Thus, the oscillating electric field induces

a coherent dipole moment p = gye,aEqe ™'t as shown in Figure 3.2.
E(r, t

Figure 3.2. Excitation of LSPs realized by illuminating the metal nanoparticles with an oscillating electric field. The
displacement of the conduction electrons with respect to the positive ion core gives rise to a coherent oscillating
dipole moment in the nanoparticles. Reproduced from [25].

In turn, the oscillating dipoles produce an EM field that leads to the scattering of the external

radiation. The electric and magnetic fields emitted by an oscillating dipole are [172,173]

Ckz eikr 1
_ _ 3.68
H 41t (nxp) r (1 ikr)
etkr 1 ik\ .
E = 2 . _ (_ _ _) ikr 3.69
Ireos, {k (nxXp)Xn " + [3n(n - p) — p] 37 z)e

where n is the unit vector in the direction of the point of interest. In the near region (kr < 1),

Equations 3.68 and 3.69become
lw 1
Hzﬁ(nXp)r—z 3.70

3n(n-p)—p 1
pnmp-p1 371
4mtege, 13
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In this zone, the electric field dominates over the magnetic field. Particularly, for static field (ka —
0), the magnetic field are vanishingly small [172,173]. In the radiative zone (kr > 1), the fields
propagate through spherical-waves of form reading [172,173]

Ckz ikr
m (n X p)
E= [XHxn 3.73
Epé2

At the resonance frequency both absorption and scattering of the impinging EM radiation occur. In

the quasi-static approximation, the scattering and absorption cross sections results [173,176]

k4 8T[ 81 - 82 2
= —|a|? = —k*aS | —= 3.74
sea = g lal 34 & + 2¢&,
~ —&
Oabs = k Im[a] = 4mtka® Im [31 m 252] 3.75

The assumption of spherical shape can be relaxed to retrieve Equations 3.74 and 3.75in the case of
elongated particles. Gans’ theory provides an analytical solution within a quasi-static framework in
the case of ellipsoids — with semiaxes a;, a, and a; much smaller than the excitation wavelength —
by decomposing the plasmon excitation along the three symmetry axes [176,179]. In this case, the

absorption and scattering cross sections are [176,179]

k* ~
Osca,i — a |ai|4 3.76 Oabs,i = k Jm{ai} 3.77

where the subscript i = {1, 2,3} refers to the direction of the principal axes of the ellipsoid. The
polarizabilities a; appearing in Equations 3.76 and 3.77 is provided by solving the Laplace equation

in ellipsoidal coordinates [176,179]

4 E _82
T s 3L, (e — &) 3.78
a1a2a3 f
L; 3.79
: (a? + q)f (@)
f(q) = J (g +a})(q +a3)(q+a3) 3.80
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Since the scattering cross section 3.76 scales with the fourth power of the nanoparticle volume while
the absorption cross section 3.77 exhibits a linear dependence, the spheroid size introduces a

nonlinearity in the extinction cross section gext; = Oscai + Oabs,i-

3.2.4 Nanoparticles-based sensor

In colorimetric detection, metal nanoparticles are used to take advantage of the colour change that
occurs in colloidal suspension as a result of both changes in refractive index of the surrounding

environment and plasmon coupling between the nanoparticles [21-24].

At optical frequencies, LSPR wavelengths are linearly related to changes in refractive index of the
surrounding medium over small ranges of n [22], so refractive index sensitivity of a particular

nanoparticle type can be measured in nanometres of peak shift per unit refractive index (nm/RI1U):

5= dApspr 3.81
dn

By introducing the resonance condition, the refractive index sensitivity can be expressed in terms of
resonance wavelength. The latter determines the real part of the dielectric function at resonance
&' (A spr) for a given particle structure and refractive index n, and the wavelength dependence on the

dielectric function, which determines A; spr given &' (A;spr) [23]

S

_ de’(ALspr) (de’(2) - 3.82
dn da ' '

ALSPR

Using a Drude-like model, the real part of the dielectric function 3.28 varies nearly linearly with

wavelength and can be approximated as follows [23]
e =ml+ ¢, 3.83

where m = de’(4) - dA™1 is the slope. By combining Equations 3.83 and 3.84, it results

dAispr _ 1 de'(Aispr) 3.84
dn m dn

The polarizability of spheroidal particles with diameter much smaller than the wavelength of light
can be approximated by the quasistatic polarizability 3.78. At wavelengths whereby the imaginary

part of the dielectric function 3.29 is slowly varying, the resonance occurs at poles of 3.78 yielding

SI(ALSPR) = —2)(77.2 3.85
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X:_(_> 3.86

where y is a shape-dependent parameter related to the depolarization factor L (y > 1 for non-
spherical shapes y = 1 for a sphere). Thus, the resonance condition determines the sensitivity of the
peak wavelength to the refractive index of the medium through its derivative with respect to n. By
inserting Equation 3.85 into 3.84 and considering the linear parametrization 3.83, the refractive index

sensitivity of the plasmon peak wavelength results [23]

dAispr 2 €o 3.87
n on (ALSPR + E) :

Despite larger nanoparticles tend to have higher sensitivities, their peaks are broadened by multipolar
excitations and radiative damping [22]. The figure of merit (FOM) can be introduced in order to

characterize the nanoparticle sensing capabilities

S
= — 3.88
FOM AT

where AA is the resonance line width. For more complex plasmonic nanostructures, it can be difficult
to define a consistent LSPR line width, so a more general figure of merit FOM* can be described in
terms of the relative intensity change (dI - I=1) that occurs at a fixed wavelength A, upon a small

change dn to the local refractive index and does not include the line width [22].
Thus, sensors based on changes in intensity and those based on peak shifts can be directly compared

through

dAispr _ 1 de'(Aispr) 3.89
dn m dn

Due to the LSPR shift, caused by the environmental change, nanoparticles may also be used in bulk
refractive index sensors as well as molecular sensors. In the latter case, the change to the particle
dielectric environment is confined to a nanoscale volume around the nanoparticle due to the rapidly
decay of LSPR with the distance from the surface [181-183]. In case of molecular sensing, the figure
of merit FOM,,,, is defined as the maximum number of bound molecules on the nanoparticles (or
dynamic range, DR) divided by the minimum number of detectable molecules (or molecular detection
limit, MDL). The MDL is calculated as [22]

Vs [U2

system

+ Ufy 3.90
MDL =

V4 ARI e~27/la 35,
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where Vs is the sensing volume, V, is the analyte volume, ARI is the refractive index difference
between the analyte and the surrounding medium, Usystem IS the uncertainty in the physical detection
of the LSPR peak, Uy is the uncertainty in the fitting of the LSPR peak, S, is the bulk refractive
index sensitivity, r is the distance of the analyte from the nanoparticle surface, and [, is the decay

length of the electric field from the particle surface.

The analyte detection in label-based colorimetric approaches can be achieved by cross-linking, non-
cross-linking, or destabilization-induced aggregation [25,72]. In this work we exploited a cross-
linking method in which the nanoparticles aggregation is induced by the controlled assembly of
ligand-functionalized AuNPs through intermolecular bonds between ligands and analytes, which
overpower the interparticle electrostatic repulsion (Figure 3.3). In such a case (Figure 3.3b), the
analytes can act as both linkers among ligand-functionalized AuNPs inducing their aggregation and
anchoring sites wherein the LSPR shift arises from the close-packing of ligand-functionalized AuNPs

around the analyte Figure 3.3c.

no detection

control

uv
A g iﬁ f-AuNPs
‘J\'\Pl\'
—

colloidal AuNPs

Figure 3.3. Detection scheme of a colorimetric immunosensor based on a colloidal solution of PIT-functionalized
AuNPs with Abs (f-AuNPs). (a) No optical change is measured if the analytes are not recognised by f-AuNPs. (b) Small
analytes act as linkers due to multiple binding sites allowing the f-AuNPs to aggregate. (c) Large analytes are
surrounded by f-AuNPs promoting their plasmon coupling. Reproduced from [25].

Although cross-linking aggregation method offers a convenient colorimetric assay, its sensitivity is
usually limited to the nanomolar levels due to the lack of feasible amplification steps while its
dynamic range spans only few decades of the analyte concentration due to the occurrence of the hook
effect — i.e. the saturation of ligand binding sites that prevents the AuNP aggregation at higher analyte

concentrations [22,184].
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In such a case, the analytes can act as both linkers among ligand-functionalized AuNPs inducing their
aggregation (Figure 3.3b) and anchoring sites wherein the LSPR shift arises from the close-packing

of ligand-functionalized AuNPs around the analyte (Figure 3.3c).

3.3 Materials and methods
3.3.1 Materials

Iron oxide (1, 111) MNPs (average diameter 30 nm) were purchased by MERCK (catalog number
747327), gold (I11) chloride hydrate and sodium citrate were purchased from Sigma-Aldrich. The
IgG-EPSPS antibody used for Fez04@Au MNPs functionalization and the glyphosate were purchased
from Thermo-Fischer. Bovine serum albumin (BSA) for blocking the surface of FesOs@Au and the
aminomethilphosphonic acid (AMPA) [0.25 ug-mL™], a common metabolite of glyphosate, used to

test the specificity of the biosensor, were both purchased from Sigma Aldrich.

The biofunctionalization of FesOs@Au MNPs was carried out by means of the photochemical
immobilization technique (PIT) [65] already shown to be very effective for similar colorimetric
biosensors [27,72]. In this experiment, the UV radiation at A=254 nm was produced by two U-shaped
low-pressure mercury lamps (Trylight®, Promete s.r.l.) in which a standard quartz cuvette could be
easily housed (Figure 1.4). Since each of the lamp could deliver 6 W, given the proximity of the
cuvette to the lamps and the wrapping geometry, we estimated that the solution was exposed to an

UV-irradiation of approximately 0.3 W-cm?.

Spectrophotometric measurements were performed with a 6715 UV-Vis spectrophotometer (Jenway),
while transmission electron microscopy (TEM) images for morphological analysis of the produced

NPs were obtained with the FEI Tecnai G2 20 Transmission Electron Microscope.

The permanent neodymium iron boron magnets used to realize a rotating magnetic field were

purchased from Alga Magneti s.r.l. (Italy).

3.3.2 Synthesis of FesOs@Au MNPs
The solution containing FesO4 NPs exhibits the brownish color observable in Figure 3.4a.

The coating of the MNPs is a crucial step to prevent core oxidation, ensure functionalization and
observe the phenomenon of LSPR. To this end, we adopted the direct gold coating [20,185] by adding
3 mL sodium citrate [10 mg-:mL™] and 225 pL FesO4NPs [5 mg-mL™] into 45 mL of ultra-pure water.

The whole solution was heated up to 95 °C under gentle stirring. When the solution was close to the
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boiling point, 50 pL of HAUCI4[10 mg-mL™] were added for three times every 2 minutes. After one
hour, the color changed from brownish to red-violet as a consequence of the Au shell formation
(Figure 3.4b). To separate the gold-coated MNPs (FezOs@Au MNPs) from the gold NPs, both present
at the end of the synthesis, the solution was centrifuged by a Heraeus Pico 17 centrifuge at 6000 rpm
for 30 minutes. To maximize the efficiency of the FesO4s@Au MNPs separation from the gold NPs,

an external magnetic field was applied using a neodymium iron boron magnet.

Figure 3.4. a) Solution of pristine magnetic nanoparticles (5 mg-mL™) before coating. b) The same solution after gold
coating (Fes0s@Au MNPs).

3.3.3 Functionalization of FesOs@Au MNPs

A volume of 100 uL of UV-activated EPSPS-IgG (25 pg-mL™) was mixed to 1 mL of Fes0.@Au
MNPs (5 mg-mL™?) to functionalize the nanoparticles [65]. The mixing was realized by adding small
volumes (5 uL) of antibody solution every 5 seconds so that the whole process was accomplished in
100 seconds. The process took place keeping the Fes0s@Au MNPs solution under gentle stirring to
avoid non controlled aggregation. The number of spikes —and, hence, the amount of IgGs to be mixed
to the solution of FesO4s@Au MNPs — was chosen so to saturate the surface coverage. To this end, we
measured the wavelength shift after each spike with freshly UV-irradiated solution. As Figure 3.5a
shows, 20 spikes were enough to reach the saturation of the process. The effective surface coverage
was further demonstrated by the blocking realized by adding 200 uL of Bovine Serum Albumin
(BSA) [50 ng-mL]. In this case, no additional wavelength shift was detected (see Figure 3.5b) after
the blocking step, a result that is expected when the surface is fully covered and no room is available
for BSA. After the blocking phase the Fes04@Au MNPs solution was centrifuged again at 6000 rpm
for 30 minutes to remove the Abs and the BSA in excess and 50 uL of ultrapure water were gently
added to the microtube containing the pellet of MNPs.
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Figure 3.5. a) Wavelength shifts (AL) in response to the number of spikes of Ab. Each spike was 5 pL and did not
significantly change the volume of the colloidal solution (1 mL). The concentration of the Ab solution was 25 pg-:mL™.
The shift is measured after a waiting time. The waiting times of 0 min corresponds to measurements carried out
immediately after the spike. The saturation value is reached after approximately 10 spikes and it was the value adopted
throughout the experiment. The lack of dependence on the waiting time suggests that the antibodies quickly bind the
nanoparticles. b) Absorption spectra of FesO.@Au MNPs before (black line) and after (red) functionalization. After the
functionalization, there is a red shift of approximately 4 nm as a consequence of the increase of the refractive index caused
by the antibody surrounding the surface. The dashed blue curve is the absorption spectrum after the blocking carried out
by BSA. The lack of any shift demonstrate that the surface was well covered by Abs.

3.3.4 Rotating magnetic field

The rotating magnetic field was realized using a rotating wheel on which two magnets were stuck
according to the geometry reported in Figure 3.1b. Such a configuration was the result of empirical
attempts aimed at realizing in the central region an intense magnetic field so to favor the formation
of chain-like FesOs@Au agglomerates whose rotational dynamics produce a mixing efficiency
enhancing their diffusion. In fact, by rotating the wheel by means of a DC motor, we could find that
a frequency of approximately 5 Hz was effective in whirling the colloidal solution, while for
frequencies higher than 10 Hz the mixing was less effective. The magnetic field in the region between
the magnets was measured using hall probes. In the central region, which is a center of symmetry for

the configuration, the magnetic field was about 100 mT.

3.4 Results
3.4.1 Characterization of FesOs@Au MNPs

A representative TEM image of the iron oxide MNPs is shown in Figure 3.6a, which confirms the
spherical shape of the nanoparticles with an average diameter of 30 nm. Figure 3.6b shows the TEM

image of the nanoparticles after the coating procedure. The results of the protocol were FesOs@Au
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MNPs with an average diameter of 50 nm. As a consequence of the coating process, were produced
irregular-shaped spurious gold nanoparticles too, that were eliminated in the magnetic separation

process after the centrifugation step Paragraph 3.3.2.

Figure 3.6. TEM images showing size and morphology of nanoparticles. a) Fes;04 MNPs and b) Fes0.@Au MNPs.

The absorbance spectrum of FesOs@Au MNPs is shown in Figure 3.7 (black solid line). The
resonance peak at 530 nm confirms the presence of gold on the surface of the MNPs. In order to
assess the thickness of the gold layer, we simulated the optical response of an aqueous solution
containing core@shell nanoparticles by finite-difference time-domain (FDTD) method which we
used to solve Maxwell’s equations [186-188]. A detailed description of the simulation workspace is
reported in Figure 3.8, whereas Figure 3.7 shows the normalized absorbance of FezOs@Au MNPs as
a function of the shell thickness. As expected, the LSPR wavelength red-shifts as the shell thickness
increases. A shell thickness of 10 nm (red solid line) satisfactorily reproduces the experimental data
(black solid line) thereby corroborating the nanoparticle enlargement observed by TEM images
(Figure 3.6).
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Figure 3.7. Comparison between experimental absorption spectrum (black solid line) and simulated normalized spectra
obtained for different thicknesses of the gold shell. The simulated data resulting from a shell thickness of 10 nm are the
ones who best reproduce the experimental spectrum.

77



(b)

Au [1]

G-

Fe;0,4 [1]

Figure 3.8. (a) Schematic representation of the simulation workspace in Lumerical’s environment consisting of light
source, boundary conditions (BCs), photodetector (PD), nanostructure and embedding medium. A x-polarized
electromagnetic wave propagating along z direction was used to investigate the optical response of the core@shell
nanoparticle. The refractive index of the embedding medium was set 1.33. A photodetector was placed on the opposite
side of the workspace to collect the transmittance photons. Anti-symmetric/symmetric BCs were set in both x- and y-
directions to reduce the simulation time by a factor of 8 without worsening the accuracy of the results. Perfect matched
layer (PML) BCs were set in z direction to warrant perfect absorption of the radiation both propagating beyond the
photodetector and backscattered through the light source. The simulation volume was discretized over a mesh of 0.3 nm
spatial resolution in order to obtain a high accuracy level while keeping the simulation time within few hours. (b) Sketch
of the core@shell nanoparticle made of 30 nm diameter Fe;Oa [2] core and gold [1] shell with variable thickness in the
range 10-30 nm.

3.4.2 Detection of glyphosate

An aqueous solution (tap water) of 50 uL containing glyphosate at different concentrations was added
to the microtube containing 50 uL of ultrapure water and the pellet of functionalized FesOs@Au
MNPs (Paragraph 3.3.3) for the detection (1:1 volume). One of the limiting factors in a colorimetric
biosensor based on the aggregation induced by the presence of the target analyte is the relatively low
diffusion velocity of the nanoparticles. In fact, the large mass of the nanoparticles hampers the
aggregation thereby limiting the sensitivity. To overcome such an issue, we exposed the microtube
to the rotating magnetic field yielded by the wheel sketched in Figure 3.1b. The whirlpools induced
by the stirring at approximately 5 Hz were visible by eye in the volume of 100 pL. Subsequently,
absorbance measurements were performed after transferring the solution into a cuvette. The optical

density of the colloidal solution was 1, corresponding to approximately 10° nanoparticles-mL™.
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To highlight the contribution of the magnetic field to the aggregation, we carried out the experiment
with the same solution of nanoparticles (FesOs@Au MNPs) without the magnetic stirring. The dose-
response curves are reported in Figure 3.9, in which the left [(a) and (c)] and right [(b) and (d)] panels
refer to the experiment with the rotating magnetic field turned off and on, respectively. More
specifically, Figure 3.9a and b shows the resonance shift of the localized surface plasmon resonance
(AAspr) due to specific target recognition without and with the magnetic stirring, respectively. The
shifts were measured from the absorption spectra reported in Figure 3.10. The lower panels (Figure
3.9c and d) show the pictures of the cuvettes resulting from the detection of glyphosate at different

concentrations. The color change is visible by naked eyes.
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Figure 3.9. Resonance shift observed by mixing 50 uL of an aqueous solution (tap water) containing glyphosate at
different concentrations to 50 pL of FesOs@Au MNPs. The rotating magnetic field was either turned (a) off or (b) on.
The dose response curve is the best fit of the experimental data obtained with Equation (1). The gray regions represent
the 3 standard deviations (SD) noise level and set the limit of detection to (a) 10 ug-L* and (b) 20 ng'mL"* for magnetic
field off and on, respectively. The 100 pL volume resulting from the mixing was diluted in pure water (1:10) so to have
1 mL volume suitable for the spectrophotometers (see spectra reported in Figure 3.10). Panels (c) and (d) the pictures of
the cuvettes resulting from the detection of glyphosate at different concentrations.
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Figure 3.10. Absorption spectra Fes0.@Au MNPs at several glyphosate concentrations. The magnetic field was either
(a) off or (b) on.

3.4.3 Specificity assay against AMPA

As expected for an immunosensor like the one described in this work, the specificity was very high

as witnessed by the lack of any change in the absorption spectrum observed when
aminomethylphosphonic acid (AMPA) was tested (Figure 3.11). The main glyphosate metabolite

[158], was mixed at the several concentrations in the range 0.01-100 ug-L, the choice to investigate

the specificity in a wide window of concentrations values was dictated by the need to avoid any

influence of the Hook effect in the lack of the color change.

30 B AMPA

10
5
0

B Glyphosate

0.05

0.25 1

Concentration (pg-L!) x 1072

Figure 3.11. Sensor specificity. The sensor responds to aminomethylphosphonic acid (AMPA), the main glyphosate
metabolite. As can be noticed the signal obtained with AMPA is compatible with zero and departs to what is obtained for
glyphosate. The specifity assays was carried out at several concentrations in the range 0.01-100 pg-L™ (0.05, 0.25, 1 ug'L-
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L reported), in order to avoid any influence of the Hook effect in the lack of the signal change. The experimental procedure
was the same employed for the detection of glyphosate as well as the statistical data analysis to determine the errors.

3.5 Discussion

3.5.1 Dose-response curve

By considering a simplified description of the aggregation dynamics [27,28], it is possible to relate

Al spr([G]) to the glyphosate concentration [G] through the following equation

R-[G n
A4 spr([G]) = (ﬁ) . 3.91

In Equation 3.91 the factor R includes both the FesOs@Au MNPs concentration and instrument
response, k is the concentration at which the signal is maximum and n arises from the multiple order
complexation between the two interacting species (glyphosate and functionalized Fe30s@Au MNPs)
and can be related to the Hill coefficient [189]. The red lines in Figure 3.9a and b are the best fits of
the experimental data to Equation 3.91 with the resulting values for k and n shown in the panels,

whereas we got R = (39 + 6)x10 (nm)% ‘pg-LtandR = 6.6 + 0.6 (nm)% - ug - L1, for the data
in 5a and 5b, respectively. From Figure 3.9a and b, we see that when the magnetic field is turned on,
the value for k reduces by a factor of 100 compared to the one achieved in case of field turned off,
whereas the complexity order n is essentially the same in both cases. The reduction of k is the direct
consequence of the increase in the interaction rate between glyphosate and nanoparticles entailed by
the micromixing. In this respect, k takes into account the mixing of microscopic entities that can take
place with different kinetics and, hence, can give rise to different equilibrium constants. On the
contrary, the similarity of the values obtained for the complexity order n possibly confirms that such
a parameter is mainly related to the microscopic features such as the number of antibodies per

nanoparticles, the antibody affinity or even the nanoparticle size.

By adopting the 3 standard deviations (SD) criteria (see Figures 5a and 5b), we obtained a LOD in
the detection of glyphosate of 10 pg-L™* using Fes0s@Au MNPs with the rotating magnetic field
turned off, whereas the LOD lowered down to 20 ng-L* when the rotating magnetic field was turned
on. Thus, the micromixing step improved the recognition of the antigens that in turn lowered the LOD
by more than two order of magnitude. The features of our immunosensor are compared to those of

other techniques in Table 3.1.
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Table 3.1. Features of several biosensors and laboratory techniques for detecting glyphosate.

Separation Detection Sample Derivatization Pre- Detection Ref.

technique method concentration limit

CE C water - yes 85 ug'L? [158]
Indirect LIF commercial herbicides - - 200 pgL? [151]
MS wheat - - 420 pg'Lt | [159]

HPLC UV-Vis fruit juices yes yes 10 pgL? [190]
F rainwater yes - 0.16 ug'Lt | [191]

water yes yes 0.02 ug'Lt | [147]

C water - yes 42 pgL? [192]
ICP-MS water - - 0.7 ug-L?! [152]
EC water yes - 1.7 pg'Lt [193]
EC water - - 8.6 ng-L? [194]
CD fruit juices - - 100 pg-L*? [156]
CV biosensor | water - - 5ngL? [195]
Colorimetric | water - - 20 ng'L*t this work

CE= Capillary Electrophoresis; C= Conductivity; LIF= Laser Induced Fluorescence; CD= Coulometric Detection; MS= Mass
Spectrometry; ICP-MS = Inductively Coupled Plasma-Mass Spectrometry, CV = Cyclic Voltammetry.

3.5.2 Micromixing modelling

When a solution of magnetic nanoparticles (MNPs) is exposed to a magnetic field, the dipole-dipole
interaction between the induced magnetic moments of the particles may induce the formation of
chains along the direction of the magnetic field (Figure 3.13b). The chains formation process is
realized as a balance between the field-induced attractive particle-particle magnetic interaction and
the thermal energy. In this scenario the energy decrease associated to the magnetic coupling drives
the formation of chains while the loss of entropy characterized by a solution with ordered structure
of different sizes plays the opposite role. The critical value for this phenomenon that determines the
balance between energetic and entropic factors is the so-called aggregation parameter N*, which can

be considered an estimation of the mean number of MNPs in a chain [196].

The magnetic chains can rotate at a constant frequency if the magnetic torque is balanced by the
viscous torque. The magnetic torque (I5,,) acting on a chain of N” spherical magnetic particles is given
by equation [165,197]:

3 ZN*Z
= u—3sin(2a). 3.92
64mNgT;

In equation 3.92 [ is the dipole moment induced by the external magnetic field (u = %nrg WoxHy,

Figure 2.14), where , 1, (15-10° m) is the radius of the magnetic core, p, (4n-107 H-m™) is the vacuum
permeability, y is the magnetic susceptibility, H, (100 mT) is the magnitude of the magnetic field
applied and a is the angle between the applied magnetic field and the longitudinal direction of the

chain.
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The viscous torque (I3,) for a chain of N” spherical particles rotating in a medium of viscosity n with

angular velocity w is given by [198]:

I, = kVno, 3.93

*2
where k = X~ isa shape factor, V = N*

n(%)

thickness of the gold shell and in our case 1 is the viscosity of water (8.9-10 Pa-s).

At (ro+re)?

is the volume of the chain, 7, (10-10° m) is the

The balance between the two opposing torques leads to the existence of a maximum rotation

frequency (fmax) for synchronous rotation, that is obtained equating the maximum magnetic torque

(obtained fora = %) to the viscous torque:

N*
_uonHéln(T) ( o )3 3.94
max T 64mnN* ro+1.) "

For frequencies lower than fmax, the structure of the chain remains intact and rotates synchronously
with the field (Figure 3.12b), whereas for frequencies above fmax the chain rotate asynchronously and
its structure can be compromised with the result that the mixing is not optimal (Figure 3.12d) [171].
In our case, the value for fmax Was determined experimentally by applying the rotating magnetic field
to the solution containing the MNPs pellet and the glyphosate (Figure 3.13a). The fmax Value obtained
was equal to 10 Hz, and it was used in Equation 3.94 to estimate N”, obtaining N* ~1.5-10* MNPs in
a chain. The formation of rotating chains significantly accelerates the diffusion dynamics of the
nanostructures in solution and is responsible for the improvement in terms of LOD between the
experiment with magnetic field turned off and on whose dose response curves are shown in Figure

3.9a and b, respectively.

In the experiment with magnetic field off the dynamics of the nanoparticles is dominated by the
Brownian motion with the diffusion coefficient given by Dynp = Uynpk,T = 101 m?st where
uynp = (6mnr,) "t is the mobility of a single MNP, k,, is the Boltzmann constant and T (293 K) the

temperature [133]. On the contrary, the diffusion coefficient for a rotating nanorod is given by

31

py e VIVTE [199] is the mobility for the rotating chain of
0 [of

Dchain = WchainkpT, where Hehain =

particles approximated as a nanorod with negligible transverse dimensions compared to the

longitudinal one and A (2.5-1071% m) is the mean free path of water molecules.

Since the temperature measures the average kinetic energy per particle, the increase of the average of
kinetic energy — due to the synchronous rotation of the chains — can be described in terms of

temperature increase. Thus, an effective temperature can be introduced:
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Ey

where E}, = %Ia)z is the mean kinetic rotational energy per chain due to the rotating magnetic field,
1= %mMNP [2(1y + 1.)]?N*3 (71022 kg'm?) is the moment of inertia of the chain, myyp (= 1-1078

kg) is an estimate of the mass of a single MNP ,and o (5-2r rad-s™) is the angular rotational frequency.

Since :—"T = 90, in presence of the magnetic field, the diffusion is driven by the kinetic energy instead
b
of the thermal agitation, giving rise to an effective diffusion coefficient Dorr = UcpainkpTesy, The
latter compared to the diffusion coefficient of a single nanoparticle (;ei ~ 2+ 103), indicates that
MNP

the rotating magnetic field enhance liquid phase transport operations beyond what can be
accomplished in the classical diffusion paradigm. Furthermore, the increase in the diffusion
coefficient also increases the probability that the nanoparticles will collide and form a specific bond
recognizing the same target (Figure 3.13c and d). When the magnetic micromixing phase ends, the
magnetic field is turned off causing the destruction of all non-specific magnetic bonds and selecting

only the biological ones (Figure 3.13e).

a) b) c) d) e)
f=0 f<frnax S nax
Field off = Field on mp Field off

Figure 3.12. Schematic modeling of the formation and dynamics of chain-like structures. a) When the magnetic field is
turned off the MNPs are found in the form of pellet. b) When the magnetic field is turned, the MNPs form chain-like
structures along the direction of the external field. c) If the magnetic field rotate at a frequency f<fmax the structure of the
chain remains intact and rotates synchronously with the field. d) If the magnetic field rotate at a frequency f>fmnax the
structure of the chain can be crack. ) When the magnetic field is turned off the chains are destroyed and the MNPs isolate
again. The breakdown frequency fmax was determined experimentally to be 10 Hz.
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Figure 3.13. Schematic modeling of the micromixing phase. a) At the initial stage the functionalized MNPs are in the
form of pellet and the magnetic field is turned off. b) When the magnetic field is turned on the MNPs form chain-like
structures along the direction of magnetization. ¢) and d) When the magnetic field rotate at a frequency f<fyax the structure
of the chain remains intact and rotates synchronously with the field. During the micromixing phase the rotating chains
have an increased probability to recognize the analyte and to encounter other chains in solution owing to enhanced

diffusion (Z”‘—“"” = 2-10%). €) When the magnetic field is turned off at the end of the micromixing phase, the magnetic
MNPs

bonds disappear while the biological ones due to the recognition of the analytes persist and are detected during the
absorbance measurements.

3.6 Conclusions

One of the limiting factors in the sensitivity of any assay involving the liquid phase is the collision
rate among the particles, which is particularly low when the motion relies only on the thermal
diffusion and the size of the particles is relatively large as it is the case with nanoparticles. We
demonstrated that the core@shell nanoparticles with magnetic core can be effectively stirred by a
rotating magnetic field. Under the action of such a field, nanoparticles form provisional chain-like
agglomerates in a volume as small as 100 pL that acquire a kinetic energy that largely overcomes the
otherwise low thermal agitation. Such a response can be considered an example of enhanced diffusion
by magnetic field whose applications include not only biosensing, but even contexts in which

transport properties are of paramount importance like drug delivery [200].

The micromixing of antibody functionalized core@shell nanoparticles is beneficial for the target
recognition and results in an improvement of the sensitivity of two orders of magnitude in comparison
to the response measured by relying only on the thermal diffusion (magnetic field turned off). We

applied the micromixing to a colorimetric immunosensor based on gold-coated magnetic
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nanoparticles functionalized with 1gG-EPSPS antibody for the detection of glyphosate in water for
which we reached the LOD of 20 ng-L™.. Beside a very low LOD, high specificity and ease-of-use are
the additional main strengths of the proposed assay. Specificity is ensured by the presence of 1gGs
and by the functionalization method used, whereas the transducer and strategy adopted to realize the
magnetic field do not require any unwieldy equipment since the analysis consists of mixing a colloidal
solution (sensing reagent) with a (liquid) sample in front of the rotating wheel shown in Figure 3.1b
with a subsequent reading of the optical absorbance.

The limit of detection reached by the assay proposed here is lower than the regulatory limits
established by the European Union for glyphosate in drinking water making it suitable for monitoring
a water distribution network. Moreover, the portability of the whole system makes it attracting even
for on-site analysis for any kind of water (e.g. surface and ground water). It is worth to remark that —
as for any immunoassay — the biosensor described here can be designed for other targets by simply

changing the antibodies.
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Chapter 4. Magneto resistive biosensor

The synthesis of noble metal modified magnetic particles as high-performance substrate that are
easily functionalizable and possesses good dispersibility and stability, as well as strong magnetic
response for high sensitivity magnetoresistive biosensors is still a challenge. Here, we reported a fast,
simple, and effective protocol for coating commercial magnetic nanoparticle (MNP) clusters with
gold nanoparticles (AuNPs). The resulting core@satellite magnetic particles (CSMPs), consisting of
isolated AuNPs (satellites) stuck onto an aggregate of individual iron oxide crystals (core), are deeply
characterized. In particular, the morphological, optical, hydrodynamic, magnetic, and surface charge
properties are compared with those exhibited by the commercial MNP clusters. The proposed coating
procedure endows the magnetic core with stability and ductility without resulting detrimental for their
magnetic properties. Considering these features, the magnetic CSMPs are expected to be a versatile
substrate for high-performance magneto resistive (MR) biochips. This was verified by the detection
of Human 1gG with a detection limit at picomolar level using a MR biochip that comprises 6 sensing
regions, each one containing 5 U-shaped spin valve (SV) sensors (30 SV sensor in total), equipped
with a unique highly-portable detection platform properly designed to achieve a point-of-care device.
Antibodies were immobilized in upright orientation and close-packed configuration by
photochemical immobilization technique (PIT) on the MR sensor and CSMPs allowing to
considerably simplify the functionalization procedures and improving the biosensing effectiveness.
Therefore, the novel CSMPs have an enormous potential for excellent sensing applications, especially
in the target protein quantitative detection field, with a LOD at picomolar level, quick response
(within 1 hour), potential multiplexing analysis (up to 6 different analytes at the same time) and signal

redundancy (up to 30 measurements).

Paragraph 4.1 contains an overview of the content outlined in the Chapter highlighting the novelty
points and scope of the work. Paragraph 4.2 briefly summarized the theoretical basis for
understanding the phenomenon of the magneto resistive (MR) effect. In Paragraph 4.3 are described
the materials and methods exploited to carry out the experiments. In Paragraph 4.4 core@satellite
MNPs are fully characterized and compared with commercial magnetic nanoparticles. The main
biosensing results are presented in Paragraph 4.5 . The conclusions of the work are drawn in the

Paragraph 4.6.
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4.1 Overview

The ability to manipulate and control objects at nanoscale level is currently a topic of great interest
in several field of applications ranging from diagnostic imaging to biophysics [83,84]. Magnetic
nanostructures represent a smart tool to achieve the nanometric control by means of external magnetic
fields.

Recently, several protocols to coat MNPs with a layer of a noble metal have been developed to
improve the nanoparticle stability and durability [201], creating the so-called core@shell structures
[202,203]. In particular, gold is usually preferred for its surface chemistry and biocompatibility
[14,15], allowing the adoption of well-known functionalization techniques to link bioreceptors [16].
However, core@shell MNPs are not yet routinely adopted due to their complex fabrication
procedures, the need for well-equipped laboratories, and limited availability on the market [17].
Additionally, there is a measurable decrease in the saturation magnetization with gold coating due to
diamagnetic shielding resulting in a weakening of the magnetic properties of the nanoparticles
[204,205]. Due to these obstacles, core@shell MNPs with good dispersity, stability and strong
magnetic responsiveness have been scarcely reported. Several strategies have been studied to
overcome these issues, among them one of the most promising has led to the development of the so-
called core@satellite nanoparticles [206,207]. The latter exhibits isolated nanoparticles on the surface
instead of a uniform coating layer. This arrangement allows to exploit all the advantages offered by
gold surface chemistry — such as the possibility to anchor antibodies — without resulting detrimental
for the magnetic properties. On the other hand, recent advances in the surfactant-assisted approaches
for the direct aggregation of iron oxide nanoparticles into cluster-like entities show enhanced
saturation magnetization, reduced coercive field at low temperature, higher blocking temperature,
and a flatness of the field-cooled curves compared to those of individual nanoparticles [208,209].

In this work, we reported a fast, simple, and effective protocol for gold coating of commercial
magnetic nanoparticle (FesOs MNP) clusters. This protocol triggers the formation of a rough shell
covering the MNP cluster (diameter ~ 250 nm) with gold nanoparticles (AuNPs) of smaller size
(radius = 10-15 nm) (Figure 4.1a). The resulting core@satellite magnetic particles (CSMPs) were
deeply characterized. In particular, the morphological, optical, hydrodynamic, magnetic and surface
charge properties were compared with those exhibited by the commercial MNP cluster. We have
shown that the coating procedure confers greater stability and ductility to the MNP cluster without
the magnetic properties being adversely affected.

Furthermore, the CSMPs were applied in a biosensing experiment relying on a high-performance
magneto resistive (MR) biochip [210]. MR sensing is based on the detection of the fringe magnetic

field produced by MNPs when polarized by an external magnetic field (Figure 4.1b). The lab-on-a-
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chip device was comprised of 6 sensing regions each one containing 5 U-shaped spin valve (SV)
sensors (30 SV sensor in total), as previously described [211]. The device was manufactured by
INESC-MN (Lisbon, Portugal). This is not a device on the market but a prototype made for research
purposes which has been adapted to the experiment carried out in this work by the PhD candidate. It
is possible to functionalize each sensing region with a different antibody so that the present biosensing
setup is particularly suitable for both signal redundancy and simultaneous monitoring of different
antigens at low concentrations (6 targets at the same time), paving the way for potential high-
throughput and multiplexed analysis. The biochip features a unique and highly-portable detection
platform [212] specifically designed to be used as a point-of-care (POC) device. The possibility of
carrying out multiplex measurements on field with high-performance make this device particularly
interesting for the identification of biomarker panels with high signal redundancy.

As it concerns the functionalization procedure, we used the well-established Photochemical
Immobilization Technique (PIT) [44]. This technique, based on a selective UV-activation of
antibodies (Abs), has proven to be an effective and competitive methodology since it is rapid and
user-friendly and leads to strong (covalent) and conveniently oriented bonds of Abs on the sensor
surfaces, without affecting the intrinsic selectivity of the bioreceptors [31,107,186,213]. The use of
the PIT, in combination with a MR sensor and CSMPs, is a novelty element and allows to

considerably simplify the functionalization procedures and to improve the sensing performance.

As a preliminary case study, CSMPs were successfully applied to MR biochip, for human
immunoglobin (IgG) detection in simulated samples achieving excellent sensing performance (LOD
at picomolar level), quick response (within 1 hour), potential multiplexing analysis (up to 6 different
analytes at the same time) and signal redundancy (up to 30 measurements). Considering this result,
the CSMPs consisting of isolated AuNPs (satellites) stuck onto an aggregate of magnetic particles
(core), with good dispersity and stability, strong magnetic responsiveness and good signal
reproducibility, can be potentially used as an effective and versatile substrate in practical applications,
including environment monitoring, food safety, pathogens detection, etc. Especially, with the help of
MR biochip, the core@satellite magnetic particles have the potential to perform quantitative detection

in complex system.
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Figure 4.1. a) Commercial magnetic particles (FesOs MNPS) clusters (diameter = 250 nm) are gold coated with smaller
AuNPs (radius = 10-15 nm) by means of a coating protocol involving sodium citrate and tetrachloroauric acid. The
resulting core@satellite magnetic particles (CSMPs) are functionalized by means of the Photochemical Immobilization
Technique (PIT). b) Schematic representation (not in scale) of the magneto resistive (MR) chip detection system. The
gold pad over the spin valve (SV) sensor was functionalized by PIT as well. The MR working principle is the detection
of the fringe magnetic field created by the CSMPs on the sensor surface when an external magnetic field is applied. The
antibodies on the chip surface recognize the target in solution that is recognized by the functionalized CSMPs in a
sandwich scheme.

4.2 The magneto resistive effect

4.2.1 Spin Valve sensors

The physical working mechanism underlying spin valve sensor relies on the magnetoresistive (MR)
effect [90]. In the presence of a stratified structured material such as that shown in Figure 4.2, it is
observed that the movement of conduction electrons between the ferromagnetic (FM) layers through
the magnetic (M) layer is influenced by the spin of the electrons. In particular, for a spin valve sensor
composed by FM1/M/FM, two currents can be distinguished, each one associated with a value of the
spin of the electrons. The two currents behave differently due to the different relative orientation of
the FM layers and the spin of the electrons. In particular, at the interface between different materials
that build the SV sensor, the probability of scattering for electrons with spin up and down will be

different.

The FM layers of spin valve structures can have parallel or anti-parallel moments (Figure 4.2a and
b). In the first case, a spin-down electron will have a greater scattering probability than a spin-up

electron, meaning that there exists a resistivity channel for spin-up electrons which lowers the overall
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resistance of the device. In the second case, spin-down and spin-up electrons will both have a higher
scattering probability in one of the FM layers and a lower scattering probability in the other creating
two channels with the same resistivity. The difference in terms of resistance between the parallel and

the antiparallel configuration is known as the MR ratio:

4.1

Ry —R
MR = "1

Ry
where Ry, and R4q are the resistance of the sensor in the anti-parallel and parallel configuration.

Right after their introduction in the market, these sensors were employed for several commercial
applications, such as memory devices, automotive sensor equipment, and earth field correction tools.

Only later on their effectiveness in the detection of biological events has been proven [101,214-217].

b)

Figure 4.2. Schematic representation of a SV sensor. The two channels conduction for spin-up and spin-down electrons
is illustrated. a) In the parallel configuration of the SV sensor, a spin-down electron will have a greater scattering
probability than a spin-up electron, in the case of the anti-parallel configuration there are no differences in the scattering
process.

4.2.2 MNPs detection in DC mode

Magnetic nanoparticles are detected by the magneto resistive sensor by their field fringe field. The
latter induces a change in the resistance of the chip that is used as sensing parameter. Since the
nanoparticles employed in this study are superparamagnetic — and thus not showing any remanent
field — they must be polarized in order to produce a fringe field. To date, several methods have been
studied to polarize nanoparticles which can be divided into two categories the ones using constant
magnetic field (DC) and the others using time-varying magnetic fields (AC). The previous
nomenclature simply derives from the fact that in these applications it is generally preferred to use
currents, continuous (DC) or alternating (AC), to generate the magnetic fields instead of permanent
magnets. For the sensor described in this Chapter, DC field polarization was the one that proved to
be most suitable, so the particles were polarized by a constant magnetic field. The more widespread
way to magnetize the magnetic particles is to apply the polarizing field in the x-direction (Hx) as
depicted in Figure 4.3.
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Figure 4.3. Schematic representation of the detection system using a DC polarization along x-axis. Adapted from .

In this case, a magnetic particle generates a fringe field in x-direction with a sign opposite to the
polarizing field. The intensity of the polarizing field must be chosen carefully. In fact, while high
polarization fields increase the magnetic moment, and thus also the fringe field of magnetic
nanoparticles, there is, however, a risk that the sensor will fall out of the linear response zone. As can
be noticed in Figure 4.4, the sensor resistance changes linearly with the applied field approximately
in the range (-35; 35) Oe, while outside this range the resistance variation is non-linear (low field
zone) or negligible (saturation zone). Therefore, the polarizing field has to be chosen in such a way
to realize a trade-off between the polarization of MNPs and the MR sensor. To this end it is important
to assure that the sensor is not saturated otherwise no resistance variation due to the presence of
magnetic particles can be observed. This problem can be overcome by using two different polarization
fields for the particles and MR sensors. However, putting a solution of this kind into practice
significantly makes the implementation of the experimental apparatus harder. In fact, by choosing the
same polarization field for the MR sensor and MNPs was possible to use a single coil in the detection

platform (Paragraph 4.3.5).
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Figure 4.4. Transfer curve of a single U-shaped spin valve (SV) sensor (80 x 2.6 um?).

For biosensing applications, the MNPs are usually coated with streptavidin, a protein that has high
affinity to biotin. In this way, a biotin molecule can be attached to the target biomolecule by a
biotinylation process so that the labelling is made by streptavidin-biotin interaction. This indirect
functionalization mechanistic approach is costly, time-consuming and inefficient as well as often not
feasible due to the limited applicability of biotinylation methods. To overcome this issue, the idea of
using MNPs decorated with gold satellite nanoparticles allows to exploit the well-known
functionalization techniques and the Photochemical Immobilization Technique (Paragraph 1.2.3) that

was employed in this work.

The experimental procedure by which nanoparticles are actually detected is explained in Paragraph
4.3.6, briefly antibodies functionalized core@stellite MNPs are put into contact to the chip surface.
The latter was functionalized and exposed to the target of interest in advance. If the target and the
antibody on core@satelite particles are complementary, after a washing step the magnetic particles
remain attached to the surface. Upon magnetization by an external magnetic field, the markers

generate fringe fields, which are detected by magneto resistive sensors

As an alternative strategy, the preconcentration technique could be used. Instead of exposing the
sensor surface to the target, it is possible to introduce the MNPs into the solution to be examined so
that they can be manipulated by external magnetic fields to rake the target in solution and later

conveyed on the sensing surface. Moreover, in any sensing setup, magnetic forces for stringency
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control and for focusing the biological target to the sensor area could be exploited. This is usually
accomplished by building a circuit of permanent magnets around the sensitive regions that induce the
MNPs to stay close to the functionalized areas.

4.2.3 Considerations on sensitivity

The sensitivity of a MR biosensor depends on the length, [, and the width, w, of the device

l
MR = R, —, 4.2
w

where R, is a constant that depends on the spin valve structure. In addition, there is a direct
relationship between the number of active probe biomolecules on the surface and the probability of
capturing a specific target biomolecule in a test solution. Therefore, a larger biologically active area

increases biological sensitivity [218].

The dynamic range of the sensor is directly proportional to the sensor area since more magnetic
particles fit in the sensor area and can therefore be detected. However, as can be observed in Figure
4.5a, as the sensor area increases, the average magnetic fringe field detected of a MNPs of a fixed

tupe decreases.

In order to achieve a balance between limit of detection, dynamic range, and biological sensitivity, a
trade-off must be made. Consequently, the sensor characteristics can be modified to fit the problem
to be addressed. Large sensors can be employed for applications requiring larger dynamic ranges and
higher target concentration detection (i.e. disease monitoring, gene expression analysis). Small
sensors will be used for applications demanding low target concentration detection and small dynamic

range (i.e. yes/no detection such as in disease diagnostics).

The distance between the sensor free layer and the magnetic particle itself is another important aspect
in the optimization of the sensor sensitivity to magnetic particles. Usually, the free layer is covered
with a passivation and a gold layer. These two layers aim to protect the sensor from possible corrosion
caused by biochemical solutions used in the bioassays. In addition, the gold layer allows to
considerably simplify the functionalization procedures and to improve the sensing performance. In
any case, the thickness of the passivation layer and the gold layer should be as small as possible since
as shown in Figure 4.5b, the magnetic field of fringe detected decreases rapidly as the distance of the

MNP from the free layer increases.
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Figure 4.5. Average magnetic field of one particle in the center of the sensing area in function of the sensor area a) and
separation between the sensor and the particle b). Reproduced from [218].

4.3 Materials and Methods

4.3.1 Reagents and materials

The water used in the preparation of any solution was MilliQ, while tetrachloroauric acid
(HAuCl4-3H20), sodium citrate (NazCeHs07), and Polysorbate 20 (Tween™ 20, CosHs0010) Were
purchased by Sigma Aldrich. All the antibodies used for this study were purchased from
ImmunoReagents. Bovine serum albumine (BSA) was purchased from Pierce. The magnetic dextran
iron oxide composite nanoparticles were purchased from Micromod (product name nanomag®-D,
product code 09-54-252). They have a core@shell like structure with a core of magnetite and a
dextran shell [219]. The magnetite core consists of aggregates of individual iron oxide (magnetite)
crystals with diameters of 5-15 nm. Their surface has been modified with PEG 300 in order to prevent
the unspecific protein binding on the particle surface.

4.3.2 Synthesis of CSMPs

CSMPs were made by incubating AuNPs with dextran iron oxide composite particles. In a typical
experiment 100 pLL of magnetic particles, as from the stock, were added to a solution containing 15
mL of MilliQ water. The solution was heated until 95 °C with vigorous stirring by using a mechanical
motor stirrer (Heidolph RZR 50, Germany). Once the temperature was reached, 1 mL of sodium
citrate (100 mM) and 50 pL of a HAuCls-3H20 (10 mg-mL™) were added to the solution one after the
other. After 2 minutes, when the solution changed color from an initial brown (Figure 4.6a) of the
magnetic particles to a weak purple, 50 pL of a HAuCl4-3H20 of the same concentration were added.
At this point the solution was let cool down keeping the same stirring speed until it reached the room
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temperature (RT). Once at RT, the CSMPs underwent 5 washing steps where magnetic attraction was
employed to remove the supernatant in excess. After magnetic separation, the particles were
resuspended in 10 mL in a solution of MilliQ water and Tween™ 20 (0.005 %) (Figure 4.6b). As a
result of such a procedure a colloidal solution of 10 mL of CSMPs (5-10° nps-mL') was obtained. It
was noted that resuspending the CSMPs in a solution of MilliQ water and Tween™ 20 (0.005 %) was
the best way to stabilize the nanoparticles and store them for several weeks.

a) e b) e

Figure 4.6. a) suspension of MNPs as from the stock, b) CSMPs suspension after the coating process. The particle
concentration was 3*10° MNPs-mL™* in both cases.

4.3.3 MR sensors fabrication and cleaning

The MR biochip contains 6 sensing regions enclosed in a gold squared frame (300 x 300 um?) each
one containing 5 U-shaped spin valve sensors (80 x 2.6 um?) coated with a gold pad (35 x 13 um?)
for a total of 30 SV sensors (Figure 4.7). The 6 sensitive regions are arranged in two parallel rows, 3
on the left side and 3 on the right side. The several microfabrication steps involved in the
manufacturing of the SV biochips have been previously described [216]. Briefly, the SV materials
were deposited by lon beam in a Nordiko 3000 tool [220] on a 150 mm diameter Silicon wafer,
passivated with 100 nm of alumina (Al.O3 deposited by sputtering from a ceramic target, with a
power of 200 W, 4.5 mTorr). The SV multi-layer structure was the following: Ta 20 nm/NiFe 25
nm/CoFe 28 nm/Cu 26 nm/CoFe 24 nm/Mnlr 70 nm/Ta 50 nm. The sensors were patterned using
direct write laser lithography (Heidelberg DWL 2.0, diode laser wavelength 405nm) and transferred
to the substrate by ion milling etching (Nordiko 3000, using an Ar+ beam with 29 mA (92 pA/cm?),
acceleration V+ = 500 V, extraction V- = 200 V, at a pressure p= 2.4x10™* Torr and beam-to-surface
angle = 70° for 400 s) and protected with a 350nm thick SisN4 passivation layer deposited by PECVD
in an Oxford tool (SiH4 =20 sccm, N2 = 20 sccm, N2O =980 sccm, at a pressure of 1 Torr and 300°C),
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where the gold pads deposited were then defined over the sensors. Before every biosensing
experiment, the chips underwent a cleaning process. The sensing region was rinsed multiple times
with MilliQ water and Isopropyl alcohol (IPA). Once dried with compressed air they were exposed
to an ultraviolet light/ozone plasma for 15 min at 28 mW-cm™ at 5 mm separation from the UV lamp
inside an UVO cleaner machine from Jelight, (Irvine, CA, USA). The biochips can be recycled several

times using the abovementioned procedure.

g N

Figure 4.7. a) Image of the PCB carrier containing the chip. The gold stripes in upper part are connected to the chip in center, the
contacts are covered with silicon to prevent water damage to the circuits. b) Microscope image (5x magnification) showing the 6
sensing regions. ¢) Microscope image (20x magnification) of one sensing region. d) Microscope image (50 x magnification)
highlighting the sensors details, the gold squared frame (300 x 300 pm?) contains the 5 U-shaped SV sensors (80 x 2.6 um?) covered
by a gold pad (35 x 13 pm?).

4.3.4 Functionalization protocol

The MR sensor gold surfaces were modified with Abs, where each sensing region can be discretely
functionalized with a different probe antibody. In this experiment half of the sensors were
functionalized with Goat anti-Human IgG (in order to detect Human IgG) and the remaining half was
functionalized with Donkey anti-Sheep 1gG (negative control). To the best our knowledge, this is the
first time that the Photochemical Immobilization Technique (PIT) (Figure 1.4) [44] was employed in
combination with MR sensors. PIT is a powerful and fast methodology whose effectiveness has
already been confirmed in several biosensing applications [20,28,31,107]. It is based on selective
UV-activation of Abs that leads to a strong covalent binding to noble metal surfaces that improve the
detection efficiency of the immunosensor orienting the Abs with the fragment antigen-binding site
(Fab) exposed to the solvent. The functionalization procedure via PIT involved the following steps:

a quartz cuvette containing 1 mL of Abs dissolved in ultrapure water (25 ug-mL™) was irradiated by
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UV light (lamp Trylight®) for 30 s, which is the optimal irradiation time for PIT; immediately after
the irradiation the solution was manually spotted on the chip surface, one droplet covering the 3
sensing regions (Goat Anti-Human IgG for sensors from 1 to 15, Donkey Anti-Sheep 1gG for sensors
from 16 to 30); the substrates were left at room temperature inside a humid chamber for 10 minutes
after which the unbound Abs were washed with MilliQ water. Once the unbound antibodies were
removed, 30 puL of a solution of 5% bovine serum albumine (BSA) were deposited on the surface of
the chip in order to fill any unoccupied area left after functionalization in order to minimize non-
specific contributions. The chip was incubated for 1 h after which it was washed with MilliQ water.
Using a different protocol, also the CSMPs were functionalized by PIT. Firstly, a volume of 2 mL of
the solution resulting from the abovementioned coating protocol was concentrated in a volume of 100
uL by means of magnetic separation. Separately a 100 puL of Abs solution (10 pg-mL™) was irradiated
by UV light for 30 s and later was added in ten spikes (5 puL each) to the CSMPs solution. The
functionalized CSMPs were gently stirred for 10 minutes. As final step the CSMPs were magnetically
separated from the solution in order to remove the antibodies in excess and resuspended in 10 pL of

water to be conveyed into the microfluidic circuit that crosses the sensors.

4.3.5 Biochip experimental setup

The biochip detection platform was fabricated as previously described [221]. Briefly, the system is
divided into five main sections: the chip insertion site, the copper coil for magnetic drive, the battery,
the USB connector, and the box containing the detection electronic circuit (Figure 4.8). The
removable microfluidics circuit, made of Polydimethylsiloxane (PDMS), is placed above the chip
with the possibility to be connected to any pumping system. The metal box has the purpose of
shielding the circuits from external signals that could cause interference with the measurement
process. The detection electronic circuit is composed by three main modules: a sensing and processing
module (SPM), an autonomous communication module (ACoM) and analyzer module (AnM).
Thanks to SPM and ACoM modules the platform can be directly connected to a PC and fully
controlled using the specially designed graphic user interface (GUI) (Figure 4.9). Taking advantage
of the AnM module, the acquired signals are processed in real time and transmitted to a digital
analyzer that enables the user to control and follow the experiment. All the electronic circuitry for
addressing, driving and reading out signals from spin-valve is implemented using off-the-shelf
components. The developed platform is portable (15 cm x 13 cm x 4 cm) and capable of operating
autonomously for nearly 8 hours. The battery can be recharged by the PC using the same connection

used to operate the platform.
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Figure 4.8. Detail of the biochip platform internals: 1) chip insertion site, 2) coil for magnetic drive, 3) battery, 4) box
enclosing detection electronic, 5) USB port.

Biochip Platform Interface V3.1 = O X
File  Communication
Main Controls Blectric Drive Magnetic Drive Sensor
T Cumrent DC {uA Cument AC (uA pk Field DC {Oe Field AC (Oe ms Number Matrix Type
[] Show Debug Configure Configure Configure
T T Experience Time Agtraction Other Controls
Start 00:00:00 Field AC (Oe) Freq (mHz) Cline mA) = [¥] Charge Bat
Sensor Transfer Curve  Sensor Experi Maktix ronsfer Ciarve || Maiiix Expe Particle Attraction  Det 20 100 40 attract (7] Mask Attract
Sweep Range
Measure Abort Save Data
Min Resistance (Ohm)
Transfer Curve
T2 T T T T T
MR (%) :
LT T 4
os Lo e e e erenanas S PR ]
E
'5 0B o i 4
-4
oa Lo ] e, e, SRRSO SRS ]
02 Lo, e SUUUUUUUUUTRRRRR FUUUURUTRTR O ST ]
@S u 00 1 — — . | . | — .
. nesc
0a 0.0 0.2 0.4 0.6 0.8 1.0 1.2
| inesc-mn | noe

Figure 4.9. Screenshot of the graphic user interface (GUI) through which is possible to operate the platform.

4.3.6 Experimental procedure

30 pL of a solution containing the antigen to be detected at fixed concentrations was spotted on the

sensor, whose surface was functionalized with Abs and blocked with BSA as described in Paragraph

4.3.4. After being incubated for 1 h, the chip was washed with MilliQ water and inserted in the
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specifically designed magneto resistive biochip platform (Paragraph 4.3.5). A U-shaped
Polydimethylsiloxane (PDMS) microfluidic channel 800 x 300 um? (width x height) was placed over
the chip to transport the functionalized CSMPs over the sensing area. The measurements start with a
voltage baseline acquisition of around 5-10 minutes. When the signal was stable, the CSMPs solution,
functionalized and concentrated as described in Paragraph 4.3.4, was conveyed in the microfluidic
circuit by means of a syringe pump (New Era Pump systems) at a flow rate of 50 uL-min* (Figure
4.10). The flux was stopped when the solution completely filled the channel meaning the CSMPs
were over the sensing area. After 10 minutes, once the voltage signal of the sensors was saturated,
the unbound CSMPs were washed out with water at a flow rate of 150 uL-min for 5 minutes. If there
were differences between the initial baseline voltage (Vraseline) and the final voltage after the washing
(Vwashing), a binding signal AV was obtained. The binding voltage difference (Voaseline-Vwashing) Was
calculated either for the detection (AVP) and the negative (AV") control sensors (Figure 4.10). Then,
the mean value of the voltage variation for the negative control sensors AV® was subtracted to the
AVP for each positive sensor and finally each AV was divided by the baseline voltage value of each
sensor. Having control sensors entails innumerable advantages, including that of being able to
subtract any drift (due to temperature or external interference) from binding signal and keep only the
contribution due to the specific biological interaction. The sensors were biased with a 1 mA DC
current, and the magnetic drive was set to 35 Oe DC. An additional time-varying magnetic field was
employed with 13.5 Oe rms AC at 211 Hz. For each sensor, a transfer curve as the one in Figure 4.4,
was acquired and the data was sequentially recorded at a bandwidth of 4 Hz and 2 samples per sensor.
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Figure 4.10. Typical dynamic response of the MR biosensor. On the y-axis the potential difference across the chip and on the x axis
the time interval. The green line represents the response of the sensor in each of the following steps: (I) voltage baseline acquisition
(flow rate 50 uL-mint), (II) CSMPs interacting with the sensor (static), (III) washing step (flow rate 150 uL-mint).

Biochip platform

Srynge pump

Figure 4.11. The experimental setup is shown in Fig S5, on the left a syringe pump; on the right the biochip detection
platform connected to a PC through a USB connector for data acquisition.
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4.3.7 Simulation workspace

The optical response of CSMPs was investigated by the finite-difference time-domain (FDTD)
method implemented in Lumerical “FDTD solutions” tool. Maxwell’s equations are solved inside
each unit cell in which the simulation workspace is discretized. Figure 4.12 depicts the scheme of the

simulation workspace.

A single CSMPs was placed in a total-field scattered-field (TFSF) volume (500x500%x300 nm?®) with
a plane wave source on the bottom side. A photodetector (spectral resolution: 1 nm) was positioned
on the opposite side to collect the transmitted light thereby retrieving the CSMPs extinction spectrum.
The optical response was explored by a linearly polarized wave (0°-180° polarization angle with an
angular step of 15°) in the range 400-800 nm travelling along the z-axis. The TFSF volume was
embedded into a FDTD volume (2000 x 2000 x 2000 nm?®) filled with water (1.33 refractive index).
Perfect matched layer boundary conditions were set on each FDTD side to warrant the perfect
absorption of the incident radiation, avoiding back reflection effects. A discretizing mesh of 1 nm

spatial resolution was adopted to ensure accurate results within a reasonable simulation time.

The CSMPs was modelled as a Fe3O4 [222] ellipsoidal core (principal axes: a=150nmand b =c =
100 nm) coated with 100 Au [222] spheres of a uniformly distributed radius in the range 10-15 nm.
The Au spheres were randomly placed onto the Fe3O4 core in such a way that their centre-to-centre
distance was not shorter than 30 nm. The above-mentioned geometrical parameters were set in

accordance to the actual morphologies observed in TEM images.

Photodetector
pML BCs PML BCs
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Figure 4.12. (a) Schematic representation of the simulation workspace in Lumerical’s environment consisting of light
source, boundary conditions (BCs), photodetector, nanostructure (CSMPs) and embedding medium (water). A linearly
polarized electromagnetic wave propagating along z direction was used to investigate the optical response of the CSMPs.
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4.4 CSMPs Characterization

The AuNPs around the PEGylated MNP clusters are formed since the sodium citrate act as reducent
of the tetrachloroauric acid. This process is favored by the high temperatures (> 90 °C) to which the
solution is brought before adding the reagents and leads to the formation of small gold particles
(seeds) that settle on the MNP clusters surface. The occurrence of this process is confirmed by the
color change of the solution (from an initial brown to a light purple), effect due to the well-known
surface plasmon oscillation whose frequency falls in the visible region [223]. When the color of the
solution stops changing, more tetrachloroauric acid is added to the solution in order to grow the gold
seeds on the MNP clusters surface until they reach dozens of nanometers of size (the solution turns
red). The colloidal solution of CSMPs is realized thorough electrostatic interactions by citrate

molecules that act as capping agents [224].

4.4.1 Morphology

Transmission electron microscopy (TEM) measurements were carried out to determine the
morphology and shape of the particles. TEM micrographs were obtained using a FEI Tecnai G2 S-
twin apparatus operating at 200 kV (LaB6 source). The particle powder samples were dispersed in
water, then a small quantity of the solution was added on the carbon-coated copper grid (200 mesh)
and let evaporate. Figure 4.13 (from a to f) shows the micrographs of the bare MNP clusters (a, b, ¢)
as taken from the stock, in the upper panel and those of the CSMPs, coated with the abovementioned
protocol, in the lower panel (d, e, f). As can be noted in panel a, where a single MNP cluster is
depicted, this kind of clusters are non-spherical but irregularly shaped, this conformation is quite
common for clustered-type dextran iron oxide composite particles [225,226]. As regarding the
micrographs of CSMPs, small AuNPs (radius =~ 10-15 nm) are visibly attached on the surfaces of the
bigger MNP clusters (diameter ~ 250 nm) as a result of the coating protocol (panel f).

4.4.2 Optical response

Both the MNP cluster and the CSMPs were characterized by UV-vis spectroscopy (Jenwayn6715
UV/vis spectrophotometer, United Kingdom). After the coating process, the color of the solutions
changes from a strong brown (MNP clusters, Figure 4.6a) to a dark red (CSMPs, Figure 4.6b), that is
a characteristic color of AuNPs solutions. The presence of AuNPs on the surface of the MNP clusters

is confirmed by extinction analysis in UV-vis range. As can be noticed from Figure 4.13g, the
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extinction spectra of the MNPs (dashed black line) does not show any extinction peak while the
spectra of the CSMPs (solid red line) show a prominent peak at 567 £ 6 nm. The CSMPs solution
was washed with magnetic separation multiple times before the measurement (Paragraph 4.3.2) to
ensure that the only contribution to the signal was originated by the AuNPs attached to the surface of
the MNP cluster. In order to corroborate the experimental characterization, we simulated the optical
response of an aqueous solution containing core@satellite particles by finite-difference time-domain
(FDTD) method which we used to solve Maxwell’s equations [188]. A detailed description of the
simulation workspace is reported in Figure 4.12, whereas Figure 4.13shows the normalized extinction
of CSMPs (gold solid line). The experimental extinction spectrum (red solid line) is consistently
reproduced by a simulation involving a distribution of 100 AuNPs with radius between 10 and 15 nm
randomly distributed on the magnetic core. The plasmonic resonance peaked at 560 nm represents
the response of the optically uncoupled AuNPs and it strongly depends on the nanoparticles shape,
size and surrounding environment (magnetite and Tween™ 20 shell). On the other hand, the
secondary peak at 660 nm arises from the dipolar coupling among nearest neighbors which give rise
to a coupled mode at higher wavelengths [223] thus it mainly depends on the nanoparticle density
and centre-to-centre distance distribution. Although the experimental spectrum does not exhibit two
distinct plasmonic resonances, we can safely assess that more realistic but extremely time-consuming
simulations including different magnetite morphologies and AuNP arrangement would lead to a
broadening of the secondary plasmonic mode that would entail an increase of the extinction in the
red band (600-800 nm) as experimentally observed.

4.4.3 Surface charge properties

Zeta potential measurements were carried out with the Zetasizer Nano ZS instrument (Malvern
Instruments Company, United Kingdom). The assessment of the zeta potential is crucial to provide
an insight on the stability and the charge surface modifications of the colloidal solution of MNP
clusters due to the gold coating [227]. As shown in Figure 4.13h (dashed black line) the bare MNP
clusters in an aqueous solution exhibit a zeta potential distribution peaked around -3 mV. Such a low
absolute values of the zeta potential is generally related to the instability of the colloidal solution
[227]. On the contrary, the zeta potential distribution peak observed for CSMPs in water is about -30
mV (Figure 4.13h, solid red line), thus revealing a high stability of the colloidal solution. It is worth
noticing that the negative shifting of the distribution is coherent with the adjoint of the AuNPs around
the magnetic core. Indeed, the typical values of the zeta potential for AUNPs in aqueous solutions are
highly negative [228].

104



4.4.4 Hydrodynamic properties

In order to analyze the hydrodynamic behavior of the suspension of CSMPs, dynamic light scattering
(DLS) measurements were performed with the Zetasizer Nano ZS instrument (Malvern Instruments
Company, United Kingdom). Figure 4.13i shows the size distributions of a suspension of bare MNP
clusters (dashed black line) and a suspension of CSMPs (solid red line) in MilliQ water. The size
distribution for bare MNP clusters is unimodal and the average hydrodynamic diameter is about 260
nm with a standard deviation of 100 nm. On the other hand, the size distribution of the CSMPs is
bimodal with a major and a minor mode distinguishable from each other. The average hydrodynamic
diameter of the distribution is about 350 nm with a standard deviation of 80 nm for the major mode.
The growth of the average hydrodynamic diameter with respect to that of the MNP clusters can be
understood qualitatively as an effect of the AuNPs on the surface. However, since the nanoparticles
are not spherically shaped and both size distributions are quite broad, a quantitative estimation of the
thickness of the gold coating shells is unattainable. The minor mode of CSMPs size distribution is
due to aggregates with diameter bigger than 1 um derived from the gold coating process. These by-
products are just about 10 % of the whole nanoparticles population and can be easily removed from

the suspension through precipitation before using the nanoparticles for biosensing applications.

445 Magnetic properties

The magnetic properties of both MNP clusters and CSMPs were assessed with a vibrating-sample
magnetometer (VSM) (DSM 880, Microsense, USA). The hysteresis loops (Figure 4.13l) were
performed at 300 K and showed a decrease of around 9% in the saturation magnetization values Ms=
55 and 51 emu-g* respectively for MNP clusters and CSMPs The weakening of the magnetic
properties of MNPs when coated with gold is a well know phenomena [229,230] and it is connected
with the diamagnetic nature of gold and it is an unavoidable trade-off if MNPs are intended to be used
in a biological environment. In our case, the gold diamagnetic contribution was not subtracted and
the additional mass of the gold is expected to reduce Msaccordingly. However, the small reduction
of the saturation magnetization did not impact of the experiment noticeably. During the measurements
the intensity of the magnetic field applied to the particles is of 35 QOe, falling into the linear range of

the hysteresis curve.
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Figure 4.13. TEM micrographs at different magnification of MNP clusters as from stock (a), (b), (c) and CSMPs after the gold coating
protocol (d), (e), (f). Due to the coating protocol, small AuNPs (= 20 nm) stick to the surface of the bigger MNP clusters (diameter ~
250 nm). The images (a) and (d) depict single entire particles clusters while (b), (c), () and (f) highlight details at a greater
magnification to show the AuUNPs on the cluster surface. g) UV-Vis spectra of a solution containing MNP clusters as from stock (dashed
black line) and a solution containing CSMPs (solid red line). The extinction peak (567 £ 6 nm) that appear after the coating protocol
is due to the presence of gold on the surface of the MNP clusters. Simulations of the optical response by finite-difference time-domain
(FDTD) method confirmed that the presence of AuNPs randomly distributed on the magnetic core with radius between 10 and 15 nm.
h) Zeta potential distribution of bare MNP clusters (dashed black line) and CSMPs (solid red line) dispersed in aqueous solutions. The
peaks of the distributions are -3 mV and -30 mV for MNP clusters and CSMPs, respectively. i) Size distributions from DLS
measurements of a suspension of MNP clusters (dashed black line) and a suspension of CSMPs (solid red line). Due to the coating
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protocol the unimodal distribution of the CSMPs turns into a bimodal distribution with a major and a minor mode. The major mode
(average 350 nm and standard deviation 80 nm) constitutes about 90 % of the population and groups the signal of MNP clusters which
have undergone an increase in the hydrodynamic diameter due to the presence of small AuNPs on the surface. The minor mode, on the
other hand, represents aggregates of nanoparticles (about 1 um diameter) that are formed during the coating process as side effect. The
aggregates were separated from the solution before carrying out biosensing experiments. 1) Hysteresis loop of a solution containing
MNP clusters as from the stock (black line) and CSMPs (red line) obtained with a vibrating-sample magnetometer (VSM). Data are
normalized by total solid content, without removal of the gold contribution.

4.5 Biosensing application

45.1 Detection of Human IgG in simulated samples
The dose-response curve is reported in Figure 4.14a together with the best fit of the experimental data

provided by a sigmoid curve:

AV [x]
AR Y 43

wherea=4.1+0.4,b=145+70ng'-mL %, ¢c =0.3 + 0.3 are connected to the asymptotic value (a+c),
the concentration ([x]) at which the frequency shift reaches the 50% of its maximal value (= b) and
the value obtained when the concentration is zero (c). The dose-response curve exhibits signal
saturation at concentrations higher than 1 pg-mL™?, thus showing that the MR biochip in combination
with CSMPs is able to provide a quantitative measurement over three decades. The error bars
originate from a biological variability, each datapoint of the dose-response curve is the result of the
average over 30 values from as many sensors in 2 different chips, 15 from the first experiment and
15 more from the duplicate. AV-V! were calculated for each positive sensor according to Paragraph
4.3.6. The standard deviation of the mean was considered as the statistical error on each of the two
sets of 15 measurements whose propagation yielded the error of the datapoints in Figure 4.14a. The
error related to the fluctuation of the experimental setup was negligible. Each experiment was
performed with a different biochip obtaining coherent results. This is a strong confirmation of the
robustness of the experimental setup with respect to fluctuations related to differences in the CSMPs
solution and in the fabrication process of MR biochips. The limit of detection (LOD) was assessed
by means of 3 standard deviation (SD) criteria calculating the concentration at which the dose-
response curve assumes a value equal to the signal for the blank sample plus three standard deviation
and turned up to be 3.5 ng'mL! (23 pM).

4.5.2 Specificity assay

The specificity of the immunosensor was proved by assessing the detection of compounds similar to

Human IgG by using the same experimental procedure. In this case it was measured the response of

107



the sensor to Mouse IgG, Goat anti-Human IgG and Rabbit anti-Chicken IGY and compared to the
signals obtained for the blank and Human IgG samples. The experimental procedure was the same
employed for the detection of Human 1gG (Paragraph 4.3.6) as well as the statistical data analysis to
determine the errors. Figure 4.14b shows the reliability of the immune response at low (10 ng-mL™)
and high concentrations (500 ng-mL!) of the targets. As can be noticed the signal obtained with other
Abs is compatible with blank and departs from what is obtained for the Human IgG. The good
performance of the sensor in term of specificity are mainly a consequence of the biorecognition

properties of the antibodies combined with the CSMPs low tendency to form non-specific bonds.
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Figure 4.14. a) Dose-response curve, i.e., versus Human IgG concentrations (ng'mL?), the X axis scale is linear from 0 to 1 ng'-mL*
and logarithmic from this value on. Experimental data are fitted by a sigmoid curve (Equation 1). Each data point was duplicated, the
error bars were calculated as described in Section 2.6. The range of tested concentrations varies from the zero concentration to 25
pug-mL1. Each datapoint was duplicated, every experiment has been carried out using a different biochip. b) Sensor specificity. The
sensor responds to compounds similar to Human IgG. As can be noticed the signal obtained with other Abs is compatible with blank
and departs to what is obtained for the Human IgG. The experimental procedure was the same employed for the detection of Human
1gG (Section 2.6) as well as the statistical data analysis to determine the errors.

4.6 Conclusions

Herein, we described an innovative platform composed of core@satellite magnetic particles as
versatile substrate for an efficient biofunctionalization and the development of high sensitivity
magneto resistive biosensors. The coating process was realized via chemical reduction of
tetrachloroauric acid by means of sodium citrate so that the synthetized AuNPs (radius ~ 10-15 nm)
self-assembled onto the outer surface of commercial MNP clusters (diameter ~ 250 nm). The CSMPs
were deeply characterized, in particular the morphology, optical and magnetic response,
hydrodynamic diameter and surface charge were compared with those exhibited by bare MNP
clusters. We showed that CSMPs stability and ductility, along with magnetic responsiveness, were

significantly improved thanks to the proposed approach. The results suggests that the satellite AUNPs
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provided MNP clusters with convenient anchoring sites for biomolecules and higher chemical
stability without resulting detrimental for core magnetic properties. Notably, while the surface charge
demonstrated a significant improvement of the CSMPs stability, the magnetic saturation only suffered

from a 9% reduction.

We implemented the CMSPs in an MR based biochip to realize a highly sensitive POC device. The
MR biochip contained 6 sensing regions enclosed in a gold squared frame (300 x 300 um?) each one
containing 5 U-shaped spin valve (SV) sensors (80 x 2.6 pm?) coated with a gold layer (35 x 13 um?)
for a total of 30 SV sensors. As a proof of concept, we demonstrated the feasibility of our platform
to detect Human IgG in an interesting range for biomedical applications (1-1000 ng-mL™).
Additionally, multiplexed implementation (up to 6 different analytes at the same time) and signal
redundancy (up to 30 measurements) are inherently ensured by the features of the MR detection

platform.

The device showed quick response (within 1 hour) and excellent sensing performance with a LOD of
3.5 ng'mL! (23 pM). As futuristic scope, the magnetic properties of CSMPs could be exploited for
sample preconcentration in complex matrices before their interaction with the MR biochip. The
versatility of our coating approach could be tested on different starting magnetic nanoparticles for
tailored bioassays. Finally, the potential applications of the proposed biosensing platform are far-
reaching for multi-analyte detection with high signal redundancy. Therefore, this kind of CSMPs
would be very useful as a multifunctional substrate for detecting molecule analytes and target protein

in the solution.
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Final remarks

The aim of the work in this thesis was to propose novel effective protocols for gold coating of
commercial magnetic nanoparticles (MNPs) to improve the applicability of biosensors in
environmental control, food safety and clinical analysis. A major objective of introducing gold
decorated magnetic nanoparticles (MNPs@Au) was to improve the performance of widely spread-

out biosensing setups, narrowing the gap in terms of performance with gold standard techniques.

The thesis has been divided into four chapters to gradually introduce the reader to the experiments.
Each chapter opens with a description of the related theoretical framework and ends showing the
obtained experimental results (except for Chapter 1 that is purely introductory). In particular, a

specifically designed type of MNPs@Au was tested in combination with a sensor in each Chapter.

A magnetoelastic (ME) biosensor for wireless detection of analytes in liquid was proposed in Chapter
2. MNPs@Au, specifically designed for this type of application, were used for the first time in
combination with a ME sensor in a new amplification protocol that significantly enhanced the
sensitivity. The improvement in sensitivity was understood by modeling the interaction between the
MNPs@Au and the ME sensor and comparing magnetic attraction to Brownian motion. Ultimately,
the advantages of the magnetic core of the nanoparticles relies on their coupling with the local
magnetic field, which in turn leads to an increase of the local density in proximity of the ribbon
surface. Compared to standard configurations, both the magnetic sensitive platform and magnetic
nanoparticles contributed to the measurement process for the first time. The superiority of MNPs@Au
over the non-magnetic AuNPs, has been demonstrated by testing the ME biosensor against Human
IgG in the range 0—20 pg-mL1. For futuristic purposes, in order to exploit their advantages fully,
MNPs@Au could be used to purify the target from complex matrices before carrying out detection

measurements with the ME sensor.

In Chapter 3 was described a colorimetric immunosensor for the detection of glyphosate in tap water.
The most important novelty element was to use MNPs@Au instead of the more common AuNPs.
The use of MNPs@AuU made it possible to exploit at the same time the optical properties of the outer

gold shell and the magnetic properties of the core. In particular, the outer shell was used for optical
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sensing, by exploiting the local surface plasmon resonance (LSPR), as well as for efficient and fast
functionalization by PIT. The magnetic core was exploited to trigger a micromixing mechanism, by
means of external magnetic fields, that improved the MNPs@Au diffusion properties in the solution.
Thanks to this innovation, the proposed colorimetric sensor was able to detect the glyphosate in
concentration lower than the ones legally permitted in food according to several authorities. The
performance of the proposed biosensor could be further improved deepening some aspects. For
instance, a test campaign on different nanoparticle sizes and shapes can be conducted to optimize the
presented micromixing mechanism and improve the sensitivity to a greater extent. Further studies
could be conducted to investigate the sensing potentialities of such an approach in viscous,
opalescent, and more complex matrices such as saliva to develop non-invasive point-of-care tests

capable of dealing with the uncontrolled diffusion of endemic diseases.

The protocol for coating commercial MNP clusters with AuNPs introduced in Chapter 4 was meant
to develop a multifunctional substrate for magneto resistive biosensors. The resulting core@satellite
magnetic particles (CSMPs) consisted of isolated gold nanoparticles stuck onto an aggregate of
individual iron oxide crystals (core). The complete characterization of the physical and chemical
properties of CSMPs allowed to highlight all the advantages brought by the coating procedure. The
CSMPs, flanked by a powerful magneto resistive (MR) biosensor, were used in the detected Human
IgG in concentrations of clinical interest. Thanks to the gold decoration it was possible to apply the
Photochemical Immobilization Technique by replacing obsolete, expensive, and time-consuming
functionalization techniques. Despite the excellent result in terms of sensitivity and the
simplifications in the experimental procedure, there are still several aspects that can be improved. In
the first place, the biochip could be equipped with a magnetic circuit capable of focusing the
nanoparticles near the sensitive regions, increasing both response times and sensitivity. Secondly, the
conformation of CSMPs could be explored in more depth, testing different magnetic cores on the
market, and changing the conformation of the AuNPs on the surface by modifying the parameters of

the coating protocol.

In conclusion, all types of gold decorated magnetic nanoparticles introduced in this work brought
improvements to the biosensor with which they were combined. The multiplicity of ways in which
MNPs@Au can be used allows for more creative and efficient ways to revisit established biosensing

schemes.
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