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1
INTRODUCTION

In this chapter, a brief description of the role of proteins in bioelectronics and magnetic
applications is introduced. In particular, the relevance of metalloproteins is provided,
along with some of their most prominent applications. After that, ferritin is introduced
as a promising metalloprotein that offers the possibility of employing it as a central com-
ponent to fabricate single-electron bio-transistors while empathizing the ferritin con-
nection to iron-related neurodegenerative diseases. In this context, the dissertation cov-
ers two main topics: the electrical description of ferritin, and its magnetic characteriza-
tion.
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1.1. PROTEIN-BASED BIOELECTRONICS AND MAGNETISM
The interest in using proteins as the main bricks to generate bio-electronic devices has
been increasing over the past decade, considering proteins as ideal prospects in a wide
range of applications [1–6]. On one hand, their high specificity makes them ideal can-
didates for sensor usage. Additionally, proteins allow flexibility to be included in an
electronic circuit, due to the various forms in which proteins can be used (scaffolds,
films, single particles, fibers, among others). Another valuable aspect is their biocom-
patibility, a property that makes them unique materials for the fabrication of biomed-
ical devices. [1] Some examples of possible uses of proteins in the design of bioelec-
tronic devices include, bio-molecular circuits [2], creation of artificial retinas [3], early
disease [4, 7] and environmental toxin [5, 6] detections, etc.

In terms of possible magnetic applications, the combination of proteins and magnetic
materials is also getting a growing attention. Protein material has been widely used
for creating magnetic composites based on the combination of proteins (e.g. keratin,
elastin, collagen, soy, etc.) [8–13] and polysaccharides with magnetic materials [14, 15].
These materials are easy to isolate and incorporate into devices, being harmless to hu-
man health since they degrade in the body. [1]

However, above what is mentioned before, a specific type of protein is in vogue, the
so-called metalloproteins [16]. Metalloproteins are proteins that have a metal-ion co-
factor [17]. Approximately half of all proteins have metal content (magnesium, iron,
zinc, copper, and manganese) [18], being associated with a variety of functions, most
importantly for human health, catalyzing photosynthesis, respiration, nitrogen fixation,
molecular oxygen reduction, and water oxidation [19]. Many metalloproteins have un-
paired electrons, behaving as paramagnets, which can be detected and manipulated
by magnetic techniques, for example, acting as contrast agents in magnetic resonance
imaging (MRI) of biological specimens [16]. In addition to their relevance from a medi-
cal point of view, metalloproteins are promising elements in bioelectronics for different
reasons. First, they can be used to create logical systems (e.g. based on myoglobin) [20]
and biomolecular transistors for data storage [21]. Second, a protein with redox centers
has been proposed to be the "island" in single-electron transistors (SET), although, only
one SET based on protein has been reported so far [22] (based on myoglobin) as a proof
of concept.

1.2. FERRITIN: A PROMISING CANDIDATE
Ferritin is a spherical metalloprotein, capable of storing and releasing iron in a control-
lable way. It is composed of a protein shell of about 12 nm and within its cavity, iron is
stored in a mineral form [23]. The ferritin core resembles an iron-based nanoparticle,
which is isolated from the environment by the ferritin shell, which makes ferritin the
perfect candidate for the fabrication of a single-electron transistor (SET). In a SET, "the
island" is the ferritin core, and the tunnel barriers are defined by the ferritin shell. An-
other intriguing aspect of ferritin is its potential relation to neurodegenerative diseases,
such as Alzheimer’s and Parkinson’s. The relation is not yet well understood, but the
studies indicate that dysfunctional ferritin appears to play an important role [24–27].
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Having these two motivations in mind, the need to obtain further information about the
physical properties of ferritin is clear; in particular, the magnetic properties can supply
information about the ferritin core, while the electrical properties can help to under-
stand the charge transport through ferritin.

1.3. BRIDGING THE SINGLE-PARTICLE AND MULTI-PARTICLE-
ENSEMBLE DESCRIPTIONS OF FERRITIN

This dissertation aims to gather information about the electric and magnetic properties
of ferritin, to provide insights into the application of ferritin to bioelectronics, and as
a methodology to study the role of ferritin in neurodegenerative diseases, as well as its
possible use as a diagnostic tool. To achieve this goal, a combination of two approaches
is applied, comprising of the study of single-ferritin particles and of multiple-ferritin
particles. On one hand, the study of the current vs. voltage characteristics of single-
ferritin particles constitutes a source of information for understanding electron trans-
port through them. On the other hand, the magnetic characterization through the anal-
ysis and modeling of the electron paramagnetic resonance (EPR) spectra provides infor-
mation about the electron-spin structure of the ferritin core based on the measurement
of multiple ferritins. To combine both approaches, the magnetic information gathered
by EPR on multiple ferritin particles can be compared with the information from one
single ferritin subjected to an externally applied varying magnetic field (B0) while three-
terminal electrical measurements are performed. Figure 1.1 displays a first result, in
which the differential conductance (dI /dV ) of a single ferritin particle is measured as a
function of B0 while varying the bias voltage between source and drain electrodes (VSD).
Whilst sweeping B0, some transitions between different ground or excited states can be
observed as variations in the horizontal lines, e.g., the ones indicated by the arrows. The
vertical axis can be considered as an energy axis, and therefore, Fig. 1.1 shows that some
transitions have a magnetic origin, since their energy changes as a function of B0. Un-
fortunately, the magnetic effect can not be studied in detail, since small switches in the
dI /dV hinder the detection of the magnetic transitions. These switches are also ob-
served in the absence of magnetic field and gate voltage and are described in chapter 4.

The current vs. voltage (IV ) characteristics that comprise the data displayed in Figure 1.1
present Coulomb-blockade behavior, which is characteristic of a single-electron transis-
tor. Therefore, one way to enhance the magnetic transitions is to tune, with a gate elec-
trode and at B0 = 0 T, the chemical potential of the ferritin core to the value in which
the Coulomb blockade is lifted. This occurs at the so-called degeneracy points, in which
changing the number of electrons from N to N+1 does not cost any energy [28]. In these
points, the blockade region is minimized making the detection of small dI /dV varia-
tions more sensitive to magnetic field variations. For the device whose results are shown
in Fig. 1.1, finding the degeneracy point was not possible, since the silicon back gate
of a standard silicon substrate was used, which had a low gate coupling, inducing an
insufficient shift in the electrochemical potential of the ferritin to properly identify the
degeneracy point. In this dissertation, we address this issue, by fabricating devices that
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have a local gate, resulting in a gate coupling that is at least one order of magnitude larger
than the gate coupling that results from using the standard silicon back gate.

Figure 1.1: Differential conductance of a single ferritin particle in the presence of a magnetic field,
recorded at ∼ 850 mK and zero gate voltage. Variations in the horizontal lines indicate transitions
between different ground or excited states. Two examples are indicated by the arrows. The vertical
axis can be viewed as an energy axis and the experiment thus shows that some transitions are
magnetic (since their energy changes as a function of the magnetic field).

On the other hand, EPR enables to correlate magnetic phenomena with specific physi-
cal events, since it is a technique for studying unpaired electrons in materials, by detect-
ing the transitions between their spin states [29]. EPR allows the determination of the
material-characteristic energy that is required for those transitions to occur at a given
magnetic field strength. Additionally, EPR can help to establish the intrinsic proper-
ties of the unpaired electrons in the material under study [30]. Some examples of these
properties are the g factor, which results from the electron gaining or losing angular mo-
mentum; the zero-field splitting, which originates from the presence of more than one
unpaired electron in the material; dipole-dipole interactions; among others [30]. Due
to the high sensitivity of EPR, this technique is used in a broad range of applications.
Some very recent examples include studying chemical reactions (electronic structures,
reactivity, etc.) [31, 32], dating characterization of materials in geology and archaeol-
ogy [33, 34], medical and biological systems (e.g. spin labels) [35, 36], to quantum com-
puting studies (pulsed-EPR electron-spin qbit control) [37, 38]. In our particular case,
we use continuous-wave (CW) EPR to study the electron-spin structure of the ferritin
core, attempting the quantification of the magnetic properties that result from ∼ 1012

ferritin particles. Published EPR studies on the interpretation of the magnetic proper-
ties of ferritin are based on different models that consider the lineshape dependence
on frequency [39], anisotropy [40], temperature [41], among other characteristics [42–
44]. However, these studies do not reproduce all the features that are visible in the EPR
spectra. Instead, we described the ferritin magnetic system based on the Giant spin
model [45], a model that treats the total magnetic moment of the ferritin core as com-
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posed of all the individual magnetic moments within the core. This approach reveals
multiple EPR spectral components that result from the presence of the magnetic mo-
ment and the anisotropy-field distributions. Finally, on its own, EPR is a powerful tech-
nique that we propose as a potential tool for investigating iron-related diseases, due to
its particular sensitivity to the surface spins of the ferritin core.

In the next step, it would be interesting to examine, if the magnetic characterization ob-
tained from a ferritin single-electron transistor in the presence of a varying magnetic
field can be related to the EPR description that resulted from the analysis of multiple
ferritin particles.

1.4. DISSERTATION OUTLINE

The outline of this thesis is as follows: After this introduction, the implementation of
a local gate in wide self-aligned nanogap devices is described in chapter 2. We then,
in chapter 3, electrically characterize single-ferritin particles that are trapped in self-
aligned nanodevices that did not possess a local gate. In chapter 4, we use the devices
that were described in chapter 2 to perform three-terminal electrical measurements on
single ferritin, resulting in the fabrication of the first ferritin single-electron transistor
and the proposition of two possible scenarios that are consistent with our data, which
indicate the involvement of one or more ferritin particles (depending on the case) in the
electron transport across them. Following, chapter 5 presents an EPR characterization of
ferritin, in which a model of the electron-spin structure of the ferritin core is proposed.
Finally, in chapter 6, we extend the model that we proposed in chapter 5, to lyophilized
ferritin samples from human liver and post-mortem brain tissues.
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