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Abstract

Ferritin is the main iron storage protein in mammals. Its mineral composition, magnetic properties and elec-
tronic structure have yet to be unravelled. However, it is generally agreed that the mineral core is composed
of ferrihydrite, and that the particle features a transition to antiferromagnetic order above room temperature,
and has superparamagnetic properties from room temperature to the blocking temperature.

A technique that can be used in the study of the magnetic properties of ferritin is electron paramagnetic
resonance (EPR), which is sensitive to the magnetic moments of unpaired electrons.

The magnetic properties of human liver ferritin were studied using 9 GHz EPR, with which temperature
dependent spectra were acquired in the following range: 5-150 K. A novel approach, typically used in mag-
netic resonance spectroscopy, was employed to pre-process the baseline-corrected spectra and remove fea-
tures for which it was unlikely to originate from the ferritin core. This allowed for the isolation and preserva-
tion of the general lineshape of the signal belonging to the ferritin core.

The spectra were further analysed using both a phenomenological approach and by employing the Spin
Hamiltonian.

The phenomenological analysis showed that in the 20-70 K temperature range, the amplitude peak-to-
peak of the ferritin-core signal decreases linearly with decreasing temperature, while its lineshape changes
from Lorentzian to Gaussian between 150 and 70 K. The blocking temperature was suggested to occur be-
tween 10 and 20 K, where the signal amplitude was lost.

Whether and how the lineshape of the ferritin core signal shifts or broadens below 70 K could not be
determined due to a six-line signal contamination, most likely caused by manganese impurities, obscuring
the ferritin-core signal in the field range where its resonance field is positioned.

In order to study the magnetic properties of the ferritin core, and therefore gain insight on the magnetic
and electronic structure of the ferritin core, a Spin Hamiltonian approach was employed. The simplified Giant
Spin Hamiltonian model featured a single spin system with total spin S = 10. This analysis suggests that the
ferritin-core signal is centred at g’=2.0154, hinting at a core composition of magnetite or maghemite, rather
than of ferrihydrite.

An almost fully automated procedure to pre-process a set of human liver ferritin EPR spectra obtained at
different temperatures is described in this thesis.
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1
Introduction

Ferritin is the main iron storage protein within the mammalian body, and has been a subject of study over
the past 70 years - both in (bio)medical fields (e.g. [1, 8, 28, 36]) and in the field of condensed-matter physics
(e.g. [12, 16, 33]). Ferritin consists of a protein shell and an inorganic core. The former takes up free Fe2+
[25], converts it to Fe3+, mineralizes it and stores it within the core in a safe form. In case of an empty core,
the protein is referred to as apoferritin. Although it is thought that the core is made up of pure ferrihydrite,
an iron-hydroxide which contains iron in the form of Fe3+ only, studies suggest that also iron-oxides such as
magnetite and/or maghemite might make up a small portion of the core (e.g. [2, 29]).

Typically, 4500 iron atoms per ferritin is considered to be the maximum capacity in vitro, and average
loading in vivo is generally reported to be between 1000 and 1500 iron atoms (see refs 70, 71 in [6]). The iron
atoms forming the mineral core are magnetically coupled, and each iron atom has a maximum spin S of 5/2.
In the case of ferromagnetic coupling, the cumulative spin S of the core can therefore exceed the order of 103.

Due to the nanometer size of the core, the magnetic coupling is fully detectable only below a critical
temperature. This temperature is called the blocking temperature TB , and is lower than the Néel or Curie
temperature of the bulk mineral. Above the blocking temperature a paramagnetic behaviour is observed,
referred to as superparamagnetism (SPM). For more information on the blocking temperature, the reader is
referred to Sections 3.1 and 3.3 in Appendix C and the references therein.

Brooks et al. proposed, in 1998, a model to describe the magnetic properties of the ferritin core. According
to this model, the ferritin core is composed of two layers [5]: an inner and an outer layer. The inner layer is
antiferromagnetic (AFM) already above room temperature. However, defect sites within the crystal lattice are
responsible for uncoupled spins which confer a SPM behaviour to the core. The outer layer is weakly AFM
and retains a paramagnetic behaviour in a large temperature range. Due to the core size, however, it has been
suggested that the AFM coupled core might be considered weakly ferromagnetic [35].

The main iron sources found inside the ferritin core are described in table 1.1. Also mentioned are the
magnetic orders they display. For more information on the respective minerals the reader is referred to Ap-
pendix C and the references therein.

Measurement of changes in magnetic properties of the ferritin core could potentially provide insight into
the onset of neurodegenerative diseases, since it has been suggested that a dysfunction of ferritin proteins
plays a role in the development thereof [28]. In the brain, for example, iron accumulates with age [8]. How-
ever, in case of pathology [8] regional iron levels are elevated compared to these regions in age-matched
healthy subjects.

Table 1.1: Possible iron forms of the ferritin core (diameter 5-8 nm), their magnetic order below blocking temperature (when present)
and the type of iron ions the minerals consist of.

Name Magnetic order Iron contained
Minerals
Fe2O3· 0.5H2O ferrihydrite antiferromagnetic (?) Fe(III)
Fe3O4 magnetite ferrimagnetic Fe(II) and Fe(III)
γ-Fe2O3 maghemite ferrimagnetic Fe(II) and Fe(III)

1



2 1. Introduction

The apoferritin composition is thought to dictate the main function (iron conversion, storage and min-
eralization) of the ferritin protein (see Section 1 in Appendix C and the references therein). Also the compo-
sition of apoferritin in the targeted brain regions seem to be differently affected by disease progression than
by ageing [8], which as a result affects the core composition. In, for example, ferritin cores in the brains of
Alzheimer’s Disease patients, larger concentrations of magnetite and hematite are found than in ferritin in
healthy brains, which are abundant in ferrihydrite [6, 28].

As of yet, the composition, magnetic properties, and electronic structure of the ferritin core have not yet
been unravelled. A technique that can be used in the study of the magnetic properties of ferritin is electron
paramagnetic resonance (EPR), which is sensitive to the magnetic moments of unpaired electrons. The gen-
eral workings of EPR are explained in Section 3.2.1 of Appendix C.

In this thesis the magnetic properties of human liver ferritin (HuLiFt) were studied using 9 GHz continuous-
wave (CW)-EPR, with which temperature dependent spectra were acquired. The spectra were processed be-
fore analysis using an ad-hoc baseline-correction technique. A novel approach, typically used in magnetic
resonance spectroscopy, was employed to further process the baseline-corrected spectra. The pre-processing
procedure used was developed using both horse spleen ferritin (HoSF) spectra from [20] - which are shown
in Appendix B - and the HuLiFt spectra acquired for this thesis. The HuLiFt spectra were described using
a phenomenological approach. Additionally, EPR spectrum simulations using the Giant Spin Hamiltonian
(GSH) were described. It was hypothesized that the signal of the ferritin core of HuLiFt would, similarly to the
signal in HoSF, belong to ferrihydrite. This is because both ferritins originate from organs in which the main
function of the ferritin is the same, and the core of HoSF is shown to be composed of ferrihydrite [2, 23, 35].

In Section 2 theoretical background on the Spin Hamiltonian and the GSH are provided. The samples and
procedures used in this study are described in Section 3. Subsequently, the EPR spectra and their analyses
are presented in Section 4, and discussed in Section 5. Finally, conclusions and recommendations are given
in Section 6.



2
Theory

2.1. The Spin Hamiltonian
The Spin Hamiltonian approach is widely used in the interpretation and classification of EPR spectra [14],
and is built up by several interaction terms, as indicated in equation 2.1 [32].

Ĥ =∑
i

[Ĥe−−Z eeman(i )+ ĤZ F S (i )]+∑
k

[Ĥn−Z eeman(k)+ Ĥn−Quadr upol e (k)]+∑
i

∑
j>i

Ĥe−−e− (i , j )+∑
i

∑
k

ĤH y per f i ne (i ,k)
(2.1)

In equation 2.1 i and j are indicative of electron spins, while k refers to nuclear spins. The first term is the
electron Zeeman interaction, which is defined as

Ĥe−−Z eeman(i ) = gµB (B ·Si ), (2.2)

and describes the interactions between unpaired electrons and an externally applied magnetic field B. Here,
µB is the Bohr magneton, g the Landé tensor - generally referred to as effective g (g’), or g-factor when the
tensor is isotropic - and S the electron spin operator.

The zero-field-splitting (ZFS) is the second term introduced in equation 2.1, and is defined as

ĤZ F S = S ·D ·S

= D(S2
z −S(S +1)/3)+E(S2

x −S2
y ),

(2.3)

where D is a symmetric, traceless tensor containing the interaction terms of the system.
The third term in equation 2.1 is the nuclear Zeeman interaction, and describes the interaction of the

nuclear spin I with the external magnetic field. The fourth and fifth term refer to the nuclear quadrupolar
interaction and the electron-electron interaction respectively. The nuclear quadrupolar interaction describes
the interactions that occur when the electric quadrupole moment of nuclei with spin I > 1/2 interact with the
local electric field gradient at the nucleus [32]. The sixth term refers to the hyperfine interactions that result
from the interactions of nuclear spins I with the magnetic moment of the unpaired electrons, related by a
hyperfine coupling tensor A in MHz.

The first two terms are discussed in more detail below, as those are the main terms considered throughout
the analysis of EPR spectra described in this thesis. Higher-order terms are included in the description of the
particle anisotropy analysis, if the anisotropy introduced by the ZFS is insufficient [11].

2.1.1. Electron Zeeman interactions
The electron Zeeman interaction describes how much the spin energy levels associated with a spin multiplet
(ms ) are split with increasing external magnetic field. This causes energy transitions between spin states to
occur at specific field strengths. In figure 2.1a the energy levels are indicated for an S=1/2 spin system and
isotropic g=2.25, where B is parallel to the symmetry axis of a molecule. As can be seen, the energy difference
between the ms -states - ms =−1/2 and ms =+1/2 - increases with increasing B strength.
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4 2. Theory

The g-tensor of the system is indicative of the environment of the unpaired electron and originates from
the total spin angular momentum and orbital momentum. When the energy difference between two ms -
states equals the energy delivered by the microwave frequency, an energy level transition takes place at the
corresponding magnetic field strength. Such transitions are called either "allowed" (when∆ms = ± 1) or "for-
bidden" (when |∆ms | > 1). The powder spectrum - the spherically weighted sum of spectra of an ensemble
of randomly ordered paramagnetic centres - corresponding with the energy levels in figure 2.1a is shown in
figure 2.1b. The signal is characterized by a single band, corresponding to the allowed transition indicated in
2.1a. In case the diagonalized g-tensor is axial - i.e. when gxx = g y y 6= gzz - two bands appear in the spectrum,
as is shown in figure 2.1c. The combined signal of gxx = g y y is indicated as g⊥, being perpendicular to the
applied magnetic field, while the component parallel to the applied magnetic field, gzz , is indicated as g//.
As can be seen in figure 2.1c, the signal amplitude of the parallel component is lower than that of the perpen-
dicular component. The signal is composed of three bands when each principal component of the g-tensor
is unique, as is shown in figure 2.1d. This system is called rhombic.

Figure 2.1: Energy levels of an S=1/2 system with isotropic (gxx = g y y = gzz = 2.25) g-tensor, projected as B//gzz (a). First derivative EPR
powder spectra of an S=1/2 system characterised by an isotropic (gxx = g y y = gzz = 2.25) (b), axial (gxx = g y y = 2.17, gzz = 2.41) (c) and
rhombic (gxx = 2.12, g y y = 2.25, gzz = 2.45) (d) g-tensor. Indicated by the arrows is the location of each corresponding g-component.
Powder spectra have 1 mT Gaussian lineshape broadening.

2.1.2. Zero field splitting
The energy difference between ms -states can also be increased in the absence of an external magnetic field.
This occurs in systems of spin ground state S > 1/2, i.e. in systems with multiple unpaired electrons. In these
systems, magnetic dipole-dipole interactions can cause energy state splitting in the absence of an externally
applied field. This interaction is therefore named zero-field-splitting.

The origin of ZFS can be twofold - it is caused either by dipolar coupling or by spin-orbit coupling [14]. In
the latter case, which holds for d- and f-orbitals of metal ions, D is defined as

D = ζ(g− ge I)/2, (2.4)

by derivation from equations 2.38 and 2.40 in [14]. In equation 2.4, ζ is proportional to the spin-orbit coupling
constant λ, ge is the g-factor of the free electron, equal to 2.00231, and I is the identity matrix. ζ is positive
for the dn configuration for n<5, and negative for this configuration for n>5 [14]. For n=5 ζ equals zero. The
effect of this sign is felt in simulations mainly at very low temperatures.

The principal components of the D-tensor - Dx , D y , Dz - are defined in the eigenframe of the paramag-
netic centre. Since D is traceless, the principal components can be cast into two parameters, D and E - see
equation 2.3 -, such that

D = 3Dz /2, (2.5)
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and

E = (Dx −D y )/2. (2.6)

The rhombicity (E/D) should not exceed 1/3. The axes definition is chosen such that when two of the princi-
pal components of D are identical, the system under study is axially symmetric, and therefore E vanishes. If
D has three unique principal components, i.e. a system in which E 6= 0, the D-tensor is rhombic.

The effect of D and E , each in mT, on the energy levels and powder spectra of an S=1 isotropic g=2 system
is shown in figure 2.2. Comparison of figures 2.2a and 2.2b shows the effect of introducing axial symmetry
- changes in Dz result in either an increase or a decrease of the separation between the energy levels in the
energy level plots at zero magnetic field. A change in Dx and/or D y results in the inclusion of E , an effect
observed as a complete lifting of the degeneracy of all three energy levels at zero field, as can be seen in
figure 2.2c. Subsequently, these changes result in a change of field strengths at which energy transitions
occur when an external magnetic field is applied. This can also be observed by comparing the lineshapes of
the corresponding powder spectra, shown in figures 2.2d-f. The spectra in black show the transitions at the
resonance fields. Observing the more Gaussian lineshape broadened spectra, in red, it can be seen that with
increasing D-tensor anisotropy the spectra become broader, and as a result the signal amplitude decreases.

Figure 2.2: Energy levels (a-c), projected as B//gzz , and powder spectra (d-f) of an S=1 system with isotropic g=2. The separation between
energy levels can be seen with respect to an increasing external magnetic field (the Zeeman effect) and under influence of ZFS D, at B=0.
In a) and d), only the Zeeman effect is observed. In b,e and c,f additionally the effect of D and E is perceived. b,e): D=2050 MHz, E=0
MHz; c,f): D=2050 MHz, E=2050/3 MHz. For all simulations, lwpp was set to [1,0] (black) or [60,0] (red).

2.2. On magnetic properties of nanoparticles
Nanoparticles can be composed of multiple magnetic centres, and therefore multiple coupled spin systems.
Depending on the amount of magnetic centres, the nanoparticles are referred to as either molecular nano-
magnets (MNM) or as magnetic nanoparticles (MNP) [11]. MNM are molecules with one to 100 magnetic cen-
tres, and are analysed using a quantum mechanical approach. The spectra are interpreted using a bottom-up
approach, where the complexity of the spin system is increased to match the experimental data.

On the other hand, spectra of MNP are interpreted using a top-down approach – which starts from the
properties of the bulk material, and then decreases the volume of the bulk material until the simulations
match the spectra.



6 2. Theory

A Spin Hamiltonian model that is often used in the analysis of MNP is the Giant Spin Hamiltonian (GSH)
model [11–13]. The GSH is based on the assumption that the lowest spin multiplet of the molecule is suf-
ficiently separated in energy from the other spin multiplets. This allows for the magnetic properties of the
particle to be described by a single, giant, spin ground state [21]. Therefore, the anisotropies in the signal are
interpreted by this model based on the ground state of a giant spin, rather than from the coupling of localized
spin moments – which is the case in the interpretation of MNM, which form much smaller spin systems.

The total ground spin state of a system, indicative of whether the sample is a MNM or a MNP, can be
approximated as

S =µ/gµB , (2.7)

with µ the magnetic moment of the particle. The magnetic moment is defined, in this context, as

µ= MsV , (2.8)

with Ms the saturation magnetization and V the volume of the particle. As can be seen in figure 2.3b, a large
spin system results in a broad EPR spectrum.

In the following sections the approaches to analyse MNP and MNM systems are described, as discussed
in [11]. In [7, 13] it is described how the spectra of MNP can be analysed using a simplified GSH. In this Spin
Hamiltonian not the total ground spin state of the system is used in the Spin Hamiltonian, but rather an effec-
tive spin. This allows the analysis of MNP to be done using the quantum mechanical approach generally used
when considering MNM. By scaling the spin used in the analysis, also the ZFS and temperature components
described in Section 2.2.1 are scaled, and are therefore considered as effective terms.

Figure 2.3: Simulations showing the effect of axial ZFS D and system spin S on lineshape. a): Simulations of varying axial ZFS D - in MHz
- for a spin system with S=10 and isotropic g=2. b): Varying total spin S for axial ZFS D=1000 MHz. black: S=1; red: S=10. For both a) and
b) the phenomenological linewidth peak-to-peak (lwpp) was a mix of two components: 100 mT Gaussian and 60 mT Lorentzian. This
lwpp was used in order to show the global changes of the signal under the influence of a changing D (E = 0).

2.2.1. Resonance field analysis of MNM: the quantum mechanics approach
Here, the approach generally used to describe the temperature dependence of MNM is discussed. This system
can also be used to discuss MNP when an effectively small spin system is considered. In the context of MNM,
a relation exists between the axial ZFS component D and the anisotropy field (B A) of a system. This relation
is defined as

D =−B A

2S
. (2.9)

The anisotropy field describes how much field strength needs to be applied to reverse the spin away from
its easy-axis direction. For an uniaxial system the saturated magnetization is aligned along the axis of the
effective magnetic anisotropy K . Given that the anisotropy field can be determined by equating B A to 2K V /µ,
with µ defined in equation 2.8, B A can also be written as 2K /Ms . The magnitude of Ms depends on the
magnetic order of the system ground state and the measurement temperature considered. Assuming K to
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be positive, D increases in magnitude with decreasing temperature when Ms decreases with temperature -
such as in systems transitioning from SPM to AFM. The centres of the spectra - the resonance field Br es - are
therefore expected to shift to lower fields under the conditions used in figure 2.3a. When the axial ZFS D is
varied between 100 and 1000 MHz for an isotropic spin S=10 system, with g=2 and E=0 MHz, the resonance
field decreases.

This shift of the resonance field is analytically described under the strong field approximation (B0 >> B A)
and for a transition of a single spin state ∆ms using the following equation [7]:

Br es = B0 + D

2geµB
(2s −1)(3cos2(θ)−1). (2.10)

In equation 2.10 D < 0, B0 is the resonance field of the free electron, and θ is defined as the angle between
the applied field and the anisotropy axis. Apart from a shift in resonance field with increasing |D | also the
spectrum broadens, due to the increasing anisotropy of the system, and the signal amplitude of the spectrum
decreases.

2.2.2. Resonance field analysis of MNP: the classical mechanics approach
Here, the approach used to describe the temperature dependence of MNP is discussed. The thermal be-
haviour of Br es of uniaxial MNP under the strong field approximation is expressed as [7]:

Br es = B0 − B A

2

L2(x)

L1(x)
(3cos2(θ)−1). (2.11)

In equation 2.11 L2(x) = 1− (3/x)L1(x), with L1(x) = coth(x)− (1/x) the Langevin function and x = µB/kB T .
kB is the Boltzmann constant. As in equation 2.10, θ is defined as the angle between the applied field B and
the anisotropy axis and B0 as the resonance field of the free electron. Under the condition that µB << kB T ,
the Langevin functions working on the anisotropy field B A induce a decrease of the resonance field with de-
creasing temperature. This is similar to what was shown in figure 2.3a, where Br es shifted to lower fields with
increasing D .

Therefore, both the classical approach and the quantum mechanics approach describe the same trend of
Br es with temperature.





3
Materials and methods

3.1. EPR samples: specifications and preparation
3.1.1. Sample specifications
Horse spleen ferritin Horse spleen ferritin was purchased from Sigma-Aldrich (product number: F4503).
The ferritin concentration was 60 mg of protein/ml. The ferritin was stored in a saline solution buffer. The
sample solution was clear and dark brown-red. The shell composition H/L subunit ratio was approximately
15/85 for HoSF [3, 22].

Human liver ferritin Human liver ferritin was purchased from LEE Biosolutions (#270-40). The ferritin was
stored in a solution in tris-buffered sodium chloride (pH of 7.5), with bromo-nitro-dioxane and methylisoth-
iazolone as preservatives. The sample solution was clear and reddish-brown, had a protein concentration of
4.5 mg/mL (studied by LEE Biosolutions using Lowry protein assay), and a purity of ≥ 95% (studied by LEE
Biosolutions using SDS-PAGE).

Buffer used for background measurement HuLiFt The buffer solution was composed of 0.15 M NaCl and
10 mM Tris, pH 8.0. Of the solution, 0.1% of the volume was sodium azide.

3.1.2. Sample preparation
Horse spleen ferritin The ferritin solution, as obtained from the producer, was directly pipetted into a 4
mm suprasil quartz tube and frozen in liquid nitrogen. No air bubbles were trapped in the solution.

Human liver ferritin EPR sample tubes were prepared using the following procedure. Ferritin solution was
dissolved in glycerol, such that the ferritin:glycerol volume ratio was 4:1. The solution was then pipetted
with a glass Pasteur pipette into a quartz tube with an external diameter of 3 mm, making sure that there
were no bubbles in the resulting solution. The tube was stored in a liquid nitrogen container until used for
measurement.

3.2. EPR measurement conditions
Continuous-wave EPR spectra of the HuLiFt and buffer were recorded using a 9 GHz ELEXSYS E680 EPR
spectrometer (Bruker, Rheinstetten, Germany), equipped with a rectangular cavity (ER 4102ST). The mea-
surements were performed at various temperatures, under the following conditions: 2.946 mT of modulation
amplitude, 10 dB of attenuation (i.e. 20 mW) and 90 kHz modulation frequency. Each measurement was
the average of eight scans, acquired in a field range of 50-850 mT. Accumulation time per spectrum was 11.2
minutes.

For a description of the full measurement procedure and the temperature regulation parameters, see Ap-
pendix A. All HuLiFt and buffer spectra discussed were measured by me and J. A. Labra-Muñoz. Due to the
access restrictions to the laboratory only the temperatures discussed in this thesis could be acquired.

9
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3.3. Data pre-processing procedure
The HoSF spectra were provided during the pandemic lockdown for the sake of developing the analytical
approach discussed below. Many assumptions used in the analysis of the HuLiFt are therefore based on the
early analysis of the HoSF spectra provided. Please note that the acquisition parameters for the HoSF sample
were optimized for a different study.

The pre-processing procedure is summarised in figure 3.1.The spectra were background- and baseline-
corrected, as described in Section 3.3.1. The methods used were different for HuLiFt spectra than for HoSF
spectra. The feature at g’=4.3 was fitted and simulated as described in Section 3.3.2. In this section is also
described how the signals centred around g’≈2 were isolated. The broad component of the remaining signal
is that of the ferritin core, and is henceforth referred to as the ferritin-core signal. In Section 3.4 the conditions
are discussed on which the analyses of the ferritin-core signal are based.

Figure 3.1: Pre-processing and analysis pipeline of the acquired spectra. 1: acquired ferritin (a) and buffer (b) data in .DSC format; 2:
.DSC files converted to .mat format for processing in Matlab; 3: background correction; 4: baseline-correction; 5: ferritin-core signal
isolation; 6: g’=4.3 simulation; 7: phenomenological analysis; 8: Easyspin analysis.

3.3.1. Background and linear baseline correction
All raw spectra were baseline-corrected, as on visual inspection there was a linear background signal perturb-
ing the signal of interest. The approach used for the HoSF and HuLiFt spectra was different, since for HoSF no
background measurements were available and the signal intensity of the HoSF was significantly higher than
for HuLiFt. This difference in signal intensity meant that the contribution of the background to the mea-
sured sample signal is much smaller for the HoSF than for the HuLiFt, and the lack of the background mea-
surements therefore acceptable for the current purpose. Furthermore, the signal of the HoSF disappeared
between 20 and 30 K, indicating that between these temperatures the spins were fully blocked [20], and the
slope - the baseline - of the spectra was otherwise fairly consistent between different temperatures.

On the other hand, the signal of the raw HuLiFt spectra had, due to the contribution of the background
signal to the overall signal, a strong baseline that was dependent both on the acquisition temperature and the
temperature-stabilization time.

HoSF For the HoSF, no spectra of background measurements were provided. As the signal was linear and
flat at 10 and 20 K, it was assumed that minor background-corrections of all temperatures in the dataset could
be performed based on a linear fit including data obtained in the field ranges 50-65 and 420-900 mT. These
field ranges were considered, as the signal was flat at these fields in the 10 and 20 K spectra, and the second
derivative of the respective absorption spectra were constant.

Based on this approach, all HoSF spectra were baseline-corrected by subtracting a linear fit with the slope
and offset obtained from the 10 K spectrum: slope = -0.0023; offset = -1.6306. The resulting spectra are shown
in figure B.1a, and zoomed in on the lineshape of the ferritin-core signal in figure B.1b.

HuLiFt For the HuLiFt we measured both the sample and the buffer under identical conditions. Background-
correction was performed by subtracting the buffer spectra from the sample spectra. The baseline was re-
moved by including a linear term to the Gaussian function used to fit the spectra, which was defined as

phenomenological fit(µG ,σ, A, a,b, x) = A · −1p
2π

·e−(x−µG )2/2σ2 · x −µG

σ2 +ax +b, (3.1)

and subtracting the linear component of the fit - ax +b - from the data. An example of the linear back-
ground correction procedure is shown in figure 3.2 for the HuLiFt spectra measured at 20 K. This approach
was used as the absorption band of the sample, of which the EPR signal is the derivative, was well captured
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Figure 3.2: Background correction procedure as performed on HuLiFt (20 K). a): blue: raw HuLiFt sample spectrum; red: raw buffer spec-
trum; black: background-corrected HuLiFt spectrum. b): black: background-corrected HuLiFt spectrum; solid red: fit from equation 3.1;
dashed red: linear component of fit. c): black: baseline-corrected HuLiFt spectrum; bashed red: baseline-corrected fit.

by a Gaussian distribution. The background was assumed to contribute a linear trend to the measured signal,
according to the whole field range.

In equation 3.1, µG is the mean of the Gaussian and σ the standard deviation, indicating the separation
between the mean and the peaks, while x is the applied field. A is the scaling factor needed to relate the
amplitude from the otherwise normalised Gaussian derivative to the signal amplitude of the spectra. The
slope and offset considered in the fit are defined as a and b, respectively.

The fitting parameters were initialised as: µG = 300 mT (ranging from 300 to 400 mT); σ = 200 mT (ranging
from 40 to 200 mT); A = 3 (ranging from -3 to 900); a = 2 (ranging from -2 to 2); and b = -1 (ranging from -1
to 1). These initial fitting parameters and ranges were used for each temperature, and fitting was performed
using the fit function - operating the nonlinear least-square fit algorithm - in Matlab, allowing for the deter-
mination of the quality of each fit and the standard error on each of the fitting parameters.

3.3.2. Isolating the ferritin-core signal around g’≈2
Extraction of the Fe3+ signal: simulation In order to isolate the ferritin-core signal around g’≈2, the feature
at g’=4.3 - centred around 158 mT in the HoSF spectrum shown in figure B.1, and zoomed in on in figure 3.3a -
needed to be extracted. This feature belongs to aspecific Fe3+ sites, as will be discussed later. Extraction of this
feature was done by fitting solely the feature in the field range 120-210 mT of the HoSF spectra using EasySpin.
The fit was based on equations 2.2 and 2.3. The parameters required were the total spin S, a rhombic g-tensor
and both the axial and rhombic ZFS terms. Furthermore, a gStrain, describing a distribution in g values, was
added. Following a similar approach as in [20], the parameters were optimized for the signal at 20 K through
manual parameter variation and least-squares fitting (Nelder/Mead simplex). The optimized parameters,
yielding a root-mean-square error of less than 2.5%, are summarized in table 3.1 and successfully described
this feature at higher temperatures as well.

Table 3.1: Fitting parameters used to describe the signal at g’=4.3, belonging to Fe3+ sites in the HoSF and HuLiFt spectra.

Fe3+ S D (MHz) |E/D| gx gy gz gStrainx gStrainy gStrainz

5/2 20960 0.3324 1.6807 1.99232 2.00548 0.799637 0.136306 0.0262458

In figures 3.3a,b, the feature in the HoSF spectra at 20 and 231 K is shown in black, overlayed by the
simulation after fitting in red. The difference between spectra and simulations is shown in blue. Furthermore,
these parameters were also appropriate for the description of the g’=4.3 feature in the HuLiFt spectra, as can
be seen in figure 3.3c for the signal at 20 K.

Removal of unwanted features: HSVD As can be seen in figure 3.3, subtraction of the simulation from the
data generates artefacts, due to the signal-to-noise ratio (SNR) of the spectra and the fit performance for
each respective temperature. Furthermore, as can be seen in figure 3.2 and is indicated in figure 3.4, the
HuLiFt spectra contain additional features at g’=5.85 (centred around 116 mT) and around g’≈2 (a six-line
signal ranging between 308 and 364 mT), which further obscure the ferritin-core signal. In order to isolate
the signals around g’≈2, a Hankel singular value decomposition algorithm was applied. The algorithm will
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Figure 3.3: Simulation of signal of aspecific Fe3+ sites in HoSF (a: 20 K, b: 231 K) and HuLiFt (c: 20 K), using the parameters in table 3.1.
solid black: experimental data; red: simulation; blue: residuals; dashed black: null-line for amplitude reference.

be referred to as HSVD, and is used in the field of nuclear magnetic resonance and magnetic resonance spec-
troscopy, aiding in the analysis of structured and complex data. The algorithm used was created based on
[17, 34] and the Matlab implementation was provided by Dr. I. Ronen from the Leiden University Medical
Centre.

Since CW-EPR data is not complex, the data was treated such as to create both an imaginary and a real
component, with the former set to zero. This allowed for the application of the HSVD algorithm. The al-
gorithm decomposes a spectrum in the Fourier conjugate domain, and the resulting signal is treated as a
summation of decaying exponentials with given amplitude, phase, decay rate and frequency. This results in
an approximation of the spectra as a summation of Lorentzian lineshapes, which are fitted and later sub-
tracted from the data. The goal was to eliminate the features at g’=4.3 and g’=5.85.

The optimal parameters of the HSVD were found through trial and error. For the reconstruction of the
signal, 1/32nd of the data in Fourier domain was therefore used to predict the next 1/32nd of the spectrum
(FID=32), until the full signal was reconstructed. A maximum of 60 components (rank=60) was allowed for
the reconstruction.

The closeness of approximation was estimated based on the residuals between the spectrum and the
summation of Lorentzian lineshapes, an example of which is shown in figure 3.4a for a HuLiFt spectrum, and
through visual inspection. The HSVD-treated data had to be rescaled and offset corrected to compensate for
the loss in intensity caused by the data conversion. In figure 3.4b the HSVD-treated HuLiFt spectrum at 5 K

Figure 3.4: a) Example of a HuLiFt spectrum (5 K) fitted using the HSVD-procedure under the conditions: FID=32; rank=60. blue:
baseline-corrected spectrum; red: HSVD reconstructed fit; black: residuals (spectrum - fit). Also indicated are the unwanted features
at g’=5.85, g’=4.3, and the six-line signal around g’≈2 (indicated with bracket+*). b) The HuLiFt spectrum before (black) and after (red)
HSVD-treatment to remove the features at g’=5.85 and g’=4.3.
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Figure 3.5: Baseline-corrected HoSF spectra before (in black) and after (in red) singular value decomposition (HSVD) treatment was
applied to remove the signal composing the feature at g’=4.3.

is shown. In figure 3.5 the HoSF spectra before (in black) and after (in red) HSVD-treatment are shown for
all considered temperatures, demonstrating the efficacy of this approach. For the HuLiFt spectra, the six-line
signal around g’≈2 - indicated with bracket and star in figure 3.4a - could not be extracted, as this lead to
distortions in the overall shape of the broad feature.

3.4. Modeling the ferritin-core signal at g’≈2
The ferritin-core signal was studied both by fitting the HSVD-treated data with equation 3.1, and by employ-
ing the Spin Hamiltonian approach using Easyspin. Both methods are described below.

3.4.1. Phenomenological analysis
From the fits performed with equation 3.1 the resonance field Br es , peak-to-peak amplitude App , and reso-
nance broadening ∆Bpp were obtained.

The resonance field Br es is the field strength that corresponds to the mean (µG ) of the fit. The resonance
broadening∆Bpp is defined as 2σ, which corresponds with the field strengths at which the absolute minimum
and maximum amplitudes of the fit occur. The sum of the absolute values of these amplitudes defines App .
Equation 3.1 contains both the Gaussian model used to approximate the lineshape and the linear background
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correction. As the background was corrected in a previous pre-processing step, the linear component present
in the analysis is negligible. The temperature dependence of the lineshape can in this manner be determined.

3.4.2. Easyspin analysis
For spectrum simulation and fitting with Easyspin a temperature dependent spin system of S=10 was as-
sumed. The g-tensor was assumed isotropic and equal to 2.0154. Phenomenological linebroadening through
the lwpp parameter was set to 90 mT. This parameter, which is composed of a Gaussian and a Lorentzian
component, was allowed to vary with temperature. For the spectrum at 150 K, which can be described by
a Lorentzian lineshape, lwpp was composed of a Gaussian linebroadening of 15 mT and a Lorentzian line-
broadening of 75 mT. For all other temperatures, the phenomenological line broadening was Gaussian only.
The ZFS parameter (D) was varied during the simulations and fits. Only axial D was considered, i.e. Dz 6= 0
and Dx = D y . Furthermore, lineshape broadening using a strain on g was allowed. Solving the Spin Hamil-
tonian allows the determination of the Hamiltonian parameters that describe the magnetic structure of the
ferritin core.
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Results

The EPR spectra of HuLiFt measured at different temperatures are shown in figure 4.1. The ferritin-core
signal is best seen in the spectrum acquired at 150 K, and it is broad with a∆Bpp of ≈110 mT. The slope of the
spectra varies widely and the signal amplitude is close to that of the background. In order to correct for the
background signal present, the temperature dependence of the buffer was measured separately under the
same conditions considered for the HuLiFt spectra.

Figure 4.1: Raw spectra of HuLiFt sample acquired at different temperatures.

In order to correct for the baseline signal of the spectra, the slope and offset had to be determined for
each spectrum. Typically, EPR spectra have linewidths between 0.1 and 1 mT. This is much narrower than the
ferritin-core signal. For typical EPR spectra a linear interpolation of the low and high fields of the spectra is
sufficient to determine the baseline, as the absorption spectra - the first integral of the EPR spectra - start and
end at zero amplitude.

For HuLiFt spectra, however, this is not the case, as the linewidth is large and the signal amplitude at
low-field (around 50 mT) and high-field (around 850 mT) does not decay to zero. Therefore, the procedure
described in Section 3.3.1 was developed to correct for the baseline. Application hereof resulted in the spectra
shown in figures 4.2a - where the spectrum for each temperature is shown separately - and 4.2b - where all
spectra are overlapped.

15
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Figure 4.2: Baseline-corrected 9 GHz EPR spectra of HuLiFt acquired at different temperatures. The microwave frequency was 9.49 GHz,
acquired in field range 50-850 mT. In a) the main features around g’=4.3 (rhombic Fe3+ sites), g’=5.85 and g’=2 (*: six-line signal; broad
signal: mineral core of ferritin) are indicated. In b) all overlayed spectra presented, showing the evolution of the lineshape of the broad
signal under the influence of the temperature.
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In the spectra shown in figure 4.2a, the ferritin-core signal is now clearly visible. The spectra contain a
narrow feature at g’=5.85, a six-line signal around g’≈2 - indicated with a bracket and a star -, a broad signal
around g’≈2 - the ferritin-core signal - and a narrow feature at g’=4.3.

Inspection by eye of the ferritin-core spectra in figure 4.2 shows that the field strength at which the spec-
trum crosses zero - the resonance field Br es - is obscured by the six-line signal. This makes it difficult to
determine how Br es changes with temperature. For the 20 to 70 K spectra, ∆Bpp appears to be around 300
mT, but this is difficult to assess, as the low-field peak of the ferritin-core signal at these temperatures is par-
tially obscured by the narrow features at g’=5.85 and g’=4.3. The shape of the spectrum measured at 150 K
differs from the other spectra. It is least obscured by the features present at the lower temperatures, has a
reduced ∆Bpp of approximately 110 mT centred around g’≈2, and a shoulder structure in the range 50-200
mT.

In order to better determine the evolution of the ferritin-core signal with temperature, the features at
g’=5.85 and g’=4.3 were removed using the HSVD procedure described in Section 3.3.2. The resulting spectra
are shown in red in figure 4.3. These spectra were fitted in the analyses described in the following sections.

Figure 4.3: Baseline-corrected HuLiFt spectra before (in black) and after (in red) singular value decomposition (HSVD) treatment was
applied to remove the signals composing the features at g’=4.3 and g’=5.85.
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4.1. Phenomenological analysis
The HSVD-treated spectra were fitted using equation 3.1. The baseline component of this fit was negligi-
ble since the data was baseline-corrected with the same equation prior to HSVD-treatment. The resulting
Gaussian derivative fits are shown in red in figure 4.4, overlapping the spectra prior to HSVD-treatment. The
null-line is indicated as a reference.

The fits in figure 4.4 show that the Gaussian derivative describes the spectra acquired between 20 and 70
K well for the low-field peak half of the ferritin-core signal. The high-field peak half of the ferritin-core signal
deviates more strongly from the Gaussian. As can be seen in figure 4.5, the 150 K spectrum is described better
by a Lorentzian derivative than by a Gaussian derivative. For the 5 and 10 K spectra the signal could not be
fitted well by either model, due to the intensity of the six-line signal. Additionally, at these temperatures no
signal corresponding to the ferritin-core signal described above is observed.

Figure 4.4: Phenomenological analysis of HSVD-treated HuLiFt spectra using equation 3.1. black: Baseline-corrected HuLiFt data before
HSVD-treatment; red: Gaussian fit of HSVD-treated HuLiFt data; dashed black: null-line.

As can be seen in figure 4.5, the 150 K spectrum was better described by a Lorentzian derivative function.
Despite this, all spectra were described by Gaussian functions in figure 4.4 in order to allow comparison of
similarly acquired fitting parameters. From each Gaussian fit the resonance field Br es , resonance broadening
∆Bpp and peak-to-peak amplitude App were obtained. The magnitude of these parameters with respect to
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Figure 4.5: Comparison of the performance of Gaussian and Lorentzian derivative models (in red) used to baseline-correct and fit the
HSVD-treated HuLiFt spectrum (in black) acquired at 150 K.

temperature is plotted in figure 4.6. Details to those parameters are given in Section 3.4.1.
Figure 4.6a shows that Br es does not change much with temperature, remaining between 328 and 342 mT

for all temperatures. ∆Bpp likewise remains relatively constant between 297 and 315 mT, at temperatures
from 20 to 70 K. At 150 K∆Bpp drops to 185 mT, which reflects the narrowing lineshape observed in figure 4.2
well. Figure 4.6b shows that the peak-to-peak amplitude App increases linearly with temperature between
20 and 70 K. The data below 20 K were not included in the analysis due to the poor fit performance. The
datapoint at 150 K deviates from the fit, suggesting a change in the trend of the parameter.

Figure 4.6: a) Temperature dependence of the fitted resonance parameters: resonance field Br es (black) and resonance broadening∆Bpp
(red). b) Temperature dependence of the peak-to-peak amplitude App . The linear fit is based on the data between 20 and 70 K. Error
bars represent the 95% confidence bounds of the fits.

4.2. Easyspin analysis
Of all ferritin-core spectra in the considered temperature range, the 150 K spectrum is the most structured.
It has a shoulder structure between 50 and 200 mT and a distinct Lorentzian lineshape. This spectrum was
therefore selected for analysis with Easyspin. The spectrum was both simulated and fitted, considering a total
spin S of 10. The remaining parameters are given in Section 3.4.2. The axial ZFS D and gStrain parameters
were left to vary.

Simulations of D varying between 340 and 380 MHz, in the absence of gStrain are shown in figure 4.7a.
They show that the chosen range of D in this range was able to describe the position of the ferritin-core signal
well. However, the shape of the spectra, in particular the shoulder structure between 50 and 200 mT and the
broadening at higher fields, was not well captured. Values of D outside this range provided shifted spectra
that disagree with the centre of the resonance observed. As shown in figure 4.7b for D equal to 350 MHz, the
shoulder structure between 50 and 200 mT and the higher field broadening could not be described by the
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inclusion of a (large) gStrain. Allowing D and gStrain to vary simultaneously between the boundaries set in
figures 4.7a,b resulted in figure 4.7c. It shows that, although the main feature is captured, it is not possible to
get a complete agreement between the considered model, using a single D parameter, and the experimental
data. This indicates that the model of a single D parameter does not agree well with the experimental data.
Possible alternatives are described in Section 5.

Figure 4.7: Simulations of the effect of D a) in a small range around its optimum, and gStrain b), performed separately on the HSVD
treated HuLiFt spectrum acquired at 150 K. c) Nelder/Mead fit with D and gStrain varying in the ranges as defined in a) and b). black:
HSVD-treated spectrum; red: optimal fit. Simulations and fits were performed in the field range 0-1000 mT. Broadening of the line-
shape for both simulations and fits was performed using a combination of 15 mT Gaussian lineshape broadening and 75 mT Lorentzian
lineshape broadening.

Even though a good Spin Hamiltonian description could not be found within the timeframe of this thesis,
a method was designed by which such a model could be applied to a temperature series of spectra including
automized fitting. The pre-processing steps applied to each spectrum are as described in Sections 3.3.1-
HuLiFt and 3.3.2. The resulting spectra were fitted using EasySpin, as previously described for the 150 K
spectrum and in Section 3.4.2.

Figure 4.8 shows that the method overall works well. The g’=4.3 feature is well described using the fit
parameters given in table 3.1. Only the amplitude of the g’=4.3 feature at one temperature, 150 K, does not fit
as well as the rest. Figure 4.8 shows that the automatic fitting procedure, applied to the spectra in the 10-150
K temperature range, works well. The method, therefore, is ready to be applied once a suitable model for D is
found.
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Figure 4.8: Fits of the ferritin-core signal (red, dashed) and simulations of the g’=4.3 feature (magenta) overlapping the baseline-corrected
HuLiFt spectra before HSVD-treatment (black), acquired at temperatures 10 K - 150 K. Magenta: simulations performed in the field range
120-210 mT. Red, dashed: fits performed on the HSVD-treated spectra, in the field range 0-1000 mT. With the exception of the spectrum
acquired at 150 K, all spectra were broadened using a Gaussian lwpp of 90 mT.
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Discussion

5.1. Factors complicating the acquisition and analysis of ferritin-core EPR
spectra

While commonly EPR spectra have a peak-to-peak linewidth of 0.1-1 mT, the ferritin-core signal is several
hundreds of mT broad. This broadness makes measurement of these spectra less straightforward. One of the
key parameters in the optimization of the signal amplitude is the modulation amplitude. The modulation
amplitude is ideally chosen such that it is equal to a tenth of the true peak-to-peak linewidth of the signal.
This linewidth is determined by acquiring the spectrum at several modulation amplitudes, and is considered
"true" when it does not change with decreasing modulation amplitude. The ferritin spectrum would have re-
quired a modulation amplitude of at least 10 mT. However, the setup was limited to 3 mT, effectively reducing
the signal amplitude by at least a factor of two. Because of this reason, combined with the low concentration
of the HuLiFt sample, the signal amplitude is close to that of the background signal, as can be seen in figure
3.2a. Additionally, the signal extends beyond the measurement range.

These factors make that background- and baseline-corrections of the ferritin spectra are very challenging,
and require ad-hoc solutions. Finally, the usage of a high modulation amplitude - although it has the advan-
tage of increasing the signal amplitude - enhances unwanted background features, such as a linear slope in
the baseline.

In addition to the experimental limitations, the ferritin spectra contain narrow signals, most likely of para-
magnetic centres other than from the ferritin core, that hamper the analysis. This is clearly visible in figure
4.2a

5.2. Treatment of the baseline of the EPR spectra
The standard procedure for background and baseline correction entails performing a linear baseline correc-
tion on the sample and background spectra, and subtracting the resulting spectra from each other. These
corrections are linear, and based on the spectral regions that contain no signal. However, as these regions
were not present in the HuLiFt spectra, this procedure could not be used. Therefore, the background and
baseline were addressed through a combination of buffer-signal subtraction and Gaussian derivative fit with
linear baseline, as described in Section 3.3.1, using equation 3.1. This procedure worked well for the spectra
acquired between 20 and 70 K, and allowed for the correction of the HuLiFt spectra shown in figure 4.1. The
resulting spectra are shown in figure 4.2. As shown in figure 4.5 a Lorentzian derivative fit with linear baseline
provides an overall better spectrum description for the 150 K dataset.

In order to improve the analysis of the ferritin signal, the narrow features obscuring the low-field peak – i.e.
the features indicated at g’=5.85 and g’=4.3 in figure 4.2a – were removed using the HSVD-treatment described
in 3.3.2. The HSVD-treatment preserved the general lineshape of the HuLiFt spectra well using the considered
FID and rank parameters, which were empirically determined. As the residuals of HSVD-fits and data were
small in amplitude, the ferritin-core signal was considered acceptably approximated after removal of the
narrow features. The ferritin-core signal was assumed to not depend strongly on these features, which were
Lorentzian in lineshape. Unfortunately, the six-line signal could not be removed using this approach, as it was
not composed of Lorentzian lineshapes. The determination of the components required for the composition
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of the unwanted features is dependent on the considered FID and rank parameters, and is performed for each
spectrum separately. The resulting HSVD-treated HuLiFt spectra were shown in 4.3. The HSVD-treatment
was additionally applied to the HoSF spectra, which were shown in figure 3.5. As can be seen, this technique
works reliably for the removal of low and high signal amplitude features of Lorentzian lineshape.

5.3. Origin of the narrow features
Here, an attempt was made to explain the origin of the narrow features obscuring the ferritin-core signal –
i.e. the features at g’=5.85, g’=4.3 and the six-line signal around g’≈2, as indicated in figure 4.2a. These signals
increase in intensity as the temperature decreases, and are present even at 5 K, as shown in figure 3.4. At 150
K they are almost completely absent.

The feature at g’=4.3 was ascribed to Fe3+ sites of low symmetry, as this was the case for this feature in the
HoSF spectra [20]. This feature is typically referred to in literature as "trash-iron", due to its common presence
in biological samples and low specificity of binding site. The feature at g’=5.85 might belong to high-spin Fe3+
in methemoglobin, which has been shown to appear around g’=5.83 – g’=6 in native human blood [19]. Tem-
perature behaviour of the g’=5.85 signal amplitude is similar to that detected with EPR for methemoglobin
[30]. Methemoglobin is often accompanied by the presence of nitrite [30] or copper [18] complexes. These
do not, however, appear to cause the six-line signal around g’≈2. Instead, this signal could be caused by the
presence of manganese, which can often be found in minerals in combination with iron [27], and of which
high concentrations can be found in the liver [9]. The six-line signal might therefore be the result of hyperfine
interactions between the nuclear spin I of manganese and the electron spin S of the iron mineral complex.
Previous temperature dependent EPR studies of manganese show a similar signal development with temper-
ature [4, 15, 31] as perceived in the spectra presented in this thesis. Additionally, I acquired similar lineshapes
by performing simulations around g’=2.0059 isotropic with a hyperfine coupling constant of 280 MHz in the
description of hyperfine splitting between a 55Mn nucleus and different spin systems (not included in this
thesis). An EPR study of engineered ferritin nanocages [24] obtained similarly behaving spectra around g’≈2,
and ascribed their six-line signal to Mn2+ impurities present even in the absence of iron loading, further
strengthening our hypothesis.

An SDS-PAGE assay of the HuLiFt sample confirmed that the sample contained ≈95% ferritin, and ex-
cluded the presence of haemoglobin (private communication with Labra-Muñoz, J. A. & Ndamba, L.A.).
Therefore, it is possible that other components than ferritin are also present in the sample.

5.4. Temperature dependence of the ferritin core EPR spectra
Evolution of the general lineshape At temperatures above 20 K, the signal amplitude of the ferritin-core
signal increases with increasing temperature. This is opposite of what is expected from non-interacting un-
paired spins, as is the case for the features at g’=5.85 and g’=4.3. Based on visual inspection of the HSVD-
treated spectra, the high-field peak shifts to lower fields when temperature increases, suggesting either a
change in the lineshape or a shift of the entire lineshape to lower fields with increasing temperature. Due to
the position of the six-line signal, however, the overall trend of the lineshape is difficult to discern. Charac-
terization of the overall lineshape changes was therefore attempted by fitting the spectra with Gaussian and
Lorentzian models.

Looking at the entire temperature range in figure 4.4, the spectra obtained between 20 and 70 K were
well described by a Gaussian lineshape. However, looking at the spectra in figure 4.4 between 400 and 500
mT, a consistent deviation between the high-field parts of the spectra and the fits is observed. Therefore it is
apparent that the ferritin-core signals cannot be fully described by a single Gaussian. As the low-field parts
of the spectra were well described by these fits, it could be that the correspondence between the ferritin-core
signals and the fits is addled by the presence of the six-line signal. Another cause could be that the ferritin-
core signal has an asymmetric Gaussian lineshape, rather than the assumed symmetric Gaussian lineshape.
This would require the spectra to be fitted using at least two Gaussian models. In either case, it would be
useful to define the six-line signal and analyze it simultaneously with the ferritin-core signal, either through
simulations or fits. This would improve the analysis of the ferritin-core signal parameters.

The overall lineshape of the ferritin-core signal at 150 K, as shown in figure 4.5, is well described by a
Lorentzian lineshape. In the 5 and 10 K spectra no signal resembling the ferritin-core signal is seen. Similar
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evolution of the lineshape of the ferritin-core signal was found in ferritin shells loaded with magnetite and/or
maghemite [12]. There, however, the ferritin-core signal persisted at 10 K.

On the blocking temperature and App Looking at figures 4.2b and 4.3 (in red), the most remarkable obser-
vations are the changes in lineshape between 70 and 150 K, and the absence of the ferritin-core signal at 5 and
10 K. Both observations are addressed here through comparison with the model of the magnetic properties
of the ferritin core proposed in 1998 by Brooks et al [5].

According to the model proposed by Brooks et al, which is based mainly on magnetometry data and has to
this day not been disproven, the ferritin core can be interpreted as being composed of two magnetic layers: an
inner and an outer layer, which both have a AFM magnetic order [5]. The inner layer has a Néel temperature
above 310 K and antiparallel spins. It can occur, however, that due to the presence of impurities the magnetic
sublattices do not fully cancel each other, giving rise to a SPM moment. The SPM moment of the inner layer
gives rise to a susceptibility that follows the Langevin law above TB .

The Fe3+ ions composing the outer layer, on the other hand, have a very low Néel temperature, as they
experience much weaker exchange forces. This causes the ions in the outer layer to behave like paramagnets.
The susceptibility of the outer layer, composed of the disordered surface spins, follows the Curie-Weiss law
above the local Néel temperature. The temperature dependence of the susceptibility of these ions is much
more gradual than is the case for those following the Langevin law.

Based on the Boltzmann distribution of the spin-population, the lower energy levels of (super)paramagnetic
systems - such as the ferritin core above its blocking temperature - become more populated when tempera-
ture decreases. Therefore, a Curie-like relation between signal amplitude and temperature, defined as As =
C B/T , is expected. Here, As is the signal amplitude, C the material-specific Curie constant and T is the tem-
perature. This Curie-like behaviour is observed for the features described in Section 5.3. The App parameter
of the ferritin-core signal, however, displays an opposite temperature dependence in the 20-150 K range.

It is very likely that the lineshape changes of the EPR spectra discussed are given by the sum of the SPM
component, which follows the Langevin law above TB , and a Curie-Weiss component, given rise to by the
surface spins. The Néel temperature - or perhaps Néel temperature distribution - of the latter is, although
unknown, higher than the blocking temperature [5]. It is not known, however, how large the contribution of
the Fe3+ ions forming the g’=4.3 feature is to this temperature dependence of the susceptibility.

Although there is no universal description of how to determine the blocking temperature from EPR spec-
tra, the blocking temperature of ferritin is here determined based on the reasoning described in [35]. In [35]
it was stated for the analysis of AFM/SPM systems, that crossing of TB affects the line broadening in a way
that the signal may no longer, or barely, be detectable.

Based on this, it is expected that the blocking temperature of the ferritin cores lies between 10 and 20 K,
as the ferritin-core signal disappears between these two measurements. The signal amplitude of the spectra
below 20 K remains above zero, but it is not clear whether this can be an indication of a net magnetization
remaining present even at 5 K, or that these are baseline-subtraction artifacts. The signals with the narrow
features remaining at 5 and 10 K were described in Section 5.3. The fluctuations present throughout the spec-
tra are ascribed to baseline instabilities.

Considering the temperature dependence of the App fit between 20 and 70 K, a positive linear relation
was found, as shown in figure 4.6b. Similar behaviour is observed in this temperature range for previously
reported spectra [12, 13], where the ferritin shell was loaded with maghemite/magnetite, and for maghemite
nanoparticles [26]. The App of HoSF EPR spectra also show a similar temperature behaviour, as can be seen in
figure B.1. It is also observed in the magnetometry studies of HoSF [20] and ferrihydrite nanoparticles, where
the magnetization of the samples decreased with decreasing temperature below the blocking temperature
determined under zero-field cooled conditions [33]. Here, analogues can be drawn between magnetometry
and EPR data, as the amplitude of the magnetization of the particles influences the signal amplitude in the
EPR measurement. A sudden drop measured in the magnetization of a particle using magnetometry would
result in a drop in signal amplitude of the corresponding EPR spectra. However, due to the difference in
characteristic measurement times, the blocking temperatures cannot be compared without conversion.

The rate of App increase between 10 and 30 K might indicate a distribution of blocking temperatures
throughout the sample – e.g. due to a distribution of ferritin-core diameters. The gradual decrease of App
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versus temperature could be due to a distribution of Néel temperatures. Another cause for a TB distribu-
tion could be the presence of minor ferro- and ferrimagnetic phases throughout the core, as proposed by
heterogeneous and multiphase models of the iron core (see [2] and references therein).

Although the actual Néel temperature of the ferritin core is at a much higher temperature than TB , the
data does not support the evidence of a magnetic phase transition in the observed temperature range. It can
therefore not be said what causes the transition from Lorentzian to Gaussian lineshape observed between
150 and 70 K.

Including the App datapoint of 150 K, it can be seen that the relation with temperature will not be linear
when including higher temperatures. The relation between App and temperature should be determined for
a larger temperature range once more spectra have been acquired.

On the resonance field Br es One of the models proposed for the temperature dependence analysis of the
resonance field Br es of magnetic nanoparticles, is described in Section 2.2.2. It predicts that with decreasing
temperature the resonance field shifts to lower fields. This predicted behaviour is also observed in the spectra
of ferritin molecules loaded with magnetite [13], and in spectra of maghemite nanoparticles [26]. Whether
this is also the case for the ferritin spectra acquired in this study is not clear, due to the hindering effect of
the six-line signal. Based on the results of the Gaussian model fits the resonance field appears rather stable
around 330 mT as the temperature changed. Minor changes in resonance field were also observed in the
ferritin molecules loaded with magnetite or maghemite in a similar temperature range studied by [12].

On the resonance broadening∆Bpp Due to the discrepancies of the fits and ferritin-core signals described
earlier in this section, the resonance broadening in the 20-70 K range is not clear. However, between 70 and
150 K there is a clear lineshape narrowing as the lineshape changes from partial Gaussian to full Lorentzian.
Very small resonance broadening was reported by [12] for ferritin molecules loaded with magnetite or maghemite
- which, unlike ferrihydrite, do not have a magnetic transition to AFM order - studied in a similar temperature
range.

Evidently, more spectra should be acquired in the range between 70 and 150 K in order to analyze the
changes in lineshape better. This was outside the scope of this thesis.

5.5. Discussion of the Easyspin model and the ferritin core composition
To understand the electronic spin structure of the ferritin core, the GSH described in Section 2.2 was used,
and rather successfully applied to the 150 K spectrum. This spectrum showed the largest deviations from a
Gaussian, was least obscured by the other features, and contained the most structure - a shoulder structure
between 50 and 200 mT. It was therefore expected to be the most sensitive to the simulation parameters.

Since ferritin hosts at least 500 Fe3+ ions, most of which are magnetically coupled [5, 35], a total spin
system of S=10 was considered throughout the simulations and fits of the signal of the magnetic core. This
effective spin was used in order to limit computation time and the strain on memory, as proposed in the
GSH model introduced in [13]. One should therefore keep in mind that, in order to keep the anisotropy field
constant, the in this manner fitted axial ZFS term D is also an effective parameter.

The simulations of the 150 K spectrum using a single spin system and a mainly Lorentzian lineshape could
describe the positions of the low- and high-field peaks, but not the shoulder feature between 50 and 200 mT.
Neither could it describe the broadening at higher fields. When applied to lower temperatures, the lineshape
considered fully Gaussian, the ZFS term became unusable for the interpretation of the temperature depen-
dence. For all temperatures, except for that of the 150 K spectrum, the feature at g’=4.3 could be described
well using the simulation parameters described in table 3.1, determined based on this feature in the HoSF
spectra.

Using the modeling approach considered in this thesis, a model using a single D parameter, it was not
possible to get a complete agreement with the experimental data of the ferritin-core signal.

The best fit was obtained with isotropic g’≈2 (g’=2.0154) - which indicates the presence of magnetite
and/or maghemite [12, 24] -, whereas ferrihydrite is typically characterized by isotropic g’=2.1 [2]. This is
contradictory to the observation from [23], who attributed the broad EPR signal around g’=2.1 measured in
human liver tissue to ferritin cores that exhibit an AFM order at low temperature and SPM with increasing
temperature - suggesting therefore the presence of mainly ferrihydrite.

In the HuLiFt spectra a transition from mainly Gaussian to mainly Lorentzian lineshape of the ferritin-
core signal is observed with increasing temperature, with a combination being present at the shoulder struc-
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ture. This transition suggests that more than one spin system might compose the core. In order to describe
the thermal population of the spin states for their spectra, Cini et al. suggested the usage of two weighed and
summed spin subsystems of equal effective S and different effective D and DStr ai n [7]. It is suggested to
consider the application of the strategy proposed by Cini et al. [7].

The HSVD-treated spectra and the EELS experiments currently being performed in Oxford by Dr. I. A. M.
Ahmed suggest that the core of the studied HuLiFt sample might mainly contain magnetite and/or maghemite,
rather than ferrihydrite.





6
Conclusions and Outlook

6.1. Conclusion
In this study a novel approach to analyse 9 GHz EPR spectra, obtained from HuLiFt, is presented. The spectra
were background-corrected using a Gaussian derivative fit with linear baseline. Modern signal pre-processing
techniques were combined with EPR approaches to extract the ferritin-core signal. This allowed for the
preservation of the general lineshape of the ferritin-core signal in an almost completely automated routine.
The spectra were analysed using both a phenomenological approach and by employing the Spin Hamilto-
nian. Although the pre-processing allowed for adequate background corrections and feature extraction for
the signal around g’≈2, a six-line signal – most likely caused by manganese impurities – could not be removed,
and this interfered with the analysis of the ferritin-core signal.

The phenomenological data analysis showed that in the 20-70 K temperature range the App decreases
with decreasing temperature, while the lineshape of the ferritin-core signal changes from Lorentzian to Gaus-
sian between 150 and 70 K. The blocking temperature is expected to lie between 10 and 20 K, where the signal
amplitude of the ferritin-core signal was lost, indicating a magnetic transition of SPM to ordered AFM mag-
netization. Whether and how the lineshape shifts or broadens below 70 K cannot be determined due to the
six-line signal obscuring the signal in this field range of interest.

In order to study the magnetic properties of the ferritin core, and therefore gain insight on its electronic
spin structure, the Spin Hamiltonian was employed. The simplified Giant Spin Hamiltonian model, with a
single spin system with total spin S = 10, was employed. The spectrum acquired at 150 K was analysed using
this approach, since it was the least obscured by other signal components and had a was the most structured -
it had a clear shoulder structure at lower fields. as this spectrum contained the most structure and the six-line
signal was weakest. The analysis suggests that the ferritin-core signal is centred around g’=2.0154, hinting at
a core composition of magnetite or maghemite, rather than of ferrihydrite. Temperature dependent fitting of
the ferritin-core signal using Easyspin could not be achieved using the considered model.

6.2. Outlook
In order to improve the understanding of the temperature dependence of the ferritin-core signal and its fitting
parameters, it is recommended to acquire spectra in a larger temperature range and to fill the current gap
between 70 and 150 K. Furthermore, as the ferritin-core signal appears to be broader than the current field
boundaries, it would be meaningful to acquire the spectra in a field range up to 1.5 T.

In order to compensate for the decrease in SNR of the spectra after background correction, as can be seen
in figure 3.2a, one might consider to increase the number of scans acquired for each spectrum. Currently each
spectrum is composed of eight scans. Therefore, in order to double the SNR, one would need to acquired
32 scans. Due to the instability of the signal baseline over time however, other approaches will have to be
explored. Immediately applied could be the option to smooth the buffer spectra while keeping their features
and amplitudes intact, prior to subtracting these spectra from the HuLiFt sample spectra. This would lead to
a decreased accumulation of noise caused by subtraction.

Concerning the Easyspin parameters, it is recommended to study the crystal structure and size of the
ferritin particles (using EELS and HRTEM), and determine the temperature dependent magnetic moment
of the sample (using SQUID magnetometry, allowing for the measurement of hystersis curves). For details
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on these techniques, see Appendix C. The crystal structure and size measurements would provide insights
in the volume distribution of the particles present in the sample and whether the assumption of an uniaxial
system is correct. Furthermore, it would allow to determine the lower limit and expected range of blocking
temperatures.

Using SQUID magnetometry, the average blocking temperature can be determined. This temperature is
different from what would be determined using EPR, but can be converted using equation 3 in Appendix C
when knowledge of the remaining parameters is acquired. Hysteresis curves provide insight in the tempera-
ture dependence of the saturation magnetization, and therefore of µ and the ground spin state S. Combining
this knowledge with the results EELS and HRTEM would provide the anisotropy field – and therefore the true
axial ZFS term – can be determined. The effective axial ZFS term can then also be determined, and compared
with the EPR results.

Knowledge of these parameters, combined with the extraction of the six-line signal, would improve the
Easyspin simulations and fits, and aid in their interpretation.To better approximate the temperature depen-
dence of the lineshape, caused by the temperature dependence of the spin state population, it is recom-
mended to consider the Easyspin fitting approach as suggested in [7] - namely to simulate the ferritin-core
signal as the sum of two subsystems, each with identical effective spin, differing only in D and DStr ai n.

To improve fitting accuracy and allow for a better understanding of the temperature dependence of the
fitting parameters, it is recommended to further improve the pre-processing procedure. The nature of the
six-line signal around g’≈2 and the feature at g’=5.85 should be confirmed, and the temperature dependence
of the signals should be identified through Easyspin simulations and fits. The feature at g’=5.85 is thought
to belong to methemoglobin. Identification through comparison of its electrophoresis signal - e.g. from the
previous SDS PAGE analysis performed to determine the ferritin purity of sample - with that of a reference
sample of methemoglobin is recommended.

The six-line signal is thought to belong to manganese impurities. The presence hereof should be con-
firmed using either inductively coupled plasma mass spectroscopy (ICP-MS), which is a technique that can
detect the nature of trace elements and their isotope composition [10], or EELS.

In case of the six-line signal belonging to manganese, it is recommended to use the parameters considered
in [4, 15, 31] as initial fitting parameters. If these features are not caused by methemoglobin and manganese,
further comparisons with EPR spectra of material found in the human liver should be made.

As previously mentioned, the agreement between experimental data and fits should be improved by iden-
tifying and simulating of the six-line signal. This holds for both the phenomenological and the GSH analysis.
For the phenomenological fits inclusion of a temperature dependence should be considered in the form of a
weight between Gaussian and Lorentzian derivative components.
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Appendices

A. EPR experimental protocol: used for spectrum acquisition of HuLiFt
and buffer

At the start of each measurement week, a liquid helium vessel was connected to the EPR cryostat through
a helium transfer line, in order to allow measurement at cryogenic temperatures. Throughout the measure-
ments, the helium vessel was connected with the helium reservoir of the facility through a recovery line, in
which helium flow was allowed when no measurements were being performed.

Each measurement day was started by warming up the electronics for one hour, and simultaneously low-
ering the temperature in the cryostat by fully opening the needle valve of the helium transfer line, after an
overpressure of 0.5 bar was manually created inside the vessel. The overpressure was created at the start of
the measurement day, and released by the end of it.

Once the temperature of the cryostat, as registered by a three-term controller, had reached 75±5 K, the
sample - before that point stored and immersed in nitrogen - was placed inside the dewar located in the
cavity. As the temperature of the system further decreased to 3 K, the target temperature specific parameters
for the three-term controller were set. The three-term controller is a control loop that brings the measured
temperature to the set temperature based on the provided proportional (P), integral (I), derivative (D) terms
provided with the set temperature. The PID values for each set temperature used are given in table A.1.

Once the temperature of the system reached 3 K, the needle valve was fully closed, causing the tempera-
ture of the system to increase. Upon reaching a temperature of about 10 K higher than the target temperature,
the needle valve was opened in small increments, resulting in a slow decrease of the rate of temperature in-
crease, and later a decrease of the temperature. Reaching a slowly decreasing temperature of approximately
20 K below the target temperature, the heater settings of the three-term controller were changed from manual
to automatic, inducing the start of the feedback loop.

Starting at the point the temperature increases during automatic heating, the temperature in the system,
the number of heater bars, and the amount of overpressure in the helium vessel were noted every ten min-
utes, for three to four iterations. After this time, the fluctuations in temperature tended to be minor, and the
measurement was performed after an additional 30 minutes of temperature stabilization. In the case of mea-
surement at 5 K, or temperatures equal or higher than 100 K, this final stabilization took one hour.

While waiting for the final temperature stabilization, the measurement program (Xepr, Bruker) was pre-
pared, and the settings for measurement were set, in this case, to 2.946 mT of modulation amplitude, 10 dB
of attenuation (i.e. 20 mW), 90 kHz modulation frequency. EPR measurements performed were continuous-
wave (CW) measurements (for more information, see section 3.2 in Appendix C), in a 9 GHz ELEXSYS E680
EPR spectrometer (Bruker), equipped with a rectangular cavity (ER 4102ST). Each measurement was the aver-
age of eight scans, acquired on a field range of 50-850 mT. Depending on the signal-to-noise ratio, a different
number of scans might be required. Accumulation time of a spectrum consisting of eight scans required a
scan time of 11.2 minutes.

Scans were aborted if the slope of the measurement fluctuated strongly between scans. Since temper-
ature instabilities may cause such fluctuations, if that occurred, the temperature was left to stabilize for an
additional ten minutes before repeating the fine-tuning and stabilizing the system parameters - the diode
current and the lock offset - and remeasuring the sample at that temperature.

Temperature changes between measurements were made after setting the magnetic field to zero, to achieve
zero-field cooled acquisition. Corresponding PID values were defined in the three-term controller, and the
procedure was repeated by closing the needle valve and letting the temperature increase to 10K above the
target temperature, and repeating the steps described above.

At the start of each measurement day, the final measurement of the previous day was repeated to check
for reproducibility.
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Table A.1: Temperature specific PID values as used for the stabilization of the temperatures used in the CW-EPR X-band measurements
performed during this study. For stabilization at temperatures between 80 and 150 K, the PID values as provided for 150 K are advised.

Temperature [K] P I D
5 30 1 0

10 35 1 0
20 35 1 0
30 30 1.5 0.2
40 30 1.5 0.2
50 28 1.8 0.3
60 23 2 0.3
70 23 2 0.3

150 15 2.5 0.5
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B. Description of temperature dependent 9 GHz EPR spectra of horse spleen
ferritin

Temperature dependent EPR spectra of ferritin, mainly studied in the form isolated from horse spleen (HoSF),
are shown in figure B.1. These spectra were acquired during a previous study of HoSF [20] and were baseline-
corrected using the method described in Section 3.3.1-HoSF. The general structure of the ferritin signal can
well be observed in the 231 K spectrum in figure B.1a.

The spectrum has a broad feature around g’=2.1 with a peak-to-peak linewidth - called resonance broad-
ening ∆Bpp - of ~220 mT. This broad feature is caused by a system with a large S [11], and is henceforth
referred to as the ferritin-core signal. The core of HoSF is composed of ferrihydrite [2, 23, 35]. Other features
present are narrow and located around g’=4.3 and g’=2. The feature at g’=4.3 is assigned to aspecific rhombic
Fe3+ sites [20], while the narrow feature at g’=2 is caused by radicals.

As can be seen when comparing the baseline-corrected spectra in figure B.1, reconstructed from the data
provided by [20], the signal amplitudes of the features at g’=4.3 and g’=2 increase with decreasing tempera-
ture, and do not shift in resonance field Br es .

In figure B.1b the spectra from figure B.1a are overlayed and zoomed-in. As can be seen, the intensity
of the ferritin-core signal around g’=2.1 decreases with decreasing temperature, while the spread increases.
Observing the spectra acquired at 50 and 20 K, there is an abrupt change in lineshape, where the ferritin-
core signal disappears. This change is due to the crossing of the blocking temperature, corresponding with a
magnetic phase transition which is possibly of antiferromagnetic nature and renders no signal intensity when
measured with EPR.
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Figure B.1: Baseline-corrected EPR spectra of HoSF. Raw data acquired at different temperatures at 9 GHz [20]: 6 G modulation amplitude,
15 dB attenuation, 9.49 GHz microwave frequency. Acquired in a field range of 50-950 mT. In case of premature intensity clipping
of peaks, a spline interpolation was performed on the data, in order to restore the expected signal shape, such that simulations and
fits of its features could properly be performed. a) Main features indicated are: g’=2.1 (broad signal: mineral core of ferritin); around
g’=4.3 (aspecific rhombic Fe3+ sites); around g’=2 (narrow signal: radical). b) Zoom-in of all overlayed spectra is presented, showing the
evolution of the lineshape of the ferritin core signal under the influence of measurement temperature.



C. Literature review: Overview of magnetic properties of ferritin nanoparticles V

C. Literature review: Overview of magnetic properties of ferritin nanopar-
ticles



 
Final version literature study: Overview of magnetic properties of ferritin nanoparticles 
Vera Čaluković, 4713419 
2020 

1 

Overview of magnetic properties of ferritin nanoparticles 

 

Vera Čaluković 

 

 

Abstract 

  Ferritin is one of the main iron regulation proteins in the body, and has been studied 
extensively over the past 70 years. This literature study aims to provide a clear overview 
of: (i) the magnetic properties of the minerals stored inside the ferritin core; (ii) the 
current state-of-the-art techniques used in the study of iron-oxide nanoparticles (i.e. 
nuclear magnetic resonance techniques, electron paramagnetic resonance, Mössbauer 
spectroscopy, magnetometry, high-resolution transmission electron microscopy and 
electron energy loss spectroscopy); (iii) present day knowledge of ferritin. 
As each of the techniques used in the study of this complex protein has different 
sensitivities, we foresee that new insights on the magnetic properties of ferritin can be 
gained through complementation of multiple techniques. 
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1. Introduction 

Ferritin is the main iron storage protein in mammalians and plants. As such, its main function is that of 
iron ion homeostasis on a systemic level and in the brain [1], [2]. The study of ferritin therefore plays a 
large role in the study of both haemoglobinopathies, such as atherosclerosis [3] and anaemia, and 
(motor) neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and 
progressive supranuclear palsy (PSP) [4]. 

The molecular properties, structure and function of ferritin have been extensively studied since the 
1950s. Ferritin has been established to be a spherical protein with full diameter of 12 nm, consisting of 
an organic shell and inorganic core. 

The organic shell of ferritin in humans consists of 24 protein subunits, each of which can be either a 
heavy (H; molar weight 21x103 u) or light (L; molar weight 19x103 u) subunit [4]. The ratio of subunits 
present in the shell depends on the organ the ferritin is considered in, and it is directly related to the 
predominant function played by the protein.  
For example, a relatively high H/L ratio, as found in the heart and the brain, leads to a focus on iron 
oxidation: free ferrous iron (Fe2+) is bound in the binding sites present in H subunits and converted into 
ferric iron (Fe3+) – a less toxic and reactive form of iron [5]. The process through which oxidation takes 
place has been extensively studied, and is explained in a clear manner in [6]. For humans there is known 
to be variation in H/L ratios within different regions of the brain and between different cells [4]. 
In organs that contain large amounts of iron, such as the liver and spleen, a relatively low H/L ratio is 
observed. This ratio indicates the need for a large iron storage capacity, which is provided for by the 
high density of L subunits [5]. This decrease in shell thickness leads to an increase in the ferritin core size 
and mineralized iron storage capacity. In these ferritin proteins iron oxidation still takes place, merely 
the emphasis is shifted to mineralization and storage. It has been suggested that the presence of L 
subunits enhances the activity of H subunits, leading to a larger number of fully oxidized iron ions stored 
into the cavity [7]. 

Once Fe2+ iron has been converted to Fe3+ iron, it slowly mineralizes inside the ferritin core in the form 
of, among others, ferrihydrite, magnetite and/or maghemite and hematite. The diameter of the ferritin 
core is dependent on the shell composition and the amount of iron stored inside it, and generally ranges 
between 5 and 8 nm. The core is thought to have a maximum capacity of 4500 iron atoms in vitro, and 
average loading in vivo is generally reported to be between 1000 and 1500 iron atoms (see refs 70, 71 in 
[8]). When the core is devoid of iron, ferritin is referred to as apoferritin. Apoferritin is often 
synthetically manipulated in order to create proteins such as magnetoferritin, a protein used in several 
biomedical applications, presenting an apoferritin shell and a magnetite or maghemite core – for a 
recent overview on magnetoferritin, see [9]. In this study, the relevant iron-(hydr-)oxides will be:  

Ferrihydrite – Ferrihydrite is an iron hydroxide mineral of which the spin structure is highly debated, and 
which is inside ferritin generally characterized by antiferromagnetic ordering. It is defined by the 
formula Fe2O3*0.5H2O, and the iron ions it consists of are solely Fe3+. Coordination of ligands around 
each iron ion are either tetrahedral or octahedral, as shown in figure 1, and evidence suggests that 
ferrihydrite crystals consist of a mix of the two [10], [11] – a model proposed by Michel et al (see refs 24, 
25 in [11]). Chemical stability analysis of a large ferrihydrite particle size distribution – using surface 
depletion models that describe theoretical ferrimagnetic and antiferromagnetic ferrihydrite cores – 
suggest that ferrimagnetic core ordering is chemically more stable than antiferromagnetic ordering for 
diameters smaller than ~4 nm [10]. 
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Hematite - Hematite is defined by the formula α-Fe2O3, and is the dehydrated and aged form of 
ferrihydrite [10]. 

Magnetite - Magnetite is defined by the formula Fe3O4, and contains both Fe3+ and Fe2+ [10]. Its crystal 

structure consists of both a tetrahedral and an octahedral coordination, where half of the Fe3+ is in the 

tetrahedral coordination and all Fe2+ and half the Fe3+ make up the octahedral coordination. The 
orientation of the octahedral and tetrahedral Fe3+ magnetic moments is opposite, and thus the total 
magnetic moment of the crystal arises from the uncompensated octahedral Fe2+ ions [12]. 

Maghemite - The oxidation product of magnetite, is defined by the formula γ-Fe2O3, and contains only 

Fe3+ [10]. Similarly to magnetite, maghemite’s crystal structure also consists of both a tetrahedral 

(62.5% of the Fe3+ ions) and an octahedral (37.5% of the Fe3+ ions) coordination. Both magnetite and 
maghemite behave ferrimagnetically at room temperature. 

 

Figure 1: Schematic representation of tetrahedral and octahedral coordination of a central iron ion, either Fe2+or Fe3+, with 
oxygen atoms. In tetrahedral coordination four oxygen atoms are arranged around the iron ion, while in octahedral 
coordination six oxygen atoms are arranged around the iron ion. 

In 1998 a model for the magnetic properties of ferritin was proposed by Brooks et al [13]. This model 
describes the core as consisting of an inner core and an outer layer, as illustrated in figure 2. While the 
inner core is magnetically ordered with antiferromagnetic and superparamagnetic properties – due to 
crystal defects – the outer layer is antiferromagnetic and magnetically disordered. The inner core has, 
due to its ordering, a higher Néel temperature than the disordered layer. 

 

Figure 2: Model of the magnetic properties of ferritin as proposed by Brooks et al. Ferritin core consists of a magnetically 
ordered inner core (cross-hatched), either solely antiferromagnetic, or both antiferromagnetic and superparamagnetic 
(magnetic moment of superparamagnetic fraction indicated with the arrow), and a magnetically disordered outer layer (dotted). 
The protein shell is indicated with linear hatches. No permission for reproduction asked. 

The above model exemplifies the complexity of the magnetic properties of ferritin, and shows why, after 

many years, this protein is still a subject of scientific interest for the condensed matter community. 
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The current literature study aims to summarize and discuss the magnetic properties of ferritin, as 

studied by magnetic analyses, magnetic resonance techniques and high resolution (HR) transmission 

electron microscopy (TEM) to date. 

In Section 3 a general overview on magnetic order and techniques used to measure the magnetic 

properties of ferritin is presented. The results and insights acquired through measurement of these 

properties are discussed in Section 4. The design of the literature study is discussed in Section 2.    

X
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2. Literature study design 

The database used for this study was Web of Science, as it has the advantage of a broad research reach, 

collects peer reviewed and high quality articles, features a clear Boolean search approach and good 

recall and reproducibility performance; aspects that are needed for a database to be the primary 

database in a systematic review [14]. PubMed was not used, due to the emphasis of the search on 

physical properties, rather than medical studies, and certain journals – such as Physics Review B – were 

not included in the PubMed database. Most queries were conducted from the same IP address, and all 

searches were conducted at the Leiden University institution. Extent of search results may therefore 

vary when conducted through another institution using the same queries as used during this study. 

Literature was gathered by considering the combined results acquired from the three search queries 

described in table 1.  

As the initial search provided a large number of papers, of which many were not specific to the topics at 

hand, the second query was set up – with additional search terms based on knowledge acquired from 

several papers of the first query. The results from the second query were extracted after refinement and 

analysed using the literature categorization program VOSviewer [15], which allowed for the creation of 

the term connection map as shown in figure 3. Looking at the articles presented in the results and 

zooming in on the terms connected to “ferritin core”, lead to the conclusion that specification of 

“superparamanet*” was a good addition to the search query, as several terms were specific to the 

research topic at hand. Through specification of the main minerals present inside ferritin, all known to 

behave superparamagnetically, the final search query was created. 

Relevance of articles obtained was initially judged on basis of title and abstract, and later also on 

conclusion, figures and introduction. An article was deemed relevant if it focussed on the study of one 

or more magnetic properties of (minerals inside) the ferritin core, the methodology was explained 

appropriately, it contained enough focus on the physics and it was not too specifically focussed on 

applications. 

Table 1: Overview of used search queries within Web of Science. Refinement options used, the number of entries each search 
resulted in, and the date the search was last performed on are mentioned. Furthermore, in case VOSviewer was used, the 
threshold values used are also mentioned. (n = number of times a term was used throughout all titles and abstracts 
considered; % = the percentage of most relevant terms found within the database after initial threshold n). Relevance of terms 
was calculated inside VOSviewer, the user had no influence on the method this calculation was performed. 

Search query Refinement #Results Date VOSviewer 

“ferritin$ AND magneti* AND 
propert*” [TOPIC] 

- 323 10-01-2019 - 

“ferritin$ OR magnetoferritin” 
[TITLE] AND “superparamagnet*” 
[TOPIC] 

Journals included: physical 
condensed matter OR biophysics 
OR spectroscopy OR physics 
atomic molecular chemical OR 
multidisciplinary sciences OR 
physics applied 
Timespan included: 1980-2020 

868  16-02-2020 Binary 
counting; 
n= 10; % = 
60) 

“(ferritin$ AND ferrihydrite) OR 
(ferritin$ AND magnetite) OR 
magnetoferritin” [ALL FIELDS] AND 
“superparamagnet*” [TOPIC] 

Timespan included: 1968-2020 82 16-02-2020 - 

XI
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Figure 3: Term map made with VOSviewer, based on the terms used in the articles acquired with the second search query 
described in table 1. The different colours represent the different clusters to which terms belong. The relative size of the spheres 
corresponds to the occurance of the respective terms. Terms that are regularly used together within title and abstract are shown 
connected. 

3. Magnetic properties, techniques used to measure them, and EELS 

3.1 Types of magnetic orders   

Different iron-oxides can have different magnetic properties, which can be determined under the effect 

of magnetic fields and changes in temperature. Through determination of the magnetic susceptibility χ 

of a material or molecule, it is possible to differentiate between different types of magnetic ordering 

[16]. The static magnetic susceptibility as a function of temperature can, for example, be studied using 

magnetometry, as χ = dM/dB. Here, M is the magnetization of the material – the density of magnetic 

dipole moments inside a magnetic material – and B the externally applied magnetic field.  

Four types of magnetic order are relevant to this study:  

Ferromagnetism - Above its Curie temperature, a ferromagnetic material behaves like a paramagnet - in 

the absence of an externally applied magnetic field B it has null net magnetic moment due to its 

disordered magnetic moments; in the presence of B the magnetic moments align parallel to the field 
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and the material has a non-null net magnetic moment. Below its Curie temperature, the magnetic 

moments are aligned parallel to each other despite the absence of B, and the material therefore has 

non-null net magnetic moment. 

Ferrimagnetism - Similarly to ferromagnetic materials, ferrimagnetic materials behave paramagnetic 

above their Curie temperature, and have, in the absence of B, a non-null net magnetic moment at 

temperatures below their Curie temperature. Contrary to ferromagnetic materials, however, the 

magnetic moments of ferrimagnetic materials are aligned antiparallel to each other. The lattice in which 

the magnetic moments are present can be interpreted as consisting of two sublattices. The magnetic 

moments in these sublattices are opposite in orientation, but not equal in magnitude, resulting in a non-

null magnetic moment. 

Antiferromagnetism - For antiferromagnetic materials not the Curie temperature, but rather the Néel 

temperature, is used in the distinction between the two magnetic behaviours. Above the Néel 

temperature the material behaves as a paramagnetic material, while below the Néel temperature the 

magnetic moments align antiparallel to each other. Contrary to the magnetic behaviour detected in 

ferrimagnets however, the magnetic moments in the sublattices of an antiferromagnetic material are 

both opposite in orientation and equal in magnitude. Because of this, a net null magnetization is found. 

Superparamagenetism - Superparamagnetism is a property observed in particles, such as the minerals 

present in the ferritin core, of nanometre size [17]. Due to the magnetic moments of these minerals, 

and the size of its core, ferritin nanoparticles are composed of a single magnetic domain. Furthermore, 

paramagnetic behaviour is observed in these nanoparticles even below the Curie and Néel 

temperatures. Instead of being stable in the absence of a magnetic field, however, the magnetic 

moment orientation of the nanoparticles fluctuates between two stable anisotropy energy states, ε, 

separated by an energy barrier E [18]. The energy barrier is equal to the magnetic anisotropy of the 

particle, K, multiplied with its volume V, while ε = KVsin2(θ). θ is the angle between the magnetization 

vector and the uniaxial magnetic anisotropy axis (i.e. the axis along which the fluctuations occur). As the 

temperature is further decreased the Néel relaxation time (τN), the time between two spin flips, 

increases. The relation between τN and temperature T is given by: 

 τN = τ0 exp(E/kBT) . (1) 
τ0 is the characteristic relaxation time – ranges between 10-9 and 10-13 s (see ref 20 in [18]), although 

more often observed between 10-11 and 10-13 s [18] – and kB is the Boltzmann constant.  

3.2 State-of-the-art techniques for iron-oxide nanoparticle studies 

Measurement techniques that are often used in the analysis of magnetic properties of ferritin can be 
roughly divided into three categories: (i) magnetic resonance-based techniques, (ii) techniques that 
measure magnetic properties through magnetic flux induction, and without on-resonance effects and 
(iii) techniques that measure energy loss of transmitted electrons after elastic and inelastic scattering. 
Several techniques falling under these categories are briefly discussed below. In table 2 technique 
corresponding measurement frequency (n) range, measured properties and magnetic field strength (B) 
are summarized. Apart from MRI, which operates mainly at ~300 K only, the other listed techniques can 
operate additionally at cryogenic temperatures. 

 

3.2.1 Magnetic resonance-based 
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Magnetic resonance based techniques are used for measurements of systems with a total non-zero 
nuclear/electron spin. Nuclear magnetic resonance based techniques, such as nuclear magnetic 
resonance (NMR) and magnetic resonance imaging (MRI), are used for the study of systems with nuclei 
of  I ≠ 0, while electron paramagnetic resonance (EPR) techniques are used in the study of systems with 
unpaired electrons and μSR [19] targets polarized muon spins interacting with a sample.  

The particles (protons, electrons, muons, etc.; denoted with subscript x) within a sample precess with a 
frequency called the Larmor frequency nL, which is particle-specific and defined as nL = γxB0 when placed 

in an external magnetic field B0 [20]. The gyromagnetic ratio, γx, is defined as γx = gxμx/h, where h is the 
Planck constant, μx is the magnetic moment of particle x, and gx is the Landé g-factor specific to the 
electrons.  

In the specific case of EPR, the g-factor of the free electron, g = 2.00231, is influenced by the molecule 
(radical) or metal ion it is associated with. The resulting g-tensor contains information about this 
environment. 

For all the above-mentioned techniques (with the exception of μSR), energy of an oscillating magnetic 
field B1 – perpendicular to B0, and with frequency equal to the Larmor frequency – is absorbed by the 
system upon irradiation, and is measured as the change in energy. 

In the case of NMR, the magnetic moment μx is that of the nucleus of the isotope inspected (μN), and 
resonance occurs at isotope specific frequencies [20]. The signal is formed when the time-varying 
magnetization, after an initial perturbation has taken place, induces an electromotive force in the 
induction coil [16]. The global setup for NMR is depicted in figure 4(a). 

 

Figure 4: Schematic representation of NMR and MRI setup (a) and MRI T1 relaxivity (b) acquired therewith. The setup consists of 
a sample placed inside a static B0 field generated by opposing magnets. A radiofrequency (RF) coil is placed around the sample, 
and picks up the signal generated through the effect of an oscillating B1 field working on the nuclear spins present within the 
sample. Using this setup, measurements of the T1 relaxivity (r1) can be performed, for example, on apoferritin under the 
influence of increasing iron concentration inside the ferritin core (b). Data (triangles; open have been discarded in the fitting) 
was acquired by Brooks et al. 1998 [13].  No permission for reproduction asked. 

Magnetic resonance imaging follows the same principles as NMR and the setup is similar, although 
different protocols are used as it is used in healthcare mainly. The signal is generally acquired from 
protons, although detection of other nuclei is also possible. In the study of ferritin the focus is laid on 
relaxometry measurements, i.e. the effect ferritin has on the relaxation rates of protons. 

Relaxometry is the study of the recovery/decay of the longitudinal/transverse magnetization, upon 
lifting of a perturbation. These relaxation times are named T1 and T2 respectively. The relaxation rates 
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(Ri) – with i = 1, 2 – is the inverse of these relaxation times. Additionally, relaxivity (ri) is defined as the 
ratio ri=Ri/[molecule or ion].  

It was shown by Brooks et al. that the r1 and r2 of ferritin depend on the loading factor (LF), i.e. the 
amount of iron ions loaded into its core, and the temperature and field strength at which measurements 
are performed at [13]. In figure 4(b) the relation between r1 and LF is plotted [13].  

When the magnetic moments of unpaired electrons are of interest, EPR is used. Here, the magnetic 
moment μx equals the Bohr magneton μB.  

The EPR spectrum is measured through detection of microwave power reflected at the cavity when a 
microwave absorption event occurs [20]. The g-factor at which this signal occurs is used to infer the 
magnetic and angular moments of the unpaired electrons, and their interactions with nearby electron 
and nuclear spins. In this manner, by determination of both the presence and strength of unpaired 
electrons, specific elements – when their spectra are known – and the relative concentrations thereof 
within a sample are determined. The signal is detected as the first derivative of the absorption. An 
example of an EPR signal of HoSF, measured at different temperatures, is shown in figure 5(b) [21]. Field 
strength of B0 is given in Gauss (1T = 104 G). The difference between the signal detection methods of 
NMR/MRI and EPR is due to the setup, which for EPR is shown schematically in figure 5(a).  

 

Figure 5: Schematic representation of an EPR setup (a) and signal (b) acquired therewith [21]. The setup consists of a sample 
placed in a static B0 field generated by the field coils. The sample is placed in the cavity and exposed to an oscillating B1 field 
guided through the waveguide. Absorbed energy of the standing-wave generated by B1 in the cavity is measured through the 
difference of incoming and outgoing B1 energy. Spectra of HoSF (black lines), measured at different temperatures, are shown in 
(b) as a function of B0 (given in Gauss).  Permission for reproduction was not asked. Own spectra will replace this later  
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Different is Mössbauer spectroscopy, which is based on resonant absorption of gamma rays by Fe nuclei 
in the samples. This energy absorption occurs in a recoil-free manner, with no lattice vibration 
(phonons) transmitted to the solid [16]. As depicted in figure 6(a), the unstable nucleus, aligned with the 
sample, decays to its stable state under emission of gamma-rays of low energy. The gamma-rays in line 
with the sample interact with the sample in a recoil-free manner – due to the Mössbauer effect. 
 
The dip in figure 6(b) (see ref 51 in [18]) corresponds to the resonant absorption of energy, i.e. minimal 
transmission. Using the Doppler effect, the photon energy can be tuned over a large range, therefore 
allowing to detect spectra shifted from the bare conditions (isomer shift) and split by either quadrupole 
and/or magnetic interaction. For a clear overview on how to interpret Mössbauer spectra in the 
framework of superparamagnetism, the reader is referred to [17]. 
 

 
Figure 6: Schematic representation of a Mössbauer spectroscopy setup (a) and signal (b) acquired therewith (ref 51 in [18]). The 
setup consists of a rapidly oscillating unstable source, of which decay products are gamma-rays with frequencies that resonate 
with the resonance frequency of the sample. Gamma-rays with a linear path to the sample allowed to interact with the sample, 
while those that are not are blocked by a collimator. Absorption spectra are measured at different temperatures (b). Study 
under different temperatures allows for the study of parameters such as isomer shift, quadrupole splitting and magnetic 
hyperfine splitting. No permission for reproduction asked. 

3.2.2 Magnetometry 

Magnetometry measurements are often used for the analysis of superparamagnetic [16]. Analysis of 

antiferromagnetic material is also possible at high applied fields B0. The most sensitive magnetometry 

techniques use a superconducting quantum interference device (SQUID), where a sample passes 

through a superconducting ring interrupted in two spots (weak links or Josephson junctions). The 

Josephson effect makes the device sensitive to the magnetic flux quantum Φ0= 2.0710−15 Wb, as 

explained below. 

When the ring is biased with a current, a magnetic flux will be induced. However, the flux enclosed by 

the superconducting loop must be an integer number of flux quanta, therefore, the voltage-flux 

characteristic of a DC-squid will result in a periodic function of Φ0, upon application of a current above 

the critical current of the material.  
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Figure 7: Schematic representation of SQUID detection (a) and signal (b) acquired therewith [22]. The setup consists of a 
superconducting ring with self-conductance L and two Josephson junctions – often referred to as ‘weak links’ – with resistance R. 
Through each junction a current is led (Ia and Ib, split upon entry and rejoined upon exit of the superconducting ring), and 
measurement hereof leads to determination of the magnetic flux Φ. Φ is induced by the oscillation of the sample at the centre of 
the superconducting ring, powered by changes in current through applied altering voltage V. The current, proportional to the net 
magnetization of the sample, is measured at different temperatures and B0 field strengths (b). In this manner, ZFC and FC curves 
can be measured under the relation of magnetic susceptibility as a function of temperature. Here, this was done for HoSF, and 
average TB is indicated with an arrow [22]. Permission for reproduction was not asked. Own spectra will replace this later. 

Now, by choosing a working point where the derivative of V vs Φ is maximum, the device will be 

sensitive to tiny changes of magnetic flux, as those induced by a close-by moving magnetic sample. 

Schematic setup and signal example (of HoSF [22]) of field strength dependence and temperature of net 

magnetization are shown in figure 7, as acquired from ZFC/FC measurements. 

ZFC/FC measurements - As the name suggests, ZFC refers to the act of cooling the sample from 300 K to 

a lower temperature in the absence of a magnetic field. This leads to random (i.e. along the anisotropy 

axis) blocking of magnetic moments of particles of decreasing size. At the target (low) temperature, the 

magnetic field is applied, and the magnetic moments then measured. Repeating this measurement in 

the presence of a small magnetic field (generally 50 mT), leads to the acquisition of a FC curve, where 

the magnetic moments of the particles in the sample are aligned.  

 

Figure 8: Relation between susceptibility and temperature for ferri- and ferromagnetically ordered (FM; Θ = Curie temperature), 
paramagnet (PM; Θ = 0) and antiferromagnetically ordered (AFM; Θ = Néel temperature) material, as fitted according to the 
Curie-Weiss law [16]. For all, the susceptibility decreases with increasing temperature. The rate at which this occurs is magnetic 
order dependent.  
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Determination type magnetic order - By measuring the susceptibility of a paramagnet at different 
temperatures, and fitting this data to the Curie-Weiss law the type of magnetic order present in the 
sample can be determined [23]. As can be seen in figure 8, susceptibility increases more rapidly with 
decreasing temperature in case of ferri- and ferromagnetic materials than in antiferromagnetic material.  

After determination of TB from ZFC/FC magnetometry measurements, as described in Section 3.3, 

hysteresis loops can be measured, after an initial ZFC state is reached [24]. Example are shown in figure 

9. 

Hysteresis loops - Measurements of hysteresis loops indicate the presence of superparamagnetic 

particles under the influence of temperature. At temperatures above TB, the hysteresis loop is closed; 

i.e. purely superparamagnetic behaviour is observed [24]. Below the TB, the hysteresis loops open and 

the coercivity – the minimal B strength needed to demagnetize the system – and saturation remanence 

– magnetization of the system measured are therefore non-null. Opening of hysteresis loops is an 

indication of antiferromagnetic, ferro- or ferrimagnetic ordering present within the sample. A high 

coercivity (i.e. a wide hysteresis loop) is characteristic for antiferromagnetic materials, while a low 

coercivity is characteristic of ferrimagnetic materials. Apart from helping with the identification of 

possible presence of antiferromagnetic material in the sample, hysteresis loops can also be used, among 

others, for determination of the exchange bias, present at ferrimagnetic/antiferromagnetic interfaces 

[25]. The exchange bias effect is observed as a shift of a magnetic hysteresis loop relative to the origin of 

coordinates, and is attributed to the magnetic interactions at the interface between ferrimagnetic and 

antiferromagnetic structures. Similar effects are observed in single-phase antiferromagnetic 

nanoparticles, such as ferritin, where the ferrimagnetic phase can be due to defects and incomplete 

compensation of the antiferromagnetic sublattices. 

Loading factor ferritin and magnetic moment – according to Néel’s theory of superparamagnetism, LF of 

ferritin can be calculated through measurement of the magnetic moment of ferrihydrite (μp_Fh) using the 

relation (see ref 48 in [8]): 

 LF = (μp_Fh /5.92μB)(1/α), (2) 
where α ranges between 0.5 and 0.6, and 5.92μB is the magnetic moment of Fe3+. 
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Figure 9: Examples of hysteresis loops acquired for (a) bacterial ferrihydrite [25] and (b) horse spleen ferritin, magnetite 
nanoparticle and mixture thereof [24]. In (a) the effect of different cooling fields is shown in black, red and green. In the inset left 
and right coercivity (HCL and HCR) and magnetic remanence (MR) are indicated. In (b) the effect of magnetic order on measured 
coercivity is shown. Pure HoSF – which has antiferromagnetic ordering – has a larger coercivity than magnetite nanoparticles 
(MNP) – which have ferrimagnetic ordering. In the inset, the effect of mixing these two components is shown: a low coercivity 
combined with a large open hysteresis loop. 

 

3.2.3 (HR)TEM and EELS 

The particle size distribution can be determined using spectroscopy techniques such as (HR)TEM, SEM 

[6]. Using these techniques the maximum diameter of individual particles in a sample, regardless of 

inhomogeneities in the sample, can be extracted [6]. These techniques have been extensively used in 

the study of crystal structures [10].  

 

Figure 10: Schematic representation of HR-EELS setup (a) and example of a signal (b), after normalization and background 
subtraction [28], are shown. Energy loss of monochromatic energy electrons is measured and analysed after interaction with a 
sample. Intensities in the signal, dependent on spin orbital occupancy, and energy loss of electron beam emitted electrons are 
plotted, leading to the characterization of ferritin Fe L3,2 edges. Images are both used without permission for reproduction. 

Using (HR)TEM, it is also possible to acquire additional information on individual particles within a 

sample, by combining it with EELS [26]. Upon combination of these two techniques, particle sizes and 

crystal structure (by HRTEM) can be matched with elemental and chemical compositions and oxidation 

states (by EELS). This matching takes place on individual particle level. Using this method at high 

resolutions, spatial element identification and relative proportion valence states in mixed valence 
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samples can be determined on single atomic level [26]. In the case of ferritin, one is interested in the 

ratio of Fe3+ and Fe2+ present inside the cavity, and from this ratio determine which minerals are present 

or, on an individual level, determine which mineral is observed and its abundance inside the sample 

[27].  

A schematic representation of HR-EELS is shown in figure 10(a). As can be seen, monochromatic energy 

electrons emitted by an electron source are measured and analysed after interaction with a sample. An 

example of a spectrum is given in figure 10(b), where the energy loss of electrons is plotted against the 

edge signal intensity. This intensity is dependent on spin orbital occupancy. Through comparison of 

spectra belonging to samples of known chemical composition, presence or absence of specific phases of 

Fe can be determined [28].  

 
Table 2: Table indicating temperature usage, field usage, measurement frequency range and measurement parameters for 
different techniques used for measurement of magnetic properties of ferritin. 

Method Measures Measurement 
frequency (ν) range 

B field usage [T] 

Nuclear magnetic 
resonance (NMR) 
and MRI * 
 

Isomer shift δ, relaxation times, 
spin-spin coupling, magnetization 
M, indirectly: relative 
susceptibility χ 
 

9.7 – 32.3 MHz 
[29] 
 

7 – 23 T 
[29] 
 

Electron 
paramagnetic 
resonance (EPR) * 

g-tensor, hyperfine interaction of 
paramagnetic centres: structure, 
ligand environment, 
magnetization M, relaxation times 

1.1 (L-band) – 94 (W-
band) GHz [30]  
 
Conventional: 9.5 
GHz (X-band) 
 

0T – 3.3T 
(maximum depends on 
device) 
 
Conventional: 0T – 0.3 T 
(X-band) [22]  
 

Mössbauer 
spectroscopy 

Isomer shift δ, quadrupole 
splitting, magnetic hyperfine 
splitting 
 

108 Hz range -  

SQUID 
Magnetometry 

M(B0,T), M(B,T0) -> maximum TB + 
minimum particle sizes 
distribution upon further T 
lowering, χ(B0, T), hysteresis curve 
 

DC: ν < 100 Hz 
AC: 100 Hz < ν < 1kHz 

Generally: 0 – 7 T 
 

* For both NMR and EPR, it is possible to acquire the spectra using continuous wave (CW) and pulsed 

wave (PW) mode. In CW resonance, the frequency of an oscillation magnetic field with linearly 

increasing strength is kept constant. In PW the strength of the oscillating magnetic field is kept constant 

while the frequency of the oscillation is linearly increased. 
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3.3 Determination of blocking temperature using different measurement techniques 

When the characteristic time of a measurement technique τM
 equals τN, the magnetic moment 

undergoes an apparent blocking. The ‘blocking temperature’ (TB) can be obtained after rewriting of 

equation 1 as  

 TB = KV/(kB ln(τM/ τ0)) . (3) 
At and below this temperature, flipping of the magnetic moments of the nanoparticle, such as the 

ferritin core, is no longer perceived, and the particle is referred to as “blocked”. 

It has been shown, in studies focusing on commercially available horse spleen ferritin (HoSF), that it is 

possible to determine τ0 and the intrinsic ferritin property K simultaneously (see refs 32 and 87 in [18]). 

This was done by combining the results from magnetometry and Mössbauer observations. By combining 

DC magnetometry (static) with AC susceptibility (dynamic), Mössbauer spectroscopy and TEM it is 

possible to determine the mean particle volume in the sample, K and τ0 with high accuracy (see ref 41 in 

[18]). Similarly, K has also been determined for bulk nanocrystals maghemite (see ref 65 in [22]) and 

magnetite (see ref 66 in [22]), and can be used as an approximate K in the analysis of human ferritin. 

Using magnetometry measurements, the peak of the zero-field-cooled (ZFC)  χ-curve versus temperature 

indicates the TB of the average particle size present in the sample, whereas the bifurcation of the ZFC 

and field-cooled (FC) curves indicate the temperature above which all particles in the sample – including 

those with the largest size – behave superparamagnetically [24].  

TB can also be measured with Mössbauer spectroscopy and EPR.  

When the intrinsic particle properties K, V and τ0 are known for a sample, the relation between TB and 

τM, or alternative TB and characteristic measurement frequency unique to the technique at hand, can be 

described by equation 3, as indicated in figure 11. Here KV/kB was assumed equal to 339 K, as proposed 

in Ref 33 in [18] for horse spleen ferritin, and τ0  ranged between 10-11 s (red in figure 11) and 10-13 s 

(black in figure 11). Measured blocking temperatures are expected to range between these boundaries.  

 

Figure 11: Theoretical relation between TB and ln(frequency), described by equation 3 and acquired under assumed KV/kB = 339 
K [from ref 33 in [18]]. Lower (red; τ0 = 10-11 s) and upper (black; τ0

 = 10-13 s) TB limits, between which measured TB values are 
expected, are plotted. In blue the ln(frequency) ranges belonging to SQUID magnetometry and AC-susceptibility, NMR, 
Mössbauer spectrometry (arrow) and EPR are indicated. 
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The range of measured TB expected per technique used is indicated in blue for SQUID and AC-

susceptibility, NMR and EPR measurements, and is indicated with an arrow for Mössbauer spectroscopy. 

3.4 From blocking temperature to critical diameter 

TB indicates the minimum size of particles that are no longer perceived as behaving 

superparamagnetically at a certain temperature. By looking at equation 3 for a fixed system and sample 

– τM and K are constant – with a particle size distribution, blocked particle volume can be defined as a 

function of temperature. Under assumption of the particle shape of volume V, then, the critical 

diameter of blocked particles can be described. 

Through magnetization measurements, such as determination of susceptibility, particle size distribution 

can be. Knowledge of these distributions can further be used in the determination of iron particle 

concentrations in mixed samples [22]. 

4. Present day knowledge on Ferritin 

In order to be able to detect the presence of ferritin and identify the minerals inside its core, the 

magnetic properties of the ferritin core and the effect of the minerals therein need to be understood. In 

the following sections, the effect of iron loading on relaxation times and the results of determination of 

particle distribution and elemental composition are discussed. Also susceptibility measurements and 

electron spin measurements are discussed. Finally, specific aspects related to brain iron as measured 

with MRI are mentioned. 

4.1 Iron loading dependence of relaxation times 

In figure 4(b) the measured effect of LF on r1 is shown. LF is found to naturally increase both as the brain 

ages [2], and in the presence and progression of certain forms of neurodegeneration (e.g. [8]).  

Based on their findings of r2 dependence on LF of apoferritin, Nandwana et al. suggested that relaxivity 

data might aid the understanding of the process behind the formation of the magnetic core in ferritin 

[28]. According to their proposed model there is almost no contribution to the development of the 

magnetic core when LF is less than 2400, as most of the iron atoms would initially gather near the inner 

shell surface. The r2 increase after further loading of the core was ascribed to the development of the 

superparamagnetic core. After full loading the r2 signal had doubled compared to the signal at lower LF 

rates. Strangely, the r1 did not increase much throughout the loading.  

Due to its surface properties, structure and biocompatibilities [31], [32], ferritin has been extensively 

studied for its possible usage as a contrast agent in MRI. Although the LF, and thus r2 signal, is generally 

too low to induce a contrast above the noise level. It has been suggested that the r2 signal could be 

improved through ferritin aggregation and polymerized ligand binding to actin [33]. Generally, however, 

focus of these studies is placed on magnetoferritin, the superparamagnetic nanoparticle synthesized 

through loading of apoferritin with magnetite and/or maghemite [32]. Magnetoferritin has much higher 

relaxivities than natural ferritin, due to the strength of the core magnetization (see refs 36 and 37 in 

[28]).  For an overview on the synthesis, magnetic properties and biomedical applications of 

magnetoferritin, the review by Xue et al. is recommended [9]. 
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4.2 Particle size distribution and elemental composition 

Dysfunction of ferritin shell H subunits could be cause of alterations in mineral concentrations in the 

core, as Fe2+ is not properly converted to Fe3+ [1]. This would, by combining EELS with HRTEM, be 

observed with a decrease in hexagonal phase structures characteristic of ferrihydrite and hematite, and 

an increase in cubic shape characteristic of magnetite and maghemite. Indeed, this has observed under 

comparison of physiological and pathological ferritin cores [1], [34], [35]. It has been suggested, 

however, that these techniques might lead to a misinterpretation of the mineral concentrations present 

inside the sample, due to the high energies of the electron beams used with EELS [36]. These energies 

might be high enough to partially convert the octahedral coordination around iron to a tetrahedral 

coordination, leading to an observed cubic shape where initially was a hexagonal shape. However, it is 

unlikely that this structural change induced by the electron beam would preferential affect pathological 

ferritins. 

4.3 Susceptibility measurements indicate magnetic order 

It has been shown that for susceptibility measurements of ferritin at varying temperature, χ decreases 

with increasing temperature under the influence of external magnetic fields up to 6 T, as expected for 

an antiferromagnetic system [37]. On inspection of ferrihydrite in magnetic fields increasing up to 25 T, χ 

similarly initially decreases with increasing temperature for magnetic fields below 6 T [38]. However, 

with further increase of the magnetic field χ decreases less per increment temperature. This behaviour 

is typical for systems of antiferromagnetic particles with random orientation of the crystallographic axes, 

and occurs due to the presence of small uncompensated magnetic moments within both the surface and 

bulk of the mineral [39]. This superparamagnetic behaviour is described as a superposition of Langevin 

functions. The magnetic anisotropy K of ferrihydrite consists of both a bulk and surface anisotropy. It has 

been suggested that ferrihydrite might have an antiferromagnetic core with a superparamagnetic 

surface [10]. 

Most in vitro magnetization studies of ferritin are performed using magnetometry measurements- 

specifically using SQUID - and EPR.   

In figure 9 hysteresis curves acquired on (a) bacterial ferrihydrite [25] and on (b) HoSF, magnetite 

nanoparticles and a mixture thereof [24] are shown. In figure 9(a) the effect of different cooling fields is 

shown in black, red and green, and in the insert the coercivity and magnetic remanence of the material 

are indicated. In figure 9(b) the effect of magnetic order on coercivity is shown. Figure 9(b) lead to the 

conclusion that a mixture of HoSF and magnetite nanoparticles mimic the magnetic properties of human 

brain tissue well [24].  

4.4 Probing the iron electron spins of ferritin nanoparticles 

Although most EPR studies on ferritin focus on describing changes of the shape of the spectrum rather 
on the interpretation of the origin of the features, there is a consensus on what the shape of a ferritin 
EPR spectrum looks like (e.g. [21], [40], [41], [42]). 
 
Figure 5(b) shows that the spectra of ferritin are broad and that the lineshape changes as a function of 
the temperature. There is a narrow peak with relatively small intensity at g = 4.3, and a broader signal 
with higher intensity around g = 2.0. Figure 12(a) shows the signal around g = 2.0, observed from iron-
loaded human spleen ferritin [40] rather than HoSF [21], where the broad signal is composed of two 
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overlapping broad signals, indicated with A (low-field feature) and B (high-field feature) [21], [40]. 
Feature B is centred around g = 2.0. 
 
The interpretation of the features observed is still under debate [40], [42]. Here, the interpretation 
proposed by Weir et al. is described. Weir et al. proposed that the signal at g = 4.3 is due to 
rhombohedric high spin Fe3+, while the broad signals A and B are due to the ferrihydrite core [40]. They 
suggested, though simulations, that feature A could be described as a hexagonal ferromagnetic-type 
resonance from cores below their blocking temperatures [40]. Their simulation of feature A, in 
comparison to a measured spectrum, is shown in figure 12(b). Again, feature A and B are indicated with 
arrows.  

 

Figure 12: EPR spectra of ferritin isolated from iron-loaded human spleens, as a function of the temperature normalized 
magnetic field H [40]. The low-field and high-field broad features caused by the ferrihydrite core are indicated with arrows A and 
B respectively. In figure (a) the lineshape change of these features can be seen under influence of changes in temperature. In 
figure (b) feature A is simulated as a hexagonal ferromagnetic-type resonance from cores below their blocking temperatures 
(dashed line) on top of the original signal acquired at temperature T = 100 K (solid line). 

Weir et al. assigned feature A to the signal of blocked ferritin cores and feature B to the signal of 
unblocked ferritin cores [40]. Since more cores become blocked upon lowering of the temperature, this 
explains the observed increase in intensity of feature A upon decrease of the temperature and the 
decrease of feature B. This change in intensity has also been observed by other studies [21], [41]. Weir 
et al. also discuss the increase in intensity of feature A and decrease of feature B upon increase of the LF 
of the ferritin cores [40]. A relation between the broad features and superparamagnetic behaviour of 
the ferritin cores has therefore been suggested [41].  
 
The above findings are in line with what we would expect of superparamagnetic ferrihydrite 
nanoparticles, as the magnetic moment of ferrihydrite increases with LF due to an increase of the 
mineral size. Due to the linear relation between core size and TB, it can be seen that TB will increase as 
the LF increases. Similarly, equation 3 shows that by measuring a system at decreasing temperatures 
cores of decreasing volumes will be blocked. An increase in signal intensity of blocked cores would 
therefore be expected upon temperature decrease or LF increase, as more unpaired electrons in the 
system would get blocked along the direction of the magnetic field. 
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4.5 Specific aspects related to brain iron 

MRI can be used to study the magnetic susceptibility of a sample, via the interaction between the nuclei 

under investigation and the electron system of interest. Given the experimental setup that MRI offers, 

measurements on ferritin can be performed both in vivo and in vitro, (clinic (e.g. [43] )) and post-

mortem (e.g. [28]). Susceptibility measurements, used for distinction between paramagnetic and 

diamagnetic material in the subject at room temperature, can be performed indirectly with tools such as 

susceptibility weighted imaging (SWI) [44] and quantitative susceptibility mapping (QSM) [44]. These 

protocols allow for acquisition of high resolution images that are informative on iron spatial localisation, 

making it possible to detect brain iron abnormalities [45].  

Although MRI studies performed exclusively at body temperature might somewhat limit the study of 

ferritin’s magnetic properties, it is generally sufficient in a clinical setting. In [46] is described that several 

factors, such as the presence of myelin and possible additional pathological effects which introduce 

other trace metals, have to be considered as possible sources of paramagnetic signal, as they limit the 

accuracy of these MRI techniques in certain tissues. Improvement of QSM accuracy and possibility of 

true phase imaging was attempted, and seems promising [47]. 

5. Conclusion 

Ferritin is interesting for both medical and nanoscience applications. For this reason, it has been 

extensively studied throughout the past 70 years, and this literature study is a summary of the published 

work aimed at unravelling ferritin complex magnetic properties. 

Although the minerals inside the ferritin core each have their own magnetic order, they each behave 

superparamagnetically above their individual blocking temperature, due to uncompensated spins 

present on their surfaces. These TB are dependent on particle properties, such as particle size, magnetic 

anisotropy and characteristic relaxation time, and on the characteristic time of the measurement 

technique used.  

In order to probe the magnetic properties of ferritin, measurements should be performed both above 

and below TB unique to the minerals present therein. These measurements can focus both on the 

magnetic moments of nuclei or electrons, and on oxidation states present in the sample. 

Nuclear spin relaxation times have been found to show dependence on the amount of iron loaded into 

the ferritin protein. This dependence can potentially be of use in the development of biocompatible 

contrast agents in MRI and as a pathological biomarker in the detection and development of 

neurodegenerative diseases. 

Particle size distribution and elemental and chemical composition can be determined mainly via electron 

microscopy and EELS. These techniques allow for the determination of elemental ratios, such as the 

concentrations of Fe3+ and Fe2+ present in a sample. Comparison of EELS spectra with those obtained 

from samples of known chemical and crystal composition may allow the speciation of iron and its 

abundance in the core of ferritin. 

Through determination of magnetic susceptibility in experimental setups generally with SQUID 

magnetometry, one can determine and distinguish, among others, different magnetic orders present in 

the sample. 
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Direct investigation of the iron magnetic moment in the ferritin sample can be carried out with 

Mössbauer spectroscopy and EPR. The latter provides direct information on the crystal and ligand 

structure of the iron spins. 

As each of these techniques has different sensitivities, we foresee that new insights on the magnetic 

properties of ferritin can be gained through complementation of multiple techniques. 
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