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Abstract. The human brain can both synthesize minerals in situ and accumulate exogenous phases from the
surrounding environment. Some of the biogenic phases may represent evolutionary remains, whereas others are
crucial for many physiological functions of the neurological system. Yet an excess concentration of these min-
erals in the brain may be a precursor and/or a consequence of several neurodegenerative conditions, such as
Alzheimer’s and Parkinson’s diseases. In this regard, there is very little in the literature that is focused on the
minerals and mineraloids present in the human brain and on their physicochemical state. The gap in the litera-
ture is particularly wide for nanoscale and sub-nanoscale compounds. This review compiles the most significant
research on minerals and mineraloids in the brain, the related neurodegenerative diseases, and their relationship
with urban pollution. Here, we describe the strong link between neurodegenerative diseases and the presence of
biogenic and exogenous minerals and mineraloids. Additionally, we highlight the importance of medical miner-
alogy for investigating diseases related to such phases. Future research must focus on not only the mineralogical
characterization of particles in the brain but also the alteration and transformation of these particles in spe-
cific media and different locations in human brain cells and tissues. Further studies should attempt to perform
nanoscale to atomic-scale characterization of the structure, the surface, the valence state, and the electrical and
magnetic fields of the particles of interest.

1 Introduction

Biogenic mineralization occurs in many organisms, includ-
ing prokaryotes, plants, and animals. Magnetotactic bacteria,
for example, use biogenic magnetite (Fe3O4) nanocrystals
for geomagnetic orientation (Frankel et al., 1979; Bazylinski
et al., 2013). In the plant kingdom, crystalline Ca-oxalates
are very common (as phytoliths) and play a key role in
carbon storage (Stephens, 2012; Trouvé et al., 2023). Sim-
ilarly, silica phytoliths are biominerals that are deposited
in intracellular and extracellular plant structures (Piperno,
2006; Vigliaturo et al., 2019). In animals, the precipitation
of Ca-carbonate and Ca-phosphate biominerals is necessary
for the development of structures such as shells, bones, car-
tilage, and teeth (Boskey, 2007; Duer et al., 2009). In ad-

dition to carbonate and phosphate minerals, studies have
identified ferrimagnetic material in the tissues of animals
such as chitons, bees, pigeons, and salmon (Gould et al.,
1978; Kirschvink et al., 1985; Mann et al., 1988; Hanzlik et
al., 2000; Pósfai and Dunin-Borkowski, 2009). The function
of ferrimagnetic particles ranges from geomagnetic naviga-
tion (for magnetosensitive species), tooth hardening, Fe stor-
age, and possibly memory (Lowenstam, 1962; Gould et al.,
1978; Walcott et al., 1979; Mann et al., 1988; Chang and
Kirschvink, 1989; Banaclocha, 2002; Zuddas et al., 2013;
Krichen et al., 2017; Alfsen et al., 2018). A major scien-
tific breakthrough was made when researchers discovered
the presence of magnetite nanocrystals in a variety of human
brain tissues (Kirschvink et al., 1992).
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In the human brain, biomineralization is not always bene-
ficial for physiological processes and functions. It has been
suggested, for example, that the ability of eukaryotes, in-
cluding humans, to synthesize biogenic magnetite nanopar-
ticles (NPs) may be a latent, plesiomorphic trait inherited
from magnetotactic bacteria (Shubin et al., 2009; Bellinger et
al., 2022). Even though biogenic minerals may be crucial for
healthy human brain functions, other biomineralization pro-
cesses can contribute to devastating neurodegenerative con-
ditions. Pathological mineralization, i.e., abnormal growth
and accumulation of minerals inside soft tissues, can be toxic
and can trigger an inflammatory response, which may lead
to different diseases and, eventually, death. Virtually every
soft tissue in humans might be subject to pathological min-
eralization (Tsolaki and Bertazzo, 2019). For instance, cal-
cification in different regions of the brain has been linked
to Fahr’s disease, meningioma, and Parkinson’s disease (PD)
(Tsolaki and Bertazzo, 2019). Similarly, studies show a link
between minerals and several neurological disorders (e.g.,
Fe- and Li-containing minerals). For example, lithium car-
bonate (Li2CO3) is commonly used for the treatment of bipo-
lar disorder (Netto and Phutane, 2012; May et al., 2015),
but an excessive exposure to Li can cause reversible and ir-
reversible consequences, such as dementia, tremor, hyper-
reflexia, nystagmus, ataxia, and other brainstem-related ill-
nesses, as well as complications in other organs (Verdoux
and Bourgeois, 1991; Järup, 2003; Tchounwou et al., 2012;
Jaishankar et al., 2014; Ott et al., 2016). Moreover, both el-
emental Fe and Fe-oxide minerals are frequently observed
at different scales in different regions of the human brain
and may contribute to the decreased cognitive function as-
sociated with neurodegenerative disorders such as PD and
Alzheimer’s disease (AD) (Ward et al., 2014).

In addition to endogenous minerals, exogenous phases
(e.g., magnetite NPs) have been found in the human brain
(Maher et al., 2016) after exposure to particulate matter (PM)
in the urban environment. Once these particles and their
metal constituents enter the body, they may interact with
cells or body fluids. For instance, some particles can translo-
cate from the lungs to other parts of the body, such as the
nervous system or the liver. Alternatively, minerals can en-
ter the brain directly through the olfactory bulb (Maher et
al., 2016; Gonet and Maher, 2019), subsequently causing in-
flammation or oxidative stress in target tissues (Ward et al.,
2014). Fine PM, often associated with transition and post-
transition metals (e.g., lead in soils), can be particularly toxic
to humans and can cause devastating neurological effects
(O’Shea et al., 2021b). Global urbanization trends have led to
a greater risk of exposure to PM for urban populations (Chen
et al., 2014; United Nations Department of Economic and
Social Affairs, Population Division, 2019; Zhan et al., 2023),
and thus, organ-specific mineralogy has become an essential
component of interdisciplinary science.

The characterization of both biogenic and exogenous min-
erals and mineraloids in the human brain remains largely un-

explored. Nevertheless, some of these NPs may pose health
risks. Addressing this gap is crucial, since many human
activities lead to increasing concentrations of mineral and
mineraloid particles in the atmosphere and the surface en-
vironments of Earth (Gieré and Querol, 2010; Grobéty et
al., 2010; Dietrich et al., 2018, 2021; O’Shea et al., 2021a;
Caballero-Gómez et al., 2022; Dietrich et al., 2022). Accord-
ing to several studies, exogenous particles with diameters
smaller than 10 µm can be inhaled and may accumulate in
the brain if smaller than 200 nm (Calderón-Garcidueñas et
al., 2016; Maher et al., 2016). The link between the pres-
ence of excess reactive oxygen species (ROS) generating
solid NPs in the brain and neurodegenerative diseases is clear
(Casanova and Araque, 2003; Tsolaki and Bertazzo, 2019).
However, the physicochemical identity of these particles and
the mechanisms by which they interact with the host tissues
causing neurodegeneration remain poorly understood (Tso-
laki and Bertazzo, 2019). To better understand this relation-
ship, it is critical to study both biogenic (pathogenic and
non-pathogenic) and exogenous solid particles in the human
brain.

In this review, we compile recent findings on three aspects
of minerals and mineraloids occurring in the human brain,
namely (1) minerals that naturally precipitate in the human
brain, i.e., biogenic phases; (2) the contribution of air pol-
lution to the presence of exogenous phases inside the hu-
man brain; and (3) the possible relationship between sev-
eral diseases and the overexposure and subsequent accumu-
lation of certain minerals and mineraloids inside the human
brain. Specifically, we will highlight the presence and physic-
ochemical characteristics of minerals and mineraloids that
tend to generate ROS, which might be directly related to an
inflammatory response of the body, toxicity, and some dis-
eases. Moreover, we will discuss suitable methods for min-
eral characterization. To provide further information to the
reader, we have collected relevant papers on minerals and
mineraloids in the human brain (Table A1), and metals as-
sociated with Fe-oxides occurring in the urban environment
(Table A2).

2 Anatomy of the human brain

This brief summary on human brain anatomy is provided to
give context about where minerals and mineraloids of interest
have been observed in the brain and how they may interact
with the surrounding biochemical environment.

The central nervous system (CNS) is divided into two
main portions visible to the naked eye, namely the white mat-
ter and the gray matter. The white matter is composed mainly
of lipids, whereas the gray matter comprises the cortex, the
nuclei of neurons, and the ganglia (Kreutzer et al., 2011).
The brain is the primary component of the CNS in humans
(Clark et al., 2010) and consists of the cerebrum, cerebel-
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Figure 1. Scheme of the human brain. Image modified from Gray
and Lewis (1918).

lum, and brainstem (Fig. 1). The cerebrum and cerebellum
are surrounded by the cortex (Tsolaki, 2020).

The cerebrum is divided into several lobes and subcorti-
cal structures, including the hippocampus. The cerebral cor-
tex is a 2–4.5 mm thick mass of gelatinous material (Fischl
and Dale, 2000), which is split into two portions (left and
right) and four sets of primary lobes (frontal, parietal, tem-
poral, and occipital lobes; see Fig. 1) for a total of eight lobes.
Each lobe is dedicated to specific functions (Jones, 2017): the
largest primary lobe, the frontal lobe (Fig. 1), is located in
the front of the brain and has various functions ranging from
motor control to language generation; the parietal lobe is re-
sponsible for proprioception; the temporal lobe is responsible
for hearing and understanding of language; and the occipi-
tal lobe is responsible for visual computation. The cerebel-
lum (Fig. 1) is responsible for numerous functions, including
cognition, emotion, sensory reception, attention, threat, and
pleasure (Strick et al., 2009). The brainstem links the cere-
brum and the cerebellum to the spinal cord, and it is funda-
mental for the organism’s survival.

In the inner part of the cerebrum, there is a complex of
five subcortical nuclei called the basal ganglia (Fig. 2). The
basal ganglia include (1) the putamen and (2) the caudate nu-
cleus, which together form the striatum; (3) the globus pal-
lidus; (4) the substantia nigra; and (5) the subthalamic nu-
cleus. The primary function of the basal ganglia is to select
and carry out intentional actions in response to both inter-
nal and external stimuli (Simonyan, 2019). The basal gan-
glia are primarily responsible for facilitating voluntary move-
ments while simultaneously inhibiting movements that com-
pete with or interfere with them (Mink, 1996; Redgrave et al.,
1999; Simonyan, 2019). Their involvement is also connected
to the regulation of many other intricate non-motor functions,
including working memory, language, emotions, and proce-
dural learning (Simonyan, 2019). Closely related to the basal
ganglia are the amygdala (Fig. 2) and the thalamus (Fig. 2),

Figure 2. Scheme showing the basal ganglia, as well as the amyg-
dala and the thalamus. Image modified from Andruşca (2023).

both part of the limbic system, which is involved in short-
term memory, the sense of smell, and emotions (Friedman
and Chou, 2007). The amygdala is a group of nuclei located
in the midline, along with the putamen and caudate nucleus
(Friedman and Chou, 2007).

The environment of the CNS is separated from that of the
peripheral circulation by the blood–brain barrier (BBB). The
BBB maintains a homeostatic environment in which CNS
components can function without disruption from other body
functions (Dotiwala et al., 2023). The BBB is a selective
semipermeable membrane, located between the blood and
the interstitium of the brain. The BBB allows cerebral blood
vessels to control molecule and ion movement between the
blood and the brain tissues (Sanders et al., 2009; Dotiwala et
al., 2023; Gawdi et al., 2023). To achieve this function, the
BBB is composed of tight junctions and enzymes that pro-
vide physical and metabolic barriers, respectively (Correale
and Villa, 2009).

3 Minerals and mineraloids occurring in the human
brain

For decades, it has been known that the human brain contains
various metals in different speciations and that these metals
are unevenly distributed. For example, Duflou et al. (1989)
observed using particle-induced X-ray emission (PIXE) that
the elemental concentrations of K, Fe, Cu, Zn, Se, and Rb
were higher in gray matter than in white matter. Moreover,
Mn, Fe, and Cu were present in high concentrations (as el-
ements) in basal ganglia (Fig. 2), and no systematic differ-
ences in terms of elemental concentration between the two
hemispheres were noticed (Duflou et al., 1989).

While concentrations of these elements in the brain have
been thoroughly studied, very little information has been
gathered regarding the speciation of these elements in the
form of solid phases, such as minerals and mineraloids.
Moreover, little to no data have been collected to investi-
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gate the structural and ultra-structural localization of min-
erals with respect to brain cells, tissues, and compartments
(Tsolaki, 2020).

3.1 Minerals and mineraloids containing Fe occurring in
the human brain

Iron is vitally important for several biological processes that
take place inside the human brain, mainly because it is an
essential redox-active cofactor, which is involved in key ac-
tivities like respiration and redox sensing through Fe–S clus-
ters, heme, and mononuclear Fe sites that regulate protein
activity (Connor et al., 2001; Outten and Theil, 2009; Tisato
et al., 2009). For instance, Fe is an essential component of
enzymes that contribute to reactions (Everett et al., 2018).
Both Fe and Cu are used extensively in multiple physiolog-
ical processes that are strictly regulated and necessary for
the high energy demand of the human brain (Connor et al.,
2001; Scheiber et al., 2014). Iron is frequently needed for
several neuronal functions (Connor et al., 2001), such as en-
ergy production, nerve impulse transduction, and neurotrans-
mitter synthesis (Connor et al., 2001; Zecca et al., 2004). The
concentration of Fe ions is physiologically regulated by re-
dox reactions, such as the ferroxidase function of ferritin (Ev-
erett et al., 2021), a complex ferrihydrite–phosphate–protein
shell (Chasteen and Harrison, 1999; Connor et al., 2001).

The first observations of fine granular deposits of Fe in
human brain tissue, specifically in the gray matter and brain-
stem (Fig. 1), were made by Spatz (1922). Since these ob-
servations were obtained by optical microscopy, it was not
possible to identify the mineral species in the observed Fe
deposits, nor to determine their physicochemical character-
istics. Similar Fe deposits were later detected in the walls of
human blood vessels, also by means of optical microscopy
(Hadfield, 1929). A few years later, Gellerstend (1933) ob-
served Fe deposits in the occipital cortexes of individuals
over 65 years old without mental or neurodegenerative dis-
eases. While performing experiments on the brains of adult
humans and children, Tingey (1937, 1938) extracted non-
heme Fe (i.e., elemental Fe that does not bind to a por-
phyrin ring) using pyrophosphate and observed with opti-
cal microscopy that lower amounts of Fe were present in
the brains of children compared to those of adults. Cum-
ings (1948) quantified the amount of elemental Fe in each
anatomical part of six human brains and discovered that the
highest amount of elemental Fe was systematically found in
the globus pallidus, caudate nucleus, thalamus (Fig. 2), and
the cortical gray and white matter. Mahler (1955) discovered
that brain mitochondria as well as microsomes contain a con-
siderable amount of non-heme elemental Fe. The reported
increase in the concentration of non-heme elemental Fe in
the brain during development was attributed to changes in
the cell’s enzyme systems (Hallgren and Sourander, 1958;
Ward et al., 2014). Moreover, Hallgren and Sourander’s
study (1958) revealed that numerous portions of the cere-

brum contain high concentrations of elemental Fe, such as
the dentate nucleus, the basal ganglia, and a portion of the
midbrain. All these studies, however, merely determined the
presence of Fe deposits, without investigating the mineralog-
ical species and the physicochemical state of the phases or
possibly amorphous inorganic compounds present in the bio-
logical samples. This drawback is a result of having restricted
the investigations to optical microscopy and bench chemistry
techniques, making it impossible to determine the mineralog-
ical state of the Fe deposits detected.

To date, the two main ferrimagnetic minerals that have
been identified in the human brain are magnetite (Fig. 3a)
and maghemite (Fig. 3b) (Pósfai and Dunin-Borkowski,
2009). Magnetite (Fe2+Fe3+

2 O4) is the most common bio-
genic magnetic mineral found in many living organisms
(Kirschvink, 1992). Magnetite has a cubic structure (Bragg,
1915), in which Fe3+ is coordinated tetrahedrally with O,
whereas both Fe3+ and Fe2+ are coordinated octahedrally
with O (Fleet, 1981; Kozlenko et al., 2019). Natural mag-
netite at room temperature has structural defects, such as
an interstitial-vacancy couple similar to ferrous oxide (FeO)
(Wechsler et al., 1984). Maghemite (γ –Fe2O3) has the same
structure as magnetite, except that all Fe is trivalent and one-
sixth of the octahedral sites have random vacancies (Labarta
et al., 2005). Both magnetite and maghemite are recognized
as members of the cubic spinel group (Pecharroman et al.,
1995; Shokrollahi, 2017).

Due to their location, spatial orientation, and potential for
signal transmission, biogenic magnetite NPs may play an
important role in several cerebral functions. As a specula-
tive hypothesis, magnetite may contribute to systems that
control short-term memory (e.g., a prion–magnetite tandem
mechanism for memory storage), creativity, imagination, and
thinking (Zuddas et al., 2013; Alfsen et al., 2018). Biogenic
magnetite has been found in the hippocampus, the neocor-
tex, and the amygdala (see Fig. 2), all of which are brain
regions that are related to short-term memory (Kirschvink
et al., 1992; Dobson and Grassi, 1996; Dobson, 2001;
Shapiro, 2001; Brem et al., 2006). Theories suggest that in-
side the phospholipid membrane of human neuronal cells
are magneto-sensitive ionic channels (Kirschvink and Gould,
1981; Kirschvink, 1992; Kirschvink et al., 1992; Goychuk,
2018). The coexistence of both magnetite and these ion chan-
nels in the brain may indicate a link to neuronal activation
(Kirschvink and Hagadorn 2000; Cadiou and McNaughton,
2010). Moreover, sensorial neurons of the peripheral ner-
vous system present mechanosensitive ion channels, which
are responsible for our sense of touch, equilibrium, and pain
(Coste et al., 2010; Delmas et al., 2011). These mechanosen-
sitive channels may open when there is tension in the mem-
brane (Christiansen et al., 2019). Ferrimagnetic NPs, such
as magnetite, may influence these ion channels if the latter
are in proximity (Hughes et al., 2007; Lee et al., 2014; Tay
and di Carlo, 2017). Biogenic magnetite could be involved
in the neural-activity-associated magnetic fields (NAAMFs)
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Figure 3. Fe-oxide mineral phases in the human brain: (a) magnetite (COD code 9007644) and (b) ferrihydrite (COD code 9011571), created
with VESTA. O – blue; Fe – gray; tetrahedra – purple; and octahedra – red. The unit cell is shown in black.

generated in neocortical mini columns, as suggested by Ba-
naclocha (2002). Indeed, biogenic magnetite may be cru-
cial for the transmission of magnetic signals generated in-
side the neocortex (Banaclocha et al., 2010). Biogenic mag-
netite appears to be uniformly distributed in the membranes
of neurons and astrocytes (star-shaped glial cells in the CNS),
which produce the strongest magnetic fields in the brain
(Brem et al., 2006). The results of a study by Banaclocha
et al. (2010) suggest that NAAMFs may regulate the distri-
bution and organization of biogenic magnetite NPs in neu-
ronal membranes, which would mean that there is a nonran-
dom distribution of these crystals on neuronal surfaces. This
specific distribution of magnetite on neuronal surfaces could
play an important role in the induction of static 3D magnetic
constructs in neocortical astrocytes. Altogether, the distri-
bution of biogenic magnetite may allow for long-term data
storage in the neocortical astrocyte network (Banaclocha et
al., 2010). Biogenic magnetite crystals in the human brain
should interact more intensively with the Earth’s magnetic
field than other biogenic, diamagnetic, or paramagnetic sub-
stances, such as deoxyhemoglobin, ferritin, and hemosider-
ine (Zuddas et al., 2013). On the other hand, the interaction
between the Earth’s magnetic field and both biogenic mag-
netite and other biogenic diamagnetic or paramagnetic com-
pounds is somewhat limited due to the shielding effect of the
skull (Zuddas et al., 2013).

In general, biogenic magnetite ranges in size from tens to
hundreds of nanometers (nm), and the crystals can be divided
into three main dimensional groups, which are related to their
magnetic properties (Pósfai and Dunin-Borkowski, 2009; Li
et al., 2017). The first group is identified as single-magnetite
NPs, which are smaller than 30 nm and are superparamag-
netic (SPM) at room temperature (i.e., thermal motion con-

stantly shifts the orientations in which the crystals are mag-
netized) (Huber, 2005; Pósfai and Dunin-Borkowski, 2009;
Li et al., 2017). Biogenic magnetite in this size range can
be found, for instance, in humans (Quintana et al., 2004).
The second group is made up of magnetic single-domain
(SD) grains with diameters between approximately 30 and
120 nm. Magnetite particles in this group have been found
in a variety of organisms, including bacteria and fish (Pós-
fai and Dunin-Borkowski, 2009; Li et al., 2017). The third
group refers to isolated magnetite NPs, which are larger than
about 120 nm and which are identified as “magnetic multi-
domains” (MD) (Pósfai and Dunin-Borkowski, 2009; Li et
al., 2017).

Despite the general lack of research focused on the miner-
alogy of the human brain, there are some pivotal studies on
this topic. Magnetite NPs in the SPM and magnetic SD size
ranges have been found in the human brain (Kirschvink et
al., 1992; Quintana et al., 2004). Using isothermal remanent
magnetization (IRM), Kirschvink et al. (1992) discovered the
presence of magnetite and other ferrimagnetic minerals in the
cerebral cortex, cerebellum, and meninges (membranes sur-
rounding the brain and spinal cord). These researchers fur-
ther identified the presence of magnetite–maghemite crys-
tals of approximately 30 nm in size using high-resolution
transmission electron microscopy (HR-TEM) and selected-
area electron diffraction (SAED). According to Kirschvink
et al. (1992), in 1 g of the human brain there are around 5
to 100 million biogenic magnetite NPs, exhibiting diameters
ranging from 10 to 200 nm and having a bimodal distribu-
tion. Magnetite NPs in the human brain are located intra-
cellularly, tied to the membrane, and aggregated in chains
(Kirschvink et al., 1992; Quintana et al., 2004; Collingwood
et al., 2008). The magnetite found by Kirschvink et al. (1992)
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seemed to be mainly a magnetic SD (Zuddas et al., 2013).
Lattice images generated by SAED and HR-TEM examina-
tion combined with chemical analysis by energy-dispersive
X-ray spectroscopy (EDXS) revealed euhedral crystals, sug-
gesting their biogenic origin (Mann et al., 1988) since only
magnetite that grows in situ (e.g., the human brain) can dis-
play euhedral habitus (Mann et al., 1988). On the other hand,
Collingwood et al. (2008) used TEM dark-field images to an-
alyze the size distribution of SPM-sized magnetite particles
in amyloid plaques and suggested that these NPs may have
originated from a ferritin precursor.

Other than biogenic magnetite, non-heme Fe is stored in
the human brain in the form of approximately 8 nm NPs of
ferrihydrite (Fe3+

10 O14(OH)2) (Fig. 3b), a hydrous ferric ox-
ide surrounded by a protein shell. Beside ferrihydrite, inside
this protein shell known as ferritin, there are different per-
centages of phosphate (Treffry et al., 1987; Harrison and
Arosio, 1996; Michel et al., 2007). Unlike magnetite, fer-
rihydrite is anti-ferromagnetic (Gilles et al., 2002). Due to
the hydration and the multiple lattice vacancies, ferrihydrite
is usually the less stable precursor to mineral phases such
as hematite (Fe2O3), which is a canted anti-ferromagnet,
i.e., a phase with a very weak magnetic moment (Towe and
Bradley, 1967; Eggleton and Fitzpatrick, 1988). Some theo-
ries suggest that the ferrihydrite inside ferritin could be the
precursor to biogenic magnetite NPs (Plascencia-Villa et al.,
2016; Gorobets et al., 2017), but there is no evidence for a
direct transition from ferrihydrite to magnetite in the human
brain (Gálvez et al., 2008; Quintana and Gutiérrez, 2010;
Friedman et al., 2011; Gorobets et al., 2017).

3.2 Minerals and mineraloids containing Al and Si
occurring in the human brain

Aluminum is a nonessential toxic element (WHO, 2011), and
it has been detected mostly inside the gray matter (approxi-
mately 0.40 µgg−1 dry weight) via laser microprobe mass
analysis (LAMMA) and inductively coupled plasma mass
spectroscopy (ICP-MS) (Freundlich, 1985; Bush et al., 1995;
Roider and Drasch, 1999; Reusche et al., 2001; Exley and
House, 2010). Specifically, the presence of Al was reported
in several regions of the human brain. Aluminum concentra-
tions of up to approximately 50 µgmL−1 (dry weight) were
detected in the BBB (Exley et al., 2006), as well as in the
interstitial fluid, non-neuronal cells (i.e., astrocytes, oligo-
dendrocytes, microglia, mononuclear migratory cells), and
neurons. Moreover, studies conducted by LAMMA (Bush
et al., 1995; Bouras et al., 1996; Reusche et al., 2001), X-
ray spectroscopy (Shirabe et al., 2002), and fluorescence mi-
croscopy (Exley and Mold, 2020) demonstrated that amyloid
plaques, neurofibrillary tangles, Lewy bodies, and lipofuscin
can act as sinks for the deposition of Al (Exley and House,
2010). Consequently, it was theorized that Al deposited in
neurofibrillary tangles could be an etiologic agent for neu-
rodegenerative disorders (Perl and Moalem, 2006). This the-

ory is consistent with the findings of Candy et al. (1986),
who reported NPs recognized as aluminosilicates in the cores
of amyloid plaques occurring in the brain. The identifica-
tion of these crystalline phases, however, was achieved us-
ing SEM-EDXS, and thus, there is no information on the
crystal structure, d spacing, or the detailed morphometry of
these compounds. High-resolution investigation techniques
such as high-resolution scanning/transmission electron mi-
croscopy (HR-S/TEM), EDXS, dual-electron energy loss
spectroscopy (EELS), and 4D-STEM are needed to inves-
tigate the crystallochemical identity of these NPs. The pres-
ence of Al and Si in the cores of amyloid plaques was in-
vestigated by multiple research teams, but the results were
contradictory, and no significant concentration of Al and Si
was found through LAMMA in the cores of amyloid plaque
in cases of investigations into AD (Stern et al., 1986; Lands-
berg et al., 1992).

To the best of our knowledge, no other recent study
demonstrated the presence of specific silicates in the hu-
man brain, either exogenous or biogenic. Nevertheless, ex-
ogenous silicate NPs could potentially enter the human brain
since manufactured Si phases are ubiquitous in urban settings
(e.g., amorphous silica, crystalline silica, glass beads in traf-
fic paint) (Reuzel et al., 1991; Lewinson et al., 1994; ATSDR,
2019; O’Shea et al., 2021c; Burghardt et al., 2022).

3.3 Minerals and mineraloids containing Cr occurring in
the human brain

The most common oxidation states of Cr in the near-surface
environment are Cr3+ and Cr6+. It is common knowledge
that Cr3+ is an important micronutrient, which plays a role
in glucose metabolism (Reeder et al., 2006). On the other
hand, Cr6+ is a carcinogen, is linked to both acute and
chronic health impacts, and is a contact allergen (EPA, 1998;
ATSDR, 2000). Chromium exposure occurs mostly through
drinking water, unintentional ingestion of soil, and inhala-
tion of mineral dust that contains Cr (O’Shea et al., 2021c).
After Cr assimilation, Cr6+ is more bioavailable than Cr3+

(ATSDR, 2000; Reeder et al., 2006). Unlike Cr3+, Cr6+ may
easily pass through the membrane of cells, such as red blood
cells, and reach all organs, including the brain (ATSDR,
2000; Reeder et al., 2006).

To the best of our knowledge, the presence of biogenic
Cr minerals in the human brain has never been reported.
However, since anthropogenic Cr-bearing NPs are common
in urban PM (Adachi and Tainosho, 2004; Sanderson et al.,
2014; O’Shea et al., 2021c), they may pose a risk to human
health, as they are sufficiently small to pass through the BBB
(Kreuter et al., 2002). O’Shea et al. (2021c) studied the pos-
sible physicochemical interactions between simulated gas-
trointestinal fluids and Si-coated crocoite (PbCrO4) in yel-
low traffic paint, but no research was carried out with simu-
lated brain fluids. An experimental setup similar to the one
described in O’Shea et al. (2021c) could be easily adapted
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to explore the interaction between crocoite and brain flu-
ids or neuron cytoplasm. Nevertheless, some studies were
conducted to investigate possible neurotoxic effects in ani-
mal models after chronic exposure to exogenous Cr-oxide.
Fatima et al. (2017) focused on biochemical and histolog-
ical changes in the kidneys and brains of rats exposed to
Cr2O3 NPs. At the end of the experiment, the researchers
detected an increased production of ROS, higher malondi-
aldehyde concentration, and decreased superoxide dismutase
and glutathione levels, indicating cellular injury and func-
tional impairment. It can be deduced that exposure to Cr-
oxide NPs may have similar consequences in humans, but
no studies have been performed on humans, nor was Cr de-
tected in thin sections of the human brain, possibly due to
instrumental limitations (e.g., insufficient spatial resolution).

3.4 Minerals and mineraloids containing Cu, Ni, Co, and
Pt occurring in the human brain

Copper phases containing bivalent (Cu2+), monovalent
(Cu+), and metallic (Cu0) Cu have been detected in amy-
loid plaques through synchrotron-based scanning transmis-
sion X-ray microscopy (STXM) (Everett et al., 2021). Using
HR-TEM–EDXS, Maher et al. (2016) observed the presence
of other heavy metals (e.g., Ni, Co, Pt) within particles re-
trieved from the frontal cortex of 37 human brains. NPs have
high specific surface areas, potentially enhancing the surface
adsorption of some heavy-metal cations (Halsall et al., 2008;
Maher, 2019).

3.5 Minerals and mineraloids containing P and Ca
occurring in the human brain

Calcification in the human brain is a well-documented phe-
nomenon, involving Ca deposits in various regions of the
brain, ranging from perivascular areas to the basal gan-
glia complex (Mahy et al., 1999; Loeb et al., 2006; Maet-
zler et al., 2010; Monfrini et al., 2023). Brain calcification
has been associated with several neurological disorders, in-
cluding Fahr’s disease, AD, PD, and the normal aging pro-
cess (Mahy et al., 1999; Loeb et al., 2006; Monfrini et al.,
2023). Small crystalline particles primarily composed of Ca-
carbonate have been detected in the pineal gland, an organ lo-
cated in the anatomical center of the human brain (Baconnier
et al., 2002). These particles resemble calcite crystals and ex-
hibit piezoelectricity. The growth of these crystals could be
regulated by acidic glycoproteins, similar to those used dur-
ing biomineralization processes in other organisms such as
sea urchins and sponges (Aizenberg et al., 1997; Baconnier
et al., 2002).

Mahy et al. (1999) examined basal ganglia tissue using
TEM-EDXS and concluded that in the basal ganglia there are
depositions of Ca and P compounds that correspond to ap-
atite. The Ca/P ratio and particle size (> 10 µm) of these Ca
and P compounds further support the hypothesis that these

deposits are biogenic (Mahy et al., 1999). Mahy et al. (1995)
concluded that the Ca and P biogenic precipitation in the
basal ganglia could be part of a compensatory response to
excitotoxic neurodegeneration.

4 Biomineralization in the human brain and
similarities to magnetotactic bacteria

Magnetotaxis is a mechanism used by magnetotactic bac-
teria to align themselves to Earth’s magnetic field (Pósfai
and Dunin-Borkowski, 2009). Magnetotactic bacteria accu-
mulate Fe from the surrounding environment and crystallize
ferrimagnetic particles within the cell (Pósfai and Dunin-
Borkowski, 2009). Arrangement of these magnetite crystals
in a line from head to tail gives the cell a dipole moment, al-
lowing for its passive orientation followed by active motility
by flagella along magnetic field lines (Gould and Kirschvink
1978; Blakemore, 1982).

The size, shape, and spatial orientation of synthesized
magnetite must be tightly regulated in magnetotactic bacte-
ria (Pósfai and Dunin-Borkowski, 2009) by biologically con-
trolled mineralization (BCM) (Staicu et al., 2021) for the
crystal to perform a specific function. Magnetotactic bac-
teria accumulate and crystallize magnetite nanocrystals in-
side specific organelles called “magnetosomes” (Gorby et
al., 1988; Vali et al., 1991; Faivre and Schüler, 2008). Mag-
netosomes are subcellular structures (an ensemble of the
phospholipid membrane vesicle and the magnetic nanocrys-
tal inside) encoded by about 30 genes, most of which are
located on a magnetosome genomic island (Fukuda et al.,
2006). Firlar et al. (2016) used high-angle annular dark field
(HAADF) STEM with EDXS imaging, SAED, and STEM-
EELS to investigate the sizes and crystalline structures of
particles created by magnetosomes as well as the chemi-
cal environment of Fe and O in the magnetosomes. Firlar
et al. (2016) discovered that the increase in particle size of
the biomineral phase over time is closely connected with
biomineralization of NPs. The initially generated magneto-
somes are amorphous ferric hydroxides smaller than 10 nm
in size. These are then converted to crystalline two-line fer-
rihydrite in the transition stage (i.e., 10–15 nm) and finally
to magnetite, with a remnant of two-line ferrihydrite. HR-
TEM observations of bacterial biogenic magnetite revealed
stoichiometric, perfectly crystalline NPs (with diameters be-
tween 35 and 50 nm) that were consistent in shape, uniformly
magnetized, usually elongated along the [111] direction, and
contained a relatively low number of impurities compared to
abiotically grown crystalline magnetite (Butler and Banejree,
1975; Mann et al., 1984a, b; Mann, 1985; Vali et al., 1991;
Diaz-Ricci and Kirschvink, 1992). Even though magneto-
some magnetite is usually chemically pure, Mo and Sn have
significant affinities for magnetite synthesized by magneto-
tactic bacteria, most likely due to the metabolic relevance of
these elements, which must be absorbed into the intracellu-
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lar medium to sustain the bacterial metabolic activity (Amor
et al., 2020). Clearly, HR-TEM techniques are needed to in-
vestigate nanoscale to atomic-scale NPs in organisms (in this
case, magnetotactic bacteria) (Firlar et al., 2016). The same
procedures can be applied to tissue sections of the human
brain.

As in the case of magnetotactic bacteria, some theories
suggest that several migratory vertebrates, including turtles
(Pósfai and Dunin-Borkowski, 2009), birds (Hanzlik et al.,
2000), and salmon (Mann et al., 1988), may synthesize fer-
rimagnetic NPs in their brains. These theories, however, are
also criticized by other studies (Treiber et al., 2012; Edelman
et al., 2014; Mouritsen, 2018) that did not identify any bio-
genic ferrimagnetic NPs in brain tissues of migratory birds.
However, magnetosome gene homologues (MGHs), which
comprise roughly 11 genes, are universally present in eukary-
otes (Bellinger et al., 2022). MGHs are homologous to the
magnetotactic bacteria genes deputed to magnetite biomin-
eralization (Bellinger et al., 2022). These MGHs include the
MamE gene (responsible for protein storage in magnetotac-
tic bacteria) and the MamH and MamN genes (both dedi-
cated to magnetite crystallization in magnetotactic bacteria).
The MamH and MamN genes, for instance, are members of
the mamAB operon (Lohße et al., 2011; Murat et al., 2010).
There is no evidence for the presence of MGHs from the
three other magnetosome-associated operon-like gene clus-
ters (mamGFDC, mamXY, and mms6).

The presence in the human genotype of only one homolog
gene for transcribing the protein designated for the synthe-
sis of biogenic magnetite (Gorobets et al., 2013, 2014; Med-
viediev et al., 2017) implies that during the synthesis of bio-
genic NPs, human cells are not able to completely control
the dimensions, shape, crystallinity, and chemical compo-
sition of the mineral phases since humans do not possess
all MGH operons assigned to control these features (Goro-
bets et al., 2014). Bellinger et al. (2022) hypothesized that
magnetite biomineralization could represent profound ho-
mology, a latent, plesiomorphic ability (genetic and cellular)
to synthesize biogenic magnetite NPs (Shubin et al., 2009)
for magnetoreception purposes in eukaryotes, including hu-
mans (Vali et al., 1991; Kirschvink and Hagadorn, 2000).
Indeed, biological functions such as hardening certain or-
gans (Lowenstam, 1962) or storing Fe (Pósfai and Dunin-
Borkowski, 2009) as a source of chemical energy to sustain
a cell’s metabolism (Byrne et al., 2015) are largely indepen-
dent from the crystals’ physical characteristics.

5 Exogenous minerals and mineraloid exposure
pathways

The term “atmospheric PM” refers to solid and liquid parti-
cles that are suspended in the air and are derived from natural
or anthropogenic processes (Gieré and Querol, 2010; WHO,
2021). As PM can be emitted from various sources, includ-

ing industrial facilities, power plants, incinerators, cars, vol-
canoes, and fires, it varies in composition and size (Mora-
bet, 2018). The World Health Organization (WHO) imple-
mented the air quality guidelines (AQGs) and estimated ref-
erence levels (RLs), taking into consideration sizes of 10 µm
or less, which are inhalable by humans (WHO, 2021). PM is
then categorized into two size groups: PM10 is particles with
an aerodynamic diameter of 10 µm or less, whereas PM2.5
is particles with an aerodynamic diameter of 2.5 µm or less.
In the scientific community, an additional size category – ul-
trafine particles (UFPs) – has been defined as particles with
an aerodynamic diameter of 0.1 µm or less (Li et al., 2016;
Kwon et al., 2020; WHO, 2021).

The main pathway by which people are exposed to air-
borne contaminants is through inhalation (Leikauf et al.,
2020). After initial inhalation, particles are deposited de-
pending on their size (Fig. 4). For example, PM10 is se-
questered in the upper airway or conducting lower air-
ways, whereas PM2.5 can reach the bronchioles and alve-
oli (Oberdörster, 1993; Kreyling et al., 1999; Möller et al.,
2004). UFPs, on the other hand, can reach several other ar-
eas of the body, including the brain. The uptake of UFPs by
nerves in the upper and lower respiratory tract was already
demonstrated decades ago (Hunter and Dey, 1998; Hunter
and Undem, 1999). Upon inhalation, UFPs pass through the
nasal canal and can directly reach the olfactory nerve (and
the related olfactory bulb), as well as the trigeminal, facial,
and glossopharyngeal nerves (Calderón-Garcidueñas et al.,
2019). The nasal mucosa contains sensory nerve endings
of the ophthalmic and maxillary branches of the trigemi-
nus nerve: these can represent an alternative translocation
pathway for solid UFPs (Hunter and Dey, 1998; Schaefer et
al., 2002). The olfactory nerve act as a direct link between
the respiratory tract and the CNS (Calderón-Garcidueñas et
al., 2019, 2020). This intersection between UFPs, the up-
per respiratory system, and the brain was demonstrated by
Calderón-Garcidueñas et al. (2016), who found deposits of
UFPs in the nose and portions of the brains of children liv-
ing in metropolitan Mexico City. If not directly detected by
the olfactory nerve, UFPs can easily migrate to the lower res-
piratory tract, reaching the alveoli, where they interact with
the alveolar macrophages. Most particles are sequestered by
macrophages (Takenaka et al., 2001). All particles that have
been sequestered by macrophages are englobed in the mu-
cus layer and subsequently transported to the oropharynx and
hence swallowed into the gastro-intestinal tract (Oberdörster,
1993; Semmler-Behnke et al., 2007; Beamish et al., 2011).
However, macrophages that interact with PM2.5 and UFPs
can undergo a phenomenon known as “frustrated phagocy-
tosis”, which means that these cells may not entirely digest
the particles detected and may even shrink, making it eas-
ier for particles to enter the bloodstream. This phenomenon
depends on the size and shape of the particles (Honarpisheh
et al., 2017; Francis et al., 2022; Wieland et al., 2022). On
the other hand, UFPs may not be detected and intercepted
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by macrophages and may pass through the air–blood barrier
(ABB), thus entering the blood circulation. The ABB is com-
posed of the alveolar epithelium, the fused basement mem-
brane, and the capillary endothelium (MESH NCBI, 2024).
The ABB separates capillary blood from alveolar air, permit-
ting pulmonary gas exchange (Su et al., 2020; MESH NCBI,
2024). Once in the blood circulation, UFPs can pass the
BBB, especially when it is compromised, and penetrate the
neurovascular unit (NVU). If protein- or lipid-coated, UFPs
have an increased chance of entering the CNS and reaching
the brain (Kreuter et al., 2002). Maher et al. (2016) were the
first to highlight the presence of spherical magnetite NPs (up
to 150 nm across) in the frontal cortex (Fig. 1) of 37 hu-
man brains, using HR-TEM-EDXS and a superconducting
quantum interference device for magnetic analysis (SQUID
magnetometry). The spherical shape and smooth surface tex-
ture of these particles indicate formation at high temperatures
(i.e., combustion processes – Gieré et al., 2003). Further-
more, their spherical morphology is not consistent with the
euhedral morphology of biogenic magnetite (Kirschvink et
al., 1992). The surface texture, size, and size distribution of
these spherical magnetite NPs described are totally distinct
compared to the biogenic magnetite described in previous
studies (Kirschvink et al., 1992; Schultheiss-Grassi, 1999;
Quintana et al., 2004), suggesting that they originate from
anthropogenic sources (Maher et al., 2016).

Another possible pathway by which PM can reach the
blood circulation and consequently the brain is through in-
gestion. According to several studies (Oberdörster, 1993;
European Commission, 2002; Kampa and Castanas, 2007;
Beamish et al., 2011; De Brouwere et al., 2012; Salim et al.,
2013; Calderón-Garcidueñas et al., 2020; Hammond et al.,
2021), PM can be directly ingested by consuming contami-
nated food. An individual is thought to consume 1012–1014

microparticles each day (Lomer et al., 2002, 2004). These di-
rect and indirect (i.e., through the macrophage mucus men-
tioned above) modes of exposure can collectively expose the
digestive tract to considerable levels of PM (Oberdörster,
1993; Beamish et al., 2011; De Brouwere et al., 2012; Salim
et al., 2013).

UFPs that easily reach the brain can be a good vector for
other toxic elements previously suspended in the polluted
air, as highlighted in Acosta et al. (2011). The presence of
transition metals in the structure or adsorbed onto the sur-
face of mineral particles could represent a potential risk to
human health due to their physical and chemical proper-
ties, such as redox activity, magnetic behavior, and surface
charge (Schoonen et al., 2006; Maher, 2019). The smaller
size of particles is associated with a larger specific surface
area, which has a major influence on the particles’ cytotoxic-
ity (Oberdörster, 2000; Donaldson et al., 2001). For example,
the cytotoxicity of PM2.5 is largely attributed to heavy met-
als, which are a significant component of PM2.5 and can be
bioaccumulated in the body (Fang et al., 2013). Kanapilly et
al. (1982) found a difference in pulmonary deposition and

retention between 20 and 100 nm particles of gallium ox-
ide, whereby the smaller ones were cleared more rapidly
by the lungs; an explanation for this could be that 20 nm
particles are too small to be detected and hence phagocy-
tized by macrophages, allowing them to translocate into the
blood. According to earlier research, PM-bound metals may
have a negative impact on human health (Lai et al., 2016).
Despite the potential risks posed by the exposure to transi-
tion and post-transition metal-bearing NPs from urban road
dust, little to no research has considered how nanoscale and
sub-nanoscale particles enriched in heavy metals at or near
their surface affect these interactions in a brain-simulating
medium or in a real system. Without any doubt, having
more information about the interaction of these particles at
nanoscale resolution will provide useful contributions to the
understanding of the mechanistic processes leading to tox-
icity and damage to the human brain. For this reason, the
characterization of UFPs and the bulk-absorbed or surface-
adsorbed heavy metals is necessary to predict their path to
and through the human brain (Swift et al., 1992; Cheng et
al., 1993).

6 Brain diseases related to biogenic and exogenous
minerals and mineraloids

Neurological disorders affect the body’s autonomic, periph-
eral and central nervous systems (Farooqui, 2016). World-
wide, neurological disorders are the main cause of disability,
and the second-most-frequent cause of death (Steinmetz et
al., 2024). Enquiries conducted by the Global Burden of Dis-
ease (GBD) showed that since 1990, the number of deaths
from neurological disorders increased by 39 %, while the
disability-adjusted life-years (DALYs, i.e., the sum of years
of life lost and years lived with disability) increased by 15 %
(Feigin et al., 2019). In addition to their crucial cerebral func-
tions, Al- and Si-containing NPs, Ca phosphates, and Fe min-
erals detected in the human brain have been linked to neu-
rological disorders (Candy et al., 1986; Mahy et al., 1999;
Hautot et al., 2003; Quintana et al., 2004; Loeb et al., 2006;
Maetzler et al., 2010; Monfrini et al., 2023). Neurodegener-
ative diseases are a subset of neurological disorders charac-
terized by the progressive degeneration of nerve cells (neu-
rons), and they include AD, PD, and Huntington’s disease
(Gorell et al., 1997; Ballard et al., 2011; Everett et al., 2021).
The most prevalent form of dementia is AD, followed by PD
(Gorell et al., 1997; Parasrampuria et al., 2023; Martyr et al.,
2024).

In general, several transition and post-transition metals
have been found to be associated with multiple neurodegen-
erative diseases or detrimental conditions, whereby the ef-
fects are usually related to the ability of their host minerals to
directly or indirectly produce ROS: firstly, some of the min-
erals that may reside in the human brain can release metal
ions or adsorb metals or chemical compounds (e.g., poly-
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Figure 4. Simplified scheme of the inhalation pathways of PM10, PM2.5, and UFPs.

cyclic aromatic hydrocarbons), which can become electron
donors and increase the rate of ROS formation; secondly, ex-
tremely reactive minerals or crystal-lattice defects may inter-
act with carbon dioxide, water, or molecular oxygen to gen-
erate ROS; and lastly, exogenous insoluble minerals, which
are ingested or internalized via the respiratory system, can
cause cellular inflammation and produce secondary cellular
ROS (Schoonen et al., 2006; Maher, 2019).

Amyloid plaques, extracellular deposits composed mainly
of neural axons, amyloid beta (Aβ) proteins, and precip-
itated metal ions, are symptoms of neurodegenerative dis-
eases, including AD (Yang et al., 2022). The presence of
magnetite was only recently discovered in amyloid plaques
(Plascencia-Villa et al., 2016; Telling et al., 2017; Everett et
al., 2018) and may play an important role in neurodegener-
ation. Whether this role is part of the progression or the ini-
tiation of neurodegenerative disease is still unclear (Dobson,
2001). Elemental Cu and Zn are typically also bound by amy-
loid plaques (Lovell et al., 1998; Everett et al., 2021). The
precipitation and deposition of Fe inside amyloid plaques
may result from a possible perturbation in Fe homeostasis
and dopamine metabolism (Connor et al., 2001). A perturba-
tion of this sort can lead to excess Fe in brain cells (Ru et al.,
2024). Goodman (1953) was the first to discover an abnor-
mal accumulation of Fe in the brains of patients affected by
AD. Other studies agree that there is a correlation between
elevated Fe concentrations and neurodegenerative diseases
(Beard et al., 1993; Smith et al., 1997). Increased levels of
material containing Fe2+ may catalyze redox processes in-
side the human brain, which can cause the progression of
neurodegenerative diseases (Hautot et al., 2003; Everett et
al., 2018). Magnetite is thermodynamically more stable than
other Fe phases, including Fe2+ ions, under the conditions
found in the brain, so its correlation with AD pathogenesis is
extremely important (Castellani et al., 2007). There is also a

reported link between the formation of magnetite crystals in
human brains and other neurodegenerative diseases (Dobson
and Grassi, 1996; Dobson, 2001; Hautot et al., 2003). From
these studies, researchers hypothesized that neurodegenera-
tive diseases, such as AD, are linked to SPM magnetite par-
ticles since they are observed in amyloid plaques (Colling-
wood et al., 2008). Because Fe accumulation and associated
oxidative stress have been shown to be early symptoms of
AD (Nunomura et al., 2001), the presence of excessive quan-
tities of redox-active Fe may be an important factor in trig-
gering amyloid plaque aggregation and free-radical damage
(Everett et al., 2018).

Hautot et al. (2003) used highly sensitive SQUID magne-
tometry to detect the presence of magnetite in human brain
tissue and to distinguish it from the ferrihydrite NPs (which
are encapsuled in the ferritin protein shell) (Massover, 1993;
Chasteen and Harrison, 1999). The samples were retrieved
from human brain tissues of both AD-affected patients and
people who died with no known neurodegenerative diseases.
The samples were then divided into two categories: one with
a considerable amount of magnetite and the other contain-
ing little to no magnetite. The results obtained by Hautot
et al. (2003) confirmed the expected dominance of ferrihy-
drite in the brains of both populations. However, brain sam-
ples with considerable concentrations of magnetite (between
1 and 7 µg of magnetite per gram of dry tissue) belonged
to people affected by AD (Hautot et al., 2003). Quintana et
al. (2004) used HR-STEM techniques as well as both EDXS
and EELS to determine if there was a mineralogical differ-
ence in the ferritin core between samples from people who
died with no known neurodegenerative disease (“healthy” tis-
sues) and those of patients affected by neurodegenerative dis-
eases. The authors found that ferritin retrieved from healthy
tissues was composed mainly of ferrihydrite, whereas ferritin
retrieved from tissues from AD and PD patients was com-
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posed mainly of magnetite and hematite (Quintana et al.,
2004). Pankhurst et al. (2008) proposed that the brains of
people affected by AD could synthesize biogenic magnetite
at an accelerated rate. These authors studied a small sam-
ple composed of white Caucasian subjects (five male and six
female patients affected by AD, with four male controls and
seven female controls) and noticed that the highest magnetite
concentrations and the smallest particles were all from sub-
jects affected by AD; thus magnetite concentration could be
related to the duration of the disease, age, and concomitance
of other diseases. In addition, the female AD-affected group
exhibited the highest magnetite concentration, suggesting a
difference between sexes (Pankhurst et al., 2008). The au-
thors of this study attributed the higher magnetite concentra-
tion in the female group to the fact that menstruation affects
Fe absorption and management, and their study may have ob-
served the long-term effects of this (Pankhurst et al., 2008).
In another study, no relationship between age and magnetite
concentration in females was observed in an investigation
of hippocampus tissue from cases with or without epilep-
tic seizures (but no females with AD were examined) (Dob-
son, 2001). The conclusions of Pankhurst et al. (2008) are not
compatible with the findings of a more recent study by Ham-
mond et al. (2021), who did not observe any significant vari-
ation in the concentration of ferrimagnetic particles between
samples from AD patients and those from deceased people
with no known neurodegenerative diseases. In both groups,
higher concentrations of magnetite were seen in the frontal
lobe in relation to the entorhinal cortex (Hammond et al.,
2021). Therefore, further studies are needed in this regard,
utilizing more advanced analytical techniques. Having more
information about the crystallochemical nature of magnetite
NPs and their localization and accumulation in the brains
of both AD and healthy patients will help in determining
whether indeed there may be a correlation between magnetite
(biogenic or exogenous) and neurodegenerative diseases.

Plascencia-Villa et al. (2016) extracted amyloid-plaque
cores from the brains of AD patients and, through HR-TEM–
EDXS investigations, detected Fe NPs with spherical and
elongated shapes, ranging in size from 8 to 50 nm, in di-
rect association with the amyloid-plaque cores. These Fe NPs
had inter-planar distances of 0.46 nm, which are compatible
with the crystal structure of magnetite (Plascencia-Villa et
al., 2016). The formation of these magnetite NPs was at-
tributed to biological processes rather than an external pollu-
tion source (Plascencia-Villa et al., 2016). Specifically, mag-
netite NPs might form through the aggregation of ferrihy-
drite derived from ferritin or because of the presence of Aβ.
The Aβ protein facilitates localized increases in redox-active
Fe2+, and this process may lead to the precipitation of mag-
netite NPs (Everett et al., 2014a, b). More recently, Everett
et al. (2021) isolated and analyzed amyloid plaques through
STXM and were able to demonstrate the presence of both
Fe and Cu in different chemical and redox states within the
same amyloid plaque. Everett et al. (2021) hypothesized that

after exposure to Fe and Cu, these elements were collected in
the brain and enhanced the development of amyloid plaques.
Indeed, Everett et al. (2021) were the first to report Cu0,
which appeared to precipitate within amyloid-plaque cores in
brain tissue. The mechanism of Cu0 precipitation in amyloid-
plaque cores is still not clear. In plants, fungi, and bacteria,
it has been demonstrated that Cu0 and Fe0 are enzymatic re-
duction products coupled with the oxidation of glucose (Jang
et al., 2015; Everett et al., 2021). An overexposure of the hu-
man brain to elemental Zn and Cu may contribute to the pre-
cipitation of Aβ proteins (Bush, 2003) and, consequently, the
formation of amyloid plaques.

While neurodegenerative diseases are clearly linked to an
excess of certain minerals and mineraloids in the brain, there
is no exhaustive explanation for the trigger mechanism(s) of
these diseases (Tsolaki and Bertazzo, 2019). Even though
a correlation between the valence state of Fe and neurode-
generative diseases has already been demonstrated (Kruer,
2013), the valence state is not usually determined in histo-
chemical investigations. Most of the Fe in the body is stored
in the trivalent state because Fe3+ is less reactive than Fe2+

and, unlike the bivalent form, does not produce free radicals
through the Fenton reaction (Pankhurst et al., 2008). Indeed,
Fe-mediated lipid peroxidation, driven by Fe2+–dioxygen
chemistry or hydroxyl radical generation, is a key contributor
to free-radical-induced oxidative damage in brain injury and
pathology (Schafer et al., 2000). The presence of any reactive
metal, like Fe or Cu, can force the brain into high oxidative
stress, which may trigger neurodegenerative diseases (Bush,
2003; Kell, 2009; Everett et al., 2021).

7 The anthropogenic imprint on the brain
mineralogy

Since PM concentration in the atmosphere is in many cases
related to human activities, especially in densely populated
settings, it is fundamental to consider urbanization trends,
which may impact the brain mineralogy. Approximately half
of the world’s population now resides in urban areas, and this
number is expected to grow in the coming decades (Chen et
al., 2014; United Nations Department of Economic and So-
cial Affairs, Population Division, 2019, 2022). In addition to
the world’s growing urban population, the number of vehi-
cles per capita has increased as well (e.g., for the EU, Eu-
rostat, 2023; and for the United States, EERE, 2023). In this
context, the need to reduce fossil fuel emissions is driving the
expansion of electric car availability (ACEA, 2023). Since
electric cars are generally heavier than traditional gasoline-
and diesel-burning vehicles and exhibit a higher torque, non-
exhaust emissions, i.e., brake- and tire-abrasion particles, are
increasing along with the number of electric cars (Fussell et
al., 2022). According to a study by Querol et al. (2004), ur-
ban settings as opposed to rural and suburban sites recorded
the highest concentration of crystalline phases present in
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PM. Some of the main contributors to the increased concen-
tration of crystalline phases in PM include transportation-
related emissions (including both exhaust and non-exhaust
emissions), industrial processes, construction, and the use
of fossil fuels for heating and cooking purposes (Fenger,
1999; Nyirő-Kósa et al., 2022; Power et al., 2023). Further-
more, concentrations of toxic metals in atmospheric PM are
higher in urban than in rural areas (Lu et al., 2010). Ac-
cording to Acosta et al. (2011), who focused on the particle
size distribution of atmospheric dust in Murcia (Spain), all
dust particles with a diameter < 2 µm derived from anthro-
pogenic activity can adsorb larger numbers of heavy-metal
ions onto their surfaces compared to “natural” dust. Indeed,
other studies showed that heavy metals are more prominent
in the fraction of road dust with a diameter of less than ap-
proximately < 45 µm because the high specific surface area
of the PM led to enhanced adsorption (Sutherland, 2003;
Acosta et al., 2011; Navarro-Ciurana et al., 2023). Due to
the direct relationship between specific surface area and size,
UFPs are especially dangerous for humans since they can
transport heavy-metal ions directly to organs, including the
brain. Ferromagnetic Fe-oxides constitute the majority of the
Fe-bearing particles released by vehicles (Yang et al., 2016;
Nyirő-Kósa et al., 2022). These include mixtures of mag-
netite, maghemite, and hematite. Some metallic Fe (α-Fe)
has also been recorded (Yang et al., 2016; Gonet and Ma-
her, 2019). Crystalline Fe-(hydr)oxide phases have a high
affinity to metal ions, and thus, metal ions adhere easily to
Fe-(hydr)oxide surfaces (Bruemmer et al., 1988; Maher et
al., 2008; Wang et al., 2017; Baragaño et al., 2021; Led-
ingham et al., 2024). Considering that urban PM is derived
mainly from industrial activities and traffic (Zhu et al., 2013;
Kaonga et al., 2021), it may act as a vector for heavy-metal
pollution. To highlight this aspect, Table A2 lists research
concerning cations and particles that are specifically associ-
ated with Fe-oxide minerals in different urban and industrial
environments. The strong correlations and co-occurrence of
Fe-oxide particles and heavy metals (both dispersed and as
an identifiable solid compound) in urban spaces should be
considered when identifying possible origins and exposure
pathways and evaluating the toxicity of exogenous Fe-oxide
minerals in the brain.

Despite considerable political efforts aimed at reducing
traffic-related PM emissions, non-exhaust vehicle emissions
of PM remain a substantial contributor to urban pollution
(Amato et al., 2009; Hussain et al., 2014). With the steady
increase in production and development of new hybrid and
electric vehicles, these new technologies will undoubtedly
release a variety of solid-PM-like metals and tire- and brake-
abrasion particles (see e.g., Gieré and Dietze, 2022; Gieré et
al., 2024). The shift in the vehicle fleet requires a better un-
derstanding of the mineralogical evolution of urban PM, with
a particular focus on the mineralogical speciation in both the
environment and specific organs of the human body. Due to
the high population density and the concentration of many

different emission sources in urban areas, atmospheric PM
has become a growing concern for cities worldwide. More
people living in cities leads to higher PM emissions and in-
creased exposure rates (Zhan et al., 2023). Consequently, it is
crucial to develop standard procedures for future analysis of
the exogenous crystalline phases present in the brain to un-
derstand how they interact with this vital organ, in addition
to other organs in the human body.

8 Conclusions

The evidence that a plethora of minerals accumulate in the
human brain should be swiftly followed by in-depth research
aimed at exploring the pathophysiological mechanism(s) that
links the accumulation of metals, minerals, and mineraloids
to their related physicochemical state and transformation and
the onset of neurodegenerative diseases. The mineralogical
community can contribute considerably to this topic by ex-
ploring the physicochemical state of these solids, their trans-
formations in a healthy brain compared to that in a diseased
brain, and the dynamics of growth, dissolution, and repre-
cipitation within specific cell and body compartments. The
capacity of heavy-metal-bearing NPs to harm the nervous
system is known as neurotoxicity. This damage can result in
structural or functional changes, which can cause a variety
of neurological diseases (Lin et al., 2023). Preventing such
diseases necessitates identifying hazardous compounds, lim-
iting human exposure, and establishing suitable safety and
remediation measures (Lin et al., 2023).

An in-depth mineralogical characterization is fundamen-
tal for any detailed study of the mechanistic interaction be-
tween NPs and the biological system and to better under-
stand and explain both the triggering mechanism(s) and the
evolution of related diseases. To evaluate the possibility that
any mineralogical phase may interfere with regular physi-
ological processes and homeostasis, such as Fe homeosta-
sis in cells, it is crucial to identify specific mineralogical
phases and their physicochemical properties (Vigliaturo et
al., 2018). Numerous mineralogical investigation techniques
can be applied to achieve this goal. Electron microscopes
(SEM-EDXS, TEM-EDXS) can be used for crystallochem-
ical identification and morphometric research. A better res-
olution of crystallochemical and morphometric information
is achievable with HR-S/TEM- EDXS. Furthermore, the use
of HR-S/TEM-EDXS allows for the application of cutting-
edge characterization techniques, which can provide addi-
tional details. For instance, dual-EELS is used to identify
the valence state of heavy metals down to atomic-scale res-
olution (Vigliaturo et al., 2022), whereas 4D-STEM can be
used to image the electric and magnetic fields of NPs (Ophus,
2019). More specifically, 4D-STEM creates an image of the
magnetic field by detecting the phase gradient based on the
primary beam’s displacement in STEM mode as it passes
through the sample and is influenced by the Lorentz force
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(Hachtel et al., 2018; Ophus, 2019). These latter cutting-edge
methodologies represent an effective procedure for charac-
terizing the mineralogical and physicochemical characteris-
tics of UFPs down to the atomic scale, both ex situ and, even-
tually, in situ using appropriate TEM sample holders.

Because of the complexity of the nervous system and the
adverse effects of neurotoxicity, it is critical to deeply under-
stand all components, such as the minerals involved, anthro-
pogenic phases, and biological targets, of the system stud-
ied that may contribute to the triggering and development
of diseases. The evolution of the physicochemical state of
solid particles and their transformation might be investigated
by employing different formulations of simulated biofluids
(SBFs) (Marques et al., 2011). SBFs allow for the simplifi-
cation of a certain system while preserving total control over
the variables of interest (such as the size, shape, and chemical
composition of mineral NPs, as well as the pH, T , and pCO2
of the SBF). In vitro models (see e.g., Wohlleben et al., 2013;
Oberdörster and Kuhlbusch, 2018; Vigliaturo et al., 2018;
O’Shea et al., 2021c) should also be effective for studying the
dissolution kinetics and ROS-formation processes of metal-
bearing NPs inside the human brain. More specifically, acel-
lular in vitro models (AIVMs, a term used when SBFs are
used instead of cell cultures) represent a good complement to
classic cellular in vitro investigations (Utembe et al., 2015)
since AIVMs yield similar results in long-term-exposure ex-
periments (Finch, 1990; Ansoborlo et al., 1998; Stefaniak et
al., 2006; Utembe et al., 2015). During dissolution experi-
ments, ions released through leaching may be detected us-
ing spectrometry techniques such as ICP-MS (Vigliaturo et
al., 2018). Choosing AIVMs can be convenient for a multi-
analytical characterization of NPs after exposure to SBFs. A
preliminary study of the interaction among particles of in-
terest and selected simulated biofluids in AIVM allows for
a better interpretation of more complex systems, such as in
vitro models based on cell cultures. Studies using in vitro ex-
periments, however, are valuable for investigating cellular in-
ternalization mechanisms, particle dimensional distributions
within cells (Vigliaturo et al., 2024), the structural alterations
of NPs internalized by cells (Vigliaturo et al., 2022), and
the biological responses to particle exposure (e.g., lung cells,
Könczöl et al., 2011, 2012).
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Appendix A

Table A1 compiles the most relevant articles related to Fe-
containing minerals and mineraloids (both biogenic and ex-
ogenous) in humans and/or other animals. Table A2 lists
some research that highlights the strong correlations between
Fe-oxide particles and heavy metals in different urban envi-
ronments, such as road dust and PM.

Table A1. A list of the most relevant articles related to brain minerals.

Year Authors Main field Investigation techniques Elements detected Localization Compounds identified

1922 Spatz Medicine Light microscopy Fe Gray matter, brainstem Fe deposits

1929 Hadfield Pathology and bacteriology Light microscopy Fe Blood vessels of globus
pallidus

Fe salts

1933 Gellerstend Medicine Light microscopy Fe Motor and occipital
cortex

Fe deposits

1988 Mann et al. Biology HRTEM – EDXS Fe Sockeye salmon Magnetite

1992 Kirschvink et al. Geology SQUID, IRM, TEM – EDXS Fe Cerebral cortex,
cerebellum, meninges

Magnetite

1996 Dobson and Grassi Physics IRM Fe Hippocampal tissue Magnetite

1997 Smith et al. Medicine Histochemical techniques Fe Amyloid plaque core Fe-oxide

2001 Connor et al. Medicine IRM Fe Subcortical white
matter

Ferrihydrite

2003 Hautot et al. Medicine SQUID Fe Superior temporal
gyrus

Magnetite and
ferrihydrite

2004 Quintana et al. Biology HR-TEM/STEM – EDXS Fe Ferritin Ferrihydrite, hematite,
magnetite, and
maghemite

2008 Collingwood et al. Medicine HR-TEM – EDXS Fe Amyloid plaque cores Magnetite and
maghemite

2008 Pankhurst et al. Nanotechnology SQUID Fe Cortical gray matter Magnetite

2014 Connor-Stroud et al. Medicine IRM Fe, Ca Vascular mineralization
in chimpanzee brains

Fe or Ca salts

2016 Maher et al. Geology HR-TEM/STEM – EDXS, EELS Fe and heavy metals Frontal lobe, white and
gray matter

Magnetite; Co- and
Cu-oxides; and
nanoparticles with Pt,
Co, Ni, and Fe

2016 Plascencia-Villa et al. Physics HR-TEM/STEM – EDXS, EELS Fe Amyloid plaque cores Magnetite

2021 Everett et al. Bioengineering X-ray spectroscopy Fe, Cu Amyloid plaque cores Fe0 and Cu0 deposits
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Table A2. Metals associated with iron oxide particles from different urban and industrial environments.

Authors Mineral Particle size Associated
metal(s)

Relation of metal to
mineral

Investigation
techniques

Environment

Beckwith et al. (1986) Ferrimagnetic
minerals

< 1 mm Cu, Fe, Pb, Zn Strong linear relation
between metals and
ferrimagnetic
concentration
parameters

Magnetic methods
(magnetic
susceptibility, IRM),
flame atomic
absorption
spectrometry

Highway sediment,
northwest margins of
metropolitan London.

Robertson et al. (2003) Fe/Mn oxides 200–300 µm Fe, Mn, Pb Predominantly
coprecipitated with/or
adsorbed to reducible
phase

Magnetic methods
(SIRM, hysteresis
parameters, etc.),
sequential extraction,
flame atomic
adsorption
spectrometry

Urban road sediment,
Manchester city center,
NW England, UK

Gautam et al. (2005) Magnetite,
maghemite,
and hematite,
both spherules
and angular
crystals

2–20 µm Zn, Cu, Pb Logarithmic
susceptibility (χd)
shows a significant
linear relationship with
heavy-metal
concentrations

Magnetic methods
(susceptibility, IRM)
SEM, EDXS, atomic
absorption
spectroscopy (AAS)

Cypress leaves,
Kathmandu city, Nepal

Maher et al. (2008) Magnetite 0.1–1 µm Fe, Pb Vehicle-derived Pb
strongly correlated
with particles < 1 µm;
strong link between
SIRM and Pb may
indicate
co-precipitation

Magnetic methods
(SIRM), inductively
coupled plasma optical
emission spectroscopy
(ICP-OES), SEM,
EDXS

Roadside tree leaves,
Norwich, England

Yang et al. (2010) Magnetite < 1 mm with
2–50 µm
spherules

Fe, Cu, V, Pb,
Ni, Mn, Cr, and
Co

Most heavy metals
significantly correlated
with ARM; Fe, Cu, and
Ni associated with
coarse-grain magnetite
and Pb associated with
fine magnetite/hematite
particles

Magnetic methods
(susceptibility, ARM,
SIRM), X-ray
fluorescence (XRF)

Road dust, East Lake
area in Wuhan, China

Zhang et al. (2011) Magnetite < 1 mm with
9–140 µm
spherules

V, Cr, Cu, Zn,
Mo, Cd, Pb, Fe

Fe, V, Cr, Mo, Zn, Pb,
Cd, and Cu
significantly correlated
with magnetic
concentration
parameters,
anthropogenic heavy
metals coexist with
coarse-grained
magnetic spherules

ICP-MS, magnetic
properties (Ms, χ ,
SIRM, and χARM),
SEM, EDXS

Urban river sediments,
Loudi city, Hunan
province (China)

Wang et al. (2017) Magnetite,
hematite

< 2.5 µm Cd, Fe, Mn,
and Pb

Magnetic properties
strongly correlated
with anthropogenic
heavy metals; the
dominant magnetic
mineral is magnetite

ICP-MS and magnetic
properties (χLF, SIRM,
hard isothermal
remnant magnetization
(HIRM), and
χARM values

PM2.5, Nanjing, China

Kelepertzis et al. (2019) Magnetite < 100 µm with
spherules
ranging from
< 10 to 100 µm

Pb, Zn, and Cu Heavy metals
associated with
magnetic fraction of
indoor dust, mainly
composed of magnetite

Magnetic methods
(χfd, IRM), SEM,
EDXS, FIB, flame
atomic absorption
spectrometry

House dust, Athens,
Greece

Maity et al. (2022) Magnetite < 100 µm Zr, Cu, Ni, Co,
Cr, and V

Significant association
between ferrimagnetic
(magnetite) spherules
and heavy metals

Magnetic methods (χlf,
SIRM, HIRM), SEM,
EDXS, XRF

Dust and soils near
Mejia Thermal Power
Plant, West Bengal,
India

Chaparro et al. (2024) Magnetite
spherules

0.2–5 µm Fe, Al, Ca, Mn,
Zn, K, Mg, Pb,
Ti

Absorbed or adsorbed
to the surface of
magnetite spherules

Magnetic properties
(κis, χ , ARM, and
SIRM), SEM, EDXS

Tillandsia capillaris,
northwestern Argentina
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