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Abstract: As an essential trace element, copper plays a pivotal role in physiological body functions.
In fact, dysregulated copper homeostasis has been clearly linked to neurological disorders including
Wilson and Alzheimer’s disease. Such neurodegenerative diseases are associated with progressive
loss of neurons and thus impaired brain functions. However, the underlying mechanisms are not
fully understood. Characterization of the element species and their subcellular localization is of great
importance to uncover cellular mechanisms. Recent research activities focus on the question of how
copper contributes to the pathological findings. Cellular bioimaging of copper is an essential key to
accomplish this objective. Besides information on the spatial distribution and chemical properties
of copper, other essential trace elements can be localized in parallel. Highly sensitive and high
spatial resolution techniques such as LA-ICP-MS, TEM-EDS, S-XRF and NanoSIMS are required
for elemental mapping on subcellular level. This review summarizes state-of-the-art techniques in
the field of bioimaging. Their strengths and limitations will be discussed with particular focus on
potential applications for the elucidation of copper-related diseases. Based on such investigations,
further information on cellular processes and mechanisms can be derived under physiological and
pathological conditions. Bioimaging studies might enable the clarification of the role of copper in the
context of neurodegenerative diseases and provide an important basis to develop therapeutic strategies
for reduction or even prevention of copper-related disorders and their pathological consequences.

Keywords: copper; cellular bioimaging; neurodegenerative diseases; copper-related disorders; SIMS
techniques; TEM; S-XRF

1. Physiology of Copper

1.1. General Physiological Aspects

Copper is an essential trace element present in the human body at overall levels around 90-110 mg,
mainly allocated in liver, muscle and brain [1-3]. This trace element plays a fundamental role as
cofactor of many enzymes related to energy metabolism and protection against oxidative stress.
Thus, it is involved in diverse physiological pathways [4,5]. Thereby, the copper status needs to
be strictly regulated since any homeostatic imbalance can have severely detrimental consequences.
Both deficiency (e.g., [6,7]) and overload (e.g., [8,9]) of copper have been linked to human diseases.

In the brain, copper is of great importance for neuronal function, since it is involved in biological
processes including neurotransmitter synthesis and respiratory oxidation [4,10-12]. Moreover, copper
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is not only important for basic physiological function of brain cells. Studies with primary neurons
attributed neuromodulatory aspects to copper. Copper is supposed to be involved in the communication
and neuronal signaling pathways [4,13,14]. Indeed, neurons release copper into the synaptic cleft in
response to depolarization, leading to local concentrations up to 250 uM [15]. For detailed information
on how copper is connected to synaptic transmission, refer to other reviews including [13].

1.2. Copper Metabolism and Pathways

Natural sources of copper are, among others, meat, vegetables and cereals, but exposure also
derives from industrial application [1]. Copper absorption occurs in the small intestine, mainly in
the duodenum, with an efficiency of up to 60% [16]. Via the portal vein, copper is transferred to the
liver and further distributed via the bloodstream throughout the entire organism including muscles
and brain. In the serum, approximately 90% of the copper is bound to the copper-binding protein
ceruloplasmin. Besides, copper is also bound to albumin and transcuprein [17-19]. Copper in its free
form can be potentially harmful due to its high chemical redox activity. To prevent uncontrolled redox
activity under physiological conditions, copper is almost exclusively associated with transport proteins
and its free levels are maintained at low levels (10718 M; amounts to less than one free copper ion per
cell) [20,21].

Copper plays a pivotal role for the neuronal functions and is delivered to the brain under strictly
controlled conditions. Transfer and thus regulation of copper homeostasis in the brain occurs via the
blood-brain barrier (BBB) and blood-liquor barrier (BLB) [13,22]. While BBB seems to be the major
route for copper uptake from blood circulation into the brain, where copper is further released to the
cerebrospinal fluid (CSF), BLB is discussed to be rather involved in the secretory pathway of copper
from CSF back into the blood circulation. In that way, the homeostasis of copper under physiological
conditions is maintained in the brain [4,22].

Within the brain, copper seems to be unevenly distributed—not only among the different brain
regions (highest copper found in locus coeruleus and substantia nigra [5]), but also among the specific
brain cells. Histochemical studies with brain slices revealed that glial cells show higher copper levels
compared to neurons, interestingly, under both physiological and pathological conditions [4,5,23].
Furthermore, both, the total copper level in the brain and its spatial distribution are altered in
neurological disorders including Wilson and Alzheimer’s disease [4,24,25].

1.3. Cellular Distribution of Copper

It is still the focus of investigation how copper is taken up and distributed within the cells. This
paragraph gives a brief outline of the current state of research on copper homeostasis at the cellular
level, its regulation and the biochemical pathway throughout the cell.

1.3.1. General Cellular Copper Homeostasis

In the peripheral tissue, cellular uptake of copper mainly occurs via the high-affinity copper
transport receptor 1 (Ctrl) [26]. The low-affinity copper transport receptor 2 (Ctr2), the divalent metal
ion transporter (DMT1) and the anion exchange transporter might be also involved [27]. Copper is
transferred across the cell membrane and taken up as Cu(l). Therefore, Cu(Il) needs to be extracellularly
reduced to Cu(I) by cuprireductases. However, the exact site and mode of action still remain the focus of
investigation [21,28]. Cu(II) is also discussed to be taken up by the cells, yet the underlying mechanisms
are less understood. Important cellular efflux transporters are the proteins ATP7A and ATP7B [18,29].
Consequently, copper homeostasis is maintained by tight regulation of cellular uptake, distribution
and excretion via transporters and copper-binding proteins (storage and escorting) (see Figure 1) [19].
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Figure 1. Cellular copper homeostasis, relevant transporters and proteins involved in distribution and
trafficking of copper (based on [8,10,30]).

Within the cell, copper is mainly sequestered by metallothionein (MT) and glutathione (GSH)
to keep free copper at a low level. Following uptake into the cell, Cu(l) is supposed to be directly
transferred from the uptake transporter Ctrl via GSH to further shuttle proteins, thereby avoiding
dissociation as free copper [21]. These shuttle proteins include chaperones such as human antioxidant
protein-1 (ATOX-1), copper chaperone for superoxide dismutase 1 (CCS) and cytochrome c-oxidase
(COX17). These chaperones play an important role in capturing free copper and trafficking copper
throughout the cell [17]. In that way, the level of free cellular copper is highly limited and an adequate
balance between essential supply and prevention of potential toxicity is ensured. Moreover, these
chaperones are not restricted to just escorting copper to different subcellular compartments but gained
focus playing a decisive role in physiological pathways [21].

An essential regulator of the homeostatic process is the copper-dependent localization [21].
Depending on the copper availability and status of cellular copper level, the uptake transporter Ctrl is
shuttled to or away from the cell membrane. This re-localization process regulates the cellular copper
balance. By this means, the cell is protected against increasing copper levels. Any dysregulation of
these mechanisms might lead to adverse alterations in the cellular copper level and spatial allocation,
which are important hallmarks of copper-related diseases (e.g., Menkes, Wilson). In fact, changes
of subcellular copper distribution have been detected in Menkes disease patients. Here, cellular
copper was mainly accumulated in the cytosol, nuclei and mitochondria [18]. Moreover, even though
overall copper levels in the liver of diseased and non-diseased animals were not significantly different,
observed liver damage correlated with the overload of copper in the mitochondria in connection
with impaired mitochondrial function in the diseased animals [31,32]. This context illustrates the
importance not only to assess total copper levels, but also to localize the distribution within the single
organelles on a subcellular level.

Indeed, mitochondria play an important role in the copper homeostasis. On the one hand,
mitochondria need an adequate copper supply to maintain their physiological function (superoxide
dismutase, cytochrome c-oxidase). On the other hand, they are discussed to act as important copper
storage [32,33]. Thereby, copper is shuttled to the mitochondria most likely by copper chaperones
including COX17. The majority of mitochondrial copper seems to be stored as Cu(I)-anionic complex
in the matrix; however, the ligand still is not exactly identified [34-36]. In order to use this pool for the
synthesis of cuproenzymes, copper needs to be redistributed to other cellular sites. Thus, mitochondria
seem to provide a distinct storage capacity and might act as a buffering system in case of copper



Int. ]. Mol. Sci. 2020, 21, 2341 4 of 25

overload, though only within certain limitations. Disorders including Wilson disease point out these
limits, where high levels of mitochondrial copper induce both structural and functional alterations of
the mitochondria [35]. Mitochondrial destruction following copper overload is supposed to be a quite
sensitive marker since structural changes and functional abnormalities in the mitochondria are sensed
already at an early stage [32,37]. Therefore, assessing mitochondrial characteristics and functions might
serve as a powerful diagnostic biomarker for copper-related diseases including Wilson disease [31,32].

Besides mitochondria, the Golgi apparatus also provides a copper pool, which is important to
process copper-dependent proteins. Copper is delivered to this network by the chaperone ATOX1
and the transporters ATP7A and ATP7B. Moreover, these transporters are involved in the regulation
of cellular redistribution and finally secretion of copper. In response to high intracellular copper
concentrations, ATP7A and ATP7B can translocate from Golgi network to the plasma membrane and
thus shuttle copper out of the cell [34]. Indeed, copper-dependent re-localization here contributes as
well to maintain the copper homeostasis and to restore physiological conditions.

1.3.2. Cellular Copper Homeostasis in the Brain

There are still open questions concerning the balance of copper homeostasis within the brain,
which is supposed to be particularly vulnerable to any alterations. However, it seems apparent that
many of the mentioned key players involved in the regulation of peripheral copper balance are also
relevant in the brain [4,13,22,28,38]. Besides the above-discussed mechanisms to maintain copper
homeostasis, further proteins are discussed to be part of this complex regulatory system in the brain.
One such copper-binding glycoprotein, predominantly expressed in brain cells, is the prion protein
(PrP). The expression of PrP is dependent on the extracellular copper levels. It seems that PrP is
released by the neurons in response to high extracellular copper. Copper is bound to the released
PrP and shuttled to the astrocytes, where it is stored. Thereby, astrocytes assist with the clearance of
copper and keep neurons safe from copper overload [39-41]. Another protein in this context is the
amyloid precursor protein (APP). This membrane-associated protein has been shown to be involved in
physiological processes including cell growth but also transcellular transport and trafficking within
the cell [42-44]. Besides having two copper-binding sites, it also possesses copper reductase activity.
This characteristic might be responsible for enhanced copper toxicity due to free radical formation
associated with Alzheimer’s disease (see Section 2.2) [44,45].

In summary, the cells evolved complex regulatory systems with orchestrated processes mediated
by numbers of transporters and copper-binding proteins including chaperones. This network enables
the maintenance of copper homeostasis and the regulation of the cellular distribution of copper (see
Figure 1) required for appropriate functions in physiological processes.

1.4. Homeostasis and Connection to Other Essential Elements

The homeostasis of copper is tightly balanced and regulated. In general, an intracellular overload
of copper is supposed not to be a result of dietary excess but rather a result of disturbance of the
copper homeostasis [1,46]. As aforementioned, there are various mechanisms in the body to maintain
and regulate the copper homeostasis. Other trace elements might also interact with this network.
With regard to neurodegenerative diseases, this interplay will be exemplarily shown for the trace
elements iron and zinc.

1.4.1. Iron

Iron is the most abundant essential trace element in the body, being involved in many fundamental
physiological processes such as oxygen transport [47,48]. Comparing both elements, it becomes
apparent that iron and copper show similar physicochemical characteristics. Therefore, an interplay
on the physiological level seems likely. One link is the copper-binding protein ceruloplasmin [4].
This cuproenzyme possesses ferroxidase activity. During the export process of iron, ceruloplasmin
catalyzes the oxidation of iron, and thus, affinity to the iron-binding protein transferrin is ensured.
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Besides being an important copper-carrier, ceruloplasmin regulates the iron homeostasis and clearance
from the brain and other tissues. In that way, both iron and copper metabolism are connected [49,50].
Indeed, deficiency in copper results in lowered ceruloplasmin levels and eventually deposition of iron
in the brain [4,51]. In the case of Wilson disease, accumulation of both copper and iron is observed in the
brain, probably also due to lower ceruloplasmin levels. Iron is moreover supposed to be involved in the
formation of senile plaques in the brain associated with Alzheimer’s disease (see Section 2.2) [52-54].

1.4.2. Zinc

Zinc is required for physiological processes particularly concerning the immune system and
seems to act as a competitive opponent of copper [55,56]. Under specific physiological circumstances,
certain zinc transporters have been proposed to also be involved in the copper transport leading to
competition for transfer [18]. This interaction might be used against copper-related disorders mediated
by copper overload. Indeed, treatment with zinc has been shown to limit in vitro copper uptake into
the cell [4,56-58]. At the presymptomatic stage, zinc is applied for early treatment of Wilson disease.
By increased uptake of zinc, the copper absorption can be reduced [50,57].

Such links between the homeostasis of elements illustrate that the single element species are not
just regulated on their own. The homeostatic mechanisms are connected and build up a complex
network within the scope of human physiology, and moreover, pathophysiology. There are still many
open questions regarding uptake, excretion and trafficking mechanisms on the molecular level and
how the different trace elements are connected under physiological conditions and in the context of
brain-related disorders.

2. Toxicology of Copper

2.1. Cellular Mechanisms

The copper status needs to be tightly regulated since both deficiency and overload are critical.
Different toxic modes of action have been discussed for copper toxicity. In general, excess dietary
intake of copper does not seem to be the primary cause for its toxicity but rather disrupted homeostasis
via dysregulated mechanisms regarding cellular absorption, distribution and excretion [1].

Excess copper levels might increase oxidative stress resulting in DNA damage and oxidation of
proteins and lipids [59-61]. Due to their redox ability, free copper ions can induce reactive oxygen
species (ROS) via Fenton-like and Haber-Weiss-based reactions. To prevent these adverse reactions
under physiological conditions, copper is mainly bound to chaperons [34,46]. The relevance of
oxidative stress via ROS production in the context of copper toxicity might be questioned under
physiological conditions since the level of “free” unbound copper is kept at a low level. Whether
copper is involved in oxidative mechanisms in vivo is not fully elucidated, though controversially
discussed. To date, however, no treatment with antioxidants has been successful to counteract any
adverse effects of copper [62]. Even though oxidative damage has been associated with copper toxicity
in copper-overloaded cells, it does not seem to be the primary cause leading to cell death but is
supposed to be rather a late state of copper-toxicity in already massively damaged cells [63]. In this
context, GSH is considered to a be protective agent, though mainly due to its binding capacity for
Cu(I), thus preventing interactions with other cellular proteins rather than its redox regulation [62].

Furthermore, both Cu(I) and Cu(Il) show high affinity for a number of protein sites. Particularly
histidine, cysteine and methionine are supposed to play important roles as ligands. By replacing the
original binding metal at the active site or misfolding due to copper protein interaction, the protein
function can be adversely affected [62,64].

One of the main cellular targets for copper toxicity seems to be mitochondria [65]. On the one hand,
deficiency leads to adverse effects, since copper is required for fundamental physiological processes in
the mitochondria. On the other hand, excess copper might destruct the mitochondria [4,41,66]. In fact,
an overload of copper shows effects on the mitochondrial structure and mitochondrial proteins and
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thus affects their functions [31,63,67]. Especially respiratory chain complexes L, III and IV seem to be
disrupted by copper and might lead to massive ROS release [63,68]. Particularly in the brain, due to
its high metabolic activity, mitochondria play an essential role to maintain the physiological brain
function. Therefore, the brain may be highly susceptible to copper toxicity. In fact, neurotoxic effects
have been first ascribed to copper based on studies with cat brains [69]. Adverse effects in the neurons
have been dedicated to functional disruption of mitochondria in connection with increased oxygen
expenditure. Thereby, mitochondria were clearly linked to copper toxicity. Hence, copper exerts its
toxic effects on several cellular sites with mitochondria being the most likely target organelles.

2.2. Copper-Related Diseases with Focus on Neurological Disorders

Homeostasis in the brain needs to be strictly maintained and regulated since imbalances might
affect brain development and function. In fact, a dysregulated copper homeostasis has been associated
with neurodegenerative disorders. This link will be described in the following paragraph in the context
of Alzheimer’s and Wilson disease. Both diseases are associated with alteration of copper levels in
the brain. In the case of Wilson disease, the copper transporters are affected due to genetic mutations,
resulting in severe homeostatic disturbances. In Alzheimer’s disease, copper is supposed to directly
cause molecular changes in the brain [51,70].

2.2.1. Alzheimer’s Disease

Alzheimer’s disease is characterized by deposition of amyloid protein plaques (extracellular) and
neurofibrillary tangles (intracellular) in the brain associated with neurodegeneration. Mutations in the
gene for the amyloid precursor protein (APP) have been linked to the inherited Alzheimer’s disease.
Thereby, APP is a transmembrane glycoprotein, which contains the amyloid region. By cleavage
of APP, amyloid peptide is released and deposited as senile plaque in the brain, which is one main
hallmark of the Alzheimer’s disease [42,43]. Copper has been shown to be involved in this context,
since co-localization of copper with amyloid proteins of the plaque was detected. APP contains a
copper-binding domain, which might have an important control function in the copper pathway
and homeostasis [42,43]. In fact, changes in expression of APP also affect cellular copper levels. For
instance, APP knock-out mice showed elevated copper levels in brain and liver, indicating that APP is
involved in the copper homeostasis [71]. Furthermore, copper is discussed to directly interact with APP.
Amyloid-copper complexes have been shown to generate ROS, and in that way, they may increase
oxidative stress via Fenton-based chemistry [12,42,61,72]. In experimental studies, APP could reduce
Cu(Il) to Cu(I) [43,73]. Hence, this electron transfer step might be involved in the formation of ROS.

Besides copper, other essential trace elements such as iron and zinc are also discussed to be
involved in the pathology of Alzheimer’s disease. Dyshomeostasis of these elements has been
associated with the diseased state. Furthermore, they seem to play a pivotal role in the formation of
senile plaques in the brain. Locally elevated levels of iron, zinc and copper within the amyloid plaques
have been detected [42,74]. Both iron and copper have been shown to bind to hyperphosphorylated
tau proteins in the neurons, which are the primary constitutions of the neurofibrillary tangles [66,75].
Hence, any dyshomeostasis of these elements in particular is discussed to play a decisive role in the
pathogenesis of Alzheimer’s disease [12]. Alteration of the elemental distribution within the cells may
be considered one mode of action [12,66,76]. At least abnormal cellular copper distribution is observed
with local copper accumulation in the extracellular plaques, implying increased copper levels of up to
0.4 mM copper, while the remaining cells and tissues are deficient in copper [66,77].

Novel promising therapeutic strategies focus on restoring elemental homeostasis in Alzheimer’s
disease patients. For instance, treatment with clioquinol has been shown to induce redistribution of
copper from the extracellular plaques to the copper-deficient cells. Thereby, deposition of amyloid
plaque could be reduced, resulting in less oxidative stress [78].
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2.2.2. Wilson Disease

Wilson disease is associated with mutations in the gene encoding for the copper transporter ATP7B,
greatly affecting the copper metabolism and homeostasis. Severe consequences are, among others, a
massive copper overload in the liver (over 20-fold) because of inhibited biliary copper excretion and
excess copper in the brain (8-fold). These increased copper accumulations are linked to damage of
liver, neurological impairments and mental decline [3,66,67,79]. Even though copper is supposed to
be the primary cause for neurotoxic effects associated with Wilson disease, there are also crosslinks
to a potentially contributing iron metabolism via the ferroxidase ceruloplasmin [66]. Mitochondria
are discussed to be the central target for copper toxicity in Wilson disease. Damages to mitochondria
manifested by structural changes have been detected in livers of early-stage diseased patients. In the
later phases, the mitochondrial structure is severely damaged and oxidative damage occurs, leading to
impaired function [32,67,80].

Medical treatments include application of zinc or chelators such as penicillamine, though this
treatment is only effective in early-stage Wilson disease patients. Consequently, early diagnosis
and treatment of presymptomatic patients are crucial yet difficult because of variable clinical
characteristics [2].

2.2.3. Pending Objectives—Investigation of Key Players

Altered elemental homeostasis (besides copper, as well as zinc and iron [12]) has been clearly
associated with neurological disorders, illustrating the importance of copper for physiological brain
function [4]. However, the toxic mechanism is not yet fully understood. Especially the context between
toxic effects and small changes in copper levels and cellular redistribution on molecular levels is not
clear. The molecular basis for copper homeostasis and co-localization with other important proteins
and essential elements on the cellular level is one of the major objectives to be investigated. A better
comprehension of the toxic mechanisms induced by imbalanced elemental homeostasis would help to
understand the role of the involved trace elements as a key player for the brain function and, moreover,
the pathological processes of neurological diseases.

Hence, alterations in elemental homeostasis but also redistributions within the cells need to be
analyzed on subcellular levels. So far, predominantly total cellular copper levels have been analyzed
applying spectrometric methods such as inductively coupled plasma mass spectrometry (ICP-MS)
or atomic absorption spectroscopy (AAS). The analysis of cellular elemental distribution within the
organelles was mostly limited to cell fractionation followed by ICP-MS analysis [81-83]. However,
in recent years, high-resolution techniques have been evolved, which provide powerful tools for
elemental mapping on the subcellular level.

3. Current Research Interests

The trace element copper is essential for biochemical processes. Therefore, the organism developed
specific uptake, excretion and translocation mechanisms to regulate a balanced homeostasis. There are
still open questions regarding the transport mechanism of copper to the cellular site of action and cellular
compartments. In particular, mitochondria play an essential role in the copper homeostasis [33,35].
They are discussed to be one of the major target organelles for copper toxicity and thus might present a
crucial part in the pathology of copper-related diseases.

Any disruption of the copper homeostasis can lead to adverse effects and has been associated
with human diseases. Altered elemental homeostasis of copper has been linked to neurodegenerative
disorders including Menkes and Alzheimer’s disease [70]. Therefore, the research focus is set on
elucidation of the underlying toxic mode of action mediated by copper imbalances, with particular focus
on neurotoxic effects in the brain [62,63]. In this context, the role of copper and its interplay with other
trace elements needs to be elucidated in order to understand the link between elemental imbalances
and their roles in pathology. Besides the effects on homeostasis, information about the subcellular
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localization (e.g., organelles) and changes of element species (e.g., oxidation state and ligand/protein
binding) in the cells are of great interest in this context. Furthermore, studies on the co-localization of
copper with proteins are an important research area [84]. Subcellular analyses are required to shed
light in this context. Cellular bioimaging of copper and relevant elements and biomolecules will
provide a fundamental step towards understanding the role of copper in the cells. Highly sensitive
and high-resolution techniques are necessary to realize these aims. Based on these research questions,
relevant bioimaging techniques will be described and compared in the following paragraphs.

4. Analytics of Copper in Cells

4.1. Sample Preparation

A fundamental prerequisite for effective bioimaging is well-prepared samples, suitable for
the respective method of choice. Without an appropriate sample preparation, high-resolution
techniques are worthless. Biological samples pose major challenges for bioimaging analyses, since some
analytical techniques need specific requirements (e.g., high vacuum, conductive sample surface) for
the measurement, which the native biological samples do not withstand [85,86]. Therefore, biological
samples require elaborated sample preparation, whereby the biological structure and chemical
composition of the biological samples have to be preserved to circumvent any re-localization or even
wash-out of physiologically relevant molecules or metal ions such as copper [87-90]. Moreover, no
artifacts should be formed during this preparation process, which might disturb the measurements [91].

Depending on the imaging technique, basic steps in sample preparation for biological samples
include immobilization of the biological structure, dehydration, mounting in resin, and sectioning [88].
By modifying and adapting these steps, an appropriate sample preparation can be acquired for the
respective analytical technique, depending on the research focus. For subcellular localization of copper,
a major challenge in sample preparation is to avoid any redistribution of copper within the cell.

4.1.1. Fixation

Chemical Fixation

In order to minimize biochemical and proteolytic processes and thus, degradation of the biological
sample, fixation steps are required. Fixation can be achieved by physical or chemical methods. The most
commonly applied chemical fixation is based on the application of fixative agents (e.g., ethanol,
methanol, formaldehyde, glutaraldehyde or osmium tetroxide). Alcohol-based solvents lead to
protein denaturation and thus stabilize the cellular matrix. However, lipids might be extracted during
this procedure. Aldehydes and osmium tetroxide maintain the structural integrity by formation
of cross-links between proteins (mainly with lysine via methylene bridges) or unsaturated lipids,
respectively, and inhibit enzyme activity [92,93].

Combining several fixative agents has been shown to be more effective. For instance, optimal
fixation steps in transmission electron microscopy (TEM) include primary fixation with formaldehyde
and glutaraldehyde, followed by secondary fixation with osmium tetroxide, with the additional benefit
of improving the contrast for electron microscopy [92]. However, applying a chemical fixation procedure
might partly alter the cellular distribution of certain easily diffusible elements. Therefore, this sample
preparation should only be considered for elements which tend to tightly bind to larger macromolecules
including DNA and proteins or cellular structures like membranes [85,88,94]. In the case of analyses of
highly diffusible ions, focus should be laid on physical fixation such as cryogenic sample preparation,
which might be better suitable to maintain both structural and chemical integrity [93,95].
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Cryofixation by Plunge Freezing and High-Pressure Freezing

Cryofixation is based on stopping the cellular activity by shock-freezing the cells at low temperature
(—180 °C). Different methods have been developed for cryopreservation including plunge-freezing and
high-pressure freezing [88,96].

Plunge-freezing is a simple and widely used way to freeze the sample. Basically, the sample is
plunged into liquid cryogen such as propane or nitrogen. High freezing rates minimize the formation
of ice crystals, which might destroy cellular structures. The cooling speed depends on the shape and
thickness of the sample. In order to obtain optimal freezing conditions, this method is limited to thin
samples. For samples thicker than a few micrometers, either pretreatment with cryoprotectants (e.g.,
1-hexadecene, glycerol, DMSO) or freezing under high pressure might be required to prevent formation
of ice crystals. Bearing in mind that some of these cryoprotectants possess cytotoxic potential at the
applied concentrations, non-penetrating cryoprotectants such as sucrose or serum albumin can be
applied to circumvent cellular damage [93,97,98].

A special approach, particularly for cell cultures, is freeze-fracturing. Cells are directly cultivated
on a silicon wafer, and a second wafer is placed on top like a sandwich. Following plunge-freezing,
the two wafers are pulled apart to get two cellular sections, which, however, are not flat and thus
might introduce topographic-based effects. This method is typically used for ToF-SIMS (e.g., to study
membrane composition) [87,95].

Another approach to achieve ultra-rapid freezing is based on high-pressure freezing. High freezing
speed is of crucial importance to maintain the cellular structure. The sample, placed in between carrier
plates or sample holder, is pressurized (2100 bar) and rapidly frozen in liquid nitrogen (—196 °C) within
milliseconds [97,99]. The application of high pressure shows cryoprotective effects by lowering the
melting point and reducing the formation of ice crystals [97].

Since no chemical fixative is used during these physical-based fixation procedures, alterations in
elemental distribution are minimized. Thus, this sample preparation seems to be quite applicable for
analyses of trace elements (including highly-diffusible elements) in cells using bioimaging techniques
such as NanoSIMS [89,93,100].

Subsequently, either the cryofrozen sample can be analyzed in its native frozen state, ensuring that
the sample is always processed and kept under —150 °C, or the water needs to be eliminated from the
frozen sample using follow-up steps of freeze-substitution or freeze-drying/lyophilization [101,102].

4.1.2. Dehydration

For some techniques, particularly if high vacuum is required, the samples need to be dehydrated
before analysis. The easiest way to remove water is the application of solvent baths (e.g., ethanol or
acetone). However, regarding the cellular elemental distribution, it is quite likely that re-localization
or even leaching occurs during this procedure. Further dehydration methods have been developed,
including lyophilization and cryo-substitution.

During lyophilization or freeze-drying, the sample is dehydrated in its frozen state under specific,
controlled conditions. Thereby, cellular frozen water sublimates under vacuum. Since no solvents
are used to dehydrate the sample by means of lyophilization, changes in local redistribution are
minimized [103]. Freeze-dried samples do not necessarily have to be processed and stored under
cryogenic temperatures, making their handling easier. However, the cellular structure is most often
not as well preserved as compared to freeze-substitution [104].

Within the process of cryo-substitution, frozen water in the cells is replaced by application of
organic solvents at low temperatures. Usually, the samples are placed in cryovials in anhydrous
acetone at —90 °C for 3 days. Simultaneous fixation can be achieved by adding fixatives such as
osmium tetroxide, uranyl acetate and glutaraldehyde. Subsequently, the cryo-substituted samples are
allowed to acclimatize to room temperature within several hours and are washed with anhydrous
acetone [101]. Combining high-pressure freezing and cryo-substitution is supposed to preserve the
integrity of cell membranes and cellular fine structure and thus allows for images of better quality
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compared to chemical fixation and dehydration techniques [87]. However, there is still a certain risk of
wash-out effects due to the substitution procedure [89,97].

4.1.3. Embedding and Sectioning

Embedding the sample in resin followed by sectioning by ultramicrotomy has been shown to
provide certain improvements for some analytical techniques. Thereby, the sample is infiltrated by the
resin, which is polymerized by heat. There are certain restrictions to the resin, which should show
low-degassing properties. Preferably epoxy-based resins are applied [105]. The embedded sample
is cut by a diamond knife to thin sections (typically 300 nm for NanoSIMS; 70 nm for TEM/X-EDS)
applying ultramicrotomy. The sections are placed on silicon wafers or grids and stored at room
temperature until analysis [103,104].

The advantage of resin impregnation and sectioning is that the sample surface is plane, which is
particularly important for NanoSIMS analyses to avoid artifacts due to the topography of the sample
surface. Moreover, fewer charging effects occur on the sample surface during analysis with an ion
beam due to uniform resin matrix [89].

4.2. Element- and Molecule-Specific Bioimaging Techniques

Cellular bioimaging provides fundamental information on physiological processes. To visualize
the spatial distribution of molecules or element species with high resolution, different techniques
(based on fluorescence and X-ray, among other sources) are applied on samples from animal models
and tissues, but also in cell culture. Knowledge on the spatial distribution of any target molecule or
element of interest, combined with information on localization of other molecules in the chemical
environment, is a helpful tool to understand their physiological role and potential interaction. In this
context, particularly distinct changes in the subcellular distribution, so-called re-localization effects, are
important for the physiological function and its regulation [25,34,106]. Since elemental dyshomeostasis
has been associated with neurodegenerative diseases, bioimaging of elements is moreover gaining
attraction, because information on the local elemental distribution is important to understand the
underlying cellular mechanisms. Up to now, a wide range of bioimaging techniques has been developed
and applied. Combining enhanced spatial resolution and high elemental sensitivity with lower limit of
detection enables the analysis of samples on the subcellular level down to the nanometer scale [84,100].

Within this sub-section, selected techniques which can be applied for the localization of copper in
biological tissue and cells will be described with special focus on their strengths and weaknesses in the
field of bioimaging on the cellular level (see Table 1). In general, these techniques are considered rather
complementary than competing. Combining the power of different techniques and developing more
and more applications enables to gain even more fundamental knowledge and helps to shed light on
current research questions.
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Table 1. Major analytical techniques for bioimaging and their characteristics.
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4.2.1. LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectrometry)

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) provides a sensitive
multi-element analysis technique for bioimaging. Combining ICP-MS with laser ablation enables one
to obtain information on both the elemental composition and their spatial distribution [119].

The basic principle is that the surface of a sample is directly ablated and analyzed for its elemental
composition. Therefore, a focused laser beam is used to scan over a solid sample, whereby the
mass spectrum is continuously analyzed. There is no time-consuming sample preparation required
(in contrast to MALDI or NanoSIMS analysis) as 5-100 um thin cryosections of the biological tissue
are directly analyzed [108,119]. The sections are placed on a glass slide and put in the laser ablation
chamber. There, the sample is rastered by a pulsed laser consisting of photons under atmospheric
pressure, and the released material is analyzed with the inductively coupled plasma mass spectrometer
(ICP-MS) (following ionization), which is directly connected with the chamber. A carrier gas (e.g., argon
or helium) permanently flows through the chamber, and thus the ablated molecules are transferred to
the ICP-MS and quantified regarding their element analysis. For imaging, the relative distribution of
an element in the sample is shown by plotting its signal intensities [103,107].

The characteristics of this technique are high sensitivity and very low detection limits (ug-ng/g
range) for metals, metalloids and nonmetals. The low detection limits are an outstanding feature of this
technique (as compared to X-ray techniques). The cellular distribution of metals or metal-containing
molecules can be analyzed with a spatial resolution down to 2-5 pm, allowing this technique to be used
for mapping elements in biological tissue [103,108-110]. However, analyzing elemental distribution
on the cellular or subcellular level is restricted, and special laser optics are necessary to enhance the
resolution [103,107].

LA-ICP-MS is not just limited to localization of metals, as other biological molecules can also
be investigated by applying an indirect approach. Even though molecular information is lost, as the
use of ICP-MS is a destructive method, special applications for LA-ICP-MS have been developed to
preserve this information. Thereby, samples are immunologically labeled with antibodies containing
lanthanides, which can be detected. In that way, information on the spatial distribution of other
molecules (e.g., proteins) can be gained [103,120]. Moreover, combining this mass spectrometry
technique with proteomic techniques MALDI/ESI-MS provides a powerful ultra-high-resolution tool
to analyze metal-containing biomolecules, for instance, quantification of the phosphorylation of tau
proteins in the context of Alzheimer’s disease [107,115].

4.2.2. ToF-SIMS (Time-of-Flight-Secondary Ion Mass Spectrometry)

The basic principle of time-of-flight-secondary ion mass spectrometry (ToF-SIMS) is the sputtering
of material from the sample surface by a pulsed primary ion beam. The resulting secondary ions are
analyzed for their mass-to-charge ratio using mass spectrometry. The ToF-SIMS can be operated with
various primary ion sources, such as Au*, Bi* and their respective clusters. The choice of primary ion
source determines its destructive power and consequently sputtering characteristics, ion yield and
lateral resolution and thus is made with respect to the sample properties and focus of the research
aims [105,111,112,121].

In general, this technique provides very high sensitivity (mg—png/kg range). The ion yield can even
be improved by placing the cell sample on a silver surface. Due to the formation of silver cationized
species (M+Ag)*, higher ion yield is achieved. This approach enables one, for instance, to localize and
identify membrane lipids [122].

In general, SIMS analyses can be operated as dynamic or static SIMS, depending on the depth
of analysis. While in static SIMS, just the first layers of the surface are analyzed, the dynamic
mode characterizes the depth distribution. Usually, ToF-SIMS is predominantly operated as static
SIMS [111,123].

Key strengths of ToF-SIMS measurements comprise detection of all secondary ions in parallel
in the same polarity and that organic molecules can be analyzed [105]. Thus, this technique is ideal
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for molecular imaging of complex biological samples, whereas isotope analysis is not feasible due to
restricted resolution [88,123].

ToF-SIMS also exhibits some restrictions such as spatial resolution (100-500 nm) [111,112].
Moreover, since ToF-SIMS analysis requires ultra-high-vacuum conditions, an appropriate sample
preparation (e.g., cryofixation) is essential. Typically, the samples are cut into 10-20 um planar sections,
although it is possible to analyze frozen, hydrated cells by placing the sample on a cooled stage during
measurement [112]. In general, the data handling is a significant challenge because the mass spectra
of a biological sample measured by ToF-SIMS contains a huge amount of information on chemical
structures. The major challenge is thus to identify the compounds of interest.

4.2.3. TEM/X-EDS (Transmission Electron Microscopy Coupled with Energy-Dispersive
X-ray Spectroscopy)

Transmission electron microscopy coupled with energy-dispersive X-ray spectroscopy
(TEM/X-EDS) relies on the interaction of a sample with a high-voltage electron beam. Thus, information
on sample structure can be gained, and moreover, the emitted characteristic X-rays provide information
on the elemental composition [116]. TEM represents a powerful technique to image the cellular
structure with a typical resolution down to 0.2 nm. Furthermore, the combination with X-EDS enables
elemental mapping with a resolution of 5 nm, however, with relatively low sensitivity (mg/kg range)
compared to other techniques (e.g., LA-ICP-MS, NanoSIMS or S-XRF), enabling one to detect major
elements but not trace elements. Moreover, this technique provides qualitative rather than quantitative
information on the elemental composition [100,103].

Biological samples require an elaborated sample preparation for this technique. Regarding the
high-vacuum conditions and high-energy electron beam, the native sample would not be stable and
would be unable to withstand this procedure. Moreover, samples need to be thin enough for the
electrons to be transmitted through the sample. Usually, optimal sample preparation comprises
immobilization and fixation to preserve the cellular structure, dehydration and resin embedding.
Finally, thin planar sections, not thicker than 150 nm are prepared and placed on a grid (e.g., Cu, Au).
The size of sample can vary from a few nano- to several micrometers [106,116].

In practice, the application of TEM reveals some limitations. With X-ray based techniques, no
isotope analysis is available, which would be important to study metabolic processes within the cells [103].

Measurements with TEM can be easily combined with NanoSIMS analysis. Since they both
show similar demands on the sample preparations, the same sample can be analyzed applying both
techniques. This complementary approach can be used to combine the strengths of both techniques for
an improved elemental mapping (see Figure 2). With NanoSIMS, elemental distribution in the cells
can be sensitively measured. Thereby, major organelles such as nucleus, membranes and cytoplasm
are visualized. TEM contributes with high-contrast analysis and provides structural information on
smaller organelles including mitochondria [100,103,124].

High contrast TEM NanoSIMS
L)

Figure 2. Ultrastructural analysis applying high-contrast TEM combined with elemental distribution
applying NanoSIMS. Reprinted from Penen et al.; JTEMB 37, p. 62-68 (2016); with permission from
Elsevier [100].
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4.2.4. Synchrotron-Based XRF (X-ray Fluorescence Spectroscopy)

Synchrotron radiation is generated by high-energy electrons. These electrons are accelerated up
to the speed of light under high vacuum and are deflected by magnets. Any bend of the beam results
in emission of photons (infrared to hard X-rays). In the case of XRF, the sample is irradiated with
X-rays. As a result, atoms release core electrons, which are refilled by outer electrons, and thereby
X-ray fluorescence is emitted, resulting in an element-specific spectrum [84,103].

XREF is often combined with XAS (X-ray absorption spectroscopy). Important information can be
derived from the absorption spectrum of a sample. In particular, the energy shift and shape of the
absorption edge is examined in more detail, which is determined by the state of the analyzed element.
Near the absorption edge, XANES (X-ray absorption near-edge structure) is used to identify the
oxidation state and obtain information on the coordination environment (e.g., complexes with ligands).
The more distant regions reveal information on the chemical environment and coordination parameters
(e.g., number and distance) using the extended X-ray absorption fine structure (EXAFS) [115,125,126].
This major analytical strength highlights XRF compared to other commonly used techniques, which
are not able to distinguish between different oxidation states or metal species.

In conclusion, by combining these techniques, valuable information on oxidation state or element
species, concentration and local distribution can be gained, which is particularly interesting in the
context of copper. XRF provides high selectivity and sensitivity (mg—ug/kg range), whereby the
sensitivity increases with the element number; thus, it is preferably used for heavy metals. Depending
on the synchrotron beamline, imaging can be performed with lateral resolution down to 20 nm and,
in case of XAS spectroscopy, down to 50 nm [103]. Typically, samples are analyzed at 50-100 pm
sections [117,118,127]. Moreover, this technique offers the possibility to analyze the samples in hydrated
state; therefore, no elaborated sample preparation such as resin embedding is required. The sample
can be analyzed in its cryogenic state, and thus, any alteration of the native sample is minimized. If the
analysis is performed at cryogenic temperatures radiation, damage to the biological sample is also
reduced [125].

However, there are certain limitations of this X-ray-based technique, including no potential isotope
analysis, which would be important for investigation of the metabolic processes [103].

4.2.5. NanoSIMS (Nano Secondary Ion Mass Spectrometry)

The nano secondary ion mass spectrometry (NanoSIMS) analyses are based on sputtering of
the sample surface and thereby creating ions, which are detected by a mass analyzer. In detail,
a primary ion beam elutes secondary ions from the solid sample surface. Subsequently, the secondary
ions are detected by mass spectrometry. The primary ion beam is either positively (CsCO3 source:
Cs*) or negatively (RF plasma oxygen source: O~) charged, depending on the elements of interest.
For electronegative elements (e.g., C, N, O, P, S), the cesium source is preferably used, resulting
in negative secondary ions. In the case of most metals, the oxygen source is applied and leads to
positive secondary ions. Some elements, including copper, arsenic and selenium, can be analyzed
with both sources. The two ion sources provide similar spatial resolution (Cs: 50 nm, RF Oxygen:
40 nm) [103,113,114]. Secondary ions are analyzed with a double sector mass analyzer. In parallel, up
to seven different ion masses can be detected simultaneously with high mass resolution. The possibility
for multi-element analyses combined with outstanding spatial resolution (down to 40-50 nm) makes
the NanoSIMS a powerful tool for bioimaging [123,124]. Moreover, elemental mapping with NanoSIMS
also includes isotope analysis, which enables one to analyze metabolic processes and the fate of
isotope-labeled molecules in the cells [128]. The sensitivity also depends on the analyte of interest and
the instrumental conditions (mg—-pg/kg range). Generally, NanoSIMS represents the state-of-the-art
bioimaging technique to localize trace elements in biological samples by combining its high sensitivity
and spatial resolution.

However, there are also some limitations, including high requirements for the sample preparation,
so some challenges need to be faced. NanoSIMS operates under high vacuum; therefore, the sample
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needs to be stable and withstand ultra-high-vacuum conditions. Biological samples must be dehydrated,
and the cellular structure needs to be stabilized before analysis. Embedding the sample in resin
enhances the stability and minimizes charging effects on the surface of the sample during analysis.
For the analysis, thin planar sections of 300-400 nm are prepared. However, the use of resin also
increases potential interferences and matrix effects during the measurement. Therefore, quantification
is difficult and remains limited due to matrix effects. Taken together, an elaborate sample preparation is
required and neither imaging samples in their frozen state nor live-cell imaging is possible [105,114,123].

So far, NanoSIMS has been preferably used for research questions regarding macro-sized biological
samples and tissues, including fish, rice and plants [86,105]. However, this technique gains more and
more attraction to analyze samples deriving from cell culture as well, because imaging is not just
limited to detecting metals in the cells. Cellular structures and biological molecules including lipids
can also be visualized [100,128].

4.3. Bioimaging Applications with Focus on Copper-Related Diseases

As detailed knowledge about metal homeostasis increased over recent years, more and more
biomolecules have been discovered which are involved in transport, trafficking and storage of metals
such as copper. Imbalances in the copper homeostasis have been associated with neurological disorders
including Alzheimer’s and Wilson disease. However, there are still open questions, particularly with
respect to their precise role in pathophysiology of diseases [115]. Thus, with regard to copper-related
neurodegenerative diseases, a major research focus is set on the investigation of the cellular impact
of copper in regards to cellular distribution and transport of copper under both physiological and
diseased state to understand the underlying mechanisms. In this context, especially the role of cellular
organelles, interplay with other trace elements and potential co-localization with other biomolecules is
elucidated on the subcellular level. Therefore, spatially resolved techniques for elemental mapping
have been applied. State-of-the-art bioimaging techniques comprise LA-ICP-MS, SIMS techniques and
S-XRF [103].

Neurological disorders have been associated with altered levels of iron, copper and zinc in the
brain [74,84]. Thereby, not only were total levels affected, but more interestingly, the spatial distribution
was changed. With regard to Alzheimer’s disease, the focus has been on the analysis of the characteristic
amyloid plaques associated with this disease. Synchrotron-based analysis revealed that these plaques
locally contain high amounts of copper and zinc and slightly increased amounts of iron [115,129].
Thus, it seems apparent that these elements play a role in the formation of amyloid plaques and are
connected to the progress of the disease. Early diagnosis of amyloid plaque formation and involved
elements might pose a potential way to treat Alzheimer’s disease before symptoms are recognized and
neurons have already been affected [115].

Wilson disease is characterized by manifold increased copper levels in liver and brain, which
is also taken into consideration as a potential diagnostic tool. However, the distribution of copper
has been shown to be rather inhomogeneous. The major amount of the hepatic copper is located in
the mitochondria [108,130]. This emphasizes the need to elucidate the role of mitochondria in copper
homeostasis and analyze the spatial distribution of the elements rather than total amounts [32].

So far, primarily fluorescence-based probes have been used to detect and localize copper
within organelles such as mitochondria. The developed probes selectively sense copper within the
mitochondria [131]. However, interferences might disturb the measurement (for instance, quenching
effects). Moreover, there is no information on the coordination of copper, e.g., if co-localized with
proteins or other biomolecules. Co-localization of copper with proteins has been suggested before
applying NanoSIMS in biological samples [86]. Therefore, both, free and bound copper needs to be
considered, especially since copper occurs mainly protein bound. Further studies are necessary to
investigate and characterize any co-localization of copper with biomolecules. Combining techniques
such as LA-ICP-MS and SIMS techniques (e.g., NanoSIMS and ToF-SIMS) would provide important
information on the local distribution of metals and biomolecules in parallel, thereby using the
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respective strengths of spatial resolution (NanoSIMS), low detection limits of metals (LA-ICP-MS) and
identification of biomolecules (ToF-SIMS) [107,114]. For instance, LA-ICP-MS, with its lower spatial
resolution, could be first used to get an overview, map large areas and select a region of interest in
a tissue. Subsequently, SIMS techniques, with their high spatial resolution, provide more detailed
analyses on the cellular level. This complementary use of techniques enables improved applications to
achieve the research objectives.

In the brain, astrocytes are discussed to be essentially involved in the copper homeostasis [60].
They seem to provide a storage for other brain cells by accumulating large copper amounts. Copper-rich
aggregates have been detected in astrocytes isolated from rodent brains, which reveal copper
concentration in the millimolar range [53]. For this kind of copper depot, copper-binding proteins
such as GSH and MT might be involved and be part of these aggregates. XANES analysis revealed
that it is the oxidation state of Cu(I) being present in these aggregates. Even though studies with
MT-knockout mice did not show any effects on the overall metal concentration in the brain compared
to controls, less aggregates could be detected in the knockout mice, while the copper concentration
of the remaining aggregates was still in a similar range as measured by XRF [53]. Therefore, MT is
likely to be involved in the formation of these copper-rich aggregates. Their precise role in the copper
homeostasis and moreover if there are any potential links to copper-related diseases remain a focus of
further investigations.

Interestingly, copper has been discussed to play a role in neuronal signaling in the brain. Perrin
and coworkers analyzed the homeostasis of copper in rat neurons applying synchrotron-based XRF
imaging. In contrast to zinc, copper was mainly accumulated in the dendrites compared to the cell soma.
Within the dendrites, zinc was found to be present all over the dendrites, while copper was localized
within certain spots. The authors suggested that both elements are essential for the stabilization of
dendrites [132,133]. Future studies should focus more in detail on this link, since this would certainly
provide further mechanistic hints about why copper imbalances are associated with neurodegenerative
diseases including Alzheimer’s disease.

The copper-binding protein PrP has been shown to be involved in the copper homeostasis in the
brain, and its expression correlates with the copper concentration [134]. Apparently, besides regulating
the distribution of copper, PrP is likely to possess other characteristics [115]. Synchrotron-based XAS
studies characterized the potential antioxidative properties of the copper-binding protein PrP. Copper
showed a much higher binding affinity compared to zinc, resulting in redox-inactive coordination of
coppetr, probably resulting in less ROS [135].

5. Future Developments and Conclusions

Copper is involved in many cellular processes; consequently, any disruption of the physiological
homeostasis likely results in impaired body function and diseased states. Imbalances and subcellular
redistribution of copper have been clearly linked to neurodegenerative disorders including Wilson
and Alzheimer’s disease [70]. However, the exact mode of action remains the focus of investigations.
High-resolution imaging studies, which might characterize elemental distribution, trafficking and
co-localization of copper with biomolecules on the cellular level, are scarce. It is of particular importance
to uncover the link to the pathological state in this context.

Using high-resolution techniques to investigate effects on the cellular level will provide insights
in the molecular and biochemical mechanisms that are involved in neurological diseases. In that way,
these studies will elucidate the toxic mode of actions and help to understand the role of copper and
other trace elements in the development and pathology of diseases. Based on these investigations,
therapeutic strategies can be developed which could help to restore physiological conditions and
thereby minimize or even partly prevent copper-related disorders [115].

Several high-resolution bioimaging techniques are available and need to be appropriately selected
with regard to the respective biological context. By combining the strengths of these techniques,
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the yield of valuable information about the sample is enhanced. Thus, analyses may significantly
contribute to elucidating relevant research questions regarding copper-related diseases.

In this context, finding adequate biomarkers for the aforementioned disorders is of utmost
importance; however, it remains challenging so far. The copper metabolism adapts slowly to changes
in dietary copper uptake, making early diagnosis for any alterations difficult [136]. However, diagnosis
as soon as cognitive symptoms are recognized is too late for any therapeutic action. Therefore, early
biomarkers that are for instance based on the elemental distribution or formation of amyloid plaques
(where metals are involved) might be a potential tool to diagnose a disease or monitor its progression.
Subsequently, based on these markers, therapeutic strategies (e.g., effective drugs) can be developed to
treat or even prevent any disruption.
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Abbreviations

AAS atomic absorption spectroscopy

APP amyloid precursor protein

ATOX-1 human antioxidant protein-1

BBB blood-brain barrier

BLB blood-liquor barrier

CCs copper chaperone for superoxide dismutase 1
COX17 copper chaperone for cytochrome c-oxidase
CSF cerebrospinal fluid

Ctrl copper transporter receptor 1

Ctr2 copper transporter receptor 2

DMT1 divalent metal ion transporter

EXAFS extended X-ray absorption fine structure

GSH glutathione

ICP-MS inductively coupled plasma mass spectrometry
LA-ICP-MS laser ablation inductively coupled plasma mass spectrometry
MT metallothionein

NanoSIMS nano secondary ion mass spectrometry

PrP prion protein

ROS reactive oxygen species

S-XRF synchrotron-based X-ray fluorescence spectroscopy
TEM transmission electron microscopy

ToF-SIMS time-of-flight-secondary ion mass spectrometry
XANES X-ray absorption near-edge structure

XAS X-ray absorption spectroscopy

X-EDS energy-dispersive X-ray spectroscopy



Int. ]. Mol. Sci. 2020, 21, 2341 19 of 25

References

1. Bost, M.; Houdart, S.; Oberli, M.; Kalonji, E.; Huneau, J.F.; Margaritis, I. Dietary copper and human health:
Current evidence and unresolved issues. J. Trace Elem. Med. Biol. 2016, 35, 107-115. [CrossRef] [PubMed]

2. Kodama, H.; Fujisawa, C.; Bhadhprasit, W. Inherited copper transport disorders: Biochemical mechanisms,
diagnosis, and treatment. Curr. Drug Metab. 2012, 13, 237-250. [CrossRef] [PubMed]

3. Manto, M. Abnormal Copper Homeostasis: Mechanisms and Roles in Neurodegeneration. Toxics 2014, 2,
327-345. [CrossRef]

4. Scheiber, L.E; Mercer, ].EB.; Dringen, R. Metabolism and functions of copper in brain. Prog. Neurobiol. 2014,
116, 33-57. [CrossRef]

5. Szerdahelyi, P.; Kasa, P. Histochemical demonstration of copper in normal rat brain and spinal cord. Evidence
of localization in glial cells. Histochemistry 1986, 85, 341-347. [CrossRef]

6.  Wazir, SM.; Ghobrial, I. Copper deficiency, a new triad: Anemia, leucopenia, and myeloneuropathy.
J. Community Hosp. Intern. Med. Perspect. 2017, 7, 265-268. [CrossRef]

7. Kodama, H. Recent developments in Menkes disease. . Inherit. Metab. Dis. 1993, 16, 791-799. [CrossRef]

8. Scheiber, I.; Dringen, R.; Mercer, ].F. Copper: Effects of deficiency and overload. Met. Ions Life Sci. 2013, 13,
359-387. [CrossRef]

9. Aspli, K.T,; Flaten, T.P; Roos, PM.; Holmoy, T.; Skogholt, ].H.; Aaseth, J. Iron and copper in progressive
demyelination-New lessons from Skogholt’s disease. J. Trace Elem. Med. Biol. 2015, 31, 183-187. [CrossRef]

10. Kaplan, J.H.; Maryon, E.B. How Mammalian Cells Acquire Copper: An Essential but Potentially Toxic Metal.
Biophys. . 2016, 110, 7-13. [CrossRef]

11.  Opazo,C.M.; Greenough, M.A.; Bush, A.I. Copper: From neurotransmission to neuroproteostasis. Front. Aging
Neurosci. 2014, 6, 143. [CrossRef] [PubMed]

12.  Mezzaroba, L.; Alfieri, D.F.; Simao, A.N.C.; Reiche, E.M.V. The role of zinc, copper, manganese and iron in
neurodegenerative diseases. Neurotoxicology 2019, 74, 230-241. [CrossRef] [PubMed]

13.  Gaier, E.D.; Eipper, B.A.; Mains, R.E. Copper signaling in the mammalian nervous system: Synaptic effects.
J. Neurosci. Res. 2013, 91, 2-19. [CrossRef] [PubMed]

14. Aedo, F; Delgado, R.; Wolff, D.; Vergara, C. Copper and zinc as modulators of neuronal excitability in a
physiologically significant concentration range. Neurochem. Int. 2007, 50, 591-600. [CrossRef]

15. Kardos, J.; Kovacs, I.; Hajos, F.; Kalman, M.; Simonyi, M. Nerve endings from rat brain tissue release copper
upon depolarization. A possible role in regulating neuronal excitability. Neurosci. Lett. 1989, 103, 139-144.
[CrossRef]

16. de Romana, D.L.; Olivares, M.; Uauy, R.; Araya, M. Risks and benefits of copper in light of new insights of
copper homeostasis. J. Trace Elem. Med. Biol. 2011, 25, 3—13. [CrossRef]

17.  Prohaska, ].R. Role of copper transporters in copper homeostasis. Am. J. Clin. Nutr. 2008, 88, 8265-829S.
[CrossRef]

18. Lutsenko, S. Copper trafficking to the secretory pathway. Metallomics 2016, 8, 840-852. [CrossRef]

19. van den Berghe, P.V,; Klomp, L.W. New developments in the regulation of intestinal copper absorption.
Nutr. Rev. 2009, 67, 658-672. [CrossRef]

20. Rae, T.D.; Schmidt, PJ.; Pufahl, R.A.; Culotta, V.C.; O'Halloran, T.V. Undetectable intracellular free copper:
The requirement of a copper chaperone for superoxide dismutase. Science 1999, 284, 805-808. [CrossRef]

21. Fukai, T.; Ushio-Fukai, M.; Kaplan, ].H. Copper transporters and copper chaperones: Roles in cardiovascular
physiology and disease. Am. J. Physiol. Cell Physiol. 2018, 315, C186—-C201. [CrossRef] [PubMed]

22. Zheng, W.; Monnot, A.D. Regulation of brain iron and copper homeostasis by brain barrier systems:
Implication in neurodegenerative diseases. Pharmacol. Ther. 2012, 133, 177-188. [CrossRef] [PubMed]

23. Kodama, H.; Meguro, Y.; Abe, T.; Rayner, M.H.; Suzuki, K.T.; Kobayashi, S.; Nishimura, M. Genetic expression
of Menkes disease in cultured astrocytes of the macular mouse. J. Inherit. Metab. Dis. 1991, 14, 896-901.
[CrossRef] [PubMed]

24. Wang, LM.; Becker, ].S.; Wu, Q.; Oliveira, M.F.; Bozza, FA.; Schwager, A.L.; Hoffman, ].M.; Morton, K.A.

Bioimaging of copper alterations in the aging mouse brain by autoradiography, laser ablation inductively
coupled plasma mass spectrometry and immunohistochemistry. Metallomics 2010, 2, 348-353. [CrossRef]


http://dx.doi.org/10.1016/j.jtemb.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/27049134
http://dx.doi.org/10.2174/138920012799320455
http://www.ncbi.nlm.nih.gov/pubmed/21838703
http://dx.doi.org/10.3390/toxics2020327
http://dx.doi.org/10.1016/j.pneurobio.2014.01.002
http://dx.doi.org/10.1007/BF00493487
http://dx.doi.org/10.1080/20009666.2017.1351289
http://dx.doi.org/10.1007/BF00711911
http://dx.doi.org/10.1007/978-94-007-7500-8_11
http://dx.doi.org/10.1016/j.jtemb.2014.12.002
http://dx.doi.org/10.1016/j.bpj.2015.11.025
http://dx.doi.org/10.3389/fnagi.2014.00143
http://www.ncbi.nlm.nih.gov/pubmed/25071552
http://dx.doi.org/10.1016/j.neuro.2019.07.007
http://www.ncbi.nlm.nih.gov/pubmed/31377220
http://dx.doi.org/10.1002/jnr.23143
http://www.ncbi.nlm.nih.gov/pubmed/23115049
http://dx.doi.org/10.1016/j.neuint.2006.12.001
http://dx.doi.org/10.1016/0304-3940(89)90565-X
http://dx.doi.org/10.1016/j.jtemb.2010.11.004
http://dx.doi.org/10.1093/ajcn/88.3.826S
http://dx.doi.org/10.1039/C6MT00176A
http://dx.doi.org/10.1111/j.1753-4887.2009.00250.x
http://dx.doi.org/10.1126/science.284.5415.805
http://dx.doi.org/10.1152/ajpcell.00132.2018
http://www.ncbi.nlm.nih.gov/pubmed/29874110
http://dx.doi.org/10.1016/j.pharmthera.2011.10.006
http://www.ncbi.nlm.nih.gov/pubmed/22115751
http://dx.doi.org/10.1007/BF01800470
http://www.ncbi.nlm.nih.gov/pubmed/1779648
http://dx.doi.org/10.1039/c003875j

Int. ]. Mol. Sci. 2020, 21, 2341 20 of 25

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Serpa, R.F; de Jesus, E.E; Anjos, M.].; de Oliveira, L.F,; Marins, L.A.; do Carmo, M.G.; Correa Junior, ].D.;
Rocha, M.S.; Lopes, R.T.; Martinez, A.M. Topographic trace-elemental analysis in the brain of Wistar rats by
X-ray microfluorescence with synchrotron radiation. Anal. Sci. 2008, 24, 839-842. [CrossRef]

Nishito, Y.; Kambe, T. Absorption Mechanisms of Iron, Copper, and Zinc: An Overview. J. Nutr. Sci. Vitaminol.
2018, 64, 1-7. [CrossRef]

Zimnicka, A.M.; Ivy, K,; Kaplan, ].H. Acquisition of dietary copper: A role for anion transporters in intestinal
apical copper uptake. Am. J. Physiol. Cell Physiol. 2011, 300, C588-C599. [CrossRef]

Lutsenko, S. Human copper homeostasis: A network of interconnected pathways. Curr. Opin. Chem. Biol.
2010, 14, 211-217. [CrossRef]

Telianidis, J.; Hung, Y.H.; Materia, S.; Fontaine, S.L. Role of the P-Type ATPases, ATP7A and ATP7B in brain
copper homeostasis. Front. Aging Neurosci. 2013, 5, 44. [CrossRef]

Cotruvo, J.A., Jr.; Aron, A.T.; Ramos-Torres, K.M.; Chang, C.J. Synthetic fluorescent probes for studying
copper in biological systems. Chem. Soc. Rev. 2015, 44, 4400-4414. [CrossRef]

Lichtmannegger, ].; Leitzinger, C.; Wimmer, R.; Schmitt, S.; Schulz, S.; Kabiri, Y.; Eberhagen, C.; Rieder, T,;
Janik, D.; Neff, FE; et al. Methanobactin reverses acute liver failure in a rat model of Wilson disease.
J. Clin. Investig. 2016, 126, 2721-2735. [CrossRef] [PubMed]

Zischka, H.; Einer, C. Mitochondrial copper homeostasis and its derailment in Wilson disease. Int. |. Biochem.
Cell Biol. 2018, 102, 71-75. [CrossRef] [PubMed]

Yang, L.; McRae, R.; Henary, M.M.; Patel, R.; Lai, B.; Vogt, S.; Fahrni, C.J. Imaging of the intracellular
topography of copper with a fluorescent sensor and by synchrotron x-ray fluorescence microscopy. Proc. Natl.
Acad. Sci. USA 2005, 102, 11179-11184. [CrossRef] [PubMed]

Banci, L.; Bertini, I.; Cantini, F.; Ciofi-Baffoni, S. Cellular copper distribution: A mechanistic systems biology
approach. Cell. Mol. Life Sci. 2010, 67, 2563-2589. [CrossRef]

Baker, Z.N.; Cobine, P.A.; Leary, S.C. The mitochondrion: A central architect of copper homeostasis.
Metallomics 2017, 9, 1501-1512. [CrossRef]

Cobine, P.A; Pierrel, F.; Winge, D.R. Copper trafficking to the mitochondrion and assembly of copper
metalloenzymes. Biochim. Biophys. Acta 2006, 1763, 759-772. [CrossRef]

Huster, D.; Finegold, M.].; Morgan, C.T.; Burkhead, ].L.; Nixon, R.; Vanderwerf, S.M.; Gilliam, C.T.; Lutsenko, S.
Consequences of copper accumulation in the livers of the Atp7b-/- (Wilson disease gene) knockout mice.
Am. ]. Pathol. 2006, 168, 423-434. [CrossRef]

Tiffany-Castiglioni, E.; Hong, S.; Qian, Y. Copper handling by astrocytes: Insights into neurodegenerative
diseases. Int. J. Dev. Neurosci. 2011, 29, 811-818. [CrossRef]

Ackerman, C.M.; Chang, C.J. Copper signaling in the brain and beyond. J. Biol. Chem. 2018, 293, 4628-4635.
[CrossRef]

Brown, D.R. Role of the prion protein in copper turnover in astrocytes. Neurobiol. Dis. 2004, 15, 534-543.
[CrossRef]

Kozlowski, H.; Janicka-Klos, A.; Brasun, J.; Gaggelli, E.; Valensin, D.; Valensin, G. Copper, iron, and zinc
ions homeostasis and their role in neurodegenerative disorders (metal uptake, transport distribution and
regulation). Coord. Chem. Rev. 2009, 253, 2665-2685. [CrossRef]

Strausak, D.; Mercer, ].E,; Dieter, H.H.; Stremmel, W.; Multhaup, G. Copper in disorders with neurological
symptoms: Alzheimer’s, Menkes, and Wilson diseases. Brain Res. Bull. 2001, 55, 175-185. [CrossRef]
Multhaup, G.; Schlicksupp, A.; Hesse, L.; Beher, D.; Ruppert, T.; Masters, C.L.; Beyreuther, K. The amyloid
precursor protein of Alzheimer’s disease in the reduction of copper(Il) to copper(I). Science 1996, 271,
1406-1409. [CrossRef] [PubMed]

Mathys, Z.K.; White, A.R. Copper and Alzheimer’s Disease. Adv. Neurobiol. 2017, 18, 199-216. [CrossRef]
Hung, Y.H.; Bush, A.L; Cherny, R.A. Copper in the brain and Alzheimer’s disease. J. Biol. Inorg. Chem. 2010,
15, 61-76. [CrossRef]

Bisaglia, M.; Bubacco, L. Copper Ions and Parkinson’s Disease: Why Is Homeostasis So Relevant? Biomolecules
2020, 10, 195. [CrossRef]

Crichton, R.R.; Ward, R.J. An overview of iron metabolism: Molecular and cellular criteria for the selection
of iron chelators. Curr. Med. Chem. 2003, 10, 997-1004. [CrossRef]

Dev, S.; Babitt, ].L. Overview of iron metabolism in health and disease. Hemodial. Int. 2017, 21 (Suppl. 1),
S56-520. [CrossRef]


http://dx.doi.org/10.2116/analsci.24.839
http://dx.doi.org/10.3177/jnsv.64.1
http://dx.doi.org/10.1152/ajpcell.00054.2010
http://dx.doi.org/10.1016/j.cbpa.2010.01.003
http://dx.doi.org/10.3389/fnagi.2013.00044
http://dx.doi.org/10.1039/C4CS00346B
http://dx.doi.org/10.1172/JCI85226
http://www.ncbi.nlm.nih.gov/pubmed/27322060
http://dx.doi.org/10.1016/j.biocel.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/29997057
http://dx.doi.org/10.1073/pnas.0406547102
http://www.ncbi.nlm.nih.gov/pubmed/16061820
http://dx.doi.org/10.1007/s00018-010-0330-x
http://dx.doi.org/10.1039/C7MT00221A
http://dx.doi.org/10.1016/j.bbamcr.2006.03.002
http://dx.doi.org/10.2353/ajpath.2006.050312
http://dx.doi.org/10.1016/j.ijdevneu.2011.09.004
http://dx.doi.org/10.1074/jbc.R117.000176
http://dx.doi.org/10.1016/j.nbd.2003.11.009
http://dx.doi.org/10.1016/j.ccr.2009.05.011
http://dx.doi.org/10.1016/S0361-9230(01)00454-3
http://dx.doi.org/10.1126/science.271.5254.1406
http://www.ncbi.nlm.nih.gov/pubmed/8596911
http://dx.doi.org/10.1007/978-3-319-60189-2_10
http://dx.doi.org/10.1007/s00775-009-0600-y
http://dx.doi.org/10.3390/biom10020195
http://dx.doi.org/10.2174/0929867033457566
http://dx.doi.org/10.1111/hdi.12542

Int. ]. Mol. Sci. 2020, 21, 2341 21 of 25

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Musci, G.; Polticelli, F; di Patti, M.C.B. Ceruloplasmin-ferroportin system of iron traffic in vertebrates.
World J. Biol. Chem. 2014, 5, 204-215. [CrossRef]

Doguer, C.; Ha, ].H.; Collins, J.F. Intersection of Iron and Copper Metabolism in the Mammalian Intestine
and Liver. Compr. Physiol. 2018, 8, 1433-1461. [CrossRef]

Waggoner, D.J.; Bartnikas, T.B.; Gitlin, ].D. The role of copper in neurodegenerative disease. Neurobiol. Dis.
1999, 6, 221-230. [CrossRef] [PubMed]

Southon, A ; Burke, R.; Camakaris, ]. What can flies tell us about copper homeostasis? Metallomics 2013, 5,
1346-1356. [CrossRef] [PubMed]

Sullivan, B.; Robison, G.; Osborn, J.; Kay, M.; Thompson, P.; Davis, K.; Zakharova, T.; Antipova, O.; Pushkar, Y.
On the nature of the Cu-rich aggregates in brain astrocytes. Redox Biol. 2017, 11, 231-239. [CrossRef]
[PubMed]

Lane, D.J.R.; Ayton, S.; Bush, AL Iron and Alzheimer’s Disease: An Update on Emerging Mechanisms.
J. Alzheimers Dis. 2018, 64, S379-S395. [CrossRef] [PubMed]

Livingstone, C. Zinc: Physiology, deficiency, and parenteral nutrition. Nutr. Clin. Pract. 2015, 30, 371-382.
[CrossRef] [PubMed]

Scheiber, LE,; Schmidt, M.M.; Dringen, R. Zinc prevents the copper-induced damage of cultured astrocytes.
Neurochem. Int. 2010, 57, 314-322. [CrossRef] [PubMed]

Huster, D. Wilson disease. Best Pract. Res. Clin. Gastroenterol. 2010, 24, 531-539. [CrossRef]

Horvath, J.; Beris, P.; Giostra, E.; Martin, P.Y.; Burkhard, P.R. Zinc-induced copper deficiency in Wilson
disease. J. Neurol. Neurosurg. Psychiatry 2010, 81, 1410-1411. [CrossRef]

Halliwell, B.; Gutteridge, ].M.C. Free Radicals in Biology and Medicine, 4th ed.; Oxford University Press: Oxford,
UK, 2007; pp. 851-858.

Dringen, R.; Scheiber, L.F.; Mercer, ].F. Copper metabolism of astrocytes. Front. Aging Neurosci. 2013, 5, 9.
[CrossRef]

White, A.R.; Multhaup, G.; Maher, E; Bellingham, S.; Camakaris, J.; Zheng, H.; Bush, A.L; Beyreuther, K;
Masters, C.L.; Cappai, R. The Alzheimer’s disease amyloid precursor protein modulates copper-induced
toxicity and oxidative stress in primary neuronal cultures. J. Neurosci. 1999, 19, 9170-9179. [CrossRef]
Saporito-Magrina, C.M.; Musacco-Sebio, R.N.; Andrieux, G.; Kook, L.; Orrego, M.T.; Tuttolomondo, M.V,;
Desimone, M.F.; Boerries, M.; Borner, C.; Repetto, M.G. Copper-induced cell death and the protective role of
glutathione: The implication of impaired protein folding rather than oxidative stress. Metallomics 2018, 10,
1743-1754. [CrossRef] [PubMed]

Borchard, S.; Bork, F; Rieder, T.; Eberhagen, C.; Popper, B.; Lichtmannegger, J.; Schmitt, S.; Adamski, J.;
Klingenspor, M.; Weiss, K.H.; et al. The exceptional sensitivity of brain mitochondria to copper. Toxicol. Vitr.
2018, 51, 11-22. [CrossRef] [PubMed]

Rose, F.; Hodak, M.; Bernholc, J. Mechanism of copper(II)-induced misfolding of Parkinson’s disease protein.
Sci. Rep. 2011, 1, 11. [CrossRef] [PubMed]

Arciello, M.; Rotilio, G.; Rossi, L. Copper-dependent toxicity in SH-SY5Y neuroblastoma cells involves
mitochondrial damage. Biochem. Biophys. Res. Commun. 2005, 327, 454-459. [CrossRef]

Bulcke, E; Dringen, R.; Scheiber, I.F. Neurotoxicity of Copper. Adv. Neurobiol. 2017, 18, 313-343. [CrossRef]
Zischka, H.; Lichtmannegger, J.; Schmitt, S.; Jagemann, N.; Schulz, S.; Wartini, D.; Jennen, L.; Rust, C.;
Larochette, N.; Galluzzi, L.; et al. Liver mitochondrial membrane crosslinking and destruction in a rat model
of Wilson disease. J. Clin. Investig. 2011, 121, 1508-1518. [CrossRef]

Rossi, L.; Lombardo, M.E,; Ciriolo, M.R ; Rotilio, G. Mitochondrial dysfunction in neurodegenerative diseases
associated with copper imbalance. Neurochem. Res. 2004, 29, 493-504. [CrossRef]

Vogel, ES.; Evans, ].W. Morphologic alterations produced by copper in neural tissues with consideration of
the role of the metal in the pathogenesis of Wilson's disease. J. Exp. Med. 1961, 113, 997-1004. [CrossRef]
Llanos, R.M.; Mercer, ].F. The molecular basis of copper homeostasis copper-related disorders. DNA Cell Biol.
2002, 21, 259-270. [CrossRef]

White, A.R.; Reyes, R.; Mercer, ].F.; Camakaris, J.; Zheng, H.; Bush, A.I; Multhaup, G.; Beyreuther, K;
Masters, C.L.; Cappai, R. Copper levels are increased in the cerebral cortex and liver of APP and APLP2
knockout mice. Brain Res. 1999, 842, 439-444. [CrossRef]


http://dx.doi.org/10.4331/wjbc.v5.i2.204
http://dx.doi.org/10.1002/cphy.c170045
http://dx.doi.org/10.1006/nbdi.1999.0250
http://www.ncbi.nlm.nih.gov/pubmed/10448050
http://dx.doi.org/10.1039/c3mt00105a
http://www.ncbi.nlm.nih.gov/pubmed/23903872
http://dx.doi.org/10.1016/j.redox.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28012438
http://dx.doi.org/10.3233/JAD-179944
http://www.ncbi.nlm.nih.gov/pubmed/29865061
http://dx.doi.org/10.1177/0884533615570376
http://www.ncbi.nlm.nih.gov/pubmed/25681484
http://dx.doi.org/10.1016/j.neuint.2010.06.010
http://www.ncbi.nlm.nih.gov/pubmed/20600438
http://dx.doi.org/10.1016/j.bpg.2010.07.014
http://dx.doi.org/10.1136/jnnp.2009.188896
http://dx.doi.org/10.3389/fnagi.2013.00009
http://dx.doi.org/10.1523/JNEUROSCI.19-21-09170.1999
http://dx.doi.org/10.1039/C8MT00182K
http://www.ncbi.nlm.nih.gov/pubmed/30311620
http://dx.doi.org/10.1016/j.tiv.2018.04.012
http://www.ncbi.nlm.nih.gov/pubmed/29715505
http://dx.doi.org/10.1038/srep00011
http://www.ncbi.nlm.nih.gov/pubmed/22355530
http://dx.doi.org/10.1016/j.bbrc.2004.12.022
http://dx.doi.org/10.1007/978-3-319-60189-2_16
http://dx.doi.org/10.1172/JCI45401
http://dx.doi.org/10.1023/B:NERE.0000014820.99232.8a
http://dx.doi.org/10.1084/jem.113.6.997
http://dx.doi.org/10.1089/104454902753759681
http://dx.doi.org/10.1016/S0006-8993(99)01861-2

Int. ]. Mol. Sci. 2020, 21, 2341 22 of 25

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Aaseth, J.; Alexander, J.; Bjorklund, G.; Hestad, K.; Dusek, P.; Roos, PM.; Alehagen, U. Treatment strategies
in Alzheimer’s disease: A review with focus on selenium supplementation. Biometals 2016, 29, 827-839.
[CrossRef] [PubMed]

Ruiz, EH.; Gonzalez, M.; Bodini, M.; Opazo, C.; Inestrosa, N.C. Cysteine 144 is a key residue in the copper
reduction by the beta-amyloid precursor protein. J. Neurochem. 1999, 73, 1288-1292. [CrossRef] [PubMed]
Lovell, M.A.; Robertson, ].D.; Teesdale, W.].; Campbell, J.L.; Markesbery, W.R. Copper, iron and zinc in
Alzheimer’s disease senile plaques. J. Neurol. Sci. 1998, 158, 47-52. [CrossRef]

Cristovao, J.S.; Santos, R.; Gomes, C.M. Metals and Neuronal Metal Binding Proteins Implicated in
Alzheimer’s Disease. Oxidative Med. Cell. Longev. 2016, 2016, 9812178. [CrossRef]

Hsu, H.W,; Bondy, S.C.; Kitazawa, M. Environmental and Dietary Exposure to Copper and Its Cellular
Mechanisms Linking to Alzheimer’s Disease. Toxicol. Sci. 2018, 163, 338-345. [CrossRef]

Roberts, B.R.; Ryan, T.M.; Bush, A.L; Masters, C.L.; Duce, J.A. The role of metallobiology and amyloid-beta
peptides in Alzheimer’s disease. J. Neurochem. 2012, 120 (Suppl. 1), 149-166. [CrossRef]

Acevedo, K.; Masaldan, S.; Opazo, C.M.; Bush, A.I. Redox active metals in neurodegenerative diseases.
J. Biol. Inorg. Chem. 2019, 24, 1141-1157. [CrossRef]

Scheinberg, I.H.; Sternlieb, I. Wilson disease and idiopathic copper toxicosis. Am. J. Clin. Nutr. 1996, 63,
8425-845S. [CrossRef]

Sternlieb, I. Mitochondrial and fatty changes in hepatocytes of patients with Wilson’s disease. Gastroenterology
1968, 55, 354-367. [CrossRef]

Hernandez, S.; Tsuchiya, Y.; Garcia-Ruiz, ].P,; Lalioti, V.; Nielsen, S.; Cassio, D.; Sandoval, 1.V. ATP7B
copper-regulated traffic and association with the tight junctions: Copper excretion into the bile.
Gastroenterology 2008, 134, 1215-1223. [CrossRef]

Schilsky, M.L.; Stockert, R.J.; Kesner, A.; Gorla, G.R.; Gagliardi, G.S.; Terada, K.; Miura, N.; Czaja, M.]. Copper
resistant human hepatoblastoma mutant cell lines without metallothionein induction overexpress ATP7B.
Hepatology 1998, 28, 1347-1356. [CrossRef] [PubMed]

Costas-Rodriguez, M.; Colina-Vegas, L.; Solovyev, N.; De Wever, O.; Vanhaecke, F. Cellular and sub-cellular
Cu isotope fractionation in the human neuroblastoma SH-SY5Y cell line: Proliferating versus neuron-like
cells. Anal. Bioanal. Chem. 2019, 411, 4963-4971. [CrossRef] [PubMed]

Zhang, R.; Li, L.; Sultanbawa, Y.; Xu, Z.P. X-ray fluorescence imaging of metals and metalloids in biological
systems. Am. . Nucl. Med. Mol. Imaging 2018, 8, 169-188. [PubMed]

Malm, J.; Giannaras, D.; Riehle, M.O.; Gadegaard, N.; Sjovall, P. Fixation and drying protocols for the
preparation of cell samples for time-of-flight secondary ion mass spectrometry analysis. Anal. Chem. 2009,
81, 7197-7205. [CrossRef]

Weng, N.; Jiang, H.; Wang, W.X. In Situ Subcellular Imaging of Copper and Zinc in Contaminated Oysters
Revealed by Nanoscale Secondary Ion Mass Spectrometry. Environ. Sci. Technol. 2017, 51, 14426-14435.
[CrossRef]

Lockyer, N.P. Secondary ion mass spectrometry imaging of biological cells and tissues. Methods Mol. Biol.
2014, 1117,707-732. [CrossRef]

Passarelli, M.K.; Winograd, N. Lipid imaging with time-of-flight secondary ion mass spectrometry (ToF-SIMS).
Biochim. Biophys. Acta 2011, 1811, 976-990. [CrossRef]

Grovenor, C.R.M.; Smart, K.E.; Kilburn, M.R.; Shore, B.; Dilworth, ].R.; Martin, B.; Hawes, C.; Rickaby, R.E.M.
Specimen preparation of NanoSIMS analysis of biological materials. Appl. Surf. Sci. 2006, 252, 6917-6924.
[CrossRef]

Bonta, M.; Torok, S.; Hegedus, B.; Dome, B.; Limbeck, A. A comparison of sample preparation strategies for
biological tissues and subsequent trace element analysis using LA-ICP-MS. Anal. Bioanal. Chem. 2017, 409,
1805-1814. [CrossRef]

Schaumloffel, D. The Position of Metallomics Within Other Omics Fields. In Metallomics: Analytical Techniques
and Speciation Methods; Michalke, B., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2016;
Volume 1.

Huang, B.Q.; Yeung, E.C. Chemical a d Physical Fixation of Cells and Tissues: An Overview. In Plant
Microtechniques and Protocols; Yeung, E.C.T., Stasolla, C., Sumner, M.]., Huang, B.Q., Eds.; Springer Interntional
Publishing Switzerland: Cham, Switzerland, 2015; Volume 1.


http://dx.doi.org/10.1007/s10534-016-9959-8
http://www.ncbi.nlm.nih.gov/pubmed/27530256
http://dx.doi.org/10.1046/j.1471-4159.1999.0731288.x
http://www.ncbi.nlm.nih.gov/pubmed/10461923
http://dx.doi.org/10.1016/S0022-510X(98)00092-6
http://dx.doi.org/10.1155/2016/9812178
http://dx.doi.org/10.1093/toxsci/kfy025
http://dx.doi.org/10.1111/j.1471-4159.2011.07500.x
http://dx.doi.org/10.1007/s00775-019-01731-9
http://dx.doi.org/10.1093/ajcn/63.5.842
http://dx.doi.org/10.1016/S0016-5085(19)34045-4
http://dx.doi.org/10.1053/j.gastro.2008.01.043
http://dx.doi.org/10.1002/hep.510280525
http://www.ncbi.nlm.nih.gov/pubmed/9794921
http://dx.doi.org/10.1007/s00216-019-01871-6
http://www.ncbi.nlm.nih.gov/pubmed/31093701
http://www.ncbi.nlm.nih.gov/pubmed/30042869
http://dx.doi.org/10.1021/ac900636v
http://dx.doi.org/10.1021/acs.est.7b05090
http://dx.doi.org/10.1007/978-1-62703-776-1_32
http://dx.doi.org/10.1016/j.bbalip.2011.05.007
http://dx.doi.org/10.1016/j.apsusc.2006.02.180
http://dx.doi.org/10.1007/s00216-016-0124-6

Int. ]. Mol. Sci. 2020, 21, 2341 23 of 25

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Gilkey, J.C.; Staehelin, L.A. Advances in Ultrarapid Freezing for the Preservation of Cellular Ultrastructure.
J. Electron Microsc. Tech. 1986, 3, 177-210. [CrossRef]

Grignon, N.; Halpern, S.; Jeusset, J.; Briancon, C.; Fragu, P. Localization of chemical elements and isotopes in
the leaf of soybean (Glycine max) by secondary ion mass spectrometry microscopy: Critical choice of sample
preparation procedure. . Microsc. 1997, 186, 51-66. [CrossRef]

Chandra, S.; Morrison, G.H. Imaging ion and molecular transport at subcellular resolution by secondary ion
mass spectrometry. Int. ]. Mass Spectrom. Ion Process. 1995, 143, 161-176. [CrossRef]

Moor, H. Theory and Practice of High Pressure Freezing. In Crytechniques in Biological Electron Microscopy;
Steinbrecht, R.A., Zierold, K., Eds.; Springer: Berlin/Heidelberg, Germany, 1987; Volume 1.

Studer, D.; Humbel, B.M.; Chiquet, M. Electron microscopy of high pressure frozen samples: Bridging the gap
between cellular ultrastructure and atomic resolution. Histochem. Cell Biol. 2008, 130, 877-889. [CrossRef]
[PubMed]

Kaech, A.; Ziegler, U. High-pressure freezing: Current state and future prospects. Methods Mol. Biol. 2014,
1117,151-171. [CrossRef] [PubMed]

McDonald, K.L.; Auer, M. High-pressure freezing, cellular tomography, and structural cell biology.
Biotechniques 2006, 41, 137-143. [CrossRef] [PubMed]

Penen, F.; Malherbe, J.; Isaure, M.P,; Dobritzsch, D.; Bertalan, I.; Gontier, E.; Le Coustumer, P.; Schaumloffel, D.
Chemical bioimaging for the subcellular localization of trace elements by high contrast TEM, TEM/X-EDS,
and NanoSIMS. J. Trace Elem. Med. Biol. 2016, 37, 62—-68. [CrossRef]

Quintana, C. Cryofixation, cryosubstitution, cryoembedding for ultrastructural, immunocytochemical and
microanalytical studies. Micron 1994, 25, 63-99. [CrossRef]

Steinbrecht, R.A.; Miiller, M. Freeze-Substitution and Freeze-Drying. In Crytechniques in Biological Electron
Microscopy; Steinbrecht, R.A., Zierold, K., Eds.; Springer: Berlin/Heidelberg, Germany, 1987; Volume 1.
Schaumloffel, D.; Hutchinson, R.; Malherbe, J.; Le Coustumer, P.; Gontier, E.; Isaure, M.P. Novel Methods for
Bioimaging Including LA-ICP-MS, NanoSIMS, TEM/X-EDS, and SXRF. In Metallomics: Analytical Techniques
and Speciation Methods; Michalke, B., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2016;
Volume 1.

Bohrmann, B.; Kellenberger, E. Cryosubstitution of frozen biological specimens in electron microscopy: Use
and application as an alternative to chemical fixation. Micron 2001, 32, 11-19. [CrossRef]

Hoppe, P; Cohen, S.; Meibom, A. NanoSIMS: Technical Aspects and Applications in Coscmochemistry and
Biological Geochemistry. Geostand. Geoanal. Res. 2013, 37, 111-154. [CrossRef]

Jurowski, K.; Buszewski, B.; Piekoszewski, W. Bioanalytics in Quantitive (Bio)imaging/Mapping of Metallic
Elements in Biological Samples. Crit. Rev. Anal. Chem. 2015, 45, 334-347. [CrossRef]

Becker, ].S. Imaging of metals in biological tissue by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS): State of the art and future developments. J. Mass Spectrom. 2013, 48, 255-268.
[CrossRef] [PubMed]

Weiskirchen, S.; Kim, P.; Weiskirchen, R. Laser Ablation Inductively Coupled Plasma Spectrometry: Metal
Imaging in Experimental and Clinical Wilson Disease. Inorganics 2019, 7, 54. [CrossRef]

Muller, J.C.; Lichtmannegger, J.; Zischka, H.; Sperling, M.; Karst, U. High spatial resolution LA-ICP-MS
demonstrates massive liver copper depletion in Wilson disease rats upon Methanobactin treatment. J. Trace
Elem. Med. Biol. 2018, 49, 119-127. [CrossRef] [PubMed]

Becker, J.S.; Matusch, A.; Wu, B. Bioimaging mass spectrometry of trace elements-recent advance and
applications of LA-ICP-MS: A review. Anal. Chim. Acta 2014, 835, 1-18. [CrossRef]

Fearn, S. Characterisation of biological material with ToF-SIMS: A review. Mater. Sci. Technol. 2015, 31,
148-161. [CrossRef]

Yoon, S.; Lee, T.G. Biological tissue sample preparation for time-of-flight secondary ion mass spectrometry
(ToF-SIMS) imaging. Nano Converg. 2018, 5, 24. [CrossRef]

Malherbe, J.; Penen, E; Isaure, M.P,; Frank, J.; Hause, G.; Dobritzsch, D.; Gontier, E.; Horreard, E.; Hillion, E.;
Schaumloffel, D. A New Radio Frequency Plasma Oxygen Primary Ion Source on Nano Secondary Ion Mass
Spectrometry for Improved Lateral Resolution and Detection of Electropositive Elements at Single Cell Level.
Anal. Chem. 2016, 88, 7130-7136. [CrossRef]


http://dx.doi.org/10.1002/jemt.1060030206
http://dx.doi.org/10.1046/j.1365-2818.1997.1850747.x
http://dx.doi.org/10.1016/0168-1176(94)04134-S
http://dx.doi.org/10.1007/s00418-008-0500-1
http://www.ncbi.nlm.nih.gov/pubmed/18795316
http://dx.doi.org/10.1007/978-1-62703-776-1_8
http://www.ncbi.nlm.nih.gov/pubmed/24357363
http://dx.doi.org/10.2144/000112226
http://www.ncbi.nlm.nih.gov/pubmed/16925014
http://dx.doi.org/10.1016/j.jtemb.2016.04.014
http://dx.doi.org/10.1016/0968-4328(94)90056-6
http://dx.doi.org/10.1016/S0968-4328(00)00029-9
http://dx.doi.org/10.1111/j.1751-908X.2013.00239.x
http://dx.doi.org/10.1080/10408347.2014.941455
http://dx.doi.org/10.1002/jms.3168
http://www.ncbi.nlm.nih.gov/pubmed/23412982
http://dx.doi.org/10.3390/inorganics7040054
http://dx.doi.org/10.1016/j.jtemb.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29895360
http://dx.doi.org/10.1016/j.aca.2014.04.048
http://dx.doi.org/10.1179/1743284714Y.0000000668
http://dx.doi.org/10.1186/s40580-018-0157-y
http://dx.doi.org/10.1021/acs.analchem.6b01153

Int. ]. Mol. Sci. 2020, 21, 2341 24 of 25

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.

Moore, K.L.; Lombi, E.; Zhao, EJ.; Grovenor, C.R. Elemental imaging at the nanoscale: NanoSIMS and
complementary techniques for element localisation in plants. Anal. Bioanal. Chem. 2012, 402, 3263-3273.
[CrossRef]

Bourassa, M.W.; Miller, L.M. Metal imaging in neurodegenerative diseases. Metallomics 2012, 4, 721-738.
[CrossRef]

Franken, L.E.; Grunewald, K.; Boekema, E.J.; Stuart, M.C.A. A Technical Introduction to Transmission
Electron Microscopy for Soft-Matter: Imaging, Possibilities, Choices, and Technical Developments. Small
2020, €1906198. [CrossRef]

Bongiovanni, G.A.; Perez, R.D.; Mardirosian, M.; Perez, C.A.; Margui, E.; Queralt, I. Comprehensive analysis
of renal arsenic accumulation using images based on X-ray fluorescence at the tissue, cellular, and subcellular
levels. Appl. Radiat. Isot. 2019, 150, 95-102. [CrossRef] [PubMed]

Carmona, A.; Roudeau, S.; Perrin, L.; Carcenac, C.; Vantelon, D.; Savasta, M.; Ortega, R. Mapping Chemical
Elements and Iron Oxidation States in the Substantia Nigra of 6-Hydroxydopamine Lesioned Rats Using
Correlative Immunohistochemistry With Proton and Synchrotron Micro-Analysis. Front. Neurosci. 2019, 13,
1014. [CrossRef] [PubMed]

Becker, ].S. Imaging of metals, metalloids, and non-metals by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) in biological tissues. Methods Mol. Biol. 2010, 656, 51-82. [CrossRef] [PubMed]
Neumann, B.; Hosl, S.; Schwab, K.; Theuring, F.; Jakubowski, N. Multiplex LA-ICP-MS bio-imaging of brain
tissue of a parkinsonian mouse model stained with metal-coded affinity-tagged antibodies and coated with
indium-spiked commercial inks as internal standards. J. Neurosci. Methods 2020, 334, 108591. [CrossRef]
[PubMed]

Benninghoven, A.; Rudenauer, F.G.; Werner, H.-W. Secondary Ion Mass Spectrometry: Basic Concepts, Instrumental
Aspects, Applications and Trends (Chemical Analysis), 1st ed.; John Wiley & Sons Inc: New York, NY, USA, 1987.
Nygren, H.; Malmberg, P. Silver deposition on freeze-dried cells allows subcellular localization of cholesterol
with imaging TOF-SIMS. J. Microsc. 2004, 215, 156-161. [CrossRef]

Kilburn, M.R;; Clode, P.L. Elemental and isotopic imaging of biological samples using NanoSIMS. Methods Mol.
Biol. 2014, 1117, 733-755. [CrossRef]

Lee, RES.; Riedel, T.; Escrig, S.; Maclachlan, C.; Knott, G.W.; Davey, C.A.; Johnsson, K.; Meibom, A.; Dyson, PJ.
Differences in cisplatin distribution in sensitive and resistant ovarian cancer cells: A TEM/NanoSIMS study.
Metallomics 2017, 9, 1413-1420. [CrossRef]

Hummer, A.A.; Rompel, A. X-ray absorption spectroscopy: A tool to investigate the local structure of
metal-based anticancer compounds in vivo. Adv. Protein Chem. Struct. Biol. 2013, 93, 257-305. [CrossRef]
Yano, J.; Yachandra, V.K. X-ray absorption spectroscopy. Photosynth. Res. 2009, 102, 241-254. [CrossRef]
Ide-Ektessabi, A.; Rabionet, M. The role of trace metallic elements in neurodegenerative disorders:
Quantitative analysis using XRF and XANES spectroscopy. Anal. Sci. 2005, 21, 885-892. [CrossRef]

He, C,; Fong, L.G.; Young, S.G.; Jiang, H. NanoSIMS imaging: An approach for visualizing and quantifying
lipids in cells and tissues. |. Investig. Med. 2017, 65, 669-672. [CrossRef] [PubMed]

Miller, L.M.; Wang, Q.; Telivala, T.P; Smith, R.J.; Lanzirotti, A.; Miklossy, ]J. Synchrotron-based infrared
and X-ray imaging shows focalized accumulation of Cu and Zn co-localized with beta-amyloid deposits in
Alzheimer’s disease. J. Struct. Biol. 2006, 155, 30-37. [CrossRef] [PubMed]

Porter, H. Tissue Copper Proteins in Wilson’s Disease. Intracellular Distribution and Chromatographic
Fractionation. Arch. Neurol. 1964, 11, 341-349. [CrossRef] [PubMed]

Li, H; Zhang, R.; Li, C.; Huang, B.; Yu, T.; Huang, X.; Zhang, X.; Li, F.; Zhou, H.; Tian, Y. Real-time detection
and imaging of copper(ii) in cellular mitochondria. Org. Biomol. Chem. 2017, 15, 598-604. [CrossRef]
Perrin, L.; Roudeau, S.; Carmona, A.; Domart, E; Petersen, J.D.; Bohic, S.; Yang, Y.; Cloetens, P.; Ortega, R.
Zinc and Copper Effects on Stability of Tubulin and Actin Networks in Dendrites and Spines of Hippocampal
Neurons. ACS Chem. Neurosci. 2017, 8, 1490-1499. [CrossRef]

Colvin, R.A ; Lai, B.; Holmes, WR.; Lee, D. Understanding metal homeostasis in primary cultured neurons.
Studies using single neuron subcellular and quantitative metallomics. Metallomics 2015, 7, 1111-1123. [CrossRef]
Pushie, M J.; Pickering, L.].; Martin, G.R.; Tsutsui, S.; Jirik, ER.; George, G.N. Prion protein expression level
alters regional copper, iron and zinc content in the mouse brain. Metallomics 2011, 3, 206-214. [CrossRef]


http://dx.doi.org/10.1007/s00216-011-5484-3
http://dx.doi.org/10.1039/c2mt20052j
http://dx.doi.org/10.1002/smll.201906198
http://dx.doi.org/10.1016/j.apradiso.2019.05.018
http://www.ncbi.nlm.nih.gov/pubmed/31128499
http://dx.doi.org/10.3389/fnins.2019.01014
http://www.ncbi.nlm.nih.gov/pubmed/31680798
http://dx.doi.org/10.1007/978-1-60761-746-4_3
http://www.ncbi.nlm.nih.gov/pubmed/20680584
http://dx.doi.org/10.1016/j.jneumeth.2020.108591
http://www.ncbi.nlm.nih.gov/pubmed/31926203
http://dx.doi.org/10.1111/j.0022-2720.2004.01374.x
http://dx.doi.org/10.1007/978-1-62703-776-1_33
http://dx.doi.org/10.1039/C7MT00153C
http://dx.doi.org/10.1016/B978-0-12-416596-0.00008-7
http://dx.doi.org/10.1007/s11120-009-9473-8
http://dx.doi.org/10.2116/analsci.21.885
http://dx.doi.org/10.1136/jim-2016-000239
http://www.ncbi.nlm.nih.gov/pubmed/27793974
http://dx.doi.org/10.1016/j.jsb.2005.09.004
http://www.ncbi.nlm.nih.gov/pubmed/16325427
http://dx.doi.org/10.1001/archneur.1964.00460220003001
http://www.ncbi.nlm.nih.gov/pubmed/14196726
http://dx.doi.org/10.1039/C6OB02384C
http://dx.doi.org/10.1021/acschemneuro.6b00452
http://dx.doi.org/10.1039/C5MT00084J
http://dx.doi.org/10.1039/c0mt00037j

Int. J. Mol. Sci. 2020, 21, 2341 25 of 25

135. Shearer, J.; Rosenkoetter, K.E.; Callan, PE.; Pham, C. One octarepeate expansion to the human prion protein
alters both the Zn2+ and Cu2+ coordination environments within the octarepeate domain. Inorg. Chem.
2011, 50, 1173-1175. [CrossRef]

136. Harvey, L.]J.; Ashton, K.; Hooper, L.; Casgrain, A.; Fairweather-Tait, S.J. Methods of assessment of copper
status in humans: A systematic review. Am. J. Clin. Nutr. 2009, 89, 20095-2024S. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1021/ic102294u
http://dx.doi.org/10.3945/ajcn.2009.27230E
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Physiology of Copper 
	General Physiological Aspects 
	Copper Metabolism and Pathways 
	Cellular Distribution of Copper 
	General Cellular Copper Homeostasis 
	Cellular Copper Homeostasis in the Brain 

	Homeostasis and Connection to Other Essential Elements 
	Iron 
	Zinc 


	Toxicology of Copper 
	Cellular Mechanisms 
	Copper-Related Diseases with Focus on Neurological Disorders 
	Alzheimer’s Disease 
	Wilson Disease 
	Pending Objectives—Investigation of Key Players 


	Current Research Interests 
	Analytics of Copper in Cells 
	Sample Preparation 
	Fixation 
	Dehydration 
	Embedding and Sectioning 

	Element- and Molecule-Specific Bioimaging Techniques 
	LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectrometry) 
	ToF-SIMS (Time-of-Flight-Secondary Ion Mass Spectrometry) 
	TEM/X-EDS (Transmission Electron Microscopy Coupled with Energy-Dispersive X-ray Spectroscopy) 
	Synchrotron-Based XRF (X-ray Fluorescence Spectroscopy) 
	NanoSIMS (Nano Secondary Ion Mass Spectrometry) 

	Bioimaging Applications with Focus on Copper-Related Diseases 

	Future Developments and Conclusions 
	References

