Showcasing new perspectives on multimodal approaches
for studying the role of chemical elements in biology with
academic and nhon-academic collaborators at the London
Metallomics Facility, King's College London, UK.

Across the spectrum: integrating multidimensional metal
analytics for in situ metallomic imaging

Metallomic imaging is possible from single cell to whole body,

illustrated in examples from collaborators of the London
Metallomics Facility: (left) cellular Cu, Fe and Zn distribution in
mouse kidney using LA-ICP-MS (unpublished image provided
by T. Van Acker, S. J. M. Van Malderen, F. Vanhaecke at Ghent
University), (centre) molecular distribution of earthworm
metabolite using MALDI-FTICR-MS and TOF-SIMS (M. Liebeke
etal. (Nat. Commun., 2015, 6, 7869)), and (right) 2Mn PET
imaging of a healthy mouse post 72 hours 2MnCl, injection
(unpublished image provided by P. Blower at King's College
London).
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To know how much of a metal species is in a particular location within a biological context at any given
time is essential for understanding the intricate roles of metals in biology and is the fundamental
question upon which the field of metallomics was born. Simply put, seeing is powerful. With the
combination of spectroscopy and microscopy, we can now see metals within complex biological
matrices complemented by information about associated molecules and their structures. With the
addition of mass spectrometry and particle beam based techniques, the field of view grows to cover
greater sensitivities and spatial resolutions, addressing structural, functional and quantitative metallomic
questions from the atomic level to whole body processes. In this perspective, | present a paradigm shift
in the way we relate to and integrate current and developing metallomic analytics, highlighting both
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familiar and perhaps less well-known state of the art techniques for in situ metallomic imaging, specific
biological applications, and their use in correlative studies. There is a genuine need to abandon scientific
silos and, through the establishment of a metallomic scientific platform for further development of
multidimensional analytics for in situ metallomic imaging, we have an incredible opportunity to enhance
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the field of metallomics and demonstrate how discovery research can be done more effectively.

Introduction

I often hear the phrase “there is no silver bullet” when it comes to
metal analytics. Have a conversation with any analytical chemist
and the multitude of limitations each technique inherently
possesses shall be quickly revealed. As disheartening as this
may be, I cannot argue with the obvious analytical challenges
and fully realize the necessity of utilizing a portfolio of comple-
mentary techniques. Yet, from my own personal experience and
speaking to researchers coming from a wide range of scientific
disciplines, it is also clear that we are not even fully aware of how
many “bullets” exist.

We all have, at the very least, an intuitive sense that the
functions of essential metals in biology are complex, dynamic
and critical for life. Nature possesses a whole arsenal of diverse
approaches to support such processes. Therefore, to reveal
Nature’s secrets we must approach metallomic studies with
an equally rich toolkit of integrated analytics across multiple
dimensions of space and time, which are specific, sensitive and
flexible enough to accommodate the wide range of concentra-
tions, complex chemistry, and dynamics of metals in biology.
This article is not merely another review of analytical techni-
ques, of which there are plenty of informative works. In this
perspective piece, I present a different way to relate to and inte-
grate the analytics we use, placing a specific focus on current
and emerging techniques for in situ metallomic imaging.
Seeing is believing, and a picture is worth a thousand words.
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In the following pages, I take us on a journey through a network
of multidimensional analytical tools, using the electromagnetic
spectrum as a platform, moving from microwaves to gamma
rays, then into the worlds of mass spectrometry and particle
based imaging techniques to understand how the interaction
between energy and living matter can illuminate so many
different functional and structural aspects, which we require
as scientists to comprehend the rich world of metals in biology.

Metallomics is powerful in that it presents an opportunity to
shift our scientific thinking, approach and methodologies to
more comprehensively understand our system of study, offering
integration of existing research disciplines at a higher level.
This same approach can be taken when relating to metallomic
analytics. Ironically, the phase “metallomic analytics” is, in fact,
an oxymoron. The word analysis originates from the ancient
Greek word dvéivels from ana- “up, throughout” and lysis “a
loosening,” literally implying a breaking up, in seeming contra-
diction with metallomics, a bottom up synthesis approach to
understanding metals in biology. How then can we use an
approach that is inherently disruptive within the context of a
field, which is inherently integrative? Rather than picking a few
familiar techniques and operating within their analytical con-
fines, what if we viewed our analytical possibilities in an inte-
grated and comprehensive context? A systems analytical approach
to systems biology questions, where just as in Nature, the whole is
much more than the sum of its individual parts, demarcating a
shift in the way we utilise analytical chemistry and physics from
a series of separated individual tools to probe a living system
towards an integrated network of analytics as powerful as the
living biology it is used to study. The goal in integrating current
techniques, whilst continuing further analytical developments
directly informed by biological scientific needs, is to ultimately
understand the role of a specific metal, at a specific location in
time within the context of a cellular process and how those
dynamic functions cascade to higher levels of function at the
tissue, organ and organism levels. In the following sections,
I discuss analytical techniques, which allow us to identify,
quantify and directly probe the immediate surrounding
chemical environment (oxidation state, local coordination geo-
metry) of a metal, its localisation in both two and three
dimensions at the cellular (Fig. 1), tissue (Fig. 2) and organ
(Fig. 3) levels, and even assess temporal dynamics under certain
conditions.

Spectroscopy imaging

Each region of the electromagnetic spectrum possesses unique
physical properties, which can be harnessed and utilised in
analytical tools to gain information from the interaction of
electromagnetic radiation and matter on questions pertaining
to metal functions in biological processes (Fig. 4). When com-
bined with optical, electron, or scanning probe microscopes,
these spectroscopic signals are amplified to visualize structural
and chemical information invisible to the naked eye. In the
following section, I present several key spectroscopy imaging
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techniques for in situ metallomic studies ranging from whole
body to subcellular imaging and highlight particular advances
in both optical and X-ray microscopies that have been key in
going beyond diffraction limitations to image at the nanoscale.

Electron paramagnetic resonance imaging (EPRI)

Electron paramagnetic resonance (EPR), also referred to as
electron spin resonance (ESR), assesses the electronic structure
of molecules through measuring the magnetism of unpaired
electrons in an external magnetic field. Within the context of
metallomics, EPR can be used to obtain detailed information
on the coordination chemistry specifically of paramagnetic
species (species with unpaired electrons), which include free
radicals and some transition metal complexes in biological samples.
For example, Mn>" complexed by specific ligands at low tem-
perature shows a significantly different spectrum relative to the
free ion Mn”>"." Although limited to paramagnetic and ferro-
magnetic species, conveniently these species are common
intermediates in redox reactions found in both normal and
aberrant metabolism, and transition metal complexes con-
stitute the active centres of bio-macromolecules. EPR plays a
particularly important role in elucidating mechanisms of metal
redox chemistry.

Traditionally, EPR has been used to characterize metal centres
in both isolated and purified proteins and model compounds.?
However, EPR has probably gained its widest biological potential
yet as EPR Imaging (EPRI) within the context of biomedical
research.” With EPRI, imaging of tissue O, partial pressure
(p0O,)* and reactive oxygen species (ROS) microenvironments is
possible and ideal in the sense that it is both non-invasive and
quantitative so that it can be carried out as an in vivo technique
(Fig. 3C).” By using a large range of commercially available
paramagnetic probes, pO, can be imaged and quantified, and
by using a technique called spin-trapping, ROS can be imaged
and followed over time.® Unfortunately, EPRI does not provide
anatomical information and suffers from poor spatial resolution
(1 mm), relative to other imaging techniques. Even with this
limited spatial resolution, EPRI has been used to map redox
status in tumours, which can been used to predict resistance and
reoccurrence to radiation therapies.”” When combined with
other metal imaging modalities, EPRI can provide an important
chemical context for tissue level metal redox processes involving
unpaired electrons.

Magnetic resonance imaging (MRI)

The physical context is often critical for metallomic questions:
which subcellular compartment or where in a tissue is the
metal of interest? Developed as a tool to provide anatomic
images, MRI has provided that contextual foundation during the
course of its evolution over the past four decades. Paramagnetic
metal ions and superparamagnetic iron oxide nanoparticles are
often used as contrast agents, and greater refined metal-based
complexes (i.e. Gd(m), Lu(m), Eu(m)) are now being used as
reporter molecules for multimodal imaging approaches,
combing the properties of MR contrast with fluorescence and
possessing even targeting capabilities.®

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Cellular multimodal imaging. (A) AFM scan of a single red blood cell (upper) with parallel s-SNOM subcellular chemical contrast image
(67 nm resolution) (lower). Adapted from Amrania et al.?° (B) Ptychographic image of frozen-hydrated Ostreococcus alga with arrow poiting to
ribosome-like complexes (upper) and corresponding XRF maps of potassium (red), sulphur (blue) and phosphorus (green) with subsequent overlay
(lower). Scale bars are 500 nm. Adapted from Deng et al.”? (C) Cryo-SXT image of a human fibroblast cell vacuole containing Toxoplasma gondii (upper)
and the reconstructed volume showing the parasitophorous vacuole (yellow) with four parasites and their respective plasma membranes (cyan) rhoptries
(green) and nuclei (red). Scale bars are 2.5 mm. Adapted from Harkiolaki et al.>” (D) NanoSIMS copper (blue) and phosphorous (red) overlay of wt zebrafish
retina (left) and electron micrograph of similar region (right) with highlighted nuclei (red) and megamitochondria (blue) with inset corresponds to one
megamitochondrion, indicating co-localisation of copper puncta and megamitochondria. Scale bars are 25 pm, 2 um, and 0.5 pm, respectively. Adapted

from Ackerman et al.**°

Typical resolutions for in vivo MRI fall around 1 mm?,
however advances in both molecular and cellular MR imaging
(MR-microscopy (MRM)) now allow for longitudinal monitoring
of subcellular events whilst providing highly resolved anatomical
contexts with spatial resolutions in the sub 100 pm range. MRM
has been used to reveal characteristic pathologic features of
both benign and malignant breast and lymph tissue,” and as an
in vitro tool to study myonuclei of individual muscle fibres
down to 6 um planar spatial resolution.'® Particularly relevant
for metallomics, MRI chemical probes have also been synthe-
sised for specific investigations of biologically important metal
ions, such as potassium, magnesium, copper (1), copper(u), zinc,
calcium and even toxic metals such as lead and cadmium."
In the case of zinc, the Zn** sensor GADOTA-diBPEN has been
successfully used to image and quantify labile (non-protein
bound) Zn>" in the uM concentration range in mice within the
context of zinc release in functional B-cells in the pancreas in vivo
and, when administrated to type-1 diabetes mouse model, was
sensitive to B-cell loss of function, detecting decreased release

This journal is © The Royal Society of Chemistry 2019

of Zn**."> The same probe has also been used to detect
differences in healthy and tumorigenic prostate in mice, showing
reduced concentrations in cancerous prostates, suggesting a
possible diagnostic tool."> With the help of metal specific MRI
probes, an exciting era of research is emerging for in vivo deep
tissue monitoring of metals.

Fourier Transform infrared (FTIR) imaging

Moving across the electromagnetic spectrum to the infrared
region we come to Fourier Transform infrared spectroscopy
(FTIR), one of several types of vibrational spectroscopies that
uses differential absorbance, transmittance or reflectance of
polychromatic infrared radiation to provide information on
characteristic vibrational frequencies of chemical bonds,
providing a chemical fingerprint sensitive to hetero-nuclear
functional group vibrations as well as polar bonds. In fact,
although not explicitly integrated into the names of other imaging
techniques, FT has become an integral signal-processing tool in
many of the techniques discussed below. With its ability to

Metallomics, 2019, 11, 29-49 | 31
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tumor

Fig. 2 Tissue multimodal imaging. (A) Histological section of U87 human glioblastoma xenograft (left), RBS image of tissue section (middle), PIXE image
of tissue section highlighting potassium (red), iron (blue), and gadolinium (green) corresponding to injected gadolinium NPs (right). Scale bar 1 mm.
Adapted from Carmona et al*?° (B) Sections of human malignant pleural mesothelioma treated with cisplatin highlighting distribution of specifc
phospholipids using MALDI-MSI in negative (m/z 772.7 and 863.8) (upper) and positive (838.7 and 1520.3) (middle) modes. LA-ICP-MS was used to map
distribution of phosphorus and platinum. Scale bar 1 mm. Adapted from Holzlechner et al.**® (C) Histological section of apparently normal and periplaque
white matter of multiple sclerosis lesion in human brain (a) and corresponding iron (b) and zinc (c) XRF maps. Scale bars 3 mm. Iron shown to
accumulates perivascularly in astrocytes (d) and quantitative speciation of iron in concentrated regions (e) and in iron-poor regions (f). Scale bar 90 um.
Adapted from Popescu et al. under the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).5

break down complex wave-like signals to extract meaningful
spectra, like taking a cake (waveform) and extracting the recipe
(the FT), no wonder physicist Lord Kelvin described Fourier’s
theorem as ‘“an indispensible instrument in the treatment of
nearly every recondite question in modern physics.”** FTIR is
particularly sensitive to changes in secondary structure of
proteins, making it an important tool in the study of protein
aggregation and misfolding, which is often observed in combi-
nation with altered distribution of metals. When used as a
micro-spectroscopic technique, FTIR imaging is able to generate
label-free, molecular-specific images to visualize the distribution
of different components (i.e. protein, lipid, carbohydrate, nucleic
acids) within tissue sections.'® In this sense, FTIR imaging
can be considered as a complementary metabolomic tool to
metallomic inquiries that allows for the in situ, non-destructive
analysis of biological specimens.'®"”

32 | Metallomics, 2019, 11, 29-49

To obtain biologically meaningful spatially resolved spectra
in cells and tissues, the brilliance of a synchrotron source is
often utilized to overcome challenges associated with small
aggregates at the nanoscale level as well as to detect the
often subtle changes in the FTIR spectra observed in vivo. By
circularly accelerating electrons close to the speed of light to
produce intense synchrotron light 10 billion times brighter
than the sun, interactions at the finest atomic and molecular
scales can be studied. Access to synchrotron facilities is free,
but requires a peer-reviewed application process with calls
typically every six months. Although access is limited, synchrotron
radiation (SR) has proved to be an invaluable tool, measuring
protein misfolding and aggregation in tissue in Alzheimer’s,
Parkinson’s and Huntington’s disease as well as amyotrophic
lateral sclerosis and even scrapie.'® However, recent advances in
scattering-type scanning near-field optical microscopy (s-SNOM),

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Whole body multimodal imaging. (A) u-CT 3D renderings of C. dubia (a and b) and calcium (red), manganese (green), zinc (blue) isosurfaces using
confocal p-XRF (c and d). Scale bar is 100 um. Adapted from Van Malderen et al.*°? (B) PET/CT maximum intensity projections (MIPs) of 6-8-month-old

wild-type mice at 30 min post-injection of Cu-acetate (a) and Cu-GTSM illustrating different uptake patterns. Adapted from Andreozzi et a

L 84

(C) Superimposed 3D EPRI and 3D proton MRI images in whole body and specific organs in cigarette exposed mice, where intensity distribution corresponds

to EPR intensity of 3-CP nitroxide probe distribution at time 0 and 42 min. Adapted from Caia et a

where near IR light is focused on a sample through the probe
of an atomic force microscope (AFM), routinely allows for
measurements at 10 nm and down to 1 nm.'® This principle
has just been extended to cover the mid IR region, or the
important “fingerprint” region, where a single red blood cell at
67 nm spatial resolution was recently imaged (Fig. 1A).>° When
combined with techniques directly mapping metal distributions,
FTIR can provide important information about the compositional
environment of a metal at both the tissue*" and now cellular levels
in two and three dimensions.*

Raman imaging

Raman spectroscopy also probes vibrational modes of mole-
cules and is based on the similar principles underpinning FTIR
vibrational spectroscopy, but differs in several fundamental ways
by utilising monochromatic light (rather than polychromatic)
to measure change in the polarizability (rather than dipole
moment) of a molecule. Raman is sensitive to homo-nuclear

This journal is © The Royal Society of Chemistry 2019

['137

molecular bonds and can distinguish between C-C, C—C and
C=C bonds. Therefore, what is often “invisible” to FTIR is
measured in Raman and vice versa. Raman has become a
valuable tool for filling a gap through its ability to detect small
structural changes and complementing other techniques like
X-ray crystallography, which provide a larger structural picture.*
Although Raman is highly molecularly selective, it suffers from
low sensitivity, often competing with the strong auto fluorescence
generated from biological samples. However, specific types
of Raman, primarily resonance Raman spectroscopy (RRS)
and surface enhanced Raman spectroscopy (SERS), can be used,
as signals are inherently enhanced.

Just as in FTIR, Raman can be used as an imaging tool,
providing morphological as well as both qualitative and quantitative
biochemical information at subcellular resolution in living cells.**
In resonance raman spectroscopy (RRS), enhancement of specific
chromophores are used, the most popular being © — m* transitions
from conjugated m-bonds. Fortunately within the context of

Metallomics, 2019, 11, 29-49 | 33
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Fig. 4 Energy—matter interactions of the electromagnetic spectrum. Spectroscopic imaging techniques arise from fundamental energy—matter
interactions. EPRI exploits the molecular rotation and torsion caused by microwaves to detect paramagnetic species by measuring the magnetism of
electrons and their change when bound to molecular structures. FTIR and Raman imaging take advantage of characteristic vibrations/stretching and even
rotation associated with specific molecular species when interacting with infra-red for FTIR and typically extending to near infra-red and the visible region
for Raman. CLSM and SRM utilise characteristic fluorophore excitation/emission profiles in the UV/vis region, exploiting the Stokes shift that occurs
through loss of vibrational energy between absorption and emission to localise multiple fluorescent signals at the subcellular level. X-ray spectroscopic
techniques benefit from element specific photoionisation energies and subsequent scattering of electrons to reveal detailed electronic structural
information at the atomic scale. PET utilises gamma-ray emission that results from the annihilation of electrons in tissue from positron emitting isotopes.

metallomics questions, these conjugated m systems are associated
with critical cellular processes involving metals, as in the case of
porphyrin derivatives, which constitute a main part of enzymatic
cofactors. One such example is the enzyme cytochrome ¢, an iron
containing heme protein essential in the respiratory system of
eukaryotic organisms. Using RRS, the localisation of both the
reduced (Fe®*) and oxidized (Fe**) forms of cytochrome ¢ and b in
living murine cells were quantitatively determined, revealing that
both cytochromes are co-distributed, but that cytochrome c is
predominantly reduced whereas cytochrome b is predominantly
oxidized.”> Obtaining this degree of chemical information in living
cells at subcellular resolution presents exciting opportunities and a
powerful context for specifically studying mitochondrial metal meta-
bolism, which when disrupted, has been implied in a wide range of
human diseases including red blood cell disorders, cardiomyopathy,
skeletal myopathy, and neurodegeneration.”® Raman studies have
also been used to characterize cancer tissues,>” which when combi-
ned with spatially resolved metal analyses have the potential to yield
an even stronger identifying “fingerprint”. The reader is directed
further to a recent detailed review of the different types of Raman
spectroscopy and their state of the art applications in biology.”®
Although advancements towards high-resolution spectroscopy for
Raman have been made as illustrated with FTIR, the low sensitivity
of Raman still requires larger laser power for tip-enhanced Raman,
and therefore problematic for delicate biological samples. However,
recent advances in spectroscopic stimulated Raman scattering (SRS)
now allow for real-time metabolic imaging at the subcellular scale.*
Like in FTIR, Raman imaging provides a “molecular fingerprint”
from which detailed information can be obtained on the local sites
within larger macromolecules for metallomic studies.

Light microscopy

We often say that seeing is believing, and no other scientific
technique underpins this statement more than light microscopy.

34 | Metallomics, 2019, 11, 29-49

There is an excitement and intuitive pull in moving beyond the
inherent limitations of the human eye to see life at more subtle
and powerful scales. Starting with the humble beginnings of
light microscopy in 1665, marked by Hooke’s manuscript
“Micrographia” and pioneering work by van Leeuwenhoek, the
inconvenient laws of physics have seemed to always present a
barrier to witnessing the most fundamental processes of life at
the subcellular scale. Even within the confines of that pesky
250 nm diffraction limit, significant advances in light micro-
scopy have led from the evolution of transmission bright field to
confocal laser scanning microscopy, which has revolutionised
the field of biology in the past 20 years. With recent advance-
ments in optics, electronics and mathematics we are finally able
to overcome the diffraction limit, giving rise to super resolution
microscopy, again shedding new light on cellular processes now
at the molecular level. What sets light microscopy apart from
techniques such as X-ray microscopy and mass spectrometry
discussed later is the ability to non-destructively work with living
samples, opening investigations into an additional dimension
(4D) in time by capturing live cell dynamics.

Confocal laser scanning microscopy (CLSM). Within the
field of metallomics, visualising metals using CLSM with metal
specific probes and sensors has dramatically shifted and elevated
our understanding of the significance of essential metal home-
ostasis in cellular functions. Metal-sensitive fluorescent sensors,
one of the most powerful and widely used tools in cellular
metallobiology," are molecules that recognise and specifically,
and often reversibly, bind metal ions.>® Upon such binding, a
change in fluorescence intensity and/or emission wavelength
occurs in either a switch on (stimulation) or a switch off
(quenching) way that is correlated to the presence or concen-
tration of the metal ion. Sensors are ideally both specific and
selective, particularly when quantification is desired beyond
imaging spatial distribution and cellular fluxes. Importantly,

This journal is © The Royal Society of Chemistry 2019
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these sensors allow spectroscopically “invisible” ions such as
Zn** and Ca** to be “seen”, revealing new functions of non-
protein bound metals.>'*?

The use of fluorescent sensors to measure intracellular
metal ions has been extensively reviewed.’® In brief, sensors
can be broadly classified into three main types: molecular,
genetically encoded, and hybrid. Some of the more commonly
used sensors are molecular probes, which involve small-molecule
fluorophores coupled to a metal chelator and must be externally
delivered into the cell. However, these sensors often lack control
over subcellular localisation and are unable to detect very low
concentrations of free ions, which can be biologically relevant
for certain metal ions like Zn>" and Cu®. Genetically encoded
probes are synthesised within the cell and can be used to
overcome these limitations through the use of fluorescent
proteins and a peptide or protein moiety for metal binding.
When two fluorescent proteins are used, Forster resonance
energy transfer (FRET) can be exploited creating a powerful
ratiometric sensor where metal binding can either promote or
disrupt FRET. Hybrid probes are simply a combination of small-
molecule and genetically encoded probes, enabling protein/
peptide tags to be used for localising small molecule sensors
to specific subcellular compartments. It is important to note
that “not all metals are created equal” and their wide range
of concentrations and chemical properties present specific
challenges for fluorescence based detection of certain intra-
cellular metals like copper. Unlike Ca®* found in relatively high
concentrations within the cell, low intracellular Cu” and Cu*"
concentrations are exquisitely maintained, balancing essential
yet potent redox activity with a propensity to exacerbate oxidative
stress. Although a handful copper sensors have been developed,
far fewer are available relative to Ca** or Zn*', as Cu” can easily
oxidise to Cu** and Cu® in water and quench fluorescence due to
its redox properties.

The case of zinc is exemplary in how visualisation and
quantification of a metal in space and time can alter our
understanding of the role of essential metals in biological
processes. Zinc is recognised as an essential micronutrient
required for cellular homeostasis. However, until recently it
was thought to only serve structural and catalytic functions in
proteins and enzymes. With the ability to quantify intracellular
changes down to pM of free Zn*>* thanks to advances in zinc
specific probes and sensors,”* > along with their use to high-
light the roles of zinc in processes spanning from modulating
tyrosine phosphatase 1B activity*® to the quantitative mapping
of zinc sparks released during fertilisation required for egg to
embryo transition,*” its critical role in cell signalling has finally
been acknowledged, opening the field of zinc biology to new
exciting research questions.

Super resolution microscopy (SRM). The resolution achieved
by CLSM has been sufficient to interrogate tissue morphology
and even whole cell dynamics. However, the development of
more sophisticated experimental techniques that allow us to
gather information about complex and dynamic subcellular
processes with a need to visualise such processes with greater
resolution has propelled the microscopy field forward utilising

This journal is © The Royal Society of Chemistry 2019
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new approaches referred to as super resolution microscopy
(SRM). The most widely used SRM approaches include struc-
tured illumination microscopy (SIM), which when combined
with selective plane illumination microscopy (SPIM) results
in what is commonly referred to as light sheet microscopy,
STimulated emission depletion microscopy (STED), and single
molecule localisation microscopy (SMLM), which has two com-
monly used modalities: photo activated localisation microscopy
(PALM) and stochastic optical reconstruction microscopy (STORM).
Confusing acronyms aside, these techniques allow for imaging
at the sub 100 nm scale in both two and three dimensions, and
with lattice light sheet high imaging speeds of larger areas is
now possible up to a few hundred frames per minute to acquire
volumetric data (i.e. of entire HelLa cells every 4 5).*® As there is
no silver bullet in science, each approach has its respective
advantages and disadvantages. SMLM with the highest possible
resolution is suited for co-localisation questions, whereas STED
better suits dynamic processes. When simple sample prepara-
tion is required SIM presents an acceptable compromise
between speed and resolution. The reader is directed to a recent
excellent review for more detailed information on principles
and applications of SRM.?>® The application of metal sensors
and probes using SRM techniques seems a logical step for
application in metallomic studies. However, the specific fluoro-
phore requirements for such techniques preclude many com-
monly used CLSM fluorophores from being directly translated
to SRM, and is a likely explanation for the absence of metal
specific SRM work presented in the literature. However, this
also presents a unique opportunity to develop such metal
specific probes, which may allow for the high-resolution study
of dynamic metal trafficking at the subcellular scale. With SRM,
we have entered an era where we can now study molecules with
a microscope, capturing dynamic processes in 3D, leading to
valuable contextual information within metallomic studies.
However, to reach the finest structural resolutions we must
venture into the realm of X-rays.

X-Ray microscopy

Cellular processes involving metals are dictated by complex
metal chemistry played out at the atomic and molecular scales.
To glimpse into this nano world requires spectroscopic techni-
ques utilising wavelengths powerful enough to excite and even
ionise core electrons and at spatial scales corresponding to the
Angstrom distances found between interacting atoms. This
level of detailed study requires X-rays, both scattering and
refracting in their interaction with matter. By harnessing and
taking advantage of these energy-matter interactions, X-ray
spectroscopic techniques provide tools to probe local coordina-
tion geometry and chemical states of species as well as provide
structural information at the subcellular level, thereby providing
the unique advantage of determining metal speciation, a critical
component in understanding the chemistry 