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Abstract

Metallomics is a rapidly evolving field of bio-metal research that integrates techniques and perspectives from other “-omics”
sciences (e.g. genomics, proteomics) and from research vocations further afield. Perhaps the most esoteric of this latter cat-
egory has been the recent coupling of biomedicine with element and isotope geochemistry, commonly referred to as isotope
metallomics. Over the course of less than two decades, isotope metallomics has produced numerous benchmark studies
highlighting the use of stable metal isotope distribution in developing disease diagnostics—e.g. cancer, neurodegeneration,
osteoporosis—as well as their utility in deciphering the underlying mechanisms of such diseases. These pioneering works
indicate an enormous wealth of potential and provide a call to action for researchers to combine and leverage expertise and
resources to create a clear and meaningful path forward. Doing so with efficacy and impact will require not only building
on existing research, but also broadening collaborative networks, bolstering and deepening cross-disciplinary channels, and
establishing unified and realizable objectives. The aim of this review is to briefly summarize the field and its underpinnings,
provide a directory of the state of the art, outline the most encouraging paths forward, including their limitations, outlook
and speculative upcoming breakthroughs, and finally to offer a vision of how to cultivate isotope metallomics for an impact-
ful future.
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SVIEC Sequential vacuum-assisted ion
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SIMS Secondary ion mass spectrometry

SOD1 Superoxide dismutase (form 1)

TIMS Thermal ionization mass spectrometry
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WD Wilson’s disease

XRF X-ray fluorescence

Introduction

The metallome as a research entity came into being two dec-
ades ago when the term was first coined in reference to the
equilibrium concentrations and distribution of metal ions
(and/or their total contents) in a cellular compartment, cell
or organism [1]. This definition was subsequently expanded
to denote the entirety of metal(loid) species present in a
cell or tissue type [2]. Not to be left without a formal title,
research aimed at studying the metallome and its relation-
ship with other —omes (ensembles of like biological entities)
and the natural environment was quickly coined Metallomics
[3]. Further information on the linkages between the metal-
lome and the various other biological —omes, the functional
importance of metals in the body (e.g. as enzymatic cofac-
tors) and further back history into the field are well covered
in Mounicou et al. [4], Banci [5], Arruda [6], and Tanaka
and Hirata [7]. While the metallome is inherently linked to
the genome and proteome, it is distinct from both in that
it is directly and significantly influenced by external fac-
tors, such as environmental forcings and availability, which
themselves are fundamentally governed by geological pro-
cesses [1]. From this vantage point, it is easy to understand
why in the years following its inception as a field, bridges
between metallomics and the geosciences were built to allow
researchers from either camp to leverage the expertise and
perspectives of the other. Perhaps, the two greatest exam-
ples of such bridging subfields are medical geology, which—
broadly speaking—explores the public health impacts of
geologic materials and processes (but generally without
direct involvement in medical research) [8, 9], and isotope
metallomics, which references the use of stable metal isotope
geochemistry techniques in the health and medical sectors,
i.e. exploring stable metal isotopes in biological contexts and
as medical biomarkers [10-12].

Isotope metallomics is the focus of the current work
because it is not separate from medical geology, but rather
encompasses and expands upon it by exploring the geologic
history behind element/metal availability in biospheres,
quantifying their distribution in eco-bio-systems, and using
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state-of-the-art analytical instrumentation to understand and
quantify the natural isotopic distribution of these same metals
within these interconnected systems. The added perspective of
natural stable metal isotope ratios yields new and independ-
ent means of understanding environmental inputs, while also
commenting on underlying mechanisms both in the geological
and biological realms. Exemplary in the latter context, natural
stable metal isotope ratios have been used to: (1) unveil pre-
viously unaccounted for erythropoietic pathways for Fe and
Cu [13]; (2) provide a novel quantitative description of Ca
mineralization and de-mineralization in humans and highlight
its diagnostic value in early osteoporosis detection in blood
and urine samples (i.e. significantly prior to dual-energy X-ray
absorptiometry, or DXA) [14]; and (3) potentially constrain
the speciation of Cu in the amyloid beta (Af) plaques associ-
ated with Alzheimer’s disease (AD), along with confirming
the increased production of Cu(I) associated with AP plaques
[15]. Such examples clearly define the added value of natural
stable metal isotopes in medical research; however, linking
excursions in stable isotope compositions of biological mate-
rials with underlying biological function(s) is of course very
complex. While most studies offer hypotheses in this regard,
each topic and the field more generally will greatly benefit
from continued research that will delineate where and when
stable metal isotope ratios may act as empirical biomarkers
of change, and when they can make the non-trivial leap to a
marker of biological mechanism(s).

Nearly two decades on, isotope metallomics is coming of
age at a time when methodological and analytical advance-
ments have thrust us along new frontiers in terms of what can
be accomplished. Among them, areas of research involving
cell line cultivation and analysis (compartmental analysis),
in situ (i.e. spatially resolved) elemental and isotopic map-
ping of biological materials, and the development of scalable
techniques and workflows have all positioned themselves at
the forefront of the field by pushing technical and analytical
limits, as well as by capitalizing on the merger of expertise,
instrumentation, and the respective ethos of both geo- and
medical sciences. Here, we first briefly outline the underpin-
nings and history of isotope metallomics, and provide a road-
map of the field through references to comprehensive reviews
and benchmark studies. Following this, we highlight prom-
ising contemporary approaches, each with a brief synopsis,
including limitations and future outlook. Finally, we leverage
this reflection to offer a speculative look at what may await us
along the research horizon.
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Stable isotope fractionation in biological
materials, a crash course

Stable isotopes are atoms of the same element with differ-
ent numbers of neutrons and therefore different masses that
are stable through time (i.e. not radioactive). These differ-
ences in mass lead to an energy change when one isotope
substitutes for another in a chemical bond [16-18]. Mass-
dependent stable isotope fractionation, such as that seen
for metals in biological processes, is—at its simplest—the
redistribution of the isotopes of a given element as a func-
tion of their mass in a binary chemical process. Based
largely on the pioneering work of Bigeleisen and Mayer
[17] and Urey [18], a number of physical and theoretical
descriptions of mass-dependent isotope fractionation exist
[19-21], with all nominally focused on application in the
geosciences. Perhaps the most accessible descriptions for
the non-geochemist can be found in two complementary
papers, Young et al. [22, 23], with the former discretely
detailing and mathematically describing the two flavours
of mass-dependent isotope fractionation, equilibrium and
kinetic, and the latter paper extensively covering the phys-
ics of equilibrium isotope fractionation and providing a
mathematical formalization of two-phase (binary) isotope
fractionation that clearly details its dependence on tem-
perature, the mass difference between isotope pairs, and
the difference in force constants in each phase (i.e. bond
stiffness) [23].

Very briefly, equilibrium isotope fractionation is the
redistribution of the isotopes of an element during an
exchange reaction between phases at equilibrium, and
kinetic isotope fractionation is that which occurs during a
unidirectional chemical process. Both processes produce
similar results when the threshold of analytical precision
and/or natural background variation is at or above ~0.01%
(0.1%o, or 100 ppm) [22]. Slightly decreased analytical
resolution—and especially heightened natural variation
between samples—are often encountered in biological
materials relative to geological ones, and therefore within
the context of isotope metallomics and this review, broadly
speaking they can be (and are) collectively referred to as
isotope fractionation.

Isotope metallomics owes its applicability in medicine
to the fact that isotope fractionation is subject to the laws
of physics regardless of medium—geological, biological,
or otherwise. Since most biological processes of interest
occur within the same temperature range (approximately
25-37 °C in mammals), for a given element, isotope frac-
tionation—e.g. that between bio-minerals and/or ligands in
the body—is largely determined by the availability of bond
sites and the relative difference in characteristic bond stiff-
ness between them. In general, the heavier isotopes of an

element will concentrate in compounds where that element
forms the strongest bonds [21, 23], and lighter isotopes
travel (e.g. diffuse) faster and form weaker bonds, leading
to light isotope enrichment in kinetic reaction products
[18, 20-22], such as during movement up a food chain
(e.g. from plants to humans) [14, 24, 25]. Relevant exam-
ples where isotope fractionation(s) can be induced—and
potentially measured—include:

1. When there is a substantial change in the isotopic com-
position of a major biological input, such as (1) diet
and/or (2) intestinal absorption, where light (or heavy
isotopes) may be preferentially absorbed due to bond
strength differentials [26, 27].

2. When an appreciable change in internal bonding
environment takes place, such as in the formation of
tumours/lesions associated with various diseases [15,
28-31].

3. When a substantial bodily reservoir with an isotopically
distinct signature (again due to bonding environment)
flushes into another, such as Ca flux into biological flu-
ids (e.g. blood, urine) during bone loss [14, 32, 33].

Lastly, it is worth noting that in isotope metallomics, it
is commonly the stable metal isotopes of “non-traditional”
isotope systems (elements heavier than S) that are being
investigated. Due to physics, i.e. the lower % mass dif-
ference between isotopes, heavier elements (with heavier
isotopes) tend to encounter lower magnitude isotope frac-
tionations both in biological and geological settings [23].
However, ranges in bonding environments—that is, the
relative range in bond strength and availability observed—
function independent of element masses and therefore
the two do not scale proportionately. As a consequence,
metal isotope fractionations for heavier elements within a
single biological system often cover the entire spectrum
(or more) of that observed in geological settings [34,
35]. For example, Li isotopes in mammals (e.g. sheep)
vary by ~40 %o [36], lower in comparison to a range of
60+ %o in terrestrial geologic samples [37]. Meanwhile,
Cu and Zn isotopes vary by only around 1%o in nearly all
geochemical settings [38], and this range is matched or
exceeded in biological systems [31, 34, 35]. This offers a
relatively high signal-to-noise ratio: exogenous geological
inputs (e.g. local soil/fluids/rocks) are often more stalwart
in terms of isotope compositions for heavier metals such
as Cu and Zn (among others), and therefore their isotope
fractionations in biological systems can act as statistically
significant biomarkers of change. These biomarkers can
act in the strictly empirical sense—as an “early alarm”—
or can be linked by inference to underlying biological
mechanisms. It is worth discretizing the two, as the for-
mer case implies the use of stable metal isotopes simply
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as diagnostic indicators of disease, while the latter implies
their use as biomarkers of disease mechanisms.

A brief history of isotope metallomics

Although the individual importance of isotope geochemistry,
and that of metals in the biological sphere (e.g. bioinorganic
chemistry), have been recognized and studied as contempo-
rary sciences since at least the mid-twentieth century, the
importance and potential of combining them are relatively
recent developments reaching back no more than about two
decades [5, 12]. Around the turn of the millennium, only a
couple of readily available works were published that today
would be considered isotope metallomics articles (as defined
by Albarede et al. [12]), namely Skulan and DePaolo [39]
investigating Ca isotope fractionation in animal tissues, and
Walczyk and von Blanckenburg [40] characterizing Fe iso-
topes in human blood. These early works highlighted the raw
potential of using stable metal isotopes to better understand
biological systems and paved the way for future growth
in this area of research. The same period of time saw the
development of multi-collector inductively coupled mass
spectrometry (MC-ICP-MS), with significantly reduced
analytical error for isotope ratios (e.g. relative to quadru-
pole ICP-MS, or Q-ICP-MS, due to simultaneous isotope
data collection), and increased sample throughput (relative
to thermal ionization mass spectrometry, or TIMS). This era
also saw the development of improved chemical separation
techniques—e.g. ion exchange chromatography, or IEC—
and together these advancements made it possible to more
easily and reliably measure stable isotope ratios for elements
heavier than sulphur [41]. Within just a few years, new
research emerged exploring metals in biological systems,
still including Ca [42—44] and Fe [45-48], while expanding
to include Zn [25, 49-51], and later Sr [52], Cu [13, 34], and
Mg [53, 54] (a non-exhaustive list). Current investigations
tend to focus on Ca, Fe, Cu, and Zn. In the case of Ca, this is
largely because it is a major metal constituent of the human
body (e.g. in bone) and is involved in numerous biological
processes [14, 32]. In the case of the latter three metals (Fe,
Cu, Zn), they are often found as enzymatic cofactors and are
therefore inherent to both normal and diseased bodily func-
tion, and from a pragmatic standpoint (with varying efficacy)
they can be extracted and isolated from various matrices
using a single purification scheme [34, 55].

Isotope metallomics is now reaching a stage in its life
cycle where individual articles abound, and retrospectives
and summaries of past works are viable and in demand.
Table 1 provides—to the best of our knowledge—the first
comprehensive directory of research articles, reviews, and
books in isotope metallomics and related fields, with the
aim of providing a reference point from which readers can
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navigate to any subject or sub-field of interest, however
broad or esoteric.

Promising future directions

It has become quite clear that isotope metallomics is a field
of research presenting numerous opportunities in the medi-
cal sector, and these have been partially realized through
numerous methodological and analytical approaches. It is
sensible to take stock of emerging methodologies and ana-
lytical platforms that show the most potential in terms of
returning meaningful and impactful results through current
and future advancements. In this respect, three main areas
of growth come to the forefront: (1) theoretical and natu-
ral isotope fractionation at the molecular and cellular level;
(2) in situ, spatially resolved methods for quantifying stable
metal isotope compositions in biological materials; and (3)
the development of integrated and scalable techniques and
workflows (Fig. 1).

Theoretical isotope fractionation at the molecular
and cellular level

In essence, theoretical estimates of isotope fractionation in
biological relevant environments, and their contextual place-
ment within isotope metallomics, can be largely traced back
to a select few publications: Mg [56, 57]; Ca [58]; Fe, Ni,
Cu, and Zn [59]. Though other relevant estimates can be
located (with some difficulty) [60], these few publications
represent the majority of our understanding of theoretical
isotope fractionation for stable metal isotopes in biological
environments. Small though it may be, in tandem with meas-
urements on natural samples, these calculations allow us to
interpret our observations in a biological context and con-
strain underlying biological processes that manifest isotope
fractionations. A topical example is the use of Zn isotopes
in mouse models of AD, where a shift towards heavier Zn
isotopic composition in the brains of AD mice is interpreted
as a shift from cysteine-rich Zn binding to histidine- and
glutamate-rich binding, with the latter two both preferen-
tially sequestering heavy Zn isotopes in accordance with
theoretical calculations [30].

Limitations, outlook, and future advances

In brief, without theoretical calculations that can pre-
scribe the baseline isotope fractionations that are likely to
be encountered in measurements of biological materials
within a given context, and delineate between likely bond-
ing environments, we are limited in our ability to interpret
data beyond empirical relationships. This undermines our
ability to link observations back to biological processes,
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Table 1 A chronological reference list of articles relevant to isotope metallomics
Article Focus and notable information References

Haraguchi (2004)

Mounicou et al. (2009)

Banci (2013)

Fujii et al. (2014)

Albaréde (2015)

Costas-Rodriguez et al. (2016)

Albarede et al. (2016)

Albarede et al. (2017)

Pozebon et al. (2017)

Jaouen and Pons (2017)

Arruda (2018)

Paredes et al. (2018)

Tanaka and Hirata (2018)

The original article coining and describing metallomics as a discrete field of study related to
biometals, and intrinsically linked to genomics and proteomics. Notably includes: a table of typi-
cal metalloenzymes and metalloproteins, along with their corresponding biological function(s);
a schematic diagram of the biological system, its various "-omes" and their inter-relationships;
recognizable sub-disciplines within metallomics and their associated analytical techniques

The canonical summary/review of metallomics, largely focusing on its relationship to other
"-omics", areas where metallomics-based research can be applied, and to avenues of analy-
ses. Notably includes: relationship trees for (1) metal species in biological environments, (2)
experimental approaches, and (3) element-specific detection protocols; numerous analytical and
workflow diagrams

Book comprehensively describing metals in biological systems. Notably includes: a historical
account of metallomics, with definitions/classifications of various "-omes"; entire chapters dedi-
cated to the element-specific descriptions of homeostasis, uptake, trafficking, etc. for Na, K, Mg,
Ca, Mn, Fe, Co, Ni, Cu, Zn, and Mo

Research article covering density functional theory (DFT) estimates of isotopic fractionation
among species relevant in biology for Fe, Ni, Cu, and Zn. Note: DFT theoretical estimates can be
found for Ca in Moynier and Fujii [58]

Review highlighting the virtues of isotope systems such as that for Ca, Fe, and Cu as medical diag-
nostic tools, and their use in constraining biological processes/mechanisms

Ca, Cu, Fe and Zn isotopic composition and variations in biofluids, and their potential as prognos-
tic/diagnostic tools. Notably includes: purification protocols for Ca, Cu, Fe and Zn for subsequent
analysis via MC-ICP-MS; isotopic compositions of common standards and reference materials
for Ca, Cu, Fe and Zn; biofluid and tissue isotopic compositions for Ca, Cu, Fe and Zn; biofluid
and tissue isotopic compositions for Fe and Zn in mice, sheep and pigs (Fe only); element-spe-
cific forecast for prognostics/diagnostics for Ca, Cu, Fe and Zn, including benchmark examples

One of two follow-ups to Albaréde (2015), focusing on Cu, Zn and S isotopes in medicine and
applicability to cancer diagnostics via blood analysis. Notably includes: theoretical fractionation
factors for Zn and Cu; stability constants for Cu and Zn chelation by relevant carboxylates; sche-
matics of Zn, Cu and S trafficking in a generalized cell; Cu and S isotope results in cancer

Largely an expansion of Albarede (2015), Albarede et al. (2016), Costas-Rodriguez et al. (2016)
and other works. Notably includes: an overview of isotope fractionation; a compilation of blood
and tissue isotopic compositions for Ca, Zn and Cu in mice, sheep and humans; element-specific
biochemistry, homeostasis and medical utility of isotopes for Ca, Fe, Zn, Cu and S

A (follow-up) review dedicated solely to the use of LA-ICP-MS on biological samples, with a
focus on element quantification. Notably includes: a massive compilation (~ 12 pages) of brief
summaries of analyses in biological tissues to date across the periodic table; a section covering
isotope ratio measurements via LA-ICP-MS to date; a critique of the current state of the art, its
limitations and outlook

Overview and forecast of the use of non-traditional stable isotopes for bioarchaeology, itself an
offshoot of metallomics. Notably includes: a periodic table of elements broken down by historical
use and application; abundances, metal type and common delta notations for Ca, Cu, Fe, Mg, Sr
and Zn; a diagram of basic internal and external factors influencing isotope compositions for H,
C, N, O, Mg, S, Ca, Fe, Cu, Zn and Sr; diagrams of trophic level effects on isotope compositions

Book covering numerous analytical techniques and advances in metallomics. Notably includes:
a biological periodic table outlining essential metal and non-metal elements; a chapter (Ch. 2)
dedicated to neurodegeneration and numerous mental diseases; a chapter (Ch. 7) dedicated to
state-of-the-art bio-imaging techniques, including laser ablation (LA)-ICP-MS; a chapter (Ch. 10)
dedicated to element and species specific analyses at the cellular and sub-cellular level

An in-depth investigation of isotope analysis of U, Cu and Zn at nanogram levels in cultured human
cells. Notably includes: a detailed schematic for a stable high-efficiency introduction system; a
careful review of procedural blank contributions and conditions needed for “fit-for-purpose” data
outcomes

Review exclusively detailing stable metal isotopes—Ca, Fe, Cu and Zn—in biological materi-
als as metabolic tracers. Notably includes: schematics for possible linkages between Fe and Cu
metabolism(s) and their isotopes; a large compilation of Fe, Cu and Zn isotope compositions in
human tissue samples

(3]

[4]

(3]

[59]

[10]

[69]

[11]

[12]

[80]

[25]

(6]

[76]
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Table 1 (continued)

Article Focus and notable information

References

Lobo et al. (2018)

Critical review of isotopic analysis in biological samples via LA-ICP-MS. Notably includes: a table [93]

of elements for which isotope ratios have been measured via LA-ICP-MS; sections outlining the
utility various isotope systems in disease diagnostics, evolution and paleoenvironment reconstruc-

tion

Fig. 1 Future-shaping research
areas: a theoretical predictions
of isotope fractionation at the
molecular and cellular level; b
measurements of natural stable
isotope fractionation at the
molecular and cellular level; ¢
in situ analyses in soft tissues
(e.g. LA-MC-ICP-MS); d
high-throughput techniques and
scalable workflow

Ca Fe
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and therefore stifles our ability to arrive at scientifically
rigorous and medically valuable conclusions, especially
with regard to underlying pathological mechanisms.
Clearly, the main limitation here lies in the motivation
and expertise to conduct these calculations, as to date this
has been the effort of a rarefied few.

The outlook is positive, however, as the necessity of
these calculations, coupled with increased awareness and
interest in isotope metallomics, ensures that this will (read:
must) be an area of focus in the immediate future. Broad-
ening the network of researchers generating theoretical
estimates of isotope fractionation, and further data vet-
ting (e.g. separate research entities computing the same
estimates), will validate existing literature in this area and
bring clarity to where and why theoretical estimates and
natural measurements differ.

Theoretical estimates of biological isotope fractiona-
tion, coupled with natural observations, will allow us to
peer behind the veil of human bodily function and diseases
and characterize the biological mechanisms that are at
their roots, and thus move more confidently from empirical
diagnostic tools to direct biomarkers of biological mecha-
nisms. Specific areas of focus could include:
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— An expansion of theoretical estimates to include metal
isotope redistribution between full proteins. Currently,
most calculations are conducted at amino acid level,
as this provides less calculation-intensive approxima-
tions [59]. However, such calculations make the strong
assumption that electromagnetic interactions between
metals and proteins can be simplified by constituent
amino acids. Computing isotope effects for metals
bound to full proteins can provide a means to further
understand and quantify the biological mechanism(s)
at play [61].

— The comparison of theoretical isotope fractionation to
cell culture studies targeting sub-cellular isotope frac-
tionation in neuroblasts, AD-associated proteins (e.g.
Ap and tau), and reactive oxygen species (ROS). Such
investigations will play a pivotal role in uncovering the
mechanisms of AD and other neurodegenerative diseases
[62, 63].

— Comparative analyses of theoretical and empirical obser-
vations of metal isotope fractionation during aggrega-
tion of widely implicated proteins for neurodegenerative
diseases, e.g. superoxide dismutase 1 (SOD1) and TAR
DNA-binding protein of 43 kDa (TDP-43) [64, 65].
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— The development of theoretical models for induced pluri-
potent stem cell (iPSC) lines, and the further develop-
ment of their natural counterparts, which mirror human
diseased cells and tissues. Such developments will
greatly enhance our ability to theoretically and experi-
mentally constrain stable isotope fractionations associ-
ated with diseases and their therapies at large (e.g. can-
cer) [66].

— Combined theoretical and empirical observations of iso-
tope fractionation along metal-specific pathways, such
as Cu along affinity gradients towards its final cellular
compartmentalization, providing a clearer understand-
ing of disease mechanisms while de-convolving the com-
plexities of Cu isotope fractionation in biological systems
[67].

— Theoretical and empirical characterization of metal iso-
tope fractionation between well-known bodily reservoirs,
such as the metalloproteins SOD and metallothionein
(MT) [68].

Natural isotope fractionation at the molecular
and cellular level

All recent reviews in the field of isotope metallomics have
highlighted the importance of investigating stable metal
isotope fractionation at the protein (molecular) and cellu-
lar level [11, 12, 69]. This consistent recurrence is largely
fuelled by the fact that amino acid, protein-, and cell-specific
data are needed to better constrain the biological controls
on isotope fractionation, as most measurements to date—in
biofluids, hard and soft tissues—are in essence still bulk
measurements, since each tissue is a melange of organic
structures.

Work in this area is already underway, with the last
5-10 years seeing a growing number of cell-specific investi-
gations, largely aimed at determining Fe, Cu, and Zn isotope
fractionation at the cellular level. Iron isotope fractionation
in an intestinal cell line (Caco-2) has been investigated to
understand cellular Fe uptake and transport mechanisms,
adding independent constraints on light Fe isotope enrich-
ment during both absorption and transport [70]. Copper
and Zn have been studied in single-strain bacteria to under-
stand adsorption vs. intracellular uptake and fractionation
mechanisms (e.g. Cu reduction, Zn complexation vs. free
Zn) [71, 72]. Such studies are relevant because: (1) bacteria
are myriad in the gut microbiota and influence intestinal
absorption, and (2) because key metal-binding proteins (such
as MT) are relatively conserved between fungi, plants, and
animals. Zinc isotopes have been studied in harvested breast
cancer cells, with tumours sequestering light Zn isotopes,
suggesting possible Zn delivery via metallothionein, and
furthermore implicating Zn isotopes as a potentially viable
early biomarker for breast cancer [29]. The largest number

of cell-specific isotope metallomics studies to date have
focused on Cu isotopes, including: (1) heavy Cu isotope
enrichment in several human cell lines (HepG2) induced
by hypoxic tumour conditions relevant to hepatocellular
carcinoma (HCC) [73]; (2) evidence of heavy Cu isotope
enrichment in a yeast proxy for human HCC associated with
lower Cu reductase activity in tumours [74]; (3) Cu isotope
fractionation associated with oxidative stress in a human
cell line, demonstrating heavy Cu isotope enrichment with
increased oxidative conditions, with strong implications for
numerous diseases, e.g. cancer, liver, and neurodegenera-
tive diseases [75]; (4) Cu isotope fractionation associated
with oxidative chelation of Cu by cytosolic lactate in breast
cancer [28]; (5) Cu isotope fractionation at the cellular and
subcellular level in neuron-like human cell cultures, reveal-
ing that neuronal differentiation affects the Cu isotope frac-
tionation associated with cellular Cu uptake (this study is
also accompanied by Cu mapping via LA-ICP-MS) [62];
(6) Cu isotope compositions between two metalloproteins
(SOD and MT) responsible for oxidative stress mediation
and with implications for AD diagnostics [68]; and (7) from
a methodological point of view, high precision nanogram-
level U, Cu and Zn isotope ratio determination in cultured
human cells [76].

Limitations, outlook, and future advances

Somewhat similar to the problems facing theoretical calcula-
tions, the key issues currently limiting cell culture studies
are the necessary intellectual and logistical requirements
needed to bring such studies to fruition, the combination
of which has created an academic bottleneck. The current
(and short) catalogue of stable metal isotope fractionation
cell culture experiments comes largely from only two labo-
ratories (Ghent University and ENS Lyon). It takes appreci-
able time, intellectual and logistical resources to effectively
conduct these experiments under requisite controlled labo-
ratory conditions, to ensure that sufficient numbers of cells
can be harvested to provide metal concentrations at high
enough levels for subsequent analyses, to reliably measure
their isotopic compositions (generally via MC-ICP-MS), and
finally to collate all results—medical and geochemical—into
a coherent interpretation.

The outlook for this area is promising and it is tempting
to speculate that the next decade will see the incorporation
of MC-ICP-MS facilities for stable metal isotope analysis in
this research sector, and in the medical sector more broadly.
In terms of stable metal isotope fractionation, the horizon
of this research area largely goes hand in hand with that
of theoretical estimates, as they are enmeshed in terms of
their collective ability to constrain underlying biological
mechanisms of disease. However, even without theoretical
estimates of molecular and cellular isotope fractionation,
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we can measure isotope fractionations in cell line studies,
develop empirical correlations, and use these correlations in
tandem with existing medical literature and the basic tenets
of isotope fractionation to make strong inferences as to the
underlying cellular and subcellular processes at work [23].
This is of course a more qualitative approach, but is still of
great utility.

In situ elemental and isotopic analysis in biological
materials (LA-MC-ICP-MS)

Although there exist other means of attaining spatially
resolved elemental and isotopic abundances, e.g. secondary
ion mass spectrometry (SIMS), X-ray fluorescence (XRF)
imaging and single-collector laser ablation ICP-MS (LA-
ICP-MS), multi-collector laser ablation ICP-MS (LA-MC-
ICP-MS) has established itself as the clear frontrunner for
analysing stable isotope ratios in biological materials [77,
78]. The reasons for this primarily include: (1) high sensi-
tivity, low detection limits (ppm level), and lower analytical
error relative to LA-ICP-MS (simultaneous isotope data col-
lection); (2) high spatial resolution down to the micron (pm)
scale; (3) relatively high accessibility/availability; (4) high-
throughput capacity that increases potential research pro-
ductivity while driving down operational costs; and (5) the
ability to map numerous element (metal) species simultane-
ously. Relevant reviews in Table 1 comprehensively detail
advances in element quantification and conventional stable
isotope analysis via LA-ICP-MS and LA-MC-ICP-MS, and
therefore emphasis is given here to benchmark examples of
stable metal isotope analysis using the latter means. How-
ever, much of the technical development work that has led to
the possibility of stable metal isotope analysis via LA-MC-
ICP-MS has been done in geological samples and standards
(e.g. rocks and minerals, alloys), and/or for element quanti-
fication via LA-ICP-MS, so it would be remiss not to briefly
mention important milestones. Hereafter, unless otherwise
noted, references include studies involving LA-MC-ICP-MS.

The very first study to quantitatively map metals in
biological materials was published over 15 years ago, in
Kindness et al. [79] (LA-ICP-MS), where Cu and Zn con-
centrations were simultaneously mapped with high spatial
resolution (pm- to sub-mm scale) and precision (2-6% for
Cu) in thin sections of sheep liver, detailing heterogeneous
distribution, mainly for Cu. Since then, an extensive amount
of LA-ICP-MS and LA-MC-ICP-MS development and anal-
ysis have been done, and this is well covered in Table 1 of
Pozebon et al. [80] and Table 1 herein. Some of the first
stable metal isotope ratio analyses via LA-MC-ICP-MS were
conducted for Fe and Cu isotopes in naturally occurring
minerals commonly found in geologic ores (e.g. Cu oxides
and sulphides) [81-84]. Many of the lessons learned from
these early investigations and subsequent studies [85-87],
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namely how to avoid and/or correct for isotope fractionation
induced by sample heterogeneity and/or the analytical proto-
col itself, and how to develop matrix-matched (i.e. like-for-
like) standards, have been instrumental to the application of
isotope analysis in biological samples by LA-MC-ICP-MS.
Likewise, related work using LA-ICP-MS aimed at spatially
quantifying isotopically labelled tracers (i.e. isotope doping
in unnatural proportions) in biological media have further
enhanced our ability to apply such techniques to natural sta-
ble isotope analyses, including: imaging Zn isotope ratios in
rat brains [88]; mapping Zn isotope ratios in planktonic crus-
taceans [89]; imaging Fe, Cu, and Zn in mouse brains with
Alzheimer’s disease (AD) [90]; and imaging Fe (and fer-
roportin, FPN) in human hippocampus tissue with AD [91].
This last study, by Cruz-Alonso et al. [91], is of particular
note as the simultaneous imaging of Fe and FPN renders
this a metallomics—proteomics hybrid imaging technique.

Standing on the shoulders of almost two decades of tech-
nique development, this area of research has now entered a
phase where exploratory studies are being published on sta-
ble metal isotope analysis in biological media. Of particular
note, Resano et al. [77] successfully determined Cu isotope
compositions of dried urine spots via LA-MC-ICP-MS, and
these results strongly suggest that the further development
of such analysis could serve as a biomarker for Wilson’s
disease (WD), because untreated WD patients displayed
isotopically light Cu in their urine relative to normal and
treated patients. Indeed, similar approaches may be useful
in diseases such as Parkinson’s, where Cu dyshomeostasis is
implicated [92]. Furthermore, Tacail et al. [78] developed an
LA-MC-ICP-MS technique for Ca isotope determination in
biological apatite (i.e. bone mineral) with high potential for
detecting changes in dietary and/or physiological conditions;
this article also conveniently catalogues numerous previous
works in stable isotope ratio determination via LA-MC-ICP-
MS in its “Introduction”.

Limitations, outlook, and future advances

As is reiterated in nearly every publication on stable metal
isotope analysis via LA-MC-ICP-MS, the major limitation
of this area of research is overcoming various sources of
analytical error, namely instrumental and methodologi-
cal sources of isotope fractionation that distort or entirely
overprint actual sample isotope signatures. Chief among
these factors is the use of matrix-matched standards, i.e.
standard materials with known elemental isotope com-
positions that are compositionally, morphologically, and
texturally similar to the samples being analysed [78]. The
importance of matrix matching is based on the idea that
the closer the standard properties are to that of the sam-
ples, the more thermal effects, ablation physics, particle
size distribution, plasma load, and differential ionization
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can be cancelled out (see relevant references in Table 1).
Matrix-matched standards with known and/or certified iso-
topic compositions allow for the correction of instrumental/
methodological sources of error and provide reference points
to be reproduced to validate sample data sets. Additionally,
LA-MC-ICP-MS provides a transient signal to the mass
spectrometer that requires additional data processing, and
transient signals sometimes come with deteriorated preci-
sion relative to solution-based MC-ICP-MS; however, the
consequences of this are generally less paramount than those
associated with matrix issues.

Once a collective effort is put in place to standardize,
and thus commercialize/industrialize these techniques, the
outlook and applicability of this research area will likely see
significant growth, as the spatial resolution and tremendous
high-throughput capabilities of these techniques are well
suited to the demands of biological sample analysis (e.g.
clinical work), and both features (spatial resolution, high
throughput) are at the top of both scientific and practical
priorities.

Future advances in this area will include the further
development and wider-spread availability/use of recent
technical advances that attenuate the impact of differen-
tial standard-to-sample matrices, including: shorter wave-
length lasers for narrower particle size distributions [93];
shorter pulse times via femtosecond (vs. nanosecond) lasers
for reducing thermal effects and particle size distribution,
thereby increasing isotope ratio precision and accuracy [84,
93, 94]; and laser ablation cells designed to minimize signal
variability caused by point-specific cell parameters (e.g. the
HelEx ablation cell) [78, 86]. With the aid of such techni-
cal advancements, future research will likely see spatially
resolved mapping of stable metal isotopes at the pm- to

sub-mm scale in biological materials, such that we will be
able to determine, in situ, the isotope fractionation between
spatially adjacent normal and diseased cells, a feat that is
currently not possible. An exemplary use of such future tech-
nology could be the determination of Zn (and Cu) isotope
compositions between senile plaques and adjacent normal
brain tissue(s) in AD, and/or for Cu (and S) isotope composi-
tions between normal and tumorous cells in various cancers.
Parallel advances in complementary technologies such as
single-cell genomics and proteomics offer future opportu-
nities to correlate spatially resolved isotopic changes with
detailed molecular information.

High-throughput techniques and integrated
workflows

Novel stable metal isotope measurements within a given
study generally lies within the low tens of samples (rarely
hundreds), especially when conventional techniques are
employed, i.e. hot plate sample dissolution and manual ion
exchange chromatography (IEC) [35, 62, 70]. In the medi-
cal sector, however, much higher sample cohorts—often in
the thousands to account not only for different participants,
but also temporal collection of samples—are a natural con-
sequence of clinical research studies and are required for
robust statistics, especially in regard to prognostic, diagnos-
tic, and/or therapeutic tools. Although often contextually
marginalized as an area of future development and focus
in isotope metallomics, sample throughput is perhaps the
single largest obstacle in the way of successfully merging
isotope geochemistry and medical applications and is there-
fore emphasized here (Figs. 1d, 2).
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By far, the most common means of generating samples
for isotope measurements has been and continues to be
through conventional “wet” isotope chemistry, where the
common workflow includes (1) sample digestion/dissolution
via strong acid attack, (2) element isolation via ion exchange
chromatography (IEC) using gravity-driven column chemis-
try, and (3) analysis of purified solutions via MC-ICP-MS.
The first and last steps in this generalized workflow are rela-
tively quick (from a geochemistry perspective, but relatively
slow from a biomedical perspective), from less than a day
up to a few days (depending on samples and instrument tem-
perament); it is the step in the middle—IEC—that is truly
rate limiting.

lon exchange chromatography (IEC), a crash course

Conventional IEC includes cleaning and packing plas-
tic (usually polypropylene, PP) or poly-fluoroalkyl (PFA)
columns with cationic or anionic resin which is held in
place by a frit (a porous membrane, usually PFA or PP)
that allows fluids to pass through under the force of gravity;
this traditional technique is hereafter referred to as gravity-
assisted IEC, or GIEC. Columns are vertically fixed in a
column rack, and often pre-cleaned by consecutively passing
through reagents that will be used during IEC (2-3 X in most
cases). Samples are loaded onto columns in a prescribed
reagent solution (eluent) that allow the element(s) of inter-
est to strongly bind to the resin (via ionic bonding), while
matrix elements are flushed out during loading and/or sub-
sequent rinsing steps. Once all matrix elements have been
rinsed off the columns, collection beakers (usually PFA) are
placed underneath the columns and another prescribed rea-
gent is used to quantitatively elute the element of interest
(the eluate). Occasionally, this solution can go straight to
the MC-ICP-MS for analysis, but often it is evaporated to
dryness and reconstituted in a dilute acid that is compatible
with the sample introduction system of the instrument (com-
monly as element nitrates in ~2% HNOj; solution). In the
ideal scenario, samples are loaded and all matrix elements
are rinsed off in one eluent, then the isolated element of
interest is completely eluted in a second eluent, colloquially
referred to as on/off or stick/no-stick separation chemistry.
The appropriate IEC protocol for a given project is deter-
mined based on sample type and the average concentration
of the element of interest within them, for example low ele-
ment concentration samples require the lowest procedural
blanks (contamination). In such cases, overall efficiency is
a secondary priority and vice versa for samples with copious
amounts of the element of interest.

Flow rates of reagents during GIEC are virtually unre-
ported in the literature, but vary from tens to low hundreds
of microliters per minute (pL/min), with custom-made PFA
columns often being the slowest [35, 38, 95-98]. Since
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cleaning, rinsing, and elution steps often require up to tens
of millilitres of reagents(s), GIEC can take hours to days to
complete a single column protocol, and sometimes up to a
week or more for multi-stage, multi-column protocols. It is
also worth noting that flow rates in GIEC often vary within
the confines of a single protocol (and between columns), due
to the type, amount, and packing of resin, column diameter,
reagent viscosity, frit characteristics, and other variables.
These conflating issues can lead to significant variations in
chemical separation efficiency both within a given protocol
and even within the same column.

Strategies for high-throughput IEC

The procedural bottleneck created via the use of conven-
tional GIEC columns, along with its exceedingly low sample
throughput power, has led a number of isotope geochemists
to pursue various means of expediting the IEC process, each
with their own advantages and disadvantages, all of which
are graphically illustrated in Fig. 2 and briefly detailed here
with extensive referencing to literature examples.

Sequential element extraction IEC

The most straightforward strategy employed to augment
overall IEC time is to sequentially extract more than one ele-
ment from the same GIEC protocol (hereafter SGIEC), and
this strategy has been employed from very early on (Fig. 2a).
Notably, the SGIEC technique developed by Maréchal et al.
[41] has largely laid the groundwork for subsequent tech-
niques aimed at recovering purified Fe, Cu, and Zn solutions
from a single protocol, both in geological and biological
samples [13, 34, 38, 98], with one of the most recent itera-
tions of this SGIEC strategy extracting Fe, Cu, Zn, and Cd
from blood samples with a single gravity column for subse-
quent analyses via MC-ICP-MS [55]. This protocol—among
others (e.g. Moynier and LeBorgne [95]; Lanping et al.
[99])—was further refined for the lowest possible sample,
resin, and acid volumes needed for effective separation of
the elements of interest and subsequent analyses. This strat-
egy—sometimes referred to as miniaturization—is essen-
tially protocol optimization taken to its limits and is common
to most protocols aiming for high throughput, and therefore
is noted here but not further elaborated upon.

In addition to reduced procedural time relative to GIEC,
the main advantages of SGIEC are: (1) the reduction in the
requisite sample mass needed, as essentially the maximum
mass (or volumes, e.g. blood) needed is equivalent to the
minimum mass required to reliably analyse the least abun-
dant element; and (2) the reduction in the mass/volume of
acids needed, often lowering contamination (blanks); and
(3) the reduction in preparation time and consumables,
which reduces overhead costs. Finally, a defining advantage
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sometimes allotted by lower flow rates, e.g. in high aspect
ratio PFA columns, is that this can garner better element
isolation from matrix elements and/or other eluted elements
of interest [96].

The main disadvantages of SGIEC are: (1) sequential
extraction protocols are counter-productive when only a
single element is targeted; (2) the element combinations
possible are beholden to resin properties and are therefore
finite; (3) sequential extraction techniques often require
higher overall reagent volumes for all but the first element
eluted, and therefore can induce higher blanks for later
eluted elements (as more reagent has passed through the
column prior to elution); and (4) sequential extraction tech-
niques sometimes require a second purification step (such
as a repeat SGIEC column pass) for one or more elements,
because priority may be given to multi-element extraction
over complete single-element isolation.

Vacuum-assisted IEC

Vacuum-assisted IEC (VIEC) is accomplished by creating
a pressure differential between the top and bottom of the
column, where reagent solutions at higher pressure (top) are
pulled to the lower pressure end (bottom). In practice, most
studies generate this pressure difference by using an external
vacuum pump (usually electric, but Venturi pumps are possi-
ble) and a vacuum box, where the columns are fit into the top
of the vacuum box creating an airtight seal, with the upper-
most portion of the column in open air (for adding sample
and reagent solutions) and the bottom portion sealed inside
the box where the pressure is decreased to a prescribed level
by an attached vacuum hose (Fig. 2b).

To date, there is only a relatively small body of work
utilizing VIEC, much of which employs sequential element
extraction via VIEC (SVIEC). One of the earliest studies,
Pourmand and Dauphas [100] explored the element behav-
iour of 60 different elements in a SVIEC setup. Along with
providing a wealth of information for many elements in a
single article, this study provides strong evidence for the
use of such techniques for the purification of Ca, Lu, Hf,
U, and Th for subsequent isotope analysis via MC-ICP-MS
[100]. Similarly, SVIEC techniques for Np, Am, Th, U, Pu,
and Cm separation have been developed with applicabil-
ity to urine samples [101, 102]; Pu has been successfully
separated using VIEC in water samples [103]; and a VIEC
method for Sr purification from environmental samples has
been established [104]. This latter study, Wall et al. [104],
includes the added innovation that the eluted Sr solution is
ready for MC-ICP-MS analysis without the need of evapora-
tion and re-constitution, a workflow modification that single-
handedly reduces procedural times by up to 1 day. Of par-
ticular note regarding single-element VIEC, Lanping et al.

[99] developed a single-step Ca separation protocol that can
be applied to both geological and biological samples.

A major advantage of (S)VIEC relative to GIEC is that
essentially the same protocol can be adapted while dramati-
cally decreasing processing times, thereby reducing sample
processing times from days or weeks down to hours. The
other key advantage of VIEC is that it protects the puri-
fied element solutions, both by sequestering them in an
isolated box (the vacuum box) and by having the external
force located downstream of the IEC columns themselves,
mitigating exogenous contamination.

The main disadvantages of VIEC are that it requires a
significant amount of initial setup relative to GIEC, includ-
ing: (1) the purchasing of all auxiliary components (vacuum
box, vacuum pump, tubes and fittings); (2) vacuum/flow
rate calibration; and (3) dedicated laboratory space that can
accommodate an electric vacuum (or Venturi) pump, which
can be a significant source of laboratory contamination (not
to mention noise), or an external pump location (as pumps
generally cannot be located in clean rooms) and additional
vacuum lines plumbed to the laboratory.

Enhanced pressure-assisted IEC

In pressure-assisted IEC, PIEC, an external positive pres-
sure is applied to one end of a column or cartridge (inlet,
“top”) that forces eluents through the column and out the
other end (outlet, “bottom”) (Fig. 2¢). At present, there are
two prominent and commercially available HPIEC varieties
that have been used for metals separation—the Dionex™
High performance ion chromatography (HPIC) systems from
Thermo Fisher Scientific and prepFAST-MC™ automated
chromatography systems from Elemental Scientific (ESI®).
Regardless of brand, the general workflow is relatively sim-
ple and conserved: a piston-driven pump or syringe pushes
reagent fluids (usually via pressurized air buffers) through a
network of chemically resistive circuitry (e.g. PFA), includ-
ing an in-line IEC column (often called a cartridge) and all
or most steps are automated and software driven (Fig. 2d).
The in-line circuitry is connected to eluent reservoirs for
cleaning, rinsing and elution, and an autosampler serves the
dual function of drawing up sample solutions for introduc-
tion to the column and depositing eluates into collection
beakers.

One of the earliest studies utilizing PIEC, Meynadier
et al. [105], developed a protocol focused on purifying Sr
in river water samples for subsequent isotope analysis (via
thermal ionization mass spectrometry, TIMS). Though not
explicitly addressed, the details of this work hinted at the
viability of PIEC for sequential extraction of Ca and Sr puri-
fication, foreshadowing future work. Indeed, more recently a
sequential extract PIEC (SPIEC) method has been developed
for the separation of both Ca and Sr from various sample
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types, including seawater, rock, and biological hard tissues
(bone ash and llama bone), for subsequent isotope analysis
via MC-ICP-MS [106], along with additional methods for
Ca (and Mg) separation via PIEC [107-109]. Along with the
development of other SPIEC protocols for Sr—Pb—Nd and
Sr—Pu—Am [110, 111], recent years have seen the develop-
ment of PIEC protocols for Cu purification in biological
samples for subsequent isotope analysis, namely Enge et al.
[112] and Yuan et al. [113], with the latter study further
including an SPIEC protocol for Sr-Nd, and in a novel leap
forward, using a custom-built pressure-driven apparatus.

An inherent feature of most PIEC protocols is automa-
tion, and this generates numerous advantages for PIEC
protocols over all previously described IEC methods. Auto-
mation removes the human component of IEC, mitigating
sources of methodological error and limiting the potential
sources of contamination that arise during manual IEC (i.e.
both GIEC and VIEC), much of which in fact comes from
laboratory gloves [114, 115]. Furthermore, reported sample
processing times via PIEC are approximately 2-5 X faster
than GIEC methods, and overall efficiency is even greater
than these face value estimates, given that it is possible to
conduct manual work contemporaneously.

The two main disadvantages of PIEC are the initial costs
and calibrations necessary to establish a method. The aver-
age cost of a commercially available PIEC system (plus
peripherals) pales in comparison to the average price of
an MC-ICP-MS; however, automated platforms are often
considered non-essential and thus their priority scales pro-
portionately. Furthermore, commercial (and custom) PIEC
systems are complex and it can take considerable time (6—12
mo.) to on-board equipment, validate methods, and generate
reliable and reproducible results. That being said, the dear-
est and perhaps most overlooked cost of any laboratory is
personnel, and therefore a strong argument can be made that
PIEC systems quickly pay for themselves.

Limitations, outlook, and future advances

At present, the largest—and nearly singular—Ilimitation
of high-throughput IEC is that every conceivable protocol
is beholden to the properties of the chromatographic resin
being used. Since the properties of most presently avail-
able resins degrade significantly after flow rates exceed-
ing ~ 1-2 mL/min during elution steps (~6 mL/min for
cleaning and rinsing), improvements in IEC protocol effi-
ciency using such resins are inherently limited. However,
the vast majority of IEC protocols currently used for isotope
geochemistry generally do not exceed a few hundred pL/min,
and thus there is ample room to further reduce IEC times.
We tentatively speculate that the next frontier in this
research space will be the use of ion exchange membranes
during element purification for subsequent isotope analysis.
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Currently, solid-state ion exchangers are being developed
largely for use in water purification and/or heavy metal
extraction [116], and their potential has yet to be realized in
the realms of isotope geochemistry and isotope metallomics.
Relative to traditional beaded resin chemistry, ion exchange
membranes have multiple significant advantages, including:
(1) binding capacities in ion exchange membranes are gener-
ally far superior to that of beaded resins [117]; (2) binding
capacities are in general independent of flow rates, and thus
volumetric throughput can be up to an order of magnitude
higher [117, 118]; and (3) the size and shape of membranes
do not affect their properties (unlike resin-packed columns),
and therefore their application is easily scalable to commer-
cial/industrial levels.

Towards a collectively meaningful future

There are very few research fields that are more inter-dis-
ciplinary than isotope metallomics. Future progress will
require sharing techniques, standards and other methodo-
logical aspects, so that the relative strengths of individual
fields can be leveraged towards collective goals, ultimately
allowing isotope geochemistry techniques (e.g. IEC and MC-
ICP-MS analyses) to find their way into medical research
facilities, and vice versa allowing biomedical approaches
and practices (e.g. size exclusion chromatography, cell cul-
ture experiments) to be integrated into isotope geochemistry
labsoratories.

Theoretical, molecular, and cellular level isotope metal-
lomics research is conducted either via computer or already
in medically oriented laboratories, and therefore few prag-
matic changes are needed for cross-facility integration. The
transplantation of in situ methods (e.g. LA-MC-ICP-MS)
into medical facilities is largely limited by the infrastructure
and intellectual requirements needed to effectively couple
a laser system and an MC-ICP-MS instrument, and these
limitations are mirrored when considering the integration
of conventional medical practices into isotope geochemis-
try laboratories (e.g. cell culture experiments). The effective
cross-pollination of these practices hinges on structural and
cultural inclusivity within the geological and medical fields.
The continued pursuit of research breakthroughs and cross-
sectoral collaboration in isotope metallomics will facilitate
and catalyse these changes.

For high-throughput techniques and integrated workflows
there exist a more direct and clear path forward. This entails
placing value on the translatability of IEC and instrument
protocols into the medical sector (e.g. MC-ICP-MS), and
developing a culture of mutual respect and understanding
between fields. As researchers in the medical sector are
already acquainted with large sample cohorts and the han-
dling of sensitive and/or dangerous materials, many aspects
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of isotope metallomics research [in practice] are already a
part of the skillset.

With that in mind, isotope geochemistry protocols can be
adapted or engineered in such a way that they can be inte-
grated into pathology clinics and medical research facilities.
Broadly speaking, this includes considering the common
practices and equipment of medical facilities and (where
possible) constructing protocols than can be easily slotted
into such environments. For example, while developing an
IEC/MC-ICP-MS protocol for metal isotopes in biological
materials, a viable strategy might include: (1) prioritizing
simple element specific on/off IEC protocols and mitigating
use of caustic reagents, thus allowing for the use of cost-
efficient consumables (e.g. PP beakers instead of expensive
PFA vials) and engendering fewer laboratory safety restric-
tions; (2) adapting/augmenting protocols to remove time-
consuming steps such as evaporation and re-constitution; (3)
tailoring IEC protocols such as sample masses and reagent
volumes to specific sample types routinely used in medi-
cal diagnostics, e.g. blood and urine; and (4) emphasizing
complete element purification, such that subsequent MC-
ICP-MS analysis can be done with the minimum amount of
mathematical corrections. Lastly and importantly, fostering
inter-disciplinary and inter-laboratory communication and
research will allow us to better construct clear, coherent, and
broadly accessible approaches.

Concluding remarks

The utility of isotope metallomics, and more pointedly
that of stable metal isotopes in the biomedical sector, has
only very recently gone from an open-ended question to a
mounting consensus, owing to nearly 20 years of research
establishing the foundation of the field, and to a handful of
breakthrough studies along the way that have brought atten-
tion, motivation, and funding to this research area. Of note,
Ca isotopes have proven very useful as a diagnostic tool for
bone loss, e.g. osteoporosis, and their biomarker manifesta-
tion predates that of traditional imaging techniques [119]; Fe
isotopes have uncovered missing erythropoietic pathways in
the human body [13]; Cu isotopes have proven useful as bio-
markers for various cancers [28, 120], tissue disorders [121],
genetic disorders [122], and neurodegenerative diseases
[115]; and Zn isotopes have shown utility as a biomarker
for prion disease and other neurodegenerative disorders such
as AD [30, 123]. This body of work shows great promise,
and continued research along these horizons will aid in the
determination of when and where stable metal isotopes can
be used as emperical diagnostic tools, and beyond that where
they may be used as diagnostic indicators of underlying bio-
logical mechanisms of disease.

Isotope metallomics has been built on the tenacity and
hard work of a surprisingly small enclave of researchers the
world over, with the number of dedicated research groups
being in the single digits. Taking this into account, the num-
ber of ground-breaking studies that have come out of this
burgeoning field in such a short period of time attests both
to its incredible potential and to the notion that this is only
a glimpse of all that is possible with continued growth, col-
laboration, and a clear vision moving forward. The future
horizon of isotope metallomics will be defined by the united
efforts of medical and geo-scientists.
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