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ABSTRACT

Elemental imaging gives insight into the fundamental chemical makeup of living organisms.
Every cell on Earth is comprised of a complex and dynamic mixture of the chemical elements
that define structure and function. Many disease states feature a disturbance in elemental
homeostasis and understanding how, and most importantly where, has driven the
development of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) as
the principal elemental imaging technique for biologists. This review provides an outline of
ICP-MS technology, laser ablation cell designs, imaging workflows and methods of
guantification. Detailed examples of imaging applications including analyses of cancers,
elemental uptake and accumulation, plant bioimaging, nanomaterials in the environment,
exposure science and neuroscience are presented and discussed. Recent incorporation of
immunohistochemical workflows for imaging biomolecules, complementary and multimodal

imaging techniques and image processing methods are also reviewed.
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MeCAT metal coded affinity tag
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MIP microwave induced plasma
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SDS-PAGE sodium dodecyl sulphate—polyacrylamide gel electrophoresis
SEMs secondary electron multipliers
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SP single particle
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TEM transmission electron microscopy

TH tyrosine hydroxylase
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1. INTRODUCTION

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) imaging employs
a high-energy laser beam to sample a biological specimen prior to introduction to an ICP-MS.
The high temperature plasma atomizes and ionizes the sample’s constituent elements from
which high-resolution maps may be constructed by traversing the laser beam across the
sample section. LA-ICP-MS imaging has numerous applications in diverse areas of
investigation such as neuroscience, environmental exposure to toxic elements, and basic
mechanistic biology, and is a platform technology in the field of Metallomics, which may be
defined as the study of the metallome. The definition of the metallome is still under debate
and consists of various chemical entities such metalloproteins, investigations of metal-based
drugs, and perhaps incorporation of essential inorganic elements such as selenium,
phosphorus or iodine, amongst others.! Bioinorganic analyses are no longer the sole focus of
application as incorporation of immunohistochemical workflows has extended LA-ICP-MS
imaging to the investigation of biomolecules by employing metal-tagged antibodies. LA-ICP-
MS applications have been driven by development of technology and innovative methods
that probe the microchemical environment of biological matrices to investigate the complex
interplay of metals, enzymes, proteins, and other elements and molecules in biological
processes within relatively large anatomical structures, and more recently, at cellular and sub-

cellular levels.

The first bio-images were constructed by Wang et al.? in their often-overlooked study in 1994
(Figure 1A). Here, an Nd:YAG laser coupled to a quadrupole ICP-MS was used to construct
images of fish scales, rat kidney cross sections and a pig femur. This was followed by Feldmann
et al.?in 2002, where a series of fresh wet animal organs were directly analyzed via laser line
scanning for various elements using an in-house designed cryogenically cooled laser ablation
cell. The authors demonstrated LA-ICP-MS produced highly sensitive and repeatable
quantification of elements in soft tissues. Kindness et al.* expanded this line scanning concept

in 2003 to construct an elemental contour map of sheep liver (Figure 1B).

In the quarter century since Wang’s report, where images were constructed with a spatial

resolution of 30 um that is still commonly described today, LA-ICP-MS imaging has rapidly



grown in capability and uptake in the biological sciences. This review discusses the rise of LA-
ICP-MS imaging specifically in biology and is designed to present to the reader a
comprehensive overview of technological innovations in instrumentation and applications.
The review begins with detailed discussions of ICP-MS instrumentation, covering the history
of the technology and compares various configurations including time of flight, quadrupole,
sector field and tandem mass spectrometers. A brief history of laser ablation cell
development then follows, beginning with rudimentary early designs right through to modern
commercial offerings that have been optimized for imaging applications. Imaging workflows
are then presented covering important topics such as experimental design, considerations of
imaging parameters, and methods of quantification. Applications of LA-ICP-MS imaging are
reviewed encompassing diverse areas of study. These include imaging animal models and
human cancers for novel biomarker discovery, drug penetration studies, and elucidation of
basic elemental homeostasis. Uptake and accumulation of elements to investigate the
interaction of natural and anthropogenic pollutants within organisms, plant bioimaging,
nanomaterials in the environment, exposure science and neuroscience are also covered.
Approaches for biomolecular imaging via incorporation of immunohistochemical labelling
techniques are then presented, followed by examination of image processing methods for
anatomical segmentation, feature selection and three-dimensional reconstructions.
Complementary bio-imaging techniques suitable for multimodal imaging are also reviewed

and a projection of the likely future of the technology discussed.
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Figure 1: First bio images produced using LA-ICP-MS. A) 88Sr/48Ca ratio images in fish scale.
Reproduced with permission from Ref.2. Copyright 1994 SAGE Publications. B) Topography-
style quantitative map of Cu distribution in a sheep liver section. Reproduced with permission

from Ref.%. Copyright 2003 Oxford University Press.



2. INDUCTIVELY COUPLED PLASMA-MASS SPECTROMERTY

2.1. A Brief History of Inductively Coupled Plasma — Mass Spectrometry (ICP-MS)

Technological advances have driven gradual performance improvements of ICP-MS over the
last four decades. Introduction of technologies such as the collision/reaction cell (CRC), sector
field, tandem and time of flight mass spectrometers, rapid detection systems and enhanced
statistical algorithms provide dedicated multi-elemental detection for most elements of the
periodic table with large dynamic ranges, robustness and high sensitivity. The ICP was
commercially introduced in the early 1970s after Greenfield et al.> and Wendt and Fassel®
examined ICP as a source for atomic emission spectroscopy, which was rapidly adopted by
research laboratories.”® After initial experiments on arc discharge plasmas and its potential
as ion sources for mass spectrometry by Gray,'® ' high temperature ICP and microwave
induced plasma (MIP) ion sources of approximately 6000 K were proposed for mass
spectrometry using a quadrupole mass analyzer for the analysis of aerosols generated via
solution nebulization or laser ablation (British Patent 1371 104, 1971). In 1980 Houk et al.
proposed a comprehensive framework for ICP-MS for trace element analysis,*? followed by
the commercialization of two ICP-MS platforms in 1983 (Perkin-Elmer SCIEX: ELAN 250 at
Pitcon 1983) and 1984 (VG Instruments: VG Plasma Quad at Pitcon 1984).13 14 QOver the
following years, ICP-MS matured to become the method of choice for trace element analysis
across multiple disciplines and kept pace with important technological and method

development milestones.'®

The hard ionization source of the Ar plasma annihilates all molecular information, obscuring
the “molecular history” of the targeted analytes. While this can be exploited, for example, for
species independent quantification strategies, it complicates speciation analyses and the
investigation of elemental distributions.'® Hyphenation with separation techniques such as
liguid chromatography (LC) or discrete sampling of solids by laser ablation conserves
retention time or spatial information as species-specific parameters. These techniques
provided new perspectives on the role of metals, metalloids, and other inorganic species in
biological systems. ICP-MS and associated hyphenated techniques operate at the

interdisciplinary interface of several scientific fields including medicine, nanotechnology,



environmental and life sciences in both research and for routine analyses. ¢ As one of the
most versatile element-specific detection systems, ICP-MS underpins investigations of
“metallomics as an integrated biometal science” introduced by Haraguchi in 2003.% This
technology has transformed our understanding of the role of trace and minor elements and
their species in biological systems. Even after four decades, new applications and
instrumental advances are frequently reported, continually expanding the scope of ICP-MS.
As of 2020, some 20 vendors offer commercial platforms with different sample interface

configurations and detection modalities.

An ICP as ion source design has high ionization efficiencies and initial designs have not been
significantly modified despite the large choice of commercial offerings. Most commonly, ICPs
are generated in torches with a Fassel design consisting of three concentric glass tubes with
distinct Ar gas flows required for cooling, sustaining the plasma, aerosol transport and plasma
injection. The torch may be grounded with a Pt shield to mitigate the deterioration of the
interface and to counteract the “pinch effect” which can cause kinetic energy broadening,
secondary discharges and the generation of ions with multiple charges.® Several high energy
radio frequency (RF) generator/coil designs allow impedance matching and high-power
transfer efficiency for robust elemental analysis in complex matrices. As such, stable RF
powered magnetic fields at either 27 or 40 MHz accelerate electrons to kinetic energies where
Ar atoms are ionized (15.67 eV) via electron impact.'® Target analytes are ionized with the
same mechanism, or via charge transfer or penning ionization with Ar ions/atoms. The
ionization efficiency depends on the plasma temperature, ion density and the first ionization
potential of the targeted element and can be calculated by solving the Saha ionization

equation.?° For most elements the ionization degree is above 90%.®

After ionization, positively charged ions are extracted into a high vacuum region. The
sensitivity in ICP-MS is dependent on low pressures which increase the mean free path of
analytes to support ion transmission. The most common arrangement involves the operation
of a multi-staged vacuum interface where the extracted ion beam is shaped by sampler and
skimmer cones and transported stepwise from ambient pressures into a high vacuum
region.?! The adiabatic expansion into the vacuum induces mass discrimination due to mass

dependent diffusion coefficients. This nozzle effect results in higher ion transmissions for



heavy masses.?? A similar phenomenon occurs from space charge effects, where coulomb
repulsion centers heavy masses in the ion beam and increasingly eliminates low mass ions.?3
After extraction, the ion beam is directed along a curved path to eliminate neutral particles
and photons before ions are transported to the mass analyzer, where they are separated
according to their mass-to-charge (m/z) ratios.?* For the detection of ionized masses,
secondary electron multiplier and Faraday cups are frequently employed for a large linear
dynamic range of up to 12 orders of magnitude and offer detections rates of up to several
kHz. Modern instruments operate a dual-stage electron multiplier in which signals can be
detected via pulse counting or monitored in an analogue mode when exceeding a certain
threshold. For trace analyses, detectors operate in a pulse counting mode for maximum signal
amplification. It is also necessary to consider that during the signal amplification, detectors
are blind (dead time approx. 20-40 ns) which can impact the analysis (e.g., isotope ratio
measurements) but can be compensated by software or manually if counting rates are

sufficiently high.?®

Three major classes of mass analyzers are currently employed in ICP-MS: quadrupole, sector-
field, and time-of-flight. The quadrupole-(Q) based analyzer was the first used for ICP-MS and
is the workhorse in industry and research due to its low cost of purchase and maintenance,
as well as robust operation. This is particularly clear when comparing the number of peer-
reviewed articles operating ICP-MS by detector type; ICP-QMS systems have produced around
10 times the research output of sector-field (SF), time of flight (TOF) and triple quadrupole
(MS/MS) mass analyzers. Today, 85% of ICP-MS studies employ a single quadrupole mass

analyzer design and only 15% comprise of TOF, SF or tandem mass spectrometry.

The CRC was developed in the late 1990s and allowed single quadrupole mass analyzers to be
used for applications where polyatomic interferences previously rendered them unsuitable.
This new technology may use various gases and acquisition modes to remove interfering
species by chemical reactions and/or kinetic energy discrimination (KED).2® The introduction
of ICP-MS/MS in 2012 improved mitigation of polyatomic interferences and set a new
benchmark by reducing the background noise for elements traditionally difficult for ICP-

QMS.27’ 28



While the CRC and tandem mass spectrometry for ICP-MS improved the “chemical
resolution”, SF-based instruments improved the mass resolution and were developed in the
early 90s.2° SF systems offer adjustable resolutions (m/Am) of up to approximately 10,000
(10% signal height) and improved sensitivity and precision. In certain geometries SF-based
instruments allow the simultaneous acquisition of several isotopes from a selected mass
range monitored with multiple detectors in multi-collector (MC) systems.3° This rapid and
simultaneous acquisition of several masses accelerated the investigation of TOF technology
for ICP-MS. Originally developed in the 90s,3! its potential was harnessed within the past
decade and is emerging as promising alternative for LA-ICP-QMS. TOF technology also

underpins the growing interest in mass cytometry.3?

LA-ICP-MS imaging is commonly performed either by continuous scanning or single shot
analysis. The most applied method is continuous scanning where the laser is fired at a high
repetition rate and the generated aerosol from separate shots are mixed producing a
continuous sample stream into the ICP. While this provides higher sensitivity due to higher
mass flows, it also limits spatial resolution and consequently image quality, which can partially
be corrected using mathematical tools.3® However, advances in ablation cell design and the
development of rapid mass analyzers offering high scanning speeds and multielement
detection, moved single shot analysis into greater focus to increase sample throughput and

image resolution.3*

Q, SF and TOF-based LA-ICP-MS platforms each have relative advantages and disadvantages
and offer complementary acquisition modes pertinent to various facets of elemental imaging.
In the following sections, specific features of these mass analyzers and important examples
are discussed with a focus on their impact on LA-ICP-MS imaging and its application in life

sciences.

2.2. Quadrupole mass analyzers and collision/reaction cells in LA-ICP-MS

The overwhelming popularity of ICP-QMS can be explained by its simplicity, robustness, and

cost-effectiveness. However, there are relative strengths and limitations of ICP-QMS and its



application with laser ablation systems for accurate and precise analyses and for construction
of high-quality images. Several factors including shot frequency, dwell time, matrix,
sensitivity, spatial and mass resolution, peak measurement protocol, scan speed and spectral
interferences can affect the figures of merit and must be considered when designing
experiments. The selection of these parameters requires a basic understanding of the
operation principle of quadrupole mass spectrometry and how it may be optimized in

conjunction with a LA system.

A quadrupole consists of four parallel metal rods and applies distinct combinations of RF and
direct current (DC) voltages that filter specific m/z values. Each m/z follows an individual ion
trajectory which may be calculated by solving the Mathieu equations.3> Common to all ICP-
QMS instruments, combinations of RF and DC voltages are altered linearly (scan line), and
only one combination of RF and DC voltage for each m/z is applied to sequentially measure
isotopes of interest via a time resolved “peak hopping” protocol. The set of RF and DC voltages
(the equation of the scanning line) specifies the mass resolution and ion transmission for each
m/z.2% In 1996 Niu and Houk examined the fundamentals of ion extraction and transport for
different mass analyzers and reported that ion transmission in ICP-QMS was only 0.002-
0.0002% of generated ions.?! In the last two decades, the design of the ICP-QMS has been
modified to improve the ion path geometry and vacuum levels to enhance ion transmission
and reduce backgrounds, leading to an increase of sensitivity by three orders of magnitude.3”
38 Clases et al. recently demonstrated the feasibility of operation of the quadrupole with an
increased mass band pass mode to improve ion transmission in both hyphenated ICP-MS
including LA-ICP-MS.3% 36 40 Here, the scan line slope was modified to increase ion
transmission at the expense of resolution, to improve limits of detection or to increase spatial
resolution (Figure 2). However, quadrupoles are usually operated at a fixed (unit) mass

resolution to maintain selectivity.
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Figure 2: The hippocampal structure was targeted in two consecutive sections of murine brain
employing (A); standard method and (B); the high transmission method. Reproduced with

permission from Ref. 3¢. Copyright 2020 Royal Society of Chemistry.

The lateral resolution of an image and the limit of detection (LOD) are dependent on the
number of monitored masses, the dwell time, and the sweep and settling time of the
guadrupole. Lear et al. investigated signal to noise ratios at various dwell times and concluded
that optimal spatial resolution, LODs and scanning speed required a compromise, and in
general the scan speed may be maintained at approximately 4 to 5 times the magnitude of
the spot size without significant loss of detection sensitivity.** Hattendorf et al.*? investigated
potential implications for quantitative elemental imaging when pairing low aerosol dispersion
cells with multi-isotope analyses and LA-ICP-QMS. Experiments and simulations
demonstrated that if wash-out times and quadrupole scanning were situated on a similar
timescale, aliasing errors became more pronounced. The authors used signal intensity
averaging to eliminate systematic biases and to improve accuracy in quantitative LA-ICP-QMS
experiments. Van Elteren et al. considered shot frequency, cell wash-out time, and
guadrupole synchronization and subsequent image artefacts in high resolution images. The
authors demonstrated that desynchronization of dwell time and laser shot frequency may
result in significant striations that are clearly visible and not related to plasma fluctuations or
Poisson noise.** The same authors further investigated beam size, scanning speed,
surface/depth concentration, sensitivity, and reproducibility on image quality and possible
artefact generation for single and multiple shot analyses.** In a follow-up study, they
discussed the fine tuning of system wide parameters for high-speed and high-resolution
imaging and developed a mathematical model for selection of instrumental conditions to
minimize image blur and aliasing while optimizing the signal to noise ratios. The model is

integrated in an open-source web-app for newcomers in LA-ICP-MS imaging.*



Recent advancements in low-dispersion cells and quadrupole acquisition speed promise
potential for rapid acquisition via single shot analysis, yet compared to simultaneously
operating mass analyzers, quadrupoles have only partial applicability for fast acquisition due
to sequential m/z scanning and limitations in dwell and scanning time. For example, the

minimum dwell times for modern quadrupoles typically range below from 0.1 to 1 ms.34 44 46-

48

An area of growth for fast quadrupole acquisition is imaging of nanoparticles (NPs) in
biological tissues. NPs are attracting increasing interest in industry and medicine but are also
raising concerns due to negative or unknown environmental impacts. Therefore, it is likely
that LA-ICP-QMS will be increasingly employed to investigate the function, location, and fate
of nanomaterials. Operating LA-ICP-QMS with short integration times in single particle mode
allows detection of individual particles for size calibrations and particle counting. Metarapi et
al.?® investigated the location and size of AuNPs in plants (Figure 3) and differentiated

between ionic and particulate Au.
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Figure 3: Image of gold distribution in cross section of sunflower grown in a controlled
environment with line scan signals recorded every 100 ps. Reproduced from Ref. #°. Copyright

2019 American Chemical Society.

One significant limitation in LA-ICP-QMS are spectral interferences which disproportionately
affect elements in the low and mid mass range, mostly due to argon, carbon, nitrogen, and

oxygen-based polyatomic interferences which overlap with most biologically relevant



elements, with few free of some degree of polyatomic interference. Oxygen-derived species
are less pronounced in LA-ICP-QMS, where dry plasmas predominantly eliminate water as an
oxygen source,” though trace amounts of O in Ar may adversely impact LODs.>! Interferences
can partially be mitigated using gas additives to change chemical and physical processes in
the plasma. Specifically, N, reduces ArO-based interferences and increases sensitivity.>?>*
Alternatively, plasmas can be operated at cool and dry conditions, where the ICP is operated
at low RF power and higher nebulizer gas flows.>> °® However, the most important method of
mitigation of interferences is the CRC.%® >7 The CRC is a RF-only multipole that is situated
directly before the quadrupole and reduces interferences by KED, molecular fragmentation,
charge transfer, or chemical reactions to enhance selectivity for increased signal to noise
ratios. While the terms collision and reaction are often used interchangeably, reaction cells
typically involve a chemical reaction to remove or shift the mass of polyatomic compounds or
analytes, and collision cells involve a physical process. For example, in KED, collisions with an
inert cell gas cause polyatomic ions with larger cross-sectional areas to lose kinetic energy at
a greater rate than single analyte ions due to a higher number of collisions.”® An electrostatic
field can be tuned to eliminate ions with kinetic energies below a threshold to selectively
analyze target m/z.>° He and H; are the most common cell gases used for KED to improve the
analysis of traditionally difficult elements such as Fe, Cu, Ca, Mn and Zn.>% %61 The reader can
find discussion of several parameters that affect the tuning of KED in a comprehensive model

by Yamada®® and the tutorial review by Tanner et al.?®

Alternatively, the CRC may be filled with various reactive gases for interference attenuation®%
63 and reactions can be roughly categorized by charge transfer, oxidation, reduction and
adduct formation.®* NHs, H, and O; are popular gases for a range of reactions with differing
mitigation efficiencies depending on the ionization potentials and chemical affinities of the
analytes. It is difficult to predict all factors that induce certain reactions and therefore, CRCs
are commonly tuned empirically. In stand-alone ICP-MS, it is relatively straight forward to
switch between different acquisition modes and CRC tune settings, however, in LA-ICP-MS
sampling occurs too rapidly and requires the CRC to be operated statically. This requires a
compromise for sufficient interference attenuation for some elements whilst maintaining
sensitivity for others. Wehe et al.5> discussed the feasibility of cell mode switching between

individual laser scan lines, or alternatively using a simultaneous LA-split flow coupled to two



ICP-MS instruments (Figure 4). The former involved alternative ablation lines on a sample
with different tune settings and compensation of skew errors by linear interpolation.
However, this latter spilt flow approach required the laser beam spot size to be reduced by
half to maintain the lateral resolution, decreasing sensitivity by a factor of four. This, coupled
with the requirement for two ICP-MS instruments, renders the method unviable for most

laboratories.
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Figure 4: Parallel KED and reaction gas (top) and cell mode switching (bottom) for removal of
polyatomic interferences from LA line scans. Reproduced with permission from Ref. .

Copyright 2014 Wiley VCH Verlag GmbH & Co. KGaA.

The selectivity of ICP-MS was further improved by the commercial introduction of tandem
mass spectrometry (ICP-MS/MS) in 2012 which featured the operation of one additional
guadrupole that is positioned before the CRC. Offered by three vendors, this technology can
be operated in single quadrupole (SQ) or MS/MS modes. In all cases, the CRC (Q2) functions
as a RF-only filter to provide conventional CRC acquisition modes. In SQ mode, the first
guadrupole (Q1) (before the CRC) is operated with a larger mass bandpass and the third
guadrupole (Q3) at unit mass resolution. The mass bandwidth of Q1 may be manipulated for
optimization of analyte transmission and background interferences.®® In MS/MS mode, both
Q1 and Q3 are usually maintained at unit mass resolution. Like ICP-SQMS with a CRC, ICP-
MS/MS allows KED and dedicated reactions.®” However, the additional quadrupole before the
CRC limits the transmission of interfering isotopes avoiding undesired reactions, non-spectral

interferences, and higher reaction efficiencies.?®



The first study on ICP-MS/MS for elemental bioimaging was published in 2016 by Bishop et
al., who investigated various CRC settings and compared SQ and MS/MS modes. ZN, Se and P
were analyzed both on-mass and with a mass shift to investigate elemental distributions in
prostate cancer in a murine brain.®® Clases et al. showed that LA-ICP-MS/MS improved the
imaging of Gd in biological tissues and were able to correlate the abundances of Gd, Ca and P
in skin and brain tissue using oxygen as collision/reaction gas.3® Tandem mass spectrometry
also improved imaging of Fe in soft tissues,®® 7 and Ca and P in bone tissue,’* and S, Fe, P, La
and Gd in human tissues.”? Thyssen et al. analyzed Na, Mg, P, K, Ca, Fe, Cu, Zn and Pb in cocoa

beans using LA-ICP-MS/MS, while analyzing P, Ca and Fe with an oxygen mass shift.”3

2.3. Sector Field and Multi-Collector LA-ICP-MS

An alternative approach to eliminate spectral interferences is to increase mass resolution.
Double-focusing magnetic SF-based ICP-MS platforms can operate at three different mass
resolutions (low resolution 300, medium resolution 4000, high resolution 10000 m/Am at 10%
signal height) which may resolve polyatomic interferences from the analyte m/z.”47¢ Due to
more efficient ion extraction increasing transmission, SF-based instruments equipped with
secondary electron multipliers (SEMs) also provide significantly higher sensitivities (up to two
orders of magnitude) improving signal to noise ratios and LA imaging performance.’”3°
Interestingly, LA-ICP-SFMS for bioimaging is mainly used for its high sensitivity,’® rather than
the possibility to increase mass resolution. This is most likely related to multi-element
analyses and increasing mass resolution compromising the figures of merit for non-interfered
elements. Furthermore, in low resolution, the flat top mass peaks increase signal precision
and significantly improves isotope ratio analysis compared to quadrupole-based ICP-MS
systems.”? Pisonero et al.® critically evaluated the potential of a nanosecond LA-ICP-SFMS
system to determine elemental distributions within mouse embryonic fibroblast cells
(NIH/3T3) and human cervical carcinoma cells (Hela cells), incubated with gold nanoparticles
and Cd-based quantum dots. The authors demonstrated that the system was suitable to

measure Au and Cd at a resolution of approximately 2.5 um (laser spot size) in the cytosol and



nucleus of both cell lines and obtained images that were concordant with those of confocal

microscopy.

ICP-SFMS instruments are available in various geometries which offer specific advantages
regarding sensitivity and signal acquisition and can be distinguished by the position of the
electrostatic analyzer (ESA), the magnetic sector, and by the focal points of ion trajectories.
The ESA provides rapid scanning by modifying kinetic energies of the ion beam to analyze a
mass window of about 20 amu. Analytes beyond this window require a scan of the magnetic
sector, which takes significant time due to hysteresis effects, and is not optimal for rapid
sampling as occurs in LA-imaging. Waentig et al.8! performed LA-ICP-SFMS of elements with
large mass differences and recommended sorting elements in two groups for which a
magnetic scan was not required. After each line, a magnetic scan was performed to switch

between the two groups periodically.

In the Nier Johnson geometry and the Mattauch-Herzog configuration, the magnet is located
after the ESA and is operated at a fixed magnetic field strength. For the latter, the ESA and
magnetic sector are configured at specific angles that separate the focal points of different
m/z which are measured using multiple (multi) collectors/detectors (MC). The number of
detectors as well as the mass bandwidth of the magnetic sector are usually limited which
restricts the number of isotopes that may be analyzed simultaneously. However, instruments
based on spatially resolving semiconductor detectors allow acquisition of the entire mass
range (m/z 6-238) and offer an interesting alternative for multielement, high resolution and

sensitive LA imaging.8?

The operation of LA-MC-ICP-MS opened further options for isotope ratio bioimaging. The
installation of several detectors after the magnetic sector spatially separates detection of
various m/z for simultaneous isotope acquisition. As such, plasma fluctuations, concentration
or matrix effects do not have deleterious consequences for the determination of isotope
ratios and improved precisions of 0.01-0.05% are possible.®3 The high sensitivity and excellent
precision of MC-ICP-MS instruments allow the targeting of isotope ratios as biological
markers, especially relevant for imaging of trace elements.®? As noted in a perspective on

isotope ratio analysis in biological tissues by LA-ICP-MS by Urgast and Feldmann in 2013,3



this feature of LA-ICP-MS appears extremely attractive for life sciences but is under exploited.
High precision analyses allow tracer studies at concentrations which do not alter the
metabolism and investigation of isotope fractionation. The same group investigated the
feasibility of Zn isotope ratio imaging in tracer studies to locate different Zn metabolism in
various anatomical features in rat brain, which can be harnessed to measure trace element
kinetics in tissues at a microscale level.8> The first study to visualize isotope ratios goes back
to Woodhead et al. who resolved differences in the Sr isotope ratio across a barramundi
otolith.8® Other isotope ratio imaging applications comprise the transgenerational labelling of
Ba in fish and the uptake of Zn into wheat grains.®’-8° One interesting application of LA-MC-
ICP-MS was shown by Paul et al., who were able to explain the change in the isotope ratios of
Sr in fish otolith by its migration pattern.®® In a similar study, Prohaska et al.°! investigated
otoliths to assess habitat use and migration in a river system to reconstruct life histories of
fish. As shown in Figure 5, a split-stream LA-ICP-MS/MC-ICP-MS set up provided elemental
and isotopic imaging from the same sampling spot, where contrasts and deviations in isotope
ratios was used to follow the age and habitat of fish. Similarly, Avigliano et al. targeted the

Sr/Ca and Ba/Ca ratios to provide complementary information on fish migration in the La Plata

Basin (South America).®?
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Figure 5: Stacked images of Sr/Ca elemental ratio (upper layer) and 8Sr/%Sr isotope ratio
(lower layer) combined with a microscope image of otolith sample after laser ablation.

Reproduced from Ref. °1. Copyright 2016 Royal Society of Chemistry.

Isotope and elemental fractionation in teeth were investigated to interrogate and decipher

early hominin traits, describe their habitats and diet and to investigate the uptake of



anthropogenic pollution® 23, Isotope ratios has also been used as pathological marker as
shown by Resano et al.,>* who targeted the isotope ratios of Cu in dried urine droplets to

diagnose Wilson’s disease patients.

2.4. Time of Flight Analyzers

The simultaneous acquisition of several isotopes offers advantages which are relevant for
imaging via LA-ICP-MS. Most ICP-MS instruments employ scanning mass analyzers which
operate with dwell times in ps to ms ranges. This limits the number of elements that may be
acquired from a transient ion beam and consequently from individual laser shots. This issue
instigated the development of the ICP-TOF-MS, which acquires the entire mass range at short
integration times. Compared to the scanning of a transient ion beam, TOF technology
measures discrete packages of extracted ions in a pulsed acquisition mode for full mass
spectrum acquisition at 33, 39.2 or 76.8 kHz.%>’ lons are accelerated to equal kinetic
energies, which results in different velocities for different m/z. The arrival of ions at the
detector is timed and subsequently translated into a mass spectrum. The mass resolution
depends on the lengths of the flight path and the focus of the ion package, which both can be
increased by reflectrons and ion mirrors. Depending on the ICP-TOF-MS platform, the mass
resolution ranges from 900-4000. Direct comparisons between instruments should consider
that the usual definition of mass resolution for ICP-TOF-MS and single- or multi-collector
instruments are not the same, the latter defines mass resolution at 10% mass peak height,

while TOF instruments do so at full width at half maximum (FWHM).%>

Myers and Hieftje presented the first design and characterization of TOF technology for ICP-
MS in 1993.3! They realized that sensitivity was impacted by non-optimal ion optics and flight
paths as well as by the high abundance of Ar*, which caused unwanted saturation of the
detector. Other concerns in ICP-TOF-MS were related to large ion numbers causing space
charge effects and the broad energy distribution of ions obtained from relatively noisy ICP-
sources which limited the duty cycle.3: ® Over the years, the detection sensitivity was
increased 10 to 1000-fold and ICP-TOF-MS is now suitable for the analysis of trace elements.*®
TOFWERK introduced an instrument that employs a Notch filter to remove abundant matrix

ions like Ar*. However, this impacts the sensitivity of neighboring analytes with similar m/z.



Although a large proportion of interfering ions can be removed with the Notch filter, the linear
dynamic range is limited to approximately 6 orders of magnitude.®> Using a CRC instead of a
Notch filter (also known as a band-stop filter) reduces the level of interferences where the
analysis of 4°Ca was feasible. Burger et al. used He and H3 as cell gases for operation of LA-
ICP-TOF-MS to target “°Ca and %Se and improved sensitivities by a factor of 1.5-2 by
increasing mass resolution.’® Hendriks et al. reported that the sensitivity of ICP-TOF-MS
attained approximately 30% of the sensitivity for 22U compared against an ICP-QMS
instrument.® Burger et al. compared various LA-ICP-TOF-MS configurations and analyzed
standard reference materials. They found that accuracy and precision were similar to
scanning LA-ICP-QMS and reported that the sensitivity was lower by a factor of between 10
and 150 compared against values reported for quadrupole and sector-field instruments,
respectively.’® The simultaneous acquisition improved the precision of isotope ratio imaging.
However, the precision reported here was significantly lower than for MC-ICP-MS. One
example of isotopic ratio imaging was reported by Monk and Lev, who investigated the
687n/%Zn and ®°Cu/%3Cu isotope ratios in biological tissues which showed potential for

toxicological tracer studies.'

Recently, a novel ICP-TOF-MS instrument was released by Nu Instruments for acquisition of
m/z between 23 and 238 with 39.2 kHz.°” In a study by Greenhalgh et al., this instrument was
used for fast imaging of asbestos fibers in a mesothelioma model.’®> A CRC was used to
monitor interfered elements including 22Si, 3°K, 4°Ca and °°Fe, and principal component

clustering was used to distinguish between different asbestos species in cells.

The CyTOF® instrument has a specialized ICP-TOF-MS design that is becoming increasingly
important for clinical applications (see section 5.8). Here, a RF-quadrupole mass filter is used
to transmit masses above m/z 80. This design is dedicated to the analysis of heavy elements
which are used as labels in immunohistochemistry. Unfortunately, endogenous major, minor
and trace elements are precluded from the analysis. The sensitivity of the instrument is
comparable to common ICP-QMS instruments and the acquisition is carried out at 76.8 kHz.3?
The combination of LA-ICP-TOF-MS and immunohistochemistry has been applied for rapid

and highly multiplexed imaging with sub-cellular resolution. For example, ljsselsteijn et al.1%?



recently reported a 40-marker panel for high dimensional and sub-cellular characterization of

cancer microenvironments.

The fast acquisition of ICP-TOF-MS in combination with low dispersion ablation will likely be
the instrument of choice for rapid and high-resolution imaging. Fast wash-out cells increase
sensitivity and the entire mass spectrum from individual laser pulses may be sampled several
times.3* An LA-ICP-TOF-MS operated with a low dispersion/fast wash-out cell of 10 ms permits
detection of 100 laser pulses per second. It is also possible to separate individual signal peaks
at pulse repetition rates of up to 200-300Hz with novel cell assemblies.*® These technology
and hardware improvements translate into higher sample throughput, which decreases costs
and makes LA-ICP-TOF-MS particularly interesting for high volume analysis in clinical settings
and 3D imaging. In direct comparison, LA-ICP-QMS may offer increased figures of merit when
scanning a limited number of isotopes, which may be advantageous for trace analyses. In
contrast the figures of merit are unaffected when targeting a larger number of isotopes by

LA-ICP-TOF-MS due to the constant duty cycle of the TOF mass analyzer.

3. LASER ABLATION

The first LA-ICP-MS instrument was introduced by Gray in 1985.193 The laser was a fixed Q-
switch mode pulsed ruby rod operated at up to 1 Hz and between 0.3 and 1.5 J per pulse with
a visible wavelength of 693 nm. The ICP-MS instrument was an ELAN 250 ICP-MS that had
been commercially launched at the Pittsburgh Conference in 1983 by PerkinElmer/MDS
Sciex.1®* This modular system was developed for geological applications and was designed for
direct sampling of rock specimens using a 1 mm beam for representative sampling of hard
surfaces without the need for complex and hazardous digestion. The instrument consisted of
a simple cell design that enclosed the sample mounted on rotatable cup for maneuvering
perpendicular to the beam. The gas flow was introduced tangentially at the level of the
sample with a swirling motion and exited just below the window to a four-port tap to facilitate
purging of the sample chamber (Figure 6). The setup produced detectable peaks down to 10
ng g* with total washout of single pulses within approximately 20 s. It was noted that, when
compared against solution nebulization, there was a disadvantage for quantitative analysis as

counting statistics were insufficient, limiting accurate measurements to narrow mass ranges.



This observation in part influenced manufacturers to develop faster scanning quadrupoles
and time of flight instruments and set the scene for instrument development for biological

imaging applications.
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Figure 6: Schematic of the ablation cell used in the first description of LA-ICP-MS. Reproduced

with permission from Ref. 193, Copyright 1985 Royal Society of Chemistry.

3.1. Laser Ablation Cell Designs

Since the inception of LA-ICP-MS, ablation chambers have undergone continued development
by consideration of factors such as aerosol transport efficiencies, transient signal duration,
cell geometries and ICP torch configurations to increase spatial resolution and speed of
analysis. The desire for improvements has been driven concomitantly by traditional geological
applications and the increasing interest in soft tissue imaging. The following brief overview
from a selection of representative publications outlines the history of ablation chambers,
beginning with rudimentary configurations for solid state sampling of geological materials to

modern cells suitable for high resolution imaging applications.

In 1988, Arrowsmith and Hughes!® considered the overall efficiency of the ablation plume
and particle transfer mechanisms to develop the first “two-volume” laser ablation cell (Figure
7). The authors placed an ablation cell of 1 — 3 cm? within a pressurized outer box which
housed an x-y-z stage for sample translation of up to 10 cm x 10 cm. The washout times for

single laser pulses improved dramatically to approximately one second with a transport



efficiency of approximately 40%. These configurations formed the basis of many in-house and
future commercially designed cells with little development until 2001, when Bleiner and
Glnther!® investigated how cell geometry and transfer tube variations affected the transport
efficiency of laser-induced aerosols. The cell geometry was not a significant factor for aerosol
transport efficiency, however smaller cell volumes decreased the washout time, increased
the aerosol density, and decreased dispersion leading to improved signal aspect ratios.
Tanner and Giinther!%”. 1% expanded this observation further with the design of in-torch laser
ablation sampling. A sample was placed inside the ICP-MS torch with the laser mounted onto
a movable stage and focused through the torch box. This set-up resulted in extremely fast
transient signals of 4ms versus 2s in standard configurations and LOD improvements of 100
times. Although imaging was not feasible with this arrangement, it clearly demonstrated that
fast wash-out times were desirable for high sensitivity and influenced future designs that
were capable of sampling large specimens or multiple targets with minimal dispersion of

ablation plumes.
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Figure 7: Schematic of first report of a two-volume laser ablation cell. Transfer tube (TT);
secondary gas source (SS); sliding flanges (SF); dichroic mirror (DM); ring illuminator (RI); flow
control valves (V1/V2); lenses (Li/L2); sample (S) on XYZ translation stage. Adapted with

permission from Ref. 1%, Copyright 1988 SAGE Publications.

Liu et al.1% further developed the two-volume arrangement by placing a movable active inner
cell inside an external cell that was large enough to accommodate multiple targets or large
specimens. The inner cell was connected to a 1 m long 3 mm i.d. transfer line to the ICP-MS

instrument and demonstrated improved memory effects compared to similarly large volume



cells whilst maintaining the relatively fast washouts of small volume cells at approximately

400 ms.

Becker et al. demonstrated near-field LA-ICP-MS in 2005 using a silver needle and 532 nm
Nd:YAG laser for a claimed 150 nm beam diameter.''° The potential applications foreseen by
the authors in nanoimaging have not yet come to pass, not because the work was technically
flawed but because reliance on precision experimental setups and in-house produced
components (Figure 8) are not immediately compatible with transferrable workflows. While
the near-field effect, applied to discrete sampling, demonstrated LA-ICP-MS could make
equivalent measurements to other nanoscale chemical analysis techniques, it did not
demonstrate sufficient improvements over alternatives to justify the delicate experimental

setup required when other established workflows could be used (e.g., Pushie et al.*1).
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Figure 8: Near-field LA-ICP-MS configuration. A precision XYZ manipulator holds a thin-tip

(150 nm) silver needle in position inside the Ar-pressurized ablation chamber. Reproduced

with permission from Ref. 19, Copyright 2005 Royal Society of Chemistry.

A significant improvement from these previous designs was introduced by Miiller et al.1'? in

2008 with a two-volume cell with a large sampling area, a moderate washout of less than 1



second, invariant gas flows around the ablation site, and a computer controlled xyz stage. A
small 2 cm?3 funnel-shaped cup was fixed with a stainless-steel articulated transfer tube that
kept the cup above the sampling target within a gas tight chamber of approximately 380 cm?3.
Unlike previous arrangements, the dead volume of the chamber was minimized by placing
the xy stage outside the sample chamber. An off-axis camera was placed above the chamber
to view the entire sample area for convenient setup of ablation experiments, and a light
source was placed beneath the chamber for transmitted illumination. This design was the
basis for commercial cells still in use today manufactured by Resonetics (Laurin Technic) and
Teledyne (HelEx Il). In addition to the ablation chamber design, the transfer line has an
influence on the dispersion of the ablated aerosol. Accordingly, an Aerosol Rapid Introduction
System (ARIS), which consists of a low volume transfer line, is also available for the HelEx II,

and has been reported to reduce the washout time to 40 ms.13

In 2015, Douglas et al. described a fast washout cell specifically designed for acquisition of
high-resolution images or high-resolution sampling.!** The cell consisted of an integrated
ablation chamber, transport tubing and an ICP torch that provided a low-volume flow path
for resolution of single-shot peaks widths of 1.5 to 4ms. This was equivalent or better than
the in-torch ablation described earlier, with the ability to image large sample areas or multiple
targets. In a variation of the two-volume concept, fast transient signals were generated via
the use of a “sniffer” device at the point of ablation (Figure 9). The sniffer was connected to
a dual concentric injector (DCI) torch via a fused silica conduit. The DCI was designed to
directly inject the ablation plume effluent into the ICP to minimize dispersion or dilutions of
the aerosol. The sample tray within the ablation chamber was magnetically coupled to an
external xy stage with 25 mm x 25mm enabling imaging of moderately sized targets. The jitter

and accuracy of the stage were not reported.
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Figure 9: “Sniffer” interface reported by Douglas et al.1** Schematic of device (top) where
direction of the laser beam A); “Sniffer” cell body B); sample C); fused silica transport conduit
D) fused silica support tube E); microchamber within which the ablation plume is contained
F); main bulk of gas flow entering the microchamber G); minor gas flow that enters the
microchamber from beneath H); minor gas flow down the laser access port 1); laser-induced
aerosol direction of travel toward the ICP J). Heat map (bottom) showing computer aided
design model of representative local gas velocities in the “sniffer” interface. Reproduced with

permission from Ref. 14, Copyright 2015 American Chemical Society.

In 2013 Giinther and colleagues'?> described the development of a low dispersion laser
ablation cell based on a tube design that produced single shot aerosol plumes of less than 30
ms. This was applied to the analysis of HER2 cancer biomarkers at approximately 1 um
resolution. This cell design was later applied to LA-ICP-TOF-MS analysis of geological samples
by the same group.''® 117 This tube design was further developed by van Malderen in a series
of papers that reported development of a low dispersion ablation cell housed within a
“Cobalt” ablation chamber.?¢: 118 119 Thjs |ayout used a gas-tight chamber within which various
configuration of cells could be placed and customized to the need of the user. The fast
washout cell configuration comprised of a transfer tube placed above the sample in which a

high velocity stream of He was used to capture the ablation aerosol for transfer via



polytetrafluoroethylene (PTFE) tubing to the ICP torch.''® The sample holder was mounted on
a z stage and angled at 4° relative to the focal plane to limit opportunities for collision
between the sample and the ablation cell. Constant distance between the sample and the
focal point was maintained by tracking and autofocusing during line scans (Figure 10). The
sample holder accommodated large specimens or multiple targets with a volume of up to 100
x 100 x 14 mm3. The xy stage consisted of piezo-based stick-slip linear positioners with a
closed loop accuracy of 40 nm. The “Cobalt” cell has been commercialized by Teledyne Cetac
Technologies and incorporated into the lIridia™ laser ablation system. The commercial

product has a claimed 99% signal washout within 4 ms.
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Figure 10: Schematic of the sampling inner cell assembly. In all 3 sample positions (A-C), the
distance of the tube cell to the sample surface is maintained during the scan. Reproduced

with permission from Ref. 11°. Copyright 2020 American Chemical Society.

Other commercially available “fast” washout cells are available from Elemental Scientific
Lasers (ESL). The TwoVol3 cell has a specialized imaging cup combined with the DCI torch with
claimed washouts of less than 1 ms. The xy stage is designed for large specimens or multiple
targets with 100 mm x 100 mm translation and 10 nm accuracy, and a z-stage to control the
sample surface-to-cup distances. A prototype version of this cell was applied to the analysis

of asbestos fibers in cellular models of mesothelioma with a lateral resolution of 3 pm.10!



4. QUANTIFICATION

4.1. Basic considerations and external calibration

Reliable quantification in LA-ICP-MS imaging requires consideration of the matrix dependence
of aerosol formation, mass flows, aerosol transport efficiencies, and the potential for signal
drift due to plasma fluctuations over the duration of an imaging experiment. Common
approaches involve periodic acquisition of matrix matched calibration standards consisting of
certified reference materials (CRMs) or laboratory prepared standards. CRMs provide a one-
point calibration with a high degree of traceability. However, the accuracy of quantification
using CRMs is dependent on the similarity of the CRM and the sample in terms of the analyte
concentration and its biochemical and physical properties. The accuracy decreases if the
sample analyte concentration is not of a similar magnitude to that of the analyte in the CRM.
Some calibration strategies have modified CRMs to better match the sample via manipulation
of the concentrations or physical properties. For example, Oseas da Silva and Zezzi Arruda
spiked CRM 100 (beech leaves, IRMM), 1575a (tomato leaves) and CRM 281 (rye grass) with
S and/or Se at various concentrations for construction of calibration curves for quantitative
analysis of sunflower leaves.'?° The procedure involved the homogenization, grounding and
pressing of the CRM into pellets, with subsequent digestion and cross-quantification to
determine the exact concentration. A similar approach was followed by Wu et al. for

quantitative imaging of micronutrients in Elsholtzia splendens (Shiny Elsholtzia) leaves.??!

Several other uses of CRMs for the quantification or validation of elemental concentrations
in diverse biological tissues have been reported. This includes MACS-1 and 3 (synthetic
calcium carbonate) and NIES-022 (otolith) which were used for quantification of elements in
otoliths.12%124 TB-1 (basaltic glass) and SRM 1486 (bone meal) were analyzed to quantify
elemental concentrations in Atlantic Salmon (Salmo salar L.)*?> and common carp (Cyprinus
carpio)*?® fish scales. Shells have been quantitatively analyzed employing BCS 393, JLS-1 and
GSR-6 (all Limestone).'?” LGC 7112 (pig liver) has been used to determine trace elements in

the liver and kidney of sheep and in pig liver.> # Essential trace elements were mapped and



qguantified in rat brain by calibration against pellets of TORT-2 (lobster hepatopancreas),

DOLT-2 (dogfish liver), and DORM-2 (fish protein).12®

The availability and applicability of CRMs are justified in a few cases where the CRM is a near
match of the sample, however, most biological CRMs are provided in form of lyophilized
powders which are not directly comparable with fresh tissue samples. Nevertheless,
dissimilar CRMs have been used to provide high traceability and relative quantification. For
example, the NIST Multi-Element Glasses such as SRM 610-614 are popular CRMs used for
the quantification of elements in disparate samples like fish scales,'?®> otoliths!?®-132
feathers,'33 claws,'3% 135 and teeth.'3® The lack of true matrix-matched CRMs motivated the
manufacture of laboratory made-tissue standards that match the properties of the sample as
closely as possible. Reference tissues are often sourced from the same tissue type of the
target species. Tissues are then spiked with a dissolved metal standard and homogenized,
pressed into molds and sectioned on a cryotome or microtome at the same thickness as the
sample section.'®” The first preparation protocol for matrix-matched tissue standards was
presented in 2005 by Becker et al., who homogenized brain samples, spiked various
concentrations of Cu, Zn, P and S, and sectioned a set of four standards including one non-
spiked homogenized brain tissue that was used for blank correction.'®® The elemental
concentrations in the standards were cross quantified with a standard addition approach.
Cross-quantification is essential to determine the exact concentration in the standards and is
most often performed by digesting and analyzing an aliquot of the standard with stand-alone

ICP-MS.137

The production of standards that exactly match the samples is a Sisyphean task; native
biological tissue is complex, and its properties vary on the nano and microscale.®®
Consequently, artificial standards simply cannot reflect the full spectrum of physical,
biological, and chemical features, and at best represent the average characteristics of the
sample. When performing calibration and quantification with matrix-matched tissue

standards, the following points should be taken into consideration:

e Biological tissues are diverse and heterogeneous. As every organism has an individual

genomic content and is exposed to unique environmental influences, chemical and



biological differences are inevitable even if the same tissue from two animals of the
same species are obtained. When investigating pathological changes, these
differences may become even more pronounced. In other cases, changes may be very
subtle.

e The use of animal tissues to produce matrix-matched tissue standards defines the
lower calibration limit due to the abundance of essential trace, minor and major
elements. This may limit accurate determination of essential elements which are
reduced in concentration due a biological or pathological response and certain
anatomical features that have a concentration below the tissue’s average.

e The homogenization of a tissue changes its integrity and consequently, the ablation
and aerosol formation of a standard and a sample will not be entirely comparable.
Homogenization is also a delicate process which is difficult to standardize.

e Parameters such as density, hardness, and chemical properties vary on the microscale
due to tissues containing various anatomical structures with different biochemical
entities. The aerosol formation, size and transport therefore vary across a single
sample and cannot fully be simulated with homogenized standards.

e The sectioning of standards induces artefacts which are visible as different tissue
thicknesses and surface roughness. On one hand, this may result in inadequate laser
focus and on the other hand, thicker areas within a standard may create the
impression of higher concentrations.

e Sample and standard preparation which can including thawing, drying,
deparaffination, hydration, washing and staining may induce additional artefacts.

e Biological variation is the biggest source of uncertainty. Differences in mean elemental
concentration in a cohort introduces error that most likely far outweighs the

uncertainty in ablation characteristics.

The use of CRMs or laboratory-made tissue standards always comes with a trade-off
concerning traceability, precision, repeatability, and/or accuracy; specialized protocols
aiming to provide adequate tissue matches and analyte concentration, texture and
composition are  often tedious and involve numerous steps limiting

repeatability/reproducibility. Simple preparation protocols which aim to provide traceability



and comparability are often not able to mirror the complexity of native biological material.
This causes a dilemma for quantification of elemental distributions via LA-ICP-MS and raises
the question whether absolute quantification of elements is feasible, or whether it is merely
comparable relative to the individual set of standards employed. For most applications
absolute concentrations are of subordinate importance as control animals and tissues are
usually analyzed when comparing elemental distributions and localized concentrations.
Westerhausen et al.1*% discussed this dilemma recently: “[...] is it possible or even desirable to
manufacture representative matrix matched standards for absolute quantification? Given
that most investigations of biological systems require measurement of changes in elemental
concentrations relative to a control sample due to a diseased state or treatment regimens, it
is more desirable that standards are easily prepared, robust, and reproducible to provide a
consistent response, rather than an absolute amount.” This philosophy is reflected in many
studies where no or only partially matched standards were employed for calibration. For
example, numerous studies compare sets of samples and standards made from different
tissues and/or species, e.g., chicken breast against mouse brain;*! bovine breast against

human breast;'*? sheep brain against human prostate;®® mouse brain against mouse heart.”®

Accordingly, other non-matrix-matched standards and materials that are easier to produce,
control and characterize have become increasingly popular. Bonta et al. used printed
standards on paper with an ink-jet printer.1*® Reifschneider et al. proposed egg yolk for the
preparation of standards.?** In its undenatured liquid form, egg yolk was easily spiked with
liguid standards, and subsequent controlled denaturation resulted in homogenous solid
standards for the quantification of Tm in mouse tissues. The same authors embedded samples

145

in spiked epoxy resins,'*> and Austin et al. spin coated spiked polymethylmethacrylate

(PMMA) films for the quantification of transition elements in homogenized tissue sections.4®

147 and agarose!®® for

The use of hydrocolloid gel-based materials including gelatin
productions of standards are reported with increasing frequency. These materials can easily
be modified and spiked by liquification at elevated temperatures (50-80 °C). Thin films of
these gels can be obtained from sectioning,*® spotting,'*’ or filling into defined molds.*° Sala
et al. investigated thicknesses and surface distributions of gelatin at various drying and curing

conditions to fabricate highly homogenous standards which were suitable for the calibration



of elements in soft biological tissues.'*” Westerhausen et al. presented a simple concept for
the preparation of mold-prepared gelatin standards.'*° They showed that filling self-made or
commercial molds provided precise thickness control for preparation of highly defined and
homogenous standards with improved ablation characteristics when compared against
standards prepared from native animal tissue. They also compared gelatin extracted from
bovine, fish and porcine sources and showed that the background levels of elements varied,
allowing selection of gelatin to optimize the calibration of lower concentrations ranges. The
background concentrations of gelatin were further decreased in an intermediate step where
metal binding resins were mixed with liquified gels and separated using centrifugation,

producing standards with very low residual trace elements (Figure 11).
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Figure 11: A) Ablated animal tissue and B) gelatin standards. C) Profilometry measurements
showed gelatin standards had more consistent ablation characteristics with increasing laser
power. D) Gelatin standards also provided more confidence in repeated measurements than
animal tissue standards. Reproduced with permission from Ref. 149, Copyright 2019 Royal

Society of Chemistry.

4.2. Internal Standardization and Calibration

Instrumental drifts during long acquisition times, varying tissue thicknesses across a tissue
section, spontaneous plasma fluctuation and tedious standard preparation prompted
strategies to perform internal standardization and calibration while simplifying standard

preparation.



Signal drifts can significantly impact accuracy if not further addressed. For example, Limbeck
et al.*>® demonstrated that signal intensity can decrease by up to 25% within 5 hours.
Feldmann et al.3 proposed that a one-point calibration with a CRM using the 3C isotope for
signal normalization provided improved accuracy. It was argued that laser energy fluctuation,
varying sample thicknesses or the change of the absorption coefficient of the ablated
materials could be corrected. Carbon-13 normalization was subsequently investigated and
employed in several papers.t?%' 1! |n contrast to these studies, Todoli and Mermet applied LA-
ICP-atomic emission spectroscopy (AES) to demonstrate that carbon forms gaseous species
during the ablation process limiting its use as internal standard.'®? Frick and Giinther
undertook a fundamental study that confirmed this finding.1>® The formation of gaseous C

species depended strongly on the matrix and ambient conditions.

Given that other endogenous elements are not homogeneously distributed, novel methods
for internal standardization were explored which involved the application of an exogenous
standards added to sample aerosol or deposited directly on the tissue sample. For example,
Austin et al. proposed thin spin coated PMMA films that were spiked with a metal standard
as support material for sample sections. The combined ablation of samples and the PMMA
substrate allowed monitoring of the spiked metals for normalization.'#¢ Similarly, Grijalba et
al. used a metal spiked gelatin layer deposited on the sample in combination with matrix-
matched standards for the quantification of U in rat kidneys.'>* Konz et al.’® developed a
sputtering protocol to deposit thin (9 + 1 nm) Au layers on human eye tissue (Figure 12). The
7Au signal was used for internal standardization for Mg, Fe and Cu and compared against
13C normalization. They found that the latter resulted in a drastic loss in structural contrast.
Gonzalez de Vega et al. also employed this technique for the analysis of Ca, Fe, Cu and Zn in
breast cancer tissues.!*? Bonta et al. used the same approach and showed that Au signal
normalization mitigated signal drifts between laser scan lines and improved precision by

decreasing the standard deviation from 15% to less than 5%.143
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Figure 12: Elemental images of FFPE eye sections with sputter-coated with Au. Left column:
Mg, Fe, and Cu images; middle: *3C-normalized; right *”Au-normalized. Reproduced with

permission from Ref. 6. Copyright 2013 Springer.

O’Reilly et al. used homogenized sheep brains prepared as matrix-matched standards and
immersed in solutions containing Rh as internal standard and varying levels of Fe. Murine
brain samples were immersed in the internal standard solution only, which did not cause Fe
wash-out effects. Rh appeared to be distributed quite homogeneously and the Rh signal was

used for normalization.'®

The deposition or on-line addition of a known amount of material is attractive for direct
standardization and quantification using isotope dilution (ID) approaches. In ID, the sample is
spiked with an isotopically enriched standard with known concentration and isotopic
abundance. Assuming a natural abundance in the sample, the calculation of elemental
concentrations may be calculated according to Equation 1, where c is the concentration, m
the mass, M the molecular mass, A the isotopic abundance, Rn the measured isotopic ratio
and Rsp and Rs the isotopic ratios of isotope a and b of the sample (s) or spike (sp). A detailed
mathematical deduction and fundamental applications of ID in ICP-MS and LC-ICP-MS has

been presented by Rodriguez-Gonzalez et al..1>®
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If spatial distributions are not of interest and LA-ICP-MS is used as a direct sampling technique,
the application of ID is straight forward and the sample and spike can be homogenized before
analysis via LA-ICP-MS.*7 However, if the spatial distributions are to be quantified, several
additional considerations are required. ID can be categorized into off-line (or, in this case, on-
tissue) ID and on-line ID. For on-tissue IDA, the isotopic spike must be deposited
homogenously over or under the sample. Homogenous mixing of the sample and spike is
assumed upon ablation and isotope ratios are calculated and translated into a concentration
for each pixel. Success of this method requires that the spike be deposited with a high degree
of homogeneity otherwise systematic errors may be introduced leading to apparent image
artefacts, or incorrect quantification. Similarly, on-tissue ID will produce errors if the aerosols
are not mixed homogenously or if the aerosol of the spike and sample have different
properties such as varying particle size. It is therefore essential to ensure that the deposited
spike layer and the sample have similar physical and biochemical characteristics. Regardless,
intrinsic effects such as micrometer scaled variations in density or different biochemical
structures (e.g., muscle fibers compared against fatty tissue) will always produce different
aerosols across the sample and should be considered irrespective of the quantification

method.

Moraleja et al.*>® used a commercial ink-jet printer for deposition of isotopically enriched
spikes onto tissues for ID quantification of Pt-based cytostatic agents in whole murine kidney.
Feng et al. deposited and dried isotopically enriched solutions directly on the tissue using a
hydrophobic containment barrier for the quantification of Fe, Cu and Zn in Alzheimer models
of murine brains.'> Thieleke and Vogt quantified Pb in biological samples and reference
materials using isotopically enriched spiked polymers.t®° A sandwich-like structure with three
5-10 um layers containing a penetration marker (Li), enriched isotope (?°*Pb) and a correction

marker (Bi), and the sample (Pb) was mounted onto a polyester substrate (Figure 13).
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Figure 13: Three-layered arrangement for ID quantification of Pb in biological samples using
reference material spikes. Reproduced with permission from Ref. ¢°, Copyright 2016 Royal

Society of Chemistry.

On-line ID requires a nebulized isotopically enriched spike that is mixed with the sample
aerosol. This concept arose from on-line ID for LC-ICP-MS, where transient signals are
guantified using a “post-column” spike, however, applying this approach to LA-ICP-MS
requires further consideration as using aerosols from two sources complicates the calculation
of mass fractions in Equation 1. Fernandez et al. determined the mass fraction by parallel
analysis of a CRM with a known concentration®? and applied the method to the quantification
of powdered samples. Using a customized reference material, Bauer et al.'®? followed a
similar strategy for the spatially resolved quantification of Pt in biological tissue. Pickhardt et
al.*®3 mounted a microflow nebulizer in the ablation cell which mixed the dry sample aerosol
with a wet isotopically enriched standard. The same group used a similar set up, where the
aerosol was first generated with a micro-concentric nebulizer, dried via membrane
desolvation and added to the carrier gas for the quantification of noble metal nanoclusters.6
Douglas et al.’®® investigated the uncertainty for the analysis of biological tissue and
developed a method to directly determine mass flows for ID. Clases et al.1®® used a gelatin-
based standard material for the calculation of mass fractions and applied on-line ID for the
spatial quantification of tyrosine hydroxylase (TH) in the substantia nigra of murine brains and
compared it with external calibration. Metal-coded antibodies (anti-TH) were used as proxy
for TH, repurposed from the isotopically enriched lanthanides used as metal tags for mass
cytometry. As such, on-line isotope dilution was performed with conventional standards for

ICP-MS in a reverse ID approach.6®



5. APPLICATIONS

A basic search of publication databases for the term “LA-ICP-MS” returns around 1,000 papers
per year over the last half decade, dozens of which include examples of bioimaging. Pozebon
and colleagues have published two reviews of LA-ICP-MS imaging applications in the
biological sciences, and the interested reader is directed to these works for a complementary

summary of works to 2017.167 168

5.1. Cancer

The annual economic burden of cancer in the USA is estimated to exceed $160 billion with
significant research efforts undertaken to improve the prevention, diagnosis, treatment, and
prognosis of cancers. The pathology of cancer involves genomic mutations that cause a
malignant growth and uncontrolled division of cells. Trace elements are involved in numerous
biochemical reactions and act as co-factors for many enzymes and are required for
stabilization of cellular structures and maintenance of the genome. Zn has been linked to the
proliferation and activation of immune cells'®® and may have a role for indirect initiation and
progression of cancer.!’® Fe is necessary for early tumor development, survival and
proliferation of neoplastic cells, and promotion of metastases.’ There is a strong connection
between Cu and tumor development as Cu enrichment has been observed in stage | multiple
myeloma, acute lymphoblastic leukemia, lung, cervical, and breast cancers.l’? Metal
mediated production of reactive oxygen species (ROS), particularly Fe?* and Cu?*, has been
well known for many years. Although ROS are necessary for normal functioning of cells, they
can be increased by dysregulation of metal homeostasis or insult from exogenous elements
leading to Fenton type chemistry to induce the production of hydrogen peroxide, superoxide,
and hydroxyl radicals. When biological systems deviate from normal cellular controls, ROS can
cause cascading destructive processes that damage proteins, lipids, nucleic acids and other

biomolecules, ultimately leading to tumorigenesis.'”3

Platinum-based compounds are at the foundation of metal-containing chemotherapeutics
and are indicated for the treatment of a variety of cancers including cervical, ovarian,

testicular, prostate and lung cancers, as well as a host of others. The interest in the



therapeutic potential continues unabated since the introduction of cisplatin in 196974 driven
by the desire to develop chemotherapeutics that have less toxicity and greater efficacy of

treatments.’®

Despite the interest in understanding the role of trace elements in cancer etiology, ranging
from the fundamental mechanistic effects of trace elements, the production of metal
mediated ROS, and the potential of metal-containing chemotherapeutics, LA-ICP-MS imaging
of cancers is underutilized. Applications of LA-ICP-MS imaging cover four main areas: metals
and their relationship with underlying pathogenesis of cancer, the discovery of biomarkers,
demarcation and stratification of tumors, and investigations of metal containing

chemotherapeutics.

Becker et al.'’® induced growth of undifferentiated malignant glioma via stereotaxically
guided injection of F98 cells into the right hemisphere of a rat brain in the region of the
caudate putamen. After 18 days the brains were harvested and imaged by LA-ICP-MS. The Cu
distribution within the tumor periphery was approximately half (1.8 pg g') of the healthy
tissue in the left hemisphere, with local areas of enrichment within the center of tumor,
comparable to levels in healthy tissue. A similar distribution for Zn was also observed. A deficit
of S, and an abundance of P was also measured within the tumor. Cu and Zn depletion was
also observed in a follow-up study that imaged human sections of glioblastoma multiforme.””

No explanation was provided for the consistent absence of Cu and Zn.

Hsieh et al.’® investigated the spatial distribution of endogenous elements and exogenous
Gd and Fe after treatment of a prostatic cancer mouse model with magnetic fluid
hyperthermia (MFH). MFH typically involves injection of magnetic particles directly into a
tumor with application of an external alternating current to induce rotation and heating of
the particles. The authors injected Gd-doped iron oxide into the tumor and constructed two-
dimensional heat maps of Gd and Fe following LA-ICP-MS analysis. The heat maps correlated
with necrotic tissue, demonstrating that the nanoparticles were stable and the treatment
effectively induced cell death proportional to the concentration of the particles. Endogenous
P, S and Zn were of lower concentration in the necrotic area, whilst copper was markedly

increased. The authors speculated that MFH induced hypoxic stress that generated free



radicals leading to upregulation of the Cu-containing catalytic free radical remover,

ceruloplasmin, in the inflamed areas.

Riesop et al.'’® observed that bulk analyses of Zn in cancer breast tissues were generally
higher than normal tissue and hypothesized that Zn may be a suitable biomarker for breast
carcinoma gradings. Three grades of ductal carcinoma in-situ (DCIS) ranging from grade 1 to
3 were quantitative imaged by LA-ICP-MS. Grade 1 DCIS represents slow growing neoplasms
that more closely resemble normal breast cells, whereas grade 3 grow more quickly and have
varied size and shape of cell nuclei. The authors reported that Zn levels were strongly
associated with cancer grading. Grade 1 tumors had Zn concentrations ranging between 8.3
to 8.5 mg kg!, Grade 2 between 12.1 and 12.4 mg kg, and Grade 3 between 17.3 and 17.9
mg kg*. The authors concluded that Zn was a potential biomarker that was useful to augment

contemporary histological staining for grade determination.

Gonzalez de Vega et al.’*? surveyed the concentrations of Ca, Fe, Cu and Zn in breast cancer
samples to test the hypothesis that essential elements may have diagnostic and prognostic
value. The authors constructed elemental images of tumorous and normal tissue areas and
reported that the tumors were enriched in all the measured trace elements. The authors
concluded that method was suitable for detailed altered metabolism investigations that

would be useful in clinical research.

Doble and Miklos!® investigated the relationship between Mn concentrations in seven
different tumors and the relative sensitivity of radiation treatment. Radiation treatment
underpins approximately 40% of all cancer cures either alone or in combination with surgery,
chemotherapy, and immunotherapy. Despite decades of research that has focused on
genomics and enzymological repair of DNA, and free radical scavenging enzymes such as the
superoxide dismutases, the underlying biological mechanisms of radio resistance remained
elusive. Based on literature observations that Lactobacillus plantarum lacking superoxide

181 3nd subsequent findings

dismutase activity could efficiently scavenge superoxide radicals,
that this scavenging activity was due to millimole concentrations of Mn?* bound to small
molecular components within the cell, 82 the authors hypothesized that some cells in human

tumors may be protected from radiation induced ROS damage by small molecular weight



complexes of Mn. Commercially available microarrays of seven tumors (brain, melanoma,
mesothelium, lung, prostate, breast, and testis) representing clinically inferred radioresistant,
variably resistant, and radiosensitive tumors, respectively, were quantitatively imaged for
Mn, Fe, Cu, and Zn. The elemental images were compared against H&E photomicrographs
and regions of interest examined. Figure 14 shows measured Mn data and light micrographs
from 53 microarray dots of classical seminoma, and glioblastoma, representing the bookends
of the radiosensitive — radioresistant spectrum.'® Seminoma is known to be radiosensitive
with an approximately 98% survival rate after five years and low medians of Mn.
Glioblastoma, one of the deadliest brain cancers, and a known clinically inferred
radioresistant tumor, had high median Mn levels with a very poor survival rate after 5 years.
This association of Mn levels within the tumor and inferred clinical radioresistance /
sensitivity, and 5-year survival rates, was consistent across all tumors except for lung cancer.
Although small cell lung cancer is initially radiosensitive, the 5-year survival rate is
approximately 10%. This anomaly was explained by lung cancer typically not showing
significant symptoms until late-stage disease, increasing the likelihood of metastasis.
Examination of Fe, Cu and Zn showed no such associations. The authors concluded that Mn
concentration is the apex predictor for determining likely response of tumor to radiation
therapy and a beneficial diagnostic to stratify patients into groups who likely benefit from

radiation treatment, and those who would not.
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Figure 14: Median Mn levels in tumor sections from patients with cancers of the testis and of
the brain and their survival curves. (A) Mn levels from each of 53 classical seminoma patients
(green boxes); (B) 26 glioblastoma patients (red boxes). Overall survival curves over a 5-year
period for patients with (C) classical seminomas (testis); and (D) glioblastomas. Generic
examples of the morphologies of classical seminoma and glioblastoma. (E-F), low and high-
power images from patient #47, a 55-year-old male with a classical seminoma showing
characteristic collagen streaks throughout the tumor (pink), (E). (G-H), 40-year-old male with
glioblastoma showing characteristic abnormal blood vessels and areas of necrosis, visible as

the large pink area in (G). Adapted with permission from Ref. 89, Licensed under CC BY 4.0.

Hare et al.*®3 measured the spatial distribution of P, S, and Zn in metastatic melanoma in
lymph node biopsies. Zn and S were depleted in the tumorous regions, consistent with the

observations by Becker et al.l’® In contrast, P was depleted in the metastatic melanoma



compared with normal tissue. The authors noted that the tumor could be easily distinguished
from the healthy tissue by overlaying the hematoxylin and eosin (H&E) micrograph and the P
image. The authors found that the P/S ratio provided another perspective of the tumor
boundary, with a gradient increase into apparently uninvolved lymphoid tissue that reflected

changes in biochemistry likely representing a response to the tumor.

Zhang et al.'8* further developed the investigation of tumor boundaries by quantification of
membrane type-1 matrix metalloproteinase (MT1-MMP) in primary tumors to assess the
likelihood of regional lymph node invasion and remote metastasis. MT1-MMP is a promising
biomarker to monitor tumor cell invasion as it degrades the extra-cellular matrix whilst
concomitantly activating further degradation biomolecules such as pro-MMP-2, as well as
promoting angiogenesis. The authors manufactured peptide-coated Au clusters with intrinsic
red fluorescence that selectively bound to MT1-MMP in a xenograft lung carcinoma model,
and lung and renal human carcinomas, allowing visualization of MT1-MMP by optical
fluorescence and quantification by LA-ICP-MS imaging using Au as a proxy. The specificity of
the peptide-coated Au clusters was compared against standard immunofluorescence (IF)
using anti-MT1-MMP and an HRP-conjugated secondary antibody. Representative IF and
elemental images of lung carcinomas are shown in (Figure 15). In all three patients, there was
concordance of the green anti-MT1-MMP and red Au-peptide areas which segmented tumors
and normal tissue, validating that the Au-peptides selectively bound MT1-MMP. Counts of
positive MT1-MMP pixels were easily identified in Patients 1 and 2, however in Patient 3 the
IF images were ambiguous with no clear positive signals. In contrast the elemental image
clearly showed areas of positive Au signal indicating expression of MT1-MMP that identified
small tumors, that were not apparent with the IF images. Statistical counting of positive MT1-
MMP across 20 random sections for each patient demonstrated superior data dispersion and
sensitivity when compared against the IF images. The authors concluded that LA-ICP-MS
imaging was capable of detection of small tumors distant from the primary tumor, allowing
early diagnosis of primary tumor invasion and / or metastasis, and that the method was

suitable to guide treatment regimens if used in clinical settings.
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Figure 15: Immunofluorescence (A, B) and LA-ICP-MS (C) images of clinical lung
adenocarcinoma patient primary tumor tissues labelled with AuNPs. Reproduced with

permission from Ref. 184, Copyright 2018 American Chemical Society.

Gonzalez de Vega et al.'®> examined matrix metalloproteinase 11 (MMP-11) by using Au-
labelled anti-MMP11 as a proxy for the expression of MMP-11 within metastatic and non-
metastatic tumors. The images indicated that the concentrations of MMP-11 were higher in
tumors that had metastasized, with more heterogeneity and a larger number of hotspots then
non-metastatic tumors, further demonstrating the usefulness of LA-ICP-MS imaging for
clinical evaluations. Costas-Rodriguez et al.'8 applied elemental bioimaging using a SF-MC-
ICP-MS to measure ®3Cu and 8°Cu isotope fractionation in a human neuroblastoma cell line.
The authors imaged individual cells that showed undifferentiated proliferating and
differentiated neuron-like cells were enriched in the 93Cu isotope and was proportional to
intracellular Cu content. The Cu isotopic composition was heavier in neuron-like cells than the
undifferentiated cells, however the difference was not significant at longer incubation times.
The authors concluded that Cu isotopic analysis was suitable for investigations of Cu
metabolism at a (sub)-cellular levels. Zoriy et al.'®’ applied elemental bio-imaging to the
measurement of Pt, Cu, Zn in a murine kidney after administration of cisplatin. The method
was the first to show the feasibility of LA-ICP-MS imaging to potentially investigate dose
related and cumulative nephrotoxicity, which affects approximately of 20 to 30 % of patients

undergoing cisplatin therapy.'8 The highest Pt concentrations were found in the medulla,



moderate levels were in the inner cortex, and decreased progressively to the periphery of the
kidney. Copper was enriched in the glomeruli, whilst Zn was enriched in the tubule of the
inner cortex. The authors demonstrated that the method was suitable to track the distribution
of Pt at therapeutic dosages within the kidney, and potentially the disturbance of Zn and Cu

concentrations after treatment.

Bianga et al.'®? evaluated the complementarity of matrix-assisted laser desorption/ionization
(MALDI) and elemental bioimaging for the detection of Pt chemotherapeutics in colorectal
and ovarian peritoneal carcinomatosis after heated intraoperative chemotherapy (HIPEC).
HIPEC treats residual tumors after surgical resection via application of heated anti-cancer
drugs for 30 to 60 minutes. Four tumor samples were surgically removed before and after
oxaliplatin and cisplatin HIPEC applied at concentrations of 460 and 75 mg/m?, respectively.
The tumors removed before treatment were used as controls and the post-treatment samples
were imaged to measure the penetration of the drug into the cancerous tissue. The MALDI
and corresponding LA-ICP-MS images of oxaliplatin were concordant, showing poor
penetration of the drug into both tumors. The elemental images clearly showed that Pt
distribution was confined to the periphery, and MALDI showed colocalization of
monomethionine conjugates of the drug. In contrast, MALDI did not detect any known
cisplatin molecules, however, the elemental image confirmed the presence of Pt throughout
both tumors, demonstrating effective penetration of the drug. The authors concluded the
dual imaging method was useful for understanding the dose relationship and efficacy of
treatments in the clinic. Carlier et al.**° further investigated HIPEC administration of cisplatin
using synchrotron x-ray fluorescence (XRF) and LA-ICP-MS imaging to measure the Pt
distribution and penetration in a xenograft model of ovarian cancer following intraperitoneal
chemoperfusion. LA-ICP-MS imaging demonstrated that hyperthermic (40-41 °C) application
resulted in up to up to 5-fold higher concentrations of Pt throughput the tumor, whilst XRF
showed deeper penetration of Pt, when compared to chemoperfusion at body temperature.
The study concluded that both imaging methods were suitable to determine the penetration
depth and distribution of Pt-based drug delivery which may lead to improvements in

treatment regimens and successful outcomes.



Egger et al.'®! investigated extravasation of oxaliplatin and cisplatin in muscle, nerve,
connective and fat tissues following intravenous or central access administration in patients
undergoing Pt-based chemotherapy. The authors imaged various tissue sections that were
resected from each patient around the location of the port of administration, necrotic skin
and soft tissue areas, and a necrotic cubital region of the left forearm. The first patient
required immediate surgical intervention on the day of cisplatin extravasation with three
sections containing subcutaneous fat and connective tissue, whilst the fourth section
contained parts of the pectoralis muscle. The connective tissue had the highest
concentrations of Pt, followed by muscle and then fatty tissues. The second patient required
surgical intervention 4 weeks post extravasation due to ulceration. A specimen of a
subcutaneous necrotic area was obtained near the location of the ulcer and consisted of fat
and connective tissues. As before, Pt was detected in the connective tissue at a higher
concentration than the fat cells. A second specimen consisting of a cutaneous nerve and
connective tissues was also imaged. The connective tissue had five times the amount of Pt
when compared against the nerve fibers, which was consistent with the patient being free of
clinical signs of neurotoxicity. The authors report that the amount of Pt in fat tissues was most
likely underestimated due to cutting artefacts induced in the fatty areas of the specimens
resulting in lower cell densities or no tissue and concluded that LA-ICP-MS imaging was

desirable to correlate histologic alterations with the amount of drug.

Theiner et al.**? followed with bioimaging of the Pt distribution of conventional and novel Pt-
based drugs in murine colon cancer CT-26 models over two weeks of repetitive treatment.
The spatial distribution of five drugs, satraplatin, oxaliplatin and three experimental
candidates (compounds 1,2 and 3), was determined in the tumors and kidneys of the models
treated with each of the drugs at days 4,7,11 and 14. The LA-ICP-MS images clearly showed
the differing concentrations of Pt within the tumors and between the administered
chemotherapeutics. Consistent with the findings of Egger et al.,'®* Pt concentrations were
higher in all samples in the tissue surrounding the tumor, especially in areas of loose
connective tissue sparsely infiltrated by tumor cells and muscle. Adjacent to the enriched
areas were solid tumors with substantially less Pt in relative proportions of compound 2 <
satraplatin < oxaliplatin < compound 1 < compound 3. Interrogation of the kidneys of each

mouse showed distributions that was consistent with the findings by Zoriy et al.,*®’ that



satraplatin and oxaliplatin had 8- to 10-times higher Pt levels in the cortex and
corticomedullary region than in the medulla. However, there was no correlation of
nephrotoxicity and Pt distributions indicating that cell damage such as tubular necrosis cannot
be due to Pt alone, and therefore caution should be used when considering renal toxicity
based solely on platinum accumulation. The authors concluded that the method was effective
to quantify Pt in tumor and kidney sections for comparison against H&E determined
histological structures and was suitable to track the efficiency of delivery of novel drugs at

early preclinical stages and was essential for lead compound selection.

Lum et al.*®3® synthesized two chemically distinct Pt complexes (Ptl and Pt2) and used a
combination of ICP-MS bulk analysis and LA-ICP-MS imaging to determine the relative
bioavailability of the complexes compared against cisplatin in various organs following
intraperitoneal injection in mice. The animals were euthanized 24-hrs post administration and
representative samples of brain, heart, lung, liver, kidney, and testis were bulk analyzed for
Pt by digestion and ICP-MS analysis, whilst the kidney and the liver were imaged by LA-ICP-
MS to examine the spatial distributions of Pt. Cisplatin was determined to be cytotoxic to
nasopharyx cancer cells and normal lung cells, Pt-1 to nasopharyx cancer cells, liver cancer
cells, normal keratinocyte cells and normal lung cells, and Pt-2 was nontoxic to all cells
investigated. The general premise was to investigate the fate of platinum under the
assumption that accumulation is undesirable due to toxicity of non-target organs such as the
liver and kidney. Whilst there may be some merit in this hypothesis, Theiner et al.**? later
demonstrated that nephrotoxicity was not proportional to Pt load. Nevertheless, the results
indicated that all Pt complexes decreased in concentration order of liver > kidney > lung >
testis > heart > brain. In general, the relative concentrations Pt was highest for Pt-2, followed
by cisplatin, and then Pt-1. This result confirms that Pt-load is a poor measure of cytotoxicity
as Pt-2 was not toxic to all the test cells yet delivered the highest Pt burden. Imaging of
representative sections of kidney and liver showed the same trend of concentrations for each
complex to that as the bulk analysis, and again showed that higher concentrations of Pt were

present in the kidney cortex.

Hucke et al.®* used integrated proteomic workflows and LA-ICP-MS imaging to investigate

the nephrotoxicity of cisplatin following low-dose chronic administration in mice. The authors



hypothesized that organic cation transporters (OCTs) were active modulators of cell signaling
and demonstrated that OCT knock-out mice were partially protected from cisplatin induced
nephrotoxicity. The authors also found that Pt distributions mainly accumulated in the cortex
in the kidney, and that Pt was still detectable 4 weeks after administration of cisplatin (Figure
16). The images revealed that the platinum concentrations within the kidney were
approximately the same in both the wildtype and knockout mice at the same time intervals,
whilst the proteomic analysis showed that genetic deletion of OCT regulated the expression
of several genes associated with inflammation and fibrosis, as well as a strong down
regulation of the S100 calcium-binding family of proteins, which are known to protect from
vascular inflammation and calcification. These findings demonstrated OCT-dependent
protein-networks play a significant role in cisplatin-induced nephrotoxicity, and as cautioned
previously by Theiner et al.,*®? Pt concentrations are not necessarily a good indication of the

potential for nephrotoxicity.
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Figure 16: Platinum distribution in kidney slices from WT and OCT1/27~ mice at the end and
4 weeks after the end of chronic CDDP treatment, as measured by LA-ICP-MS. CDDP
accumulates mainly in the kidney cortex. Reproduced with permission from Ref. %4,

Copyright 2019 Springer.

Niehoff et al.1®> investigated the potential of LA-ICP-MS imaging to monitor the penetration
of Pt-based chemotherapeutics in tumor spheroids. Tumor spheroids are three-dimensional

cell cultures that more closely mimic in vivo tumors than the common two-dimensional cell



monolayers and are useful for preliminary investigations of new compounds prior to animal
experimentation. The tumor spheroids consisting of bile duct carcinoma (TFK-1) cells were
incubated with Pt(ll)acetylacetonate, cisplatin and the palladium tagged photosensitizer
5,10,15,20 tetrakis(3-hydroxyphenyl)porphyrin (mTHPP) for 6 and/or 24 hours and then sliced
and imaged by LA-ICP-MS. The Pt distribution following incubation with Pt(ll)acetylacetonate
was homogeneous within the interior of the spheroids at 1.1 pug g Pt at 6 hours and increased
to 2.0 pug g! Pt at 24 hours. Within the outer proliferation zone of the spheroid the
concentrations were significantly higher at 6.9 and 37.2 ug g! Pt at 6 and 24 hours,
respectively. In the case of cisplatin, the distribution was more homogeneous throughout the
tumor, with no obvious concentration increase in the proliferating zone, but rather a
tendency to accumulate proportionally with cell density with an average concentration of 0.6
to 0.9 ug g*. The uniform distribution of cisplatin was attributed to its hydrophilic nature. The
tumor spheroid was incubated with the photosensitizer mTHPP with two formulations,
dissolved and incorporated into poly(lactic-co-glycolic acid) (PLGA) nano-particles. The
dissolved formulation accumulated in the outer layer of the spheroid, whereas the
nanoparticles prevented crystallization of the hydrophobic photosensitizer leading to a more
homogeneous distribution within the proliferating zones, suggesting that the PLGA

formulation may have improved outcomes than the dissolved compound alone.

Theiner et al.'°® also applied elemental bio-imaging to the analysis of HCT116 colon cancer
tumor spheroids following incubation with oxaliplatin. The authors used an oversampling and
image deconvolution processing method to construct 2.5 um? high-resolution images,*®’
together with a low dispersion laser ablation cell to increase the acquisition speed. As before,
Pt was observed to accumulate at the periphery of the spheroid, and substantially in the
necrotic core, indicating that the drug or its metabolites had completely penetrated the
spheroid. Construction of a Pt/P image normalized the distribution of Pt with respect to cell
density and revealed three distinct regions, high ratios in the rim of proliferating cells and in
the necrotic core, and lower ratios in the quiescent middle layer. Klose et al.**® used LA-ICP-
MS imaging to investigate the distribution of isosteric Os and Ru anticancer agents in liver,

kidneys, muscles and tumors of murine CT-26 colon carcinoma tumor models after a single

administration of 15 mg kg of each drug. Bulk ICP-MS analysis showed that osmium and



ruthenium accumulated predominantly in the liver, followed by the kidney. Lung, blood and
tumor samples contained lower and similar amounts of each metal, whilst muscle tissue did
not accumulate significant amounts of each drug. The concentrations of the metals
determined from bio-imaging of each organ were in general agreement with the bulk analysis.
However, the distributions offered further insights. The distribution of Ru in the liver ranged
from 3.7 to 27 ug g* and was homogeneously distributed, whereas Os was in the range of
1.1-22 pg g and was concentrated on the outer rim of the organ with a small number of
hotspots in the center. Consistent with observations of Pt-based chemotherapeutics, both
metals were higher in the cortex then in the medulla of the kidney. The Ru compound
penetrated deeper into the tumor then the Os compound. Although the results were
preliminary, this study demonstrated the utility of LA-ICP-MS imaging for investigations of

novel metal-based chemotherapeutics.

5.2. Elemental Uptake and Accumulation

The physiological function of all life is dependent on the availability of essential major, minor,
and trace elements. Twenty-eight elements are confirmed as essential for life, with the most
recent addition following the discovery that Br is essential for assembly of collagen IV
scaffolds in animal tissue in 2014.1%° Essential elements typically remain in fairly narrow
concentration ranges to maintain homeostasis and a deficiency or an excess can lead to acute
and chronic diseases. Numerous non-essential elements may also be found in biological
organisms due to environmental exposure, medical applications, and dietary intake. Certain
non-essential elements are potentially toxic, and their physiological effects depend on various
factors including concentration, chemical species, and their location within an organism.
Regardless of whether essential or non-essential, the absorption of elements is a delicate
process that ultimately may impact physiological functions if uncontrolled. Specifically, the
uptake, transport, distribution and bioaccumulation of elemental species across biological
membranes and interfaces, their impact on metabolic pathways and interaction with
endogenous structures is required to understand pathologies and to predict and obviate
risks.2% Different intrinsic chemical and physical parameters like size and polarity as well as

the affinity to endogenous structures impact the toxicity of an elemental species. For



example, non-polar compounds like small organotin, -mercury and -lead species can
penetrate hydrophobic barriers including skin, cell membranes or the blood-brain-barrier and
accumulate in lipid-rich anatomical structures, including the brain, where many adverse
effects are encountered.?’! Inorganic metal ions, however, may be taken up by non-selective
metal ion transporters and their toxicity is often either linked to the inhibition of proteins and
consequently a metabolic disruption, DNA interaction or to the formation of reactive oxygen

species increasing oxidative stress.

LA-ICP-MS imaging is well-suited to quantify endogenous and exogenous elements across a
wide concentration range and conditions, while also providing data on the spatial distribution
in various anatomical structures, and to investigate the interaction of natural and
anthropogenic pollutants within organisms. For example, both natural and anthropogenic Hg
undergoes species transformations which increases environmental mobility enabling access
to various ecosystems.?%?2 Organomercury compounds are generated from biomethylation
during bioaccumulation of Hg, and eventually may impact (human) health due to the
consumption of food.?% Barst et al.2%* used LA-ICP-MS imaging to study colocalization of Hg
and macrophage centers on immune responses in spotted gar fish (Lepisosteus oculatus) and
concluded that Hg deposits caused damage to tissue architecture (Figure 17). Niehoff et al.2%
studied the dietary uptake of three Hg species using Drosophilia melanogaster. Here, the
authors encountered the challenge of standard preparation due to the high volatility of Hg
compounds, which was solved by manufacturing gelatin standards spiked with meso-2,3-
dimercaptosuccinic acid (DMSA) for Hg complexation and immobilization. LA-ICP-MS imaging
showed that all Hg species bioaccumulated within the organism and confirmed that small
non-polar Hg compounds were accumulated and retained at significantly higher rates and
may cross biological protective barriers like the blood-brain barrier. Pamphlett et al. recently
reported a study employing autometallography and LA-ICP-MS imaging to measure Hg in
breast cancer samples. In 55% of the cases, Hg was present in intraductal and some luminal
epithelial cells of normal breast lobules and in 23% of the investigated carcinomas.?°® The
same authors conducted another study on age-related Hg accumulation and found that the
concentration increased in anterior pituitary cells with age which may be a factor influencing

the decline in growth hormone levels found in advancing age.?’
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Figure 17: A) Image of fish tissue section before ablation with overlaid raster pattern. B) 3D
contour map of 292Hg distribution. Reproduced with permission from Ref. 294, Copyright 2011

American Chemical Society.

Other than integration of immunohistochemical workflows employing elemental tags as
proxies to survey the location and abundance of large biomolecules like proteins, LA-ICP-MS
is not able to provide species information, and multimodal techniques and/or complementary
techniques such as liquid chromatography (LC)-ICP-MS, are required to estimate toxicological
impacts. For example, the uptake and bioaccumulation of As is very different for organic and
inorganic forms. Unlike other metal/metalloid-organic species, organic As compounds are far
less toxic than their inorganic counterparts but readily bioaccumulate in lipid-rich layers of
organisms. Niehoff et al.2°® analyzed the uptake and biodistribution of arsenolipids, which are
naturally abundant in fish, invertebrates and algae and may bioaccumulate across the food
chain. The authors combined elemental and molecular imaging (MALDI-MS) which allowed

guantitative As imaging and species identification in Drosophila melanogaster (Figure 18).
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Figure 18: MALDI-MS image of arsenolipid AsHC (m/z 333.2193; left), LA-ICP-MS image of As

(as 7As; middle), and brightfield microscopy image (right) of the same adult fruit fly



rosophila melanogaster) section. Reproduced with permission from Ref. 2%, Copyright
(D hil | ) ion.R duced with ission f Ref. 298, C ight 2016

American Chemical Society.

Two dominant routes of exposure for exogeneous and endogenous elements are ingestion
and inhalation. LA-ICP-MS has been employed to investigate the source and route of
exposure, the metabolic pathways as well as pathogenesis of infections. For example,
Eijkelkamp et al.?%° applied elemental imaging among other methods to study the role of
dietary Zn during bacterial infection (Streptococcus pneumoniae) in murine lung tissues and
concluded that Zn had a major role in antimicrobial defenses. Hare et al.?? studied the fate
of the actinide elements Th, U and Pu in human tissues. They were able to resolve the
guantitative distribution of radioactive elements including lymph nodes and lung samples as
part of a study investigating natural and occupational exposures. They hypothesized that the
route of exposure that resulted in long term retention over several decades was likely to be
the inhalation of insoluble refractory oxide particles. In a recent study by Greenhalgh et al., %!
LA-ICP-TOF-MS was employed to target a range of asbestos fibers in a malignant
mesothelioma model. The multi-elemental detection of the TOF allowed simultaneous
acquisition of several elements for construction of a principal component analysis (PCA)
model for fiber identification. Pornwilard et al.?!! investigated the elemental distributions of
various endogenous and exogeneous elements including S, Mn, Fe, Cu, Zn, Cd, Cr, Cd, Ag, Sn,
Hg and Pb in fibrotic and cirrhotic livers. Compared to control liver tissues, elements were
diversely distributed in fibrotic liver resulting in significant metal deposits. They further found
that total Fe and Cu in diseased liver was significantly higher. Togao et al.?*? investigated the
toxicological effects of Pb in contaminated drinking water and studied the retention and
distribution of Pb in the kidney, liver and brain in a mouse model finding accumulations in the
thalamus, hypothalamus and hippocampus. Yamagishi et al.?'3 investigated the location of Cd
in rat placenta. Besides dietary intake of toxic elements, further exposure routes may have to
be considered. For example, Mercan et al.?'* investigated Pb in children outerwear by LA-ICP-

MS, which may cause toxic accumulation due to permanent exposure.

The bioaccumulation and magnification raised major concerns and initiated research on the
entry of elements to the food chain, especially from smaller organisms as models to test

elemental uptake and toxicological effects. Numerous studies were based on a handful of



species chosen for practical and ethical reasons. It is noteworthy that these standard models
have limitations and often cannot mirror the full complexity and biochemistry in higher
organisms.?’> Nevertheless, data on the uptake, local concentration and spatial distribution
of elements in model organisms provide invaluable information with LA-ICP-MS imaging
applied to determine numerous elements in typical models including Arabidopsis thaliana,?'®

Drosophila melanogaster,?%> 2%¢ Caenorhabditis elegans,?'” 2*¥ Danio rerio embryos,?!® 220

Daphnia magna,?** Nassarius reticulatussnails,??? and various cell lines.??3

5.3. Plant Bioimaging

Plants and fungi are important for dietary intake of major essential elements. However, the
uptake and accumulation of soil-bound and dissolved non-essential, potentially toxic
elements and their introduction into the food chain bear a risk to human health and has been
studied intensively. For nutritional considerations, spatially resolved data are less important
than speciation data which mainly dictate the toxicological impact after ingestion. Here, LC-
ICP-MS emerged as one major technique to provide a detailed and quantitative perspective
on elemental species and concentrations. However, to understand the uptake mechanisms of
essential and toxic elements and consequences regarding phytotoxicity, LA-ICP-MS imaging is
essential and has been applied frequently. Compared to the analysis of soft animal tissues,
sample preparation of plants is more tedious, often requiring embedding and sectioning,
matrix-matching, and dry samples, if no cryogenic cell is employed. Nevertheless, the
development of new sample preparation methods with novel dehydration and embedding
procedures prior to sectioning?'® 224 22> 35 well as novel approaches for quantification??® have

opened new perspectives and possibilities for LA-ICP-MS.

Narewski et al.?2” were the first to apply LA-ICP-MS to the determination of major, minor and
trace elements in bark samples of Scots pine, (Pinus sylvestris L.) to evaluate the
anthropogenic pollution burden in the environment. They presented an innovative approach
for matrix-matched standardization and calibration by pressing different bark layers
containing varying elemental concentrations into pellets. Additionally, they used the 3C signal
for internal standardization. In 2008, Becker et al.??® employed LA-ICP-MS for the elemental

imaging in plants where the distributions of Cd, Cu, Fe, Mg, Mn, Pb, Pt, Rh, and Zn were



mapped in tobacco leaves. Here, matrix matched standards were used to quantify each of the
elements with 13C as internal standard to mitigate the variability of sample heterogeneity and
water content. Several studies followed focusing on uptake and distribution of toxic
elements.??>231 |n recent years, LA-ICP-MS imaging was employed for studies dedicated to

232

investigate biofortification,?3? priming,?33 the accumulation of essential elements via tracer

analysis,?34 forest pathology,??> 3D elemental distribution?3> (Figure 19) and fertilization.?3¢
Here, internal standardization using S or C signals and the fabrication of spiked pressed
certified standards became a common practice for reliable quantification. Table 1 lists a
collection of studies that used LA-ICP-MS to investigate the accumulation of both essential
and toxic elements in plants or mushrooms. Investigated elements, the standardization
approach, application and instrumental information are listed, respectively.
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Figure 19: 3D reconstruction of elements in stacked images from rye grass (Secale cereale) (A)
and bread wheat (Triticum aestivum) (B) grains, with reference computerized tomography
(CT) image. Reproduced with permission from Ref. 23>. Copyright 2017 Royal Society of

Chemistry.



Table 1: Examples of LA-ICP-MS imaging of botanical materials.

Elements and

sample type

Quantification approach

Notes

Reference

Al, Ca, Cd, Ce, Cr, Cu,
Fe, Mn, P, Pb, S, Ti
and Zn in tree bark

(Pinus sylvestris L.)

13C was used as internal standard,
SRM 1575 (pine needles), SRM 1515
(apple leaves), SRM 1547 (peach
leaves) and SRM 1573a (tomato
leaves) were tested. Different bark
layers containing different
elemental levels were pressed to
pellets and analyzed for reliable

guantification.

Tree barks were analyzed to estimate the pollution

burden caused by anthropogenic sources.

Narewski et al.22’ 2000

Cd, Cu, Fe, Mg, Mn,

13C was used as internal standard,

Quantitative analysis of distributions of toxic and

Becker et al.?22 2008

Pb, Pt, Rh, and Zn in | matrix-matched standards were | essential elements in thin sections of leaves, shoots,

tobacco leaves | prepared from dried and spiked | and roots.

(Nicotiana tobacco leaves. Standards were

tabaccum) fixed on glass using glutaraldehyde.

Ag and Cu in|- The uptake and biodistribution from contaminated | Galiova et al.?3’ 2008

sunflowers

(Helianthus annuus)

soil were investigated. LIBS was wused as

complementary and comparative technique.
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Pb, Mg and Cu in
sunflower leaves

(Helianthus annuus)

The metal accumulation in sunflower leaves was
investigated. LA-ICP-MS was compared to LIBS, AAS
and TLC regarding its suitability to perform (multi-)

elemental mapping.

Kaiser et al.?2° 2009

K, Mg, Mn, P, S, and
B in mint (Elsholtzia

splendens)

13C was used as internal standard,
SRM 1515 (apple leaves) was dried,
ground and pressed for standard

calibration.

A ©Cu tracer was used to investigate the

accumulation of copper and other essential

elements in leaves. Results were evaluated

regarding stress levels and indicated Cu uptake via

the petiole and main veins of leaves.

Wu et al.%34 2009

Cu, Pb, Sb and Zn in
hay-scented fern
(Dennstaedtia

punctilobula)

13C was used as internal standard.

Zn and Cu are concentrated in fronds while Pb and
Sb are primarily located in rhizomes. Although Pb
and Sb possess different physical properties, the
levels of Pb and Sb showed high correlation

suggesting similar uptake and transport properties.

Koelmel and
Amarasiriwardena?3!

2012

Mg, P, K, Mo, Mn, Fe,
Cy, Zn, Rb, Sr, Mo,

and Ba in peanut
seed (Arachis
hypogaeaq)

12C was used as internal standard.

The accumulation of 11 elements was studied in the
radicle of peanut seed. The authors discussed the
accumulation of Mo in the embryonic root of the
peanut seed which may have an effect on the plant’s

yield.

Zhu et al.238 2012
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Mg, P, S, K, Ca, Mn,
Fe, Cu, Zn, and Al in
Sitka spruce (Picea

sitchensis)

13C was used as internal standard.

LA-ICP-MS is presented for use in forest pathology.
Elements were analyzed in bark after wounding. A
large volume ablation chamber was installed to
accommodate samples. Mg, P and K accumulated in
a boundary zone between lesions; and healthy tissue

distributions were time dependent.

Siebold et aofl.?%> 2012

K, Mg, P, S, Cd, Fe,
Mn, Zn, and Ca in
Syrian  bean-caper
(Zygophyllum

fabago)

The accumulation of Cd and Zn was investigated in

leaves by LA-ICP-MS and micro-PIXE. Cd
accumulated in the vicinity of vascular bundles
bound to S-containing compounds. The plant’s
response was investigated using a physiological,

proteomic and metabolite approach.

Lefrevre et al.?3° 2013

Cd, Cu, Pb and Zn in
peas (Pisum

sativum)

Spiked NIST SRM 1515 (apple
leaves)

345 and 3C were compared as
potential internal standards. 3*S

was assessed as more reliable.

Cd was evenly distributed while Pb was accumulated
mostly in the epidermis and exodermis. Pb was
transported towards the endoderm and small
amounts translocated to the stele. Zn and Cu were

mostly present in the stele.

Hané et al.23° 2014

KI PI Mgl SI Cl Mnl
Cu, Zn, Ni and Cd in

Alpine  Pennycress

13C was used as internal standard.

The hyperaccumulation of four different ecotypes

was varied. Zn was stored in a different way than Ni

Callahan et al.%%° 2015
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(Noccaea

and Cu. This may be utilized in biofortification

caerulescens) experiments.

Gd in duckweed | - The uptake of Gd-based contrast agents by plants | Lingott et al.?*! 2015
(Lemna minor), cress was investigated by LA-ICP-SFMS. These contrast

(Lepidium sativum), agents are discharged by wastewater treatment

filamentous  algae plants and their presence in plants may pose a

(Zygnema), and health risk. It was shown that D. magna may ingest

water flea (Daphnia and magnify Gd accumulated in algae.

magna)

P, S and Zn in wheat | 3C was used as internal standard, | The effects of Zn and N fertilization on the speciation | Pergament Persson et
(Triticum durum) Grains were embedded in Spurr’s | and localization of Zn was investigated. SEC-ICP-MS | al.?3¢ 2016

resin.

was used for complementary speciation analysis.

Gd and Y in maize

(Zea mays)

Agarose was spiked with metal
standards and deposited on a glass

slide for quantification.

The accumulation behavior was studied. TOF-SIMS
was used as complementary technique. Analytes
were found in the epidermis and cortex and root
cells. Speciation analysis revealed that oxide species
accumulated at the epidermis limiting further

uptake.

Saatz et al.%*2 2016
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Zn, Sb, As, Pb and Cd
in rice seeds (Oryza

sativa L.)

13C was used as internal standard,
Cellulose briquette standards were

prepared for calibration.

The accumulation of toxic elements near a mine site
was investigate (Zn>Cd>Sb>Pb>As). FTIR was used as

a complementary technique.

Basnet et al.?*3 2016

Cr, Mn, Ni, Cu, Zn,
As, Cd, Hg and Pb in
wheat (Triticum
aestivum L.) and rye

(Secale cereale L.)

Spiked pressed pellets were used

for quantification.

The analysis of serial sections (20-24) allowed the
construction of a 3D elemental distribution model.
Accumulation of Mn and Zn was observed in the
aleurone layer/seed coat, vascular tissue, embryonic
tissue. Cr, As, Cd and Pb were mainly accumulated in

the grain endosperm.

Van Malderen et al.?3®

2017

Ca, Na and K in
tobacco (Nicotiana
tabaccum)

Spiked gelatin was used for

guantification.

LA-ICP-MS and LA-ICP-OES were compared

regarding their ability to image alkali and alkaline

earth elements.

Thyssen et al.?** 2017

Zn in maize seeds

(Zea mays L.)

13C was used as internal standard,
IAEA-331 (spinach leave powder)
was pressed with SRM-612 (silicate
pellets for

glass) to prepare

guantification.

Zinc and water priming were investigated regarding
the accumulation and distribution of Zn in maize
seeds. For comparison, diphenyl thiocarbazone
staining was performed to visualize the Zn
distribution. Unprimed maize seeds were used as
reference. Primed Zn was not evenly distributed.
Further, Zn is translocated to the shoots and roots of

the developing maize seedling.

Imran et al.?33 2017
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Cd, Cu, Fe and Mn in
sunflower seeds
(Helianthus annuus)
grown in Cd

contaminated soil

Matrix-matched standards made of
spiked sunflower seed ground and
NIST SRM 1573a (tomato leaves)

pressed in pellets.

Cd accumulated in sunflower seeds at potentially

harmful concentrations and displaced other

micronutrients (Cu, F, Mn).

PessOa et al.?*> 2017

Cs, S, Ca and K in
sweet basil (Ocimum

basilicum)

13C was used as internal standard,
NIST 1573a (tomato leaves) pressed

in pellets.

Uptake of Cs (100 and 1000 ng mL?! spiking

concentration) from soils was investigated.

Ko et al.24¢ 2018

S, P, Cu, Mn, Fe and

13C was used as internal standard,

The manipulation of deoxymugineic acid and

Diaz-Benito et al.232 2018

Zn in rice (Oryza | SRM 1568b (rice flour) and NCS | nicotianamine were evaluated for potential
sative L.) ZC73028 (rice) were pressed into | application in biofortification. Perl’s Prussian Blue
pellets. Staining was used to reveal the accumulation of Fe.
Different transgenic lines overexpressing associated
proteins were analyzed by LA-ICP-MS to determine
Fe and Zn distribution.
As in Mushrooms | - Mushroom species obtained at markets in nine cities | Li et al.?*” 2019
(Lentinula  edodes, of China were analyzed for As content (0.01-8.31 mg

Pleurotus ostreatus,
and Agaricus

bisporus)

kg), speciation (As(lll), As(V), MMA, DMA, AsB) and
localization. As species accumulated on the surface

coat of the cap and the junction of the pileus and
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stipe. The authors conclude that market mushrooms
may present a health risk to the general population.
ICP-MS and LC-ICP-MS were used to determine total

As and speciation analysis.

Cd in clary sage
leaves (Salvia
sclarea)

13C was used as internal standard

(34S was evaluated).

The combination of LA-ICP-MS and chlorophyll
fluorescence imaging analysis identified the effects

of heavy metals on plants.

Moustakas et al.2*8 2019

P, Al, Ca, K, Mg, Cu,
Fe, Zn, Cd, As |, and Si

in rice (Oryza sativa)

13C was used as internal standard
and standard solutions were spiked

into the cryo-compound.

The distribution profile of elements were compared
in wild-type and mutant rice. Distinct accumulation
patterns in the phloem region, inter-vascular tissues

and different nodes were found.

Yamaiji et al.?*° 2019

As, Cd, Hg, Sb and Zn
in corn seeds (Zea

mays L.)

13C was used as internal standard,

NIST 1573a was pressed into

pellets.

As, Cd and Sb were accumulated in seeds from
contaminated mining soils. Zn was concentrated in

the embryo and pericarp of corn seeds

Gaiss et al.2°9 2019

Na, K, Ca, Mg, S, P,
and Fe in two
genotypes of barley

(Hordeum vulgare)

13C was used as internal standard.
The C content was analyzed in root
and

samples compared to

NIST1573a.

The two genotypes had different tolerance for salt
and were analyzed regarding Na toxicity and root

growth responses to salt stress.

Shelden et al.2°1 2020
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5.4. Nanomaterials in the Environment

Nanomaterial manufacture and application are becoming increasingly relevant to medicine
and the environment. For biomedical applications, analytical techniques that measure
properties such as size and NPs are vital for advancement and incorporation into medical
research.®® In medicine, NPs promise to provide innovative and dedicated solutions for
bioimaging, drug delivery and therapeutic applications.?®> However, the development and
application of nanomaterials for medical purposes and the discharge of NPs which are
routinely used for various applications including paints, hygiene products, clothing, etc., may
result in environmental and physiological burdens. Little is known about their uptake,
biodistribution, accumulation and toxicological effects. Previous methods to evaluate in vivo
and in vitro behavior of NPs were performed using a variety of techniques including
transmission electron microscopy (TEM), X-ray spectroscopy and X-ray diffraction.?>3-2>> ICP-
MS and LA-ICP-MS have the potential to provide a new perspective on the characterization,
fate, and toxicology of nanomaterials. Quantitative high spatial resolution LA-ICP-MS has
been applied to the analysis of various nanomaterials including AuNPs,2>¢ AgNPs,%>” doped Fe-
oxide particles,?>® and SeCd/ZnS quantum dots.?>° Drescher et al.??° employed highly resolved
elemental imaging to determine intracellular Au (25 nm) and Ag (50 nm) nanoparticle uptake
and distribution into fibroblast cells (3T3). It was possible to determine the number of
nanoparticles per cell at different incubation conditions. Rapid quantification by LA-ICP-MS
was performed by calibration using a matrix-matched nitrocellulose membrane that was
doped with NP suspensions. In another study, the same authors investigated the uptake of
silica NPs with a plasmonic core (BrightSilica) in eukaryotic cells.?® In addition to applying LA-
ICP-MS to quantify the uptake and to compare it to uncoated NPs, they used surface-
enhanced Raman scattering to study the interaction with endogenous biomolecules and X-
ray microscopy to obtain 3D information on the distribution within cells. Bishop et al.?®?
constructed a 3D model to study the translocation of AgNP after respiratory tract exposure
and found elevated Ag concentrations in the white pulp of the spleen at concentrations
exceeding 300 ng g*. Boehme et al.?>3 undertook a comprehensive study to investigate the
behavior, cellular uptake, and accumulation pattern of Al;03-NPs using and comparing LA-

ICP-MS, ICP-MS, flow cytometry and TEM with energy-dispersive X-ray (EDX) spectroscopy.
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They analyzed the uptake of three different particles (14, 111, 750 nm) at different exposure
doses into HeCaT and A549 cells while considering particle sedimentation and agglomeration
in cell culture medium. They found that particles were internalized by cells, however, up to a
concentration of 50 mg L and an exposure duration of 25 h, no acute toxic effects were
detected. In another study, Boehme et al.?63 examined zebrafish embryos exposed to AgNPs
and AgNO:s. They correlated the level of both ionic and particulate Ag to sublethal and lethal
effects. The zebrafish embryos accumulated Ag at increased rates directly (2 hours) after
fertilization. In a subsequent study, the authors employed LA-ICP-MS in an ecotoxicological
study the investigate impact and potential accumulation of Al;Os-, Ag- and AuNPs in D. rerio

and D. magna.?*?

In a recent study by Wang et al.?%4 the authors investigated the multigenerational impact of
TiO2-NPs, which can promote the bioavailability of heavy metals in the aquatic environment.
Using LA-ICP-MS and TEM/EDX, they found that non-toxic exposure of C. elegans to TiO2 NPs
was associated with an increased Cd toxicity in the parental and subsequent generations
cultured under pollutant-free conditions. The NPs adsorbed and accumulated ionic Cd, which
desorbed after ingestion, accumulated and translocated. The behavior of particulate matter
and the interaction with dissolved ions in the environment requires consideration and may
play an important factor for elemental exposure as demonstrated in a study of elemental
absorption of micro plastics.?®®> Koemel et al.?®® investigated the uptake of AuNPs with
different surface functionalities in rice plants (Oryza sativa). They found that the
accumulation was dependent upon the surface charge and modality. Recently, Neves et al.26”
investigated the uptake and distribution in stem and leaves of the medicinal Brazilian ginseng
(Pfaffia glomerata). Ko et al.?8 studied the behavior and accumulation of Y doped SiNPs in
sweet basil (Ocium basilicum) and explored the impact on the concentration of chlorophyll,
carotenoids and superoxide dismutase (SOD) activity. A study by Wojcieszek et al.?®°
investigated the uptake, distribution, bioaccumulation and translocation of CeO2-NPs in the
radish (Raphanus sativus L.), whose edible part is in direct contact with the soil where

contamination was most likely to occur.

One promising and innovative development for imaging of NPs in biological tissue is analysis

via single particle (SP) LA-ICP-MS. Tuning ablation parameters enables protection of
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particulate matter from disintegration, allowing transportation of intact NPs to the plasma,
where elements are ionized, extracted, mass filtered and detected. The fast mass filtering,
detection and signal acquisition from individual NPs as discrete pulses enables determination
of number concentrations and NP sizes. Detecting these discrete pulses against the ionic
background allows in-situ discrimination between particulate and ionic matter. As such, SP
LA-ICP-MS is useful to locate and study the size transformation of NPs even in the presence
of ionic metal species. Metarapi et al.*® applied a SP LA-ICPMS method for NP analysis in
biomaterials and demonstrated size and spatially resolved measurements of AuNPs in a
sunflower root model. Custom-made gelatin standards containing reference NPs of various
sizes and number concentrations were used for method development and size calibration.
Yamashita et al.?’? analyzed the distribution of Au- and AgNPs among ionic species in onion
cells which were exposed to an Au/Ag-NP solution. Size calibration was performed by solution
nebulization ICP-MS of a reference standard. So far, no example for SP LA-ICP-TOF-MS has
been presented. However, the multi-elemental and rapid acquisition of individual NPs would
be advantageous for the analysis of nanocomposites, which are becoming increasingly
important considering current trends for multifunctional NPs and investigations of adsorption

effects in environmental and biological matrices.

5.5. Exposure Science

The field of exposure science encompasses the study of organisms with chemical or biological
agents within their environments. Several techniques including the analysis of dried droplets
of body fluids (e.g., blood?’! or urine?’?) are suitable to investigate acute elemental exposure.
However, acute, and chronic exposures to elements are often accompanied by structural
integration of elements into hard and durable tissues. This provides unique opportunities to
apply LA-ICP-MS imaging to reveal past exposure events for conclusions regarding diets,
medical treatments, and certain biological traits. A prominent example is Gd retention in
human patients where LA-ICP-MS imaging was applied to the investigation of Gd deposition
after enhanced MRI examinations with contrasting agents.?’? In combination with a
complementary speciation analysis, Birka et al.1*® found significant Gd levels in skin tissues
and identified intact Gd-based contrast agents in tissue extracts. Elemental imaging has been

used to diagnose nephrogenic systemic fibrosis in patients suffering from renal dysfunctions
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years after MRI examination. LA-ICP-MS/MS was further employed to correlate the levels of
Gd with endogenous elements which provided evidence that the pathogenesis of
nephrogenic systemic fibrosis was linked to generation of insoluble Gd/Ca phosphate
deposits?’* (Figure 20). LA-ICP-MS also demonstrated that Gd may be deposited in various
other organs including the brain.?’> Similarly, quantitative LA-ICP-MS was employed to study
the accumulation of Pt-based cytostatic agents in testis, kidney and cochlea, liver, kidney
spleen and muscle, which is of interest to understand side effects including oto- and
nephrotoxicity.}> 276 277 Halbach et al.??° examined the uptake of the Br containing
acetylcholinesterase inhibitor, Naled, in zebrafish embryos and found 280-fold enrichment.
The authors further applied LC-MS/MS to the metabolic pathway of this compound which
indicated high reactivities and transformation rates. Van der Bent et al.?’® employed LA-ICP-
MS in combination with uXRF to investigate allergic reactions caused by pigments in tattoo
dyes in skin. Elemental imaging revealed the presence of Ti, Cr, Ni, Cu, Fe, Cu, Zr and Nb, and

authors linked the allergic reaction to the presence of Ni.

Figure 20: LA-ICP-MS/MS images of Gd (left) and P (right) in human nephrogenic systemic

fibrosis skin tissue. Reproduced with permission from Ref. 274, Copyright 2018 Elsevier.

The analysis of elemental accumulation in organs is usually connected with an invasive
procedure to obtain the required tissues. Therefore, several studies evaluated investigating
tissues which are easily obtainable such as hair, nails, or teeth to interrogate incorporated
elements as a proxy to reveal past exposure events. The spatial resolution within these slowly
growing structures is especially of interest for predicting the time and duration of exposure

and contamination. Sela et al.?’® analyzed Zn, Fe, Cu, Cr, Pb and U hair samples and compared
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analyses via LA-ICP-SFMS and ICP-MS, concluding that the lateral resolution is an important
parameter that reflects environmental changes of individuals and has potential for exposure
analyses and biological monitoring. Hasegawa et al.?8 presented a pilot autopsy study where
the Gd concentration in hair was related to levels in other tissues. They found a high
correlation between the concentration in hair and the white brain matter and dentate
nucleus, suggesting that hair analysis was suitable as a non-invasive method for
biomonitoring patients who were subjected to enhanced MRI examination with contrasting
agents. Luo et al.?®! analyzed the distribution of As in hair from a leukemia patient treated
with arsenic trioxide (As,0s3; trade name Trisenox). Pozebon et al.?8? recommended a method
to monitor the levels of Pt in hair after receiving platinum complexes post cancer treatment.
Similarly, Stadlbauer et al.?8 discussed monitoring of heavy-metal intoxication from exposure
to Pt and Hg intake. A further study by Abad et al. emphasized direct deposition of Hg from
the environment must be considered to differentiate ingested Hg.?®* The analysis of hair by
LA-ICP-MS was further investigated to monitor various essential and toxic elements to
estimate dietary intake of animals.?®> Similarly, feathers and skin may be analyzed for trace
elements from both external and internal contamination.?®® 287 Nails and other keratin rich
structures are also viable targets of past exposures.?®8 Hann et al.?®° determined the level of
Tlin a thumbnail of an individual poisoned and killed in the 60s in Austria. The authors found
a 170-fold increase of Tl levels and estimated the time (2-5 weeks) between the poisoning
event and death based on the Tl pattern in the nail structure. Caumette et al.?*® analyzed the
lateral distribution of As and | in horns of seaweed eating sheep. Seaweed is rich in As and |,
and consequently, the distribution of both elements in the horn were correlated with dietary

changes at different life stages.

The structural integration of elements into teeth has been investigated for more than 25
years. Evans et al. first employed LA-ICP-MS in 1995 to measure the distribution of Zn, Sr, Cu
and Pb in teeth of walruses at different ages, and correlation of growth lines enabled the
dating of past exposure events.?®! The analysis of heavy metals in deciduous teeth is useful to
reconstruct the life-time lead exposure in children.?®? 2°3 Arora, Austin et al.?®> 2°* used the
neonatal line as a reference line to analyze the deposition of elements (Mn, Pb) during fetal
development. Savabieasfahani et al.?°> found increased levels of Pb in deciduous teeth of

children in war zones. Particularly high levels were found in children with birth defects. The
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authors linked the increased Pb levels with contamination due to explosions, bullets, and

other ammunition releases.

Other targeted structures to reveal past element exposure events include bones and otoliths.
Fish otoliths are stable and durable structures that serve as a temporal biomarker for
environmental monitoring and investigation of migration patterns.!3% 2% 297 |shii et gl.2%8
analyzed bones of lead-exposed birds to measure the lifetime exposure of Pb. Bones had up
to 90 % of the Pb burden (approx. 90%) and were correlated to levels in other soft tissues. In
a study by Jackson et al.,>®® the authors evaluated a minimally invasive method to monitor
the dietary-based exposure in water snakes (Nerodia fasciata) by sampling tail clips from

three cohorts which were fed fish with varying levels of As, Se and Sr.

The possibility to apply elemental bioimaging to reveal past exposure events and to correlate
element levels with biological traits opened new opportunities for LA-ICP-MS imaging. Several
reports document application of bioimaging to analyze tissue remains and fossils.300-392 The
analysis of samples from animals and human individuals provided new perspectives in
anthropologic and palaeontologic studies. Austin et al.3®3 analyzed and compared Ba
distributions in teeth from human children, captive macaques and a Middle Paleolithic
juvenile Neanderthal. They were able to document the breast feeding and weaning pattern
of the Neanderthal which consisted of seven months of exclusive breastfeeding followed by
seven months of supplementation before an abrupt cessation of breastfeeding. Hair strands
of ancient mummies were analyzed by LA-ICP-MS to investigate the exposure of different
human populations to As,3%* Pb,3% and Li,3% as well as modern humans to As exposure.30’
Guede et al.3% investigated the diet of medieval Muslim individuals from Tauste in Spain. They
found significant differences in the elemental distribution in the dentine and enamel. As
dentine remodels during the lifetime, elemental variations could be used as an indicator for
the dietary intake of elements. Farell et al. analyzed Pb, Sr, Cn and Li in dental tissues of
Chilean mummies and compared elemental levels to teeth from contemporary Egyptian
children which were an order of magnitude higher.3® They further compared the levels and
distributions of Li and Zn, thought to be caused by increased environmental levels and
prenatal exposures, respectively. Lopez-Costas et al.31° used ICP-MS to analyze Pb and Hg

levels and Pb isotopic ratios in ancient human bones to provide evidence of atmospheric
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metal pollution of previous civilizations. They investigated a 700-year period in which rural
Romans incorporated twice the levels of Hg and Pb into their bones than post-Romans
inhabiting the same site. Maurer et al.3!! evaluated and compared LA-ICP-MS and ICP-MS for
the elemental analysis of archaeological bones. They used Ca as internal standard and
NIST612 and NIST610 as well as STDP-1500 to quantify P, Mg, N, Sr, Ba, Li, Zn, V and U. They
noted that depending on the preservation state, biological and diagenetic elements may not

be distinguished which may preclude the suitability of LA-ICP-MS to investigate the paleodiet.

The accumulation of exogeneous and endogenous elements is a complex process which
leaves unique traces which depend on the individual physiology, the environment, and the
exposed elemental species. As such, the incorporation of elements into durable tissues leaves
a unique pattern which may be useful to identify individuals.3!? For example, Castro et al.3*?
used LA-ICP-SFMS to analyze elements in bone and teeth for forensic purposes, and
Stadlbauer et al.3'? attempted to employ LA-ICP-MS to confirm the authenticity of Mozart’s
skull. However, due to the heterogeneity of various tissue structures, unequivocal
identification is difficult. Further forensic application of LA-ICP-MS comprise of the analysis of

fibers, paper, food and objects/materials for identification or authentication reasons.3'4

5.6. Neuroscience

A substantial amount of analytical research and development for LA-ICP-MS imaging was
performed using neurological tissue as test samples.3'> The convenient size and structural
heterogeneity of mouse brain sections were excellent targets to demonstrate principles of
imaging in realistic time periods. There are relatively few published applications of solution
nebulization ICP-MS for measuring elemental content of brain tissue before the turn of the
century. ICP-MS was used as a detector for human brain proteins separated using capillary
zone electrophoresis (CZE). Metals, specifically Zn, bound to metallothionein (MT) isoforms
were detected in cytosolic fractions of post mortem tissue from aged control and Alzheimer’s
disease (AD) groups.3'® Concentrations of Cd, Co, Cu, Fe, Mn, Rb, V, and Zn were measured in
digests of human tissue from diagnosed amyotrophic lateral sclerosis (ALS) and a rare,
possibly related parkinsonism-dementia complex found in residents of Guam.3!” The authors

reported an increase in brain Cd levels in ALS tissue, and Zn in both disease types, compared
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to a control group, though very small sample groups and formalin-fixed samples give some
caution. Formalin fixation has differential effects on tissue metal concentrations3'® 3%° and

should be considered with respect to imaging experimental design.

For example, Bonta et al.32° examined the effects of formalin fixation and paraffin embedding
of the sample on the distribution of elements in murine lungs and brain compared against
fresh-frozen sections. Alkaline metal concentrations (Na and K) were drastically reduced, Mg
and Ca somewhat reduced, whilst the transition metals (Mn, Fe, Ni and Zn) were less affected.
The authors conclude that FFPE preparation renders the analysis of free metal ions unsuitable
by LA-ICP-MS, and that transition metals distributions are comparable. However, the
concentrations of Ca and Zn can be increased due to contamination by the fixation process
and caution should be applied for interpretation. Similarly, Pushie et al.3?! reported that Zn
was depleted from specific hippocampus sub-regions and enriched in white matter during
sucrose cryoprotection and concluded that this method of sample preparation should be

avoided for elemental analysis of murine brains containing labile metals.

Factors that likely influence the spatial distribution of metals and other mobile elements in

neurological tissue include:

e The length of time a sample was immersed in a fixative. Samples can be archived in
preservatives for decades with minimal structural degradation.

e The type of tissue being stored. Insoluble matrices like bone behave differently than
lipid-rich brain tissue.

e Storage conditions under which the sample was held. Warm ambient temperature
effects the mobility of more soluble elements.

e What chemicals were used to preserve the tissue. Like the biological matrix itself, the
phase of solvent also influences solubility. For instance, pyridine was a common

preservative for histological samples until the late 1900s.

In addition to each of these considerations, the comparatively unspecific nature of LA-ICP-MS

is limited in terms of what information it can provide. Assuming that the 28 essential elements
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necessary for life are found in the human brain, measuring a change in a single element is an
otiose observation. The minor and “trace” elements may be present in small amounts, but
they have an unknown number of possible conformations in the human proteome that is
estimated to have around 9 million individual chemical species.3?? Therefore, it is important
that LA-ICP-MS imaging is used within the context of a broad range of other analytical

techniques used in neuroscience.

Becker led pioneering work in the early 2000s that supported later development of imaging
methods used today. Gel electrophoresis was used to separate human brain proteins, and LA-
ICP-MS then used to selectively sample separated protein spots in the 2D gels.3? 324 The work
logically evolved to imaging, and foundation studies were reported soon after. Rat brains with
stereotaxically implanted tumor cells were imaged for Zn, Cu, P, and S on a SF ICP-MS with an
effective resolution of 50 um (Figure 21).276 The relatively unimpeded masses at the high
atomic weight range also leant themselves to investigation of naturally abundant elements
as correction elements for signal drift. Graduating from animal models to human samples,
Zoriy et al.'”’ reported sub-part per trillion detection limits for Pb and U in three human
glioblastoma samples. This work inspired subsequent and important research using human
brain tissue to demonstrate the stability of LA imaging methods3?° that are still used in most

laboratories today.

tumor
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Figure 21: Oblique plane view of Zn in rat brain section. The area circled in red in the top 3H-
PK11195 autoradiography image depicts to the site of stereotaxic deposition of F98 cells.

Reproduced with permission from Ref. 176, Copyright 2005 Royal Society of Chemistry.

Much of the early development work involved the study of Parkinson’s disease (PD) due to
the long-standing association between the movement disorder and abnormal Fe disposition
in the midbrain.3?® This brain region is normally highly abundant in Fe, where it mediates a
range of biochemical processes that make use of the relative ease with which Fe atoms share
electrons at normal pH.3?” Dopamine (DA) and Fe are normally chemically sequestered by a
network of proteins and regulatory systems, though an apparent increase in oxidative stress
in the PD brain follows the detectable accumulation of Fe in the substantia nigra pars
compacta (SNc).328330 Hare et al.3*! used the 6-hydroxydopamine (6-OHDA) neurotoxin model
of DA cell loss in mice to demonstrate how quantitative imaging of Fe following unilateral
injection with the potent disrupter of mitochondrial function showed a post-lesion elevation
in measurable Fe within the nigra. The strong response in Fe signal mapping the needle track
was clearly visible 21 days post-injury, though no change in other metals indicated the tissue
had healed (Figure 22) and Fe was suggested to likely be remnants of heme present following
surgery. Similar results were seen with 3D reconstructions, with the needle track showing
injection of the 6-OHDA toxin was made slightly above, and not directly into, the SNc.'4!
Matusch et al.332 used the same experimental paradigm to create multimodal images of metal
and peptide distributions with LA-ICP-MS and MALDI-TOF-MS. There was evidence of damage
at the site of the lesion in the mass fragments corresponding to oxidized lipid species and
elevated levels of Fe. The same group had early shown that 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) toxicity similarly caused alterations in midbrain levels of Fe and
Cu.33 Like 6-OHDA, MPTP elicits a neurotoxic response in exposed animals, though it does

334 and therefore is not prone to possible

not require direct injection into the brain
interference in Fe levels from the injury path. It is important to note that both imaging and
whole-brain digests have shown MPTP and 6-OHDA consistently reproduce the phenotype of
increased Fe in the human PD brain,33* though not the associated depletion in midbrain Cu.33¢
The metal hypothesis of PD follows that decreased Cu and elevated Fe in the human SNc are
an amplified effect of aging that lead to an environment rich in pro-oxidant Fe with a depleted

supply of Cu to draw on to synthesize the Cu-binding superoxide dismutase-1 enzyme.33’
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However, increased Cu is often incorrectly described as a risk factor for PD, and even though
it shares many chemical similarities when reacting with DA in controlled or theoretical
environments,338 the likelihood of these conditions being replicated in the human brain is not

supported by direct experimental evidence from PD tissue.

Figure 22: Fe in 6-OHDA lesioned brain tissue. The unilateral increase in Fe was seen in the
SNc (marked as A; B = dentate gyrus; C = amygdala) with a corresponding elevation in Fe. No
corresponding change was seen in Zn. Adapted with permission from Ref. 331, Copyright 2009

Royal Society of Chemistry.

Of course, this does not invalidate such concepts, and is in fact essential when developing
new therapeutics that directly target DA-metal chemistry.33° Similarly, model organisms are
not direct replications of human disease, though they are useful to examine a specific disease-
associated pathway in isolation and with some degree of control over variables. A PD model
has one feature in common: the specific depletion of DA-producing cells, and this can cause
several measurable phenotypes. The term “parkinsonian neurodegeneration” is used to

describe the progressive loss of dopaminergic neurons, though neurotoxins induce a rapid
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development of symptoms compared to the years-long preclinical phase of human PD.3%°
Imaging methods that have used parkinsonian models include 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)- metal coded affinity tag (MeCAT)
tagged imaging of PD-associated proteins in a-synuclein (a-syn) overexpressing mice;3*
imaging Fe and inflammation markers after 6-OHDA toxicity in rats;34? Fe-loaded mice
exposed to MPTP and the DA replacement therapy levodopa;34* and MPTP-exposed mice
treated with experimental drug candidates.3** Examples of imaging of human tissue are more
limited, primarily due to a shortage of suitable samples. Overt neurodegeneration occurs only
in deep regions of the midbrain with an area not much larger than a thumbnail, and preserving
the tissue that captures a chemical snapshot at the time of collection is impossible.!3?
Interactions between Fe and DA are near-universally accepted as part of the molecular basis
of PD, and DA metabolites that are known to both cause neuronal dysfunction and accelerate
formation in the presence of Fe are specifically elevated in cells derived from human PD
tissue.3* Importantly, while the metabolites are common to both PD and the models used to
replicate it, the levels are not. Human DA neurons contain much higher levels of DA compared
to neurons from mice, including those genetically engineered to express human proteins
involved in DA metabolism that are dysfunctional in PD. This has serious implications when
using quantitative data to support a translational rationale for modulating DA levels in
humans: the effects seen in animals and cell culture may be vastly different to human neurons

that maintain a different resting state DA concentration.

Alzheimer’s disease (AD) has had a logical connection to metals since the long-ago discredited
theory that Al exposure induced the formation of characteristic neuropathological features
of the disease. Even so, the scientific literature is rife with well researched but biophysically
implausible accounts of Al causing protein aggregation and AD-like phenotypes in model
organisms.34¢ By and large this concept has been driven by in vitro experiments using
enormous excess of both Al and disease-associated peptides that in no way represent the
human condition. Metals have remained a lynchpin in the amyloid cascade hypothesis3*’ and

348 models of AD, though extreme care should be taken interpreting metal levels

ferroptosis
as possible AD biomarkers given the likely association between certain metal species, age,
and environmental exposure.34® 350 Nevertheless, elegant longitudinal studies have shown

that subtle changes in regional Fe concentrations occur across lifespan,3>! though the
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estimated trajectories are based on a very high number of measurements and still show weak
correlation that preclude any predictive utility on a case-by-case basis. Linking abnormal
metal deposition in post mortem human brain to in vivo measures has obvious challenges,
and it has been argued for some time that the field is guilty of publication bias with respect
to metals actually being associated with AD.3>?2 Magnetic resonance imaging (MRI) can be
used to produce indirect maps of Fe in the brain using lengthy and unpleasant scans, though
directly associating quantitative Fe measurements with computerized tomography requires

the scanned brain to be directly analyzed soon after.

It is also difficult to align MRI images with LA-ICP-MS data, as the orientation of samples
change moving from one imaging mode to another. Tomography sections the images after
data collection, whereas LA-ICP-MS requires samples be sectioned prior to analysis. This can
be overcome by aligning fiducial markers, which conveniently often have a distinctive
elemental signature that can be repurposed, such as Gd tracers used as contrasting agents.
These do not correct for sheering and tearing of the sample when sectioned on a cryotome,
though those with skills in computational neuroscience have shown how repeated measures
can be used to “repair” structural damage from prior neurosurgical injections.3>3 Hare et al.3>*
used formalin-fixed paraffin-embedded (FFPE) human AD tissue to show that Fe was elevated
in the grey matter of the frontal cortex of AD patients, though the authors stressed that
samples were of different ages, were all preserved for different time periods, and had been
stored at different temperatures for years prior to analysis. The value in this study was instead
how endogenous P levels can be used as a proxy for the white/grey matter junction using
much the same approach as MRI and histological staining of myelin. A similar approach was
used by Stiiber et al.,>> who described proton-induced X-ray emission (PIXE) and MRI and
claimed both Fe and myelin images could be estimated from the MRI data. With Fe present
in lower levels in the cortex than midbrain structures, visualizing variation in the more diffuse
network of gyri and sulci of human brain with MRI is more challenging, and contrast agents
that can be cross-referenced with LA-ICP-MS are an exciting area of development.3>® Niehoff
et al.>*7 used LA-ICP-MS to measure Mn in brains scanned prior by MRI using an injected Mn?*
contrast agent, and while T; scans showed a general alignment with Mn LA-ICP-MS imaging

(Figure 23), it is difficult to ascertain other sources of signal in the T; images.
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Figure 23: Untreated (left column) and MnCl-infused (middle and right columns) brains at
bregma -3.3 mm (top row) and bregma (bottom row). Greyscale images are MRI and rainbow
scale are pug gt Mn. Adapted with permission from Ref. 3°7. Copyright 2016 WILEY VCH Verlag
GmbH & Co.

LA-ICP-MS has unrivalled specificity, showing the distribution of all metal species regardless
of chemical state or cellular compartment. Histochemical stains and MRI are both ambiguous
measures of Fe; the former uses chemical dyes that normally react with only one chemical
form (such as Perls Prussian blue staining of non-heme Fe), and the latter relies on detection
of a signal that cannot be completely differentiated from interfering material (like myelin
interference on Fe signal in cortical tissue). Chemical profiling of the entire Fe-binding
metallome of the brain requires multiple analytical approaches to characterize all possible Fe
species, including methods that can identify ferroproteins by molecular mass spectrometry3>8
and estimate spatial redox state.3>® With each imaging mode added, a greater number of

shared structural features can be used for alignment.

5.7. Biomolecular Imaging

LA-ICP-MS also has utility for exploration of molecular features via immunohistochemistry
(IHC) and a suitable elemental tag that may be used as a proxy to indirectly measure the target
biomolecule. IHC is a qualitative bioanalytical technique that uses antibody (Ab)-antigen

interactions to detect and visualize biomolecules. The presence of an antigen is measured
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indirectly via a chemical reporter affixed to either a primary or a secondary Ab (the analyte in
Figure 24). Typical IHC visualization methods use a chromogenic substrate linked to an Ab, or
excitation of a conjugated fluorophore and detection of the fluorescence emission
(immunofluorescence, or IF). Interpretation is limited to nominal (positive/negative) or
ordinal values (low, medium, or high signal; usually reported as +, ++, and +++) of a
characteristic test sample.3®® There are several limitations of IHC including difficult
simultaneous identification of multiple biomolecules (multiplexing) due to a limited number
of chromogenic agents and/or overlap of fluorescent emissions, and qualitative aspects limits
interpretability especially when a target is modestly increased or decreased, and frequently

requires a second complementary quantification strategy.
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metal NPs can be used as proxies for biomolecules of interest.

There are several commercial reporter elemental tags available including MeCAT kits, Au- and
AgNPs, and Maxpar® polymeric tags. Lanthanides may also be bound in commercially
produced complexing agents such as diethylenetriaminetetraacetic acid (DTTA) and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA). Au- or AgNPs are appealing for IHC-
LA-ICP-MS imaging due to low cost and commercial availability of pre-labelled 2° Abs.

However, limitations include high Ag background from non-specific precipitation within tissue
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sections, sub-optimal sensitivity due to poor ablation characteristics of Au, and limited
feasibility for multiplexing. Lanthanides are ideal tags due low to negligible background signals
with close to 100% ionization efficiency in the ICP. The choice of tagging protocol should
consider the sensitivity that is required to visualize the target biomolecule as IHC-LA-ICP-MS
is mainly dependent on the number of reporter elements per Ab. DOTA and MeCAT bind a
single atom per tag, fully loaded Maxpar® polymer tags contain up to 30 atoms, and NPs may

contain several thousands of atoms depending on their size and composition.36!

In general, it is preferable to bind the elemental tag to a primary antibody to decrease the
number of staining steps and to allow highly multiplexed analyses. There are several binding
strategies possible dependent on the form of tag used. For example, NPs may be
functionalized with streptavidin to form streptavidin-biotin bridges. Other NP binding
mechanisms include simple hydrophobic interactions, covalent binding through maleimide or
carbodiimide bonds and click chemistry.3¢? Maleimide linkers, such as those used for the
Maxpar® labels, covalently bind to sulfhydryl residues after partial reduction of the Ab
disulfide bridges.?®3 Other ligands such as SCN-DOTA bind to amino groups of lysine residues
with improved preservation of Ab activity when compared with the covalent counterparts.3%4
The next sections provide an overview of LA-ICP-MS molecular imaging with an emphasis on

advances in instrumentation and tagging protocols for cellular or sub-cellular resolution.

The first use of IHC and LA-ICP-MS was in 2005 by Hutchinson et al.?®> who imaged amyloid
(AB) in Alzheimer’s plaques (Figure 25). A monoclonal AB antibody and a biotinylated
secondary antibody were applied to consecutive sections of murine brain, with the first
undergoing Ni-3,3'-diaminobenzidine (DAB) visualization and the second labelled with Eu-
streptavidin, a commercial fluorescent agent. The plaques could be readily differentiated
from non-plaque regions using both tags, however Ni had a higher background due to non-
specific binding. Eu offered improved differentiation between regions of interest due to the

increased specificity of the Eu-streptavidin protocol.
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Figure 25: Light micrograph of chromogen enhanced AP stained mouse brain (top) and Eu
image for tagged Abs (bottom). Reproduced with permission from Ref. 36>, Copyright 2005

Elsevier.

Seuma et al.3%® compared the use of Au- and Au/AgNPs as tags to quantitatively map MUC-1
and HER-2 cancer biomarkers in breast tissue sections. They calibrated their analysis by
spiking known amounts of Au and Ag onto sections of rat liver with LODs of 0.01 ng Au and
0.005 ng Ag (3: 1 average signal to noise ratio). Jakubowski and colleagues conducted a 3-part
investigation exploring various labelling methods for analysis of proteins as a model for future
use on antibodies. Their initial approach used direct iodination of histidine and tyrosine
residues of bovine serum albumin (BSA), pepsin and lysozyme on membrane blots of sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) separations via a modified
commercial radioimmunoassay protocol.?®” The |-tagged proteins were spatially quantified
via LA-ICP-MS and construction of a 4-point calibration curve of BSA, which was limited to 3-
orders of magnitude and an LOD of 0.15 pmol due to a high iodine signal in the blank. Their
second approach investigated another radioimmunoassay label, SCN-DOTA.3%8 Unlike
iodination, SCN-DOTA has potential for multiplexing by chelation of isotopically enriched
lanthanides as proxies for each individual target. Eu3* was bound to SCN-DOTA before
incubation with BSA and the resulting calibration curve was linear over 4 orders of magnitude
with an LOD improvement to 15 fmol. Finally, they applied both SCN-DOTA and iodine

labelling to antibodies raised against BSA, lysozyme and casein for analysis by LA-ICP-MS
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imaging of a Western blot after SDS-PAGE separation.3%° The authors constructed a three-plex
image of the Western blot by labeling anti-lysozyme, -BSA, and -casein with Tm, Ho, and Tb,
respectively, resulting in clear signals of the targets, albeit with less sensitivity then direct
labeling of the proteins. The iodine labelled antibodies were not suitable due to high levels of
non-specific binding resulting in a high background. Similarly, Waentig et al.3’? investigated
an alternative procedure for iodination of proteins using Kls. This milder protocol improved
the labeling of antibodies and, unlike the previous investigation, was useful for imaging casein
and BSA on a Western blot. However, the SCN-DOTA labelling approach had superior signal-
to-noise ratios. This iodination method was used by Giesen et al.3’! to label fibroblast cells
and several tissue sections, where the | signal was proportional to tissue thickness and was
suitable to act as an internal standard for imaging of HER-2 and CK 7 via Abs labelled with Ho-
and Tm -DOTA, respectively. Here, the labelled antibodies were incubated against a breast
cancer tissue section, followed by iodination, with the | signal accounting for variability in
tissue thickness in the ablated regions of interest. This method was then further expanded by
addition of Tb-DOTA labelled anti-MUC to the breast cancer biomarker panel.3’> Optimization
of this first three-plexed analysis of tissue sections involved minimizing non-specific binding
and maximizing signal-to-noise ratios via consideration of tissue thickness (5 um), antibody
incubation time and concentration (1 ug mL™ for 3 h), laser energy (35%), laser spot size (200
um), and laser scan speed (200 um s?). The laser parameters provided adequate sensitivity
to measure the expression of MUC 1, Her 2 and Ck 7, however, the resolution was 20 time

less than that required for cellular resolution.

These early adopters of labelling antibodies for LA-ICP-MS detection provided the
groundwork for further expansion of quantitative IHC-LA-ICP-MS protocols. de Bang et al.3”3
developed a quantitative multiplexed Western blot LA-ICP-MS analysis of five plant thylakoid
proteins via doping nitrocellulose blotting membranes with various lanthanide-DOTA labelled
Abs. Calibration curves were constructed for each of the targets with lysozyme as an internal
reference protein. The linearity was greater than 0.99 for each of the proteins with
intermembrane %RSDs less than 5% (n=3), and intramembrane %RSDs less than 15% (n=12).
The method had similar LODs as chemiluminescence, however the IHC-LA-ICP-MS method
sensitivity was boosted by 20 times when the DOTA tag was replaced with a polymer tag with

multiple lanthanide chelation moieties. Reifschneider et al.3’4 introduced a non-targeted
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method for LA-ICP-MS imaging of structural features by exploiting components in common
histological agents. H&E are commonly applied to pathological sections to stain nuclei blue
and cytoplasm pink, respectively, and underpins the visualization of tissue structures in
routine clinical investigations. The authors imaged aluminum present in hematoxylin, and
bromine present in eosin, to generate images of appendix, lymph nodes, fallopian tubes, and
an esophageal tumor. In all cases the Al and Br signals were concordant with
photomicrographs of the H&E stains and was useful to differentiate various cell populations
and tissue structures. Exogenous metals were apparently unaffected by the staining protocol,

allowing measurement of the distribution of Pt after application of chemotherapeutics.

Hoesl et al.3”> developed a simple calibration and internal standard (IS) procedure for IHC-LA-
ICP-MS imaging using an ink-jet printer to print calibration standards onto Western blot
membranes, and application of an IS layer over the sample using lanthanide-doped ink. The
calibration curves had r? values greater than 0.999 for Er and Pr, whilst the IS was effective
for mitigating signal drifts associated with varying laser power over the entire acquisition. The
method was used to determine the concentrations of BSA, ovalbumin, and lysozyme following
MeCAT tagging, SDS-PAGE separation and blotting onto nitrocellulose. Frick et al.37®
developed an alternative method for internal standardization by applying an Ir-labelled DNA
intercalator to tissue sections. Although the IS only bound to DNA present in cell nuclei the IS
was effective for resolutions greater than the size of individual cells and was suitable for
normalization of signals with tissue thickness for 2 to 14 um. As proof of principle, the Ir-
intercalator was applied to a folded kidney section and immunostained with Maxpar®-
labelled antibodies against E-Cadherin and histone H3. The Ir signal clearly tracked tissue
thickness across the folded area and allowed correction of the thickness when quantifying the

antibody labels against external standards prepared on cellulose acetate membranes.

Despite the excellent potential of this early literature, application of ICH-LA-ICP-MS did not
improve on traditional IHC/IF investigations because the resolution was insufficient for
cellular interrogations. Accordingly, Managh et al.3”” labelled regulatory macrophages
(Mregs) with AuNPs for identification via LA-ICP-SF-MS. Using a low-volume ablation cell and
an 8 um spot size, individual Mregs were imaged from a culture replated into chamber slides.

The AuNP labelled Mregs were then injected into mice and individual cells were detected in

83



sections from the lungs, liver, and spleen. Hare et al.3?” used Au/Ag-NPs to label anti-TH as a
marker of dopamine in a murine parkinsonian model. Individual dopaminergic cells were
observed with optimized LA-ICP-MS parameters including a 4 um spot size, and a relationship
between dopamine and Fe was identified in the mid-brain where Fe was suspected to
facilitate free-radical reactions that result in neuronal cell death. Most of the later
applications employed the superior sensitivity of Maxpar® labels and nanoparticles over
single atom tags. Paul et al.3’® sectioned and imaged an entire murine brain, and quantified
endogenous Fe, Zn, and Cu alongside a Maxpar®-conjugated anti-TH Ab with matrix-matched
calibration standards. Mueller et al.3”° used a Ho-DOTA tag and a Ir-DNA intercalator to label
free cell thiol groups and the nuclei of cells, respectively, and applied six Maxpar®-labelled
Abs to identify specific targets for the analysis of single cells grown in culture. Quantification
was performed via spiking elements at various concentrations onto a nitrocellulose slide to
construct a calibration curve. Aljakna et al.3® used Maxpar® labels to multiplex seven markers
for myocardial infarction in post-mortem samples. Quantification was performed with spiked

matrix-matched standards and traditional IHC was used for confirmation.

Cruz-Alonso et al.38! used carbodiimide chemistry to bind AuNP analytes to primary
antibodies to spatially determine the expression of MT in retinas, and ferroportin in the
hippocampus. IF imaging was used to optimize the antibody concentration and dilution of the
anti-metallothionein Ab via inherent fluorescent of the AuNPs. Cu and Zn LA-ICP-MS images
were obtained alongside the Au as potential additional markers of metallothionein, however
no correlation between Au and the endogenous metals was observed. The method was then
extended to quantitative analysis by calculation of the number of moles of Au in each AuNP
and the Ab/AuNP ratio, and preparation of calibration standards from Au-doped gelatin. No
differences were observed between Au salts and AuNPs when investigated for use in the
calibration standards. Alonso et al.3® quantitively imaged ferroportin (FPN) and Fe in
hippocampal sections from AD brain samples and compared against healthy control brains.
No clear correlation was seen between Fe and FPN, however Fe was increased in the sections

obtained from AD samples.

Other IHC applications use quantum dots in the 2-10 nm range. These probes are used in

fluorescent bio-imaging applications and often contain elements that are amenable to LA-ICP-
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MS imaging. Vanechova et al.383 used peptide linkers to label CdS quantum dots to an anti-
IgG Ab for subsequent analysis by LA-ICP-MS. Mclnnes et al.3®* assessed the suitability of a
positron emission tomography (PET) Cu-complex for LA-ICP-MS imaging of AB plaques. They
altered the ligand backbone of the complex which resulted in improved metabolic stability
and ability to cross the blood-brain barrier and incorporated isotopically enriched Cu®.
Neumann et al.3*! developed a multiplexed IHC-LA-ICP-MS method to investigate neurological
markers in a murine parkinsonian model brain. Six neuronal antibodies were labelled with
MeCAT-bound with different lanthanides and were incubated in parkinsonian mouse model.
The samples were coated in gelatin and an internal standard was printed using the inkjet
printing method previously described.?”> Lores-Padin described multiplexed markers of age-
related macular degeneration (AMD), MT 1/2, complement factor H, and amyloid precursor
protein in eye sections.®®> Antibodies for these three targets were respectively labelled with
AuNPs, AgNPs, and PtNPs and the NP/Ab ratio calculated for quantification via gelatin
standards. The labelled antibodies were applied to AMD samples where accumulation was

observed in subretinal drusenoid deposits and anomalous aggregates.

5.8. Imaging Mass Cytometry

Imaging Mass Cytometry™ (IMC) is a commercial IHC-LA-ICP-MS offering from Fluidigm that
was designed to image molecular biomarkers in tissue sections using Maxpar® tagged Abs.
The Fluidigm Hyperion™ system consists of a LA-ICP-TOF-MS equipped with a solid-state laser
with a shot frequency of 100 or 200 Hz, a single spot size of approximately 0.71 um?, a scan
speed of 100 pixels per second, and a low dispersion ablation chamber with a sampling area
of 15 x 45 mm. IMC is used for highly multiplexed investigations of biomarker expression and
was first reported by Giessen et al. in their 2014 paper that demonstrated the simultaneous
imaging of 32 proteins at subcellular resolution.3%® The workflow required seven distinct steps
(Figure 26): sample preprocessing using standard IHC protocols (including de-waxing of
formalin-fixed paraffin-embedded sections and antigen retrieval prior to incubation with
labelled Abs; air drying; laser ablation by line scanning or spot by spot; and transfer of the
ablated material to the CyTOF. After ablation, the individual signals from the lanthanide tags
were extracted and processed to assemble an image, followed by application of an algorithm

for single cell segmentation, and finally data visualization using spanning-tree progression
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analysis (SPADE). Single cell segmentation was performed with a watershed algorithm to
identify sub-cellular variations and to explore tissue microenvironments. Watershed
segmentation is based on topographic natural boundaries between ridges of high intensity,
the watersheds, and basins of low intensity.3®” In the case of cells, membrane markers
delineate these ridges away from the cytoplasm, or basin. The authors used three known
membrane markers of breast cancer, B-catenin, HER2, and cytokeratin 8/18, to identify single
cells by overlaying membrane and nucleus images that maximized cell-boundary
demarcation. This process required visual inspection of all cell boundaries for correction, as

necessary.
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Figure 26: A) IMC workflow using lanthanide-tagged Abs. Mass cytometry images of luminal
HER2+ breast cancer tissue samples. (B-G) Overlaid three-channel images of labelled cancer
biomarkers from the 32-reporter panel. See Giessen et al.38 for full list of tagged antibodies.

Adapted with permission from Ref. 3%, Copyright 2018 Springer.

Schueffler et al.3® further optimized the watershed algorithm using a nuclear marker and

multiple automatically selected membrane proteins to visualize natural boundaries between
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cells. Spearman’s ranking was used to statistically identify four membrane protein markers to
construct segmentation masks. The nuclear marker was used to ensure that the segmentation
masks did not cross cell nuclei and that each segmented cell contained one nucleus. This
multiple marker watershed single-cell segmentation algorithm was incorporated into the IMC
HistoCAT software.3® Here, the segmentation extracts single-cell data including the
abundance of each marker, spatial features, and cellular environment including cell neighbors
and crowding. This enables the analysis of cell-cell interactions described as “social networks”

of cells.

Schulz et al.3*° extended IMC to include mRNA targets for in-situ investigations of
transcription, protein expression and protein modification in a single analysis. mRNA probes
for HER2, CK19, and CXCL10 were modified with lanthanides for detection and were
multiplexed alongside antibodies for 16 protein and phosphorylated protein targets and
applied to breast cancer samples. The mRNA probes were validated in Hela cells and were
concordant with fluorescence in situ hybridization (FISH) measurements. There was a good
correlation between HER2 mRNA and protein expression, CK19 exhibited patient-dependent
heterogeneity, and CXCL10 correlated with T cell presence in the tumor microenvironment.
Strauss et al.3°! determined the analytical figures of merit of the Hyperion™ system using
slides coated with metal doped PMMA film. The RSD of the mean signals was less than 15%
when 400 x 400 um sections of the PMMA film were ablated. Calibration curves were
constructed by preparing five slides of different concentrations from 1.4 x 103 to 3.2 x 10’
atoms per um? of >1Eu, 1>3Eu, and "°Lu. Correlation coefficient values greater than 0.999
were obtained for all elements, and LODs were estimated to be 915-1480 atoms per um?,
corresponding to antibody LODs of 229-370 Abs per cell (assuming each Ab contained 100
metal atoms). Hoetzel et al.3°? developed an alternative quantification strategy by doping
protein gels with target antigens to create a standard microarray with a range of antigen
concentrations. This low cost, reproducible approach used routine histology methods and
antigens from whole proteins, recombinant proteins, and small peptides. The quantification
protocol was first applied to standard IHC with DAB precipitation before application to IMC
where they determined a ratio of approximately 340 antibody molecules per detected
lanthanide ion. This approach provided direct quantification of the antigen and overcomes

variations in day-to-day immunohistochemical steps and antibody dilutions; however,
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antigens are not readily available for many targets, and the method cannot compensate for

non-specific binding in tissue sections.

IMC has provided complementary and unique insights for the investigation of immune
responses in various organs. For example, Zhao et al.>*3 investigated memory B cells and
marginal zone B cells in human gut lymphoid tissues. They found that the memory B cells and
the marginal zone B cells occupied unique niches in the lymphoid tissue, and were therefore
not developmentally contiguous nor analogous. IMC was a key technology to investigate the
role of dendritic cells in renal inflammation, where it confirmed differences in the expression
of dendritic cells observed by multiphoton microscopy.3°* IMC was also applied to localize
tonsil CD14+ macrophage in B cell follicles by Durand et al.3°® to investigate the polarization
of follicle helper cells by dendritic cells and macrophages. Li et al.3°® found that memory-like
CD4+ T cells colocalized with antigen-presenting cells in human fetal intestines, and further
investigation characterized and determined the location of immune cell clusters in fetal liver,

spleen, and intestine.

Damond et al.3*7 used IMC to provide a comprehensive, spatial investigation of the impact of
Type 1 diabetes (T1D) and autoimmune assault on insulin-producing B cells in the islets of
Langerhans. Pancreas tissue was obtained from four control donors, four at T1D onset, and
four with long term T1D, analyzing a total of 1581 islets. B cells were heterogeneously
distributed in these islets, with two of the early-onset T1D samples containing [ cells at levels
approaching the controls. B cells were rarely observed in islets from the long-term cohort.
They examined the evolution of the islets through T1D progression and found that many of
the recent-onset islets contained near-normal fractions of B cells, however, their phenotype
changed prior to destruction. They also investigated interactions between islet cells and
immune cells and found that some islets containing many B cells recruited cytotoxic and

helper T cells during T1D onset.

Multiple sclerosis (MS) is characterized by an inflammatory response in the brain. Park et al.
398 showed proof of principle of multiplexed IMC to discriminate between types of MS lesions.
They first validated IMC against IF on consecutive sections, with the two techniques showing

a similar number of cells and staining patterns and distinct anatomical regions. Multiplexed
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IMC delineated different phases of lesions and normal tissue via visualizing of myelin and
human leukocyte antigens. They differentiated infiltrating macrophages from the resident
microglia and identified phenotypes of T and B cells. Demyelinating macrophages were
located near blood vessels in active demyelinating areas and at the edge of active-inactive
demyelinating lesions. Non-demyelinating macrophages, as well as T cells were found in
distinct clusters enriched within active-inactive lesions. Theil et al.?*® used IMC, flow
cytometry, IHC, ISH, and transcriptome analyses to track changes in lymphocyte subsets in
blood and lymphoid tissues of cynomolgus monkeys treated with mAbs developed to deplete
B cells in MS. The treatment functioned as expected with a rapid depletion of all B cells, with
some T cells showing similar behavior. IMC was used in conjunction with IHC to determine
location of B and T cells in the lymph nodes and identified a sub population of T cells in the

periphery of B-cell follicles.

The inter- and intra-cellular information in highly multiplexed images, along with
neighborhood analyses, lends itself well to cancer microenvironment profiling. Aoki et al.4%°
used IMC in conjunction with scRNA-seq and IHC to characterize immune cells in classic
Hodgkin lymphoma. Several T cell subpopulations and enrichment of LAG3+ T cells were
observed and spatially confirmed by IMC with sporadic density increases in the same location
as the tumor cells. Xiang et al.*°! used IMC to validate correlations between cancer-associated
fibroblasts and monocytic myeloid cells in the tumor microenvironment of lung squamous cell
carcinoma. This relationship was first identified by searching for expression of RNA

sequencing data of 501 patients in the Cancer Genome Atlas data set.

Batth et al.*°? used IMC to characterize markers for identifying rare circulating tumor cells of
osteosarcoma in model and patient derived cell lines, and in circulating tumor cells extracted
from patient blood. From a panel of 17 Abs, they identified markers of circulating tumor cells
in the model cells as well as cell surface vimentin (CSV) heterogeneity, with CSV+ cells showing
statistically significant differences in smooth muscle actin expression compared against CSV-
cells. Furthermore, CSV+ cells influenced protein expression in neighboring cells. The
extracted circulating tumor cells were also positive for CSV, with variability seen in the other
markers. It was also noted that IMC did not have the resolution to fully determine the

subcellular location of these markers due to poor nuclear staining and non-specific binding.
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Ali et al.*%3 used IMC in conjunction with genomics on 483 breast tumor samples to determine
how genomic alterations shape breast tumor ecosystems. Here, a panel of 37 antibodies were
measured, single cells segmented, protein expression per cell noted, and neighboring cells
examined. The resulting data set was used to classify cell phenotypes with clearly
distinguishable fibroblasts and myofibroblasts. They also identified T cells, B cells,
macrophages, endothelial cells, myoepithelial cells, and vascular smooth muscle cells.
Substantive variation was observed between the IMC determined phenotypes when
compared against bulk gene expression of each tumor. However, there was improved
correlation when miRNA was observed with a subset of stromal phenotypes. When
comparing cell phenotype distribution with genomic subtypes of breast cancer, epithelial cell
phenotypes were enriched in certain genomic subtypes, which was consistent with previous
observations. They also found differences in epithelial and stromal phenotypes, T cells and
macrophages, and cell-cell interactions in different cancer subtypes. Furthermore, somatic
genomic alterations were proposed to influence the composition of tumor cells and their

microenvironment.

Jackson et al.*%% conducted the most in-depth analysis to date, using IMC and a panel of 35
antibodies to characterize the phenotype of tumor and stromal cells in tumor tissue from 352
patients with breast cancer covering all clinical subtypes and grades of pathology, with long-
term survival data for 281 of the patients. They identified the expression of marker genes and
spatial features in 855,668 cells. The phenotypes included endothelial, T and B cell,
macrophage, stromal cells, and 59 diverse cell phenotypes, with some of these unique to a
patient. Hierarchical clustering was used to identify 14 tumor metaclusters of common
cellular subtypes. Neighborhood analysis was performed to identify regional correlations
between these cellular metaclusters. Tumor cell phenotypes showed very little correlation,
heterotypic interactions were associated around structural features such as blood vessels,
and the neighborhood analysis showed interactions that distinguished tumor architectures
related to tumor grades scored by a pathologist. Community detection showed that tumor
groups were mostly dominated by a single cellular metacluster. Unsupervised clustering was
used to group patient tumors based on the composition of their tumor cell metacluster and
identified 18 single-cell pathology subgroups that split the clinical subtypes. Individual single-

cell pathology subgroups had distinct clinical outcomes when compared to all other patients,
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subgroups of the same clinical classification, and subgroups with similar cellular metaclusters
but different architectures. They then mapped the cellular spatial organization of these
tumors and found that patients with tumors with spatial phenotypic heterogeneity had
poorer outcomes. Hierarchical clustering of the stromal microenvironments identified 11
groups with distinct cell-cell interactions within each environment. These stromal
environments were associated with the singe-cell pathology subgroups and specific tumor
cell phenotypes. Finally, they investigated the reproducibility and spatial variability of these
subgroup classifications on a second independent cohort of 72 patients, with images
containing a total of 411,410 cells. All cellular metaclusters and single-cell pathology
subgroups were present in the second cohort, and 40% of tumors had a single classification
in all regions, with 60% containing regions that did not agree with the tumor classification,
and in most cases the single-cell pathology classification of individual regions matched the
tumor-wide classifications. These findings indicated that single-cell pathology may assist

prognosis beyond what is capable with contemporary classifications.

lisselsteijn et al.1%? developed a 40-member Ab panel that included markers for lineage and
functional immune cells, surrogates for the states of the cancer cells, and structural markers
for characterizing cancer microenvironments and cancer-immune cell interactions. This large
number of markers presented several challenges of Ab staining, requiring an optimized
workflow consisting of two separate antibody incubations with different temperatures and
times to improve detection. Each antibody was individually assessed by IHC and DAB
visualization, and each Maxpar®-labelled antibody was applied individually. Initially,
incubation of 65 antibodies were examined under low pH and high pH antigen retrieval
conditions, with 58 antibodies selected for further application under low pH antigen retrieval
regime. Eight antibodies that performed well with IHC were excluded from the IMC panel as
the signal from these low-abundant markers could not be readily observed. Several Maxpar®-
labelled antibodies were not seen by standard IHC, with the conjugation process thought to
affect the antibody binding domains and were therefore excluded, limiting the panel to 40
markers. Application of the entire panel to sections with an overnight incubation at 4°C
resulted in some of antibodies presenting low signal and/or high background in comparison
to the IHC images. Each antibody was then individually incubated on tissue sections overnight

at 4°C, or five hours at room temperature. The signal for the low-abundant antigens was
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superior with the room temperature incubation, while the signal was optimized for high
abundant antigens with overnight incubation at 4°C. The final protocol required three days
for deparaffinization, antigen retrieval, and antibody incubation of all 40 markers. The final

panel was applied to colorectal cancer tissues with many immune cells detected.

Guo et al.*%> developed a panel of 34 antibodies of immune and structural markers for use on
fresh-frozen fetal and adult intestinal samples (Figure 27). Initially, application of 80
antibodies and associated variables including tissue drying time, fixation, and antibody
incubation times were optimized. Three drying conditions were examined, 3 min at room
temperature (RT), 30 min at RT, and 1 hr at 60°C. Fixation protocols included 5 min methanol
at -20°C, 5 min 1% paraformaldehyde (PFA) at RT, 5 min 1% PFA followed by 5 min methanol
at 20°C, 10 min acetone at RT, 5 min 4% PFA at RT. Antibody incubation at RT was compared
against overnight at 4°C. The initial panel of 80 antibodies was reduced to 43 based on IHC
that displayed a clear signal-to-background ratio and was further reduced to a final panel of
34. All drying conditions were suitable for IMC based on image quality and signal for each
antibody. Acetone fixation was recommended; however, the nuclear and antibody staining
was not adequate when each antibody was individually applied. No one fixation method was
optimal for all targets. Methanol or 1% PFA followed by methanol alone provided the best
compromise. Optimal incubation conditions were determined by signal intensity and
specificity of each antibody, and a maximum signal threshold for select antibodies. Most
antibodies performed similarly under each condition, however there was greater variability
in the maximum threshold values, and a higher background were observed, at RT. Therefore,
the overnight incubation at 4°C was selected. Finally, an optimal protocol of tissue drying for
1 hr at 60°C, followed by 5 min 1% PFA followed by 5 min methanol at -20°C fixation, and
overnight incubation at 4°C was applied to intestinal samples, with clear tissue structure

observed along with lymphoid and myeloid immune cell subsets.
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Figure 27: Multi-channel image of Maxpar®-labelled Abs in human fetal intestinal tissue. In
total, 10 channels must be represented within the restraints of available colors that can be

easily discerned by eye. Adapted from Ref. 4%, Licensed under CC BY 4.0.

Flint et al.*%® used desorption electrospray ionization (DESI)-MSI, IMC, and conventional LA-
ICP-MS imaging to characterize a novel three-dimensional lung adenocarcinoma model
created by aggregating spheroids to better represent the heterogeneity of cancers. The
aggregated spheroids were grown to approximately 1 mm diameter before cryosectioning for
analysis. DESI-MSI identified major metabolites of glycolysis and the TCA cycle in the hypoxic
core, where the anaerobic conditions promote glycolysis, and glutaminolysis was evident in
the outer proliferative regions. Linoleic acid and arachidonic acid were located within the
outer region of the spheroid appearing to colocalize with glutathione, a metabolite that
protects against ROS, suggesting an area of high metabolic activity. IMC of markers of
proliferation and hypoxia confirmed necrosis occurring in the core, that the outer region was
proliferative, and that glycolysis was occurring in the inner hypoxic region. The endogenous
elements Mg, Cu, and Zn were measured by LA-ICP-MS. Mg and Zn are essential to cell growth
and proliferation, and accordingly were found in the outer region. In contrast Cu was found
in the hypoxic core, thought to have been imported to assist in preventing the formation of

ROS.

IMC may also provide information on the response of cancer to therapeutic interventions for
greater interrogation of the cellular response to a drug in a single measurement. Bouzekri et
al.*%7 screened breast cancer cell lines, HCC1143, SKBR3, and MCF-7, stained with 14, 20, and

25 Ab panels, respectively. The cell lines were characterized by surface heterogeneity, and
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intracellular and nuclear markers. MCF-7 cells were exposed to etoposide, nocodazole, or
epidermal growth factor, with a correlation in nuclear markers in mitotic cells and an inverse
correlation with cell surface markers observed after treatments. Carvajal-Hausdorf et al.*%®
developed an 18-Ab panel to multiplex the measurement of the intracellular and extracellular
domains (ECD) of HER2, signaling proteins, and T-cell infiltration in biopsies taken from breast
cancer patients treated with trastuzumab. They confirmed previous IF findings that breast
cancer tumors that do not express the ECD of HER2 are less likely to respond to trastuzumab,
and provided further information on the role of the immune system in the mechanism of
trastuzumab action by demonstration of an association between CD8+ T cells and the ECD of

HER2.

Bassan et al.*® developed a novel compound, L-2-tellurienylalanine (TePhe), a Te-containing
analog of phenylalanine, as an IMC probe to investigate protein synthesis. TePhe was
incorporated into protein synthesis in place of phenylalanine via supplementation of the
incubating cell culture. Figure 28 shows an IMC image of TePhe-incorporation into a mouse
jejunum stained with a DNA intercalator and Maxpar®-labelled anti-alpha smooth muscle
actin, with a stronger Te signal observed in the crypts than the villi. Bassan and Nitz*'° further
optimized the analysis of Te-probes by developing protocols for removing overlap with the Te
signal, and combining Te isotopic signals to improve signal-to-noise. Here, the authors
assembled a three-dimensional stack of all isotopic images of Te and applied a Gaussian blur

filter to reduce noise.

Rana et al.,*!! noting the reduced sensitivity for low-abundant antigens due to the lack of
signal amplification, developed an enzyme amplification strategy by incorporating
tellurophene into alkaline phosphatase deposition using standard IHC protocols for
application and detection of secondary antibodies. The reagent had a higher background
signal than a comparative Maxpar®-labelled secondary Ab, however it had a 100 x higher
signal for detection of low-abundant antigen. The novel reagent also showed applicability to
a multiplexed IMC analysis, with four Maxpar®-labelled primary antibodies, one unlabeled
primary antibody detected by the Te-AP precipitate, and an Ir-DNA intercalator applied to
HCT116 xenograft tumor section. The reagent did not perturb the binding or the signal

intensity of the Maxpar®-labelled antibodies or the intercalator. Yu et al.*'? developed a
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metal-labelled aptamer nanoprobe by conjugating polymeric 167Er-DTPA to an RNA aptamer,
A10-3.2, via maleimide coupling to target prostate specific membrane antigen in prostatic
adenocarcinoma. The images were concordant with a Maxpar®-labelled antibody, with the
aptamers providing 3x higher signal than that of the Abs. This was most likely due to the
smaller aptamer probes accessing binding sites inaccessible to the larger antibodies. Finally,
they developed a multiplexed aptamer analysis by conjugating a 176Yb-DTPA to APsap4#5,
which targets prostate specific antigen, and showed the distribution of these two epithelial

cell biomarkers in prostate cancer tissue sections.
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Figure 28: TePhe visualization of protein synthesis in mice. Top: IMC image of a mouse
jejunum showing TePhe (green), DNA (blue), and a smooth actin (red). Bottom: Zoomed
imaged and matching H&E micrograph. Scale bar 200 um. Adapted from Ref. 4%, Copyright

2019 National Academy of Sciences.

Singh et al.**3 used a 23-Ab panel containing structural and infiltrating cell markers to create
a spatial baseline atlas of a healthy human kidney. They developed a data analysis pipeline
using machine learning to perform single-cell segmentation and phenotyping, which defined

the number and organization of renal cell types, and their heterogeneity. Each antibody was
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selected by a renal pathologist blinded to its identity after IF, chosen based on positive
staining in expected cells and the morphological characteristics of the stained cells and/or
regions. The antibodies were then labelled with Maxpar® reagents and examined in groups
of 2-5 to ensure that the specificity of binding was unaffected. 16 kidney samples were
obtained with no or minimal histopathological abnormalities to establish baseline
relationships between cell types in the cortex and medulla, with a high variability of proximal
tubules observed in the medulla. 13 cell types and 22 cellular populations were identified, 5%
of cells unidentified, and morphological features such as the vasculature and location of

immune cells also identified.

Warren et al.*1* developed a panel of nine mitochondrial proteins to probe skeletal muscle
fibers in biopsies from patients with mitochondrial disease from deficiencies in oxidative
phosphorylation. IMC was compared against IF imaging on serial sections, demonstrating
comparable staining patterns and subcellular distribution. IMC had good inter-batch
variation; however, a larger intra-batch variation was observed, which may be a result of
differences in antibody yield and/or degree of Maxpar® labelling per reaction. Patients with
mtDNA mutations exhibited spatial heterogeneity of biochemical deficiency in the muscle
fibers, and patients with the same mutation had different levels of oxidative phosphorylation
proteins, whilst each mtDNA variant required a different threshold of mtDNA mutation before

oxidative phosphorylation occurred.

6. IMAGE PROCESSING AND ANALYSIS

A plethora of software options, both commercial and open source, are available for data
reduction and image reconstruction, and have recently been comprehensively reviewed by
Weiskirchen et al..**> Regardless of the choice of software, the main emphasis has been to
process raw datasets into manageable file structures that can be easily visualized for
interpretation and interrogation of regions of interest that reflect a biological response due a
disease state or other stimulus. When compared to mature imaging techniques such as MALDI
or standard IF imaging, examples of post-acquisition data processing in LA-ICP-MS imaging is

somewhat limited and has been restricted to methods of improving image quality, particularly

96



in relation to resolution, feature selection and identification of regions of interest, and 3D

reconstructions.

6.1. Feature Selection

Methods of feature selection aim to segment anatomical features within tissue sections and
often relies on visual inspection of regions of interest determined from serial H&E,
immunofluorescent, brightfield, and/or reference atlases. For example, Hare et al.3%’
demonstrated that the colocalization of Fe and dopamine (as AuNP-labeled TH, which is the
rate-limiting factor in dopamine metabolism) within the SNc of mice raises the risk of
parkinsonian neurodegeneration in the aging brain (Figure 29). The Allen Brain Atlas*'® (Plate
81, bregma -2.78 mm) was consulted to demarcate the mesencephalic architecture in serial
brain sections. Following manual overlays of a combination of reference traditional IHC and
in situ hybridization (ISH) images of the expression of TH, and concomitant LA-ICP-MS imaging
of Fe and Au labelled anti-TH as a proxy measure for dopamine, the authors reported that the
product of the concentrations of dopamine and Fe was substantially higher in the SNc when
compared against neighboring neuroanatomical structures. The elevation of the dopamine-
Fe product was also confirmed in a 6-hydroxydopamine lesioned mouse model of
parkinsonian cell death in the SNc and provided evidence of direct association between Fe
and dopamine in the mechanism of cell death in PD. The same group have used the Allen
Brain Atlas for feature selection in examples of 3D reconstructions of murine metal

neuroanatomy.378 417
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Figure 29: Assisted manual feature detection using biochemical proxy. A) Reference plate
from Allen Brain Atlas. B) Annotated TH-immunostained, Nissl counterstained section at
corresponding coronal level. C) Fluorescence in situ hybridization image of TH mRNA
distribution (also from Allen Brain Atlas). D) Au image of AuNP-labeled anti TH antibody
staining in section adjacent to (B); overlaid in (E). TH concentration (as measured 1°’Au signal)
reflecting variable enzyme activity and dopamine synthesis in the SNc, SN pars reticulata (SNr)

and ventral tegmental area (VTA). Adapted from Ref. 3?7, Licensed under CC BY 3.0.

Efforts to automate selection of such features consist of application of segmentation
algorithms that are commonly used in traditional image processing. Approaches applied to
LA-ICP-MS imaging may be separated into various broad categories: k clustering, and
calculation of local and global thresholds. K clustering uses an unsupervised algorithm to
partition unlabeled data into k-number of groups based typically on the mean or median.
Segmentation using k-means clustering begins with the construction of clusters by selection
of k random centers. The success of segmentation relies on the correct selection of k as small
variations often result in poor outcomes. There are two common approaches to settle on the
value of k: the elbow method, which requires manual selection, and the Bayesian inference
criterion, which is prone to overestimation.*'® Local segmentation methods examine the
signal standard deviation at adjacent pixels to calculate localized thresholds to segment the

image into positive and background regions.*'® Global approaches apply a binary filter to
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ascertain positive or negative pixels using a threshold value calculated from the entire
image.*?° The three approaches are all commonly used in medical imaging and microscopy,

and can be adapted for use in LA-ICP-MS bioimaging with relative ease.

Oros-Peusquens et al.*?! used k-means clustering to identify anatomical regions of a healthy
rat brain and areas of necrosis in a photothrombosis stroke mouse model. k-means clustering
was performed using unquantified and unweighted signals for C, P, Fe, Cu, Zn, Pb, and U, all
of which had a high signal to noise ratio. The clustering algorithm identified several
anatomical structures in the healthy rat brain including the bulbous olfactorius, layers of the
cortex, white matter, plate of four collins, grey matter, the hippocampus fascia dentata and
the cornu ammonis (Figure 30). A similar cluster analysis revealed areas of necrosis in the
stroke model. The authors concluded that this simple algorithm was an effective method to
segment anatomic structures and identify element accumulation in lesions induced by
photothrombosis. Paul et al.3’”® used a more advanced iterative c-means fuzzy clustering
algorithm to independently identify mouse neuroanatomy by hierarchical classification using

P, Mn, Fe, Co, Cu, and Zn.
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Figure 30: Top: Identification of 12 anatomical regions in a transverse rat brain section by k-
means clustering of elemental distribution. Olfactory bulb (OIf); cortex, layers I-IV (Ctx-A);
cortex, layers V=VI (Ctx-B); white matter (WM); plate of four collins (Coll); cerebellar grey
matter (Crbl); hippocampus fascia dentata (1) and the cornu ammonis part 1-3 (2).
Reproduced with permission from Ref. 4?1, Copyright 2011 Elsevier. Bottom: Comparison of c-
means fuzzy clustering algorithm with Allen Reference Atlas (ARA) for neuroanatomical
classification in 4 coronal sections of wild type murine brain. Adapted from Ref. 378, Licensed

under CC BY 3.0.

Bishop et al.*?? investigated a variety of segmentation algorithms to objectively select
dystrophin expression in the sarcolemma in wild type mice quadriceps, mdx mice, healthy
human tissues, and Duchenne muscular dystrophy (DMD) patients. Dystrophin is a
cytoplasmic protein that connects the cytoskeleton of a muscle fiber to the extracellular
matrix via the cell membrane and has a characteristic honeycomb distribution. DMD patients
typically express a small percentage of dystrophin when compared to healthy subjects, whilst
mdx mice is a dystrophin knockout model and is therefore suitable for studying DMD. This
application presents an interesting challenge to distinguish areas of positive dystrophin and
is a pertinent example for the need to automatically segment for subsequent quantification
and inter-sample comparisons. Immunohistochemistry and a gadolinium proxy were
employed to measure relative concentrations of dystrophin as an alternative method of
quantification to the standard concomitant Western blotting and immunofluorescence /
immunohistochemistry. The authors trialed a combination of local, global, and k-clustering
algorithms to automatically identify areas of positive dystrophin signals in each tissue section.

423 and Phansalkar*?* methods. The former was

Local approaches consisted of Sauvola
designed for adaptive document image binarization, and the latter is a variant of Sauvola’s
method that identifies positive signals by selection of a threshold below the local mean. The
global segmentation algorithms consisted of Otsu’s method*?® and median thresholding.
Otsu’s method calculates a threshold by minimizing intra-class intensity variance to segment
the image into background and foreground, whilst the median threshold is calculated from
across the entire dataset and data points below the median are demarcated as background

and above as the foreground. The authors concluded that the superior method was k-means

clustering which best represented the typical sarcolemma structure as determined from
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visual comparison of IHC-LA-ICP-MS imaging and immunofluorescence images of natively

expressed laminin in the sarcolemma.

The landmark paper by Giesen et al.38 used a watershed algorithm (see section 5.8) to
segment images of lanthanide-tagged antibodies produced using a CyTOF. Watershed
processing treats grayscale images as topographic maps with pixel brightness representing
height.3®” Lanthanide mass signals corresponding to cell membrane markers B-catenin, HER2,
and cytokeratin 8/18 in human tissue were used to define and segment boundaries from

which single cell breast cancer markers were extracted.

6.2. Three-Dimensional Imaging

The first three-dimensional LA-ICP-MS image was constructed in 2010,'*! where Fe, Cu and
Mn in twelve consecutive coronal sections of a mouse brain were imaged in a 6-OHDA
lesioned mouse brain covering the depth of the substantia nigra (Figure 31). Each section was
manually registered, and a 3D quantified image was assembled at approximately 100 um? per
pixel. The entire image stack took approximately 36 hours of continuous acquisition. The
needle track from the unilateral injection was clearly visible in the Fe image with a very large
increase in concentration of greater than 200 mg kg, most likely from extracellular heme
after hemorrhage from the traumatic brain injury. The intact P image showed the wound had
healed in the animal euthanized 28 days after injection. The SN was shown to have a higher
concentration of Fe ipsilateral to the lesion (40.7 mg kg™') compared against the contralateral
SN (33.9 mg kg!), postulated to be due to a biological response of the neurotoxin. The Fe
track was observed to terminate a few hundred pm superior to the SNc. The same manual
method was further applied to the construction of a 46-plate reference atlas of Fe, Cu and Zn
in the cerebrum and brainstem of a C57BL/6 mouse brain.*!” The ablation of the 46 sections
was performed with an 80 um laser spot size and took approximately 158 hours to complete

scanning.
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Figure 31: Two-dimensional images and 3D reconstruction of Fe in 6-OHDA lesioned (dashed
arrow) mouse brain. Regions of mouse brain corresponding to increased trace element
concentration are shown in a Nissl stain (bottom left) and Fe 2D image (bottom right) of
section 6. APT = anterior pretectal nucleus, SN = substantia nigra, DG = dentate gyrus, CAl
and CA3 fields of hippocampus and MM = medial mammillary nucleus. Reproduced with

permission from Ref 141, Copyright 2010 Royal Society of Chemistry.

Paul et al.3”8 described data reduction software, Biolite, to three-dimensionally map elements
in the murine brain. The software was derived from the popular lolite package that is used
primarily in the geological sciences.*?® Serial coronal sections at 90 um intervals were imaged
for P, Mn, Fe, Co, Cu and Zn, as well as Au-labelled anti-TH. Each section was ablated,
background corrected, masked with polygon drawing tool, and aligned using an automatic
pyramidal voxel approach. The alignment algorithm performed an iterative affine
transformation that minimized the difference between a ‘reference’ image and a ‘test’ image
until each section was accurately registered for visualization and interrogation in three-
dimensions. The software allows heuristic registration from single or multiple elements,

providing flexibility in selection of contrasting data, and was superior to manual registrations
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and due to the flexibility of element selection may be applied to any three-dimensional data

stack.

Westerhausen et al.*?” undertook continuous acquisition to construct three-dimensional
images of dystrophin expression in murine quadriceps. Here, repeated subpixel offset
orthogonal ablation of a 50 um thick section incubated with a Gd-labelled anti-dystrophin
monoclonal antibody was performed until complete removal of the section from the glass
slide. The resulting layers of data were processed via a combination of super resolution
reconstruction and median filtering to produce three dimensional representations of
dystrophin expression in individual muscle fibers (Figure 32). The authors investigated two
laser conditions, the first consisting of refocusing the laser by 5 um after acquisition of each
layer, and the second was leaving the focal point constant. No difference was observed
between the two methods. Although an unfocussed laser provides simplicity for experimental
setups, it would be expected that with thicker sections, the refocusing approach would be
required. The authors concluded that this method of three-dimensional acquisition was
superior to previous methods because the requirement for registration of individual tissue
section is dispensed with, providing a true spatial representation of the original specimen. It
would be expected modifications of this method, especially with fast acquisition low-
dispersion cells and TOF instruments, will be applied to three-dimensional reconstructions of
whole organs such as brain, pancreas, lungs, liver etc, and will open a new vista of discovery

in murine and other animal models of human diseases.
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Figure 32: 3D reconstruction from repeated ablation. (A-C) Single-focus planar, and refocused
oblique and isometric views of Gd-labelled dystrophin in mouse muscle tissue. (D-F) Planar,
oblique and isometric views of single focus laser acquisition. Reproduced with permission

from Ref. #¥7. Copyright 2019 American Chemical Society.

7. COMPLEMENTARY TECHNIQUES AND MULTIMODAL IMAGING

In vivo and ex vivo studies using various imaging methods are often conducted to clarify the
mode of action and side effects of medications, to assess the toxicity of certain materials
and/or to understand the development of diseases. LA-ICP-MS cannot be applied directly to
in vivo imaging; however, it may be conducted with other complementary in vivo techniques
such as computed tomography (CT), MRI or PET. Other ex vivo molecular or higher resolution
elemental imaging methods such as XRF, secondary-ion mass spectrometry (SIMS) and laser-
induced plasma spectroscopy (LIBS) offer synergistic potential for the analysis of elements,
pharmaceuticals, metabolites, lipids, peptides and proteins in biological tissues. Multimodal
imaging combines two or more methods to augment imaging diagnostics and to gain

improved insights into biological processes.*?® For example, molecular selective methods such
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as infrared spectroscopy and Raman spectroscopy may add additional valuable information
429,430 very high-resolution images of only a few nanometres using electron microscopy is
another example of complementarity, providing valuable information in medical biochemical

disorders?!! or for the analysis of nanomaterials in human cell lines.??3

This section presents an overview of the most widely used techniques suitable for multimodal

imaging in conjunction with LA-ICP-MS.

7.1. Invivo imaging methods

In vivo imaging methods including CT and MRI provide orthogonal perspectives of elements
and their behavior in whole organisms when employed in combination with LA-ICP-MS. CT
and MRI can be performed without administration of contrast agents to visualize structural,
functional and molecular changes in tissues.*3! Bulk et al.**? used quantitative MRI to image
Fe in the frontal cortex of healthy human controls with comparisons against histochemical
and quantitative LA-ICP-MS imaging in post-mortem tissues of Alzheimer’s disease patients.
Construction of 3D native elemental maps for biological specimens using LA-ICP-MS coupled
with X-ray tomography has been recently performed,*33 434 opening the path to new 3D
imaging capabilities to fully visualize the quantitative elemental distribution in structurally
complex biological specimens (Figure 33). The combination of LA-ICP-MS with CT or MRI
provides several advantages in clinical and research, connecting in vivo experiments and

highly resolved quantitative data.
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Figure 33: Multi-modal non-contrast uCT and LA-ICP-MS imaging of C57BL/6 mouse embryo.
A) Tomographic sagittal radiograph. B) Reconstructed 3D voxelgrams oriented in the coronal
(left) and sagittal (right) planes expand typical gross skeletal development features, (C-F)
Concentrations of Rb, P, Cu and Zn found in the different parts of the embryo, respectively.

Reproduced with permission from Ref. 433, Copyright 2020 Royal Society of Chemistry.

Nanoparticles and metal-complexed contrasting agents are promising innovative materials to
improve diagnostic imaging?>® and are suitable for multimodal imaging with LA-ICP-MS to
monitor their distribution and fate. Pugh et al.3°® studied the distribution of Gd-based MRI
contrasting agents and novel Gd-tagged liposome nanoparticles in pig brains, and
investigated synergies of both techniques. Here, LA-ICP-MS improved the sensitivity of
detecting the contrast agents, which became relevant a few years later after the observation
that Gd may be retained in patients after contrast-enhanced MRI examinations.?’3 274, 356
Kevadiya et al.*3* assessed the biodistribution of lymphoid tissue macrophages of drug loaded
multimodal radiolabeled particles (*”’LUBSNRs) to predict pharmacological properties of long
acting rilpivirine (LA RPV) employing a combination of single photon emission computed
tomography (SPECT) and LA-ICP-MS. Recently, Mangarova et al.**® used a combination of in
vivo MRI and ex vivo magnetic particle spectroscopy (MPS) for the investigation of abdominal

aortic aneurysms and its progression using iron magnetic NPs as surrogate markers for
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molecular targeting of vascular inflammation. The results were validated by histological

analysis, immunohistology and LA-ICP-MS.

7.2. Matrix Assisted Laser Desorption lonization

Metal homeostasis is tightly controlled by countless biomolecules including peptides and
lipids, which generally cannot be imaged by LA-ICP-MS. Consequently, analysis of
heteroatoms and metals without knowledge of associated attenuating biomolecules or
species information provides only a restricted perspective on biological processes. Therefore,
molecular mass spectrometry imaging (MSI) techniques are becoming increasingly important
for complete investigations. One dominant technique is MALDI, which was first described by
Spengler in 199447 and extensively developed by Caprioli’s research group after their first
report in 1997.43 MALDI-MSI links molecular evaluation of numerous analytes using mass
spectrometry with spatial and morphological information to provide visualize arrangement of
biomolecules in tissues and cells.*3% 440 MALDI-MSI has been used to produce spatially
resolved images of proteins,*% 442 [ipids,**> 4% and exogenous or endogenous small
molecules, especially molecules involved in drug metabolism.#> 446-448  To support the
desorption and ionization of these compounds, the previously deposited matrix plays a
fundamental role and depending on the analytes of interest, different matrices are

applicable.**?

As histological features remain intact throughout the analysis of a tissue section, distribution
maps of multiple analytes can be correlated with histological and clinical features. However,
compared to LA-ICP-MS, the complexity of the biological matrix and interferences make
guantification approaches extremely difficult. Sample preparation for MALDI-MSI is generally
compatible to LA-ICP-MS. For example, Bianga et al.*® compared LA-ICP-MS and MALDI-MSI
targeting the distribution of two Pt-based anti-cancer metallodrugs (cisplatin and oxaliplatin)
in human tumor samples taken from patients diagnosed with colorectal or ovarian peritoneal
carcinomatosis. Matusch et al. analyzed 6-OHDA lesioned rat brain sections using molecular
and atomic spectrometry.33? Here, quantitative spatial distributions of Mn, Fe, Zn and Cu were

obtained using LA-ICP-MS and correlated with the lipid distributions measured by ion
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mobility-based MALDI-MS (Figure 34). A combination of LA-ICP-MS and MALDI was used to
determine expression of the Zn-dependent matrix MMP-11 in breast cancer tissues with the
former to quantitatively determine the Zn distribution and the latter to examine correlation
between overexpression of MMP-11 protein by mass fingerprinting.*>° Holzlechner et al.%?
investigated human malignant pleural mesothelioma from a patient treated with cisplatin as
a cytostatic agent with both LA-ICP-MS imaging and MALDI-MSI. While LA-ICP-MS provided
guantitative information on the platinum distribution along with the distribution of other
elemental analytes in the tissue sample, MALDI-MSI revealed the lipid distributions. Recently,
Lohéfer et al.**2 used a combination of MRI, MALDI-MSI, and LA-ICP-MS to visualize the
distribution of Gadofluorine P in plaque tissue with high spatial resolution, adding novel

insights into molecular MR imaging of atherosclerosis.
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Figure 34: Multimodal imaging approach integrating light microscopy underlain as
background of each image facilitating morphological orientation, elemental concentration
maps obtained by LA-ICP-MS (left and middle column) and lipid maps obtained by MALDI-IM-
MS imaging. Reproduced with permission from Ref. 332, Copyright 2012 American Chemical

Society.

7.3. Secondary lon Mass Spectrometry

MALDI-MSI and LA-ICP-MS are limited to analyses above the nanoscale which precludes the

investigation of various anatomical structures including cells. Secondary lon Mass
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453455 and was commercialized by

Spectrometry (SIMS) was developed in the late 1960s
Benninghoven and colleagues in the late 1980s,%% 47 and is suitable for imaging small
molecules and elements with improved spatial resolutions. Here, a primary ion beam is
focused on a surface and used to generate secondary molecular/elemental ions which can be
extracted and measured by mass spectrometry. There are two fundamentally different
approaches to SIMS analysis of biological samples based on the instrument design, static TOF-
SIMS, and dynamic SIMS using a magnetic sector mass spectrometer. Static SIMS focusses on
the first top monolayer of a specimen, providing mostly molecular characterization, whilst
dynamic SIMS is used for bulk composition and in-depth distribution of trace elements. The
primary ion beam can be focused to nanometer-scaled dimensions suitable for cell and tissue
imaging with MS.%>8 However, SIMS is partially limited in its application to life sciences due to
challenges of quantitative analysis, molecular identification, and the necessity of biological
sample preservation within high-vacuum environments. These limitations may be mitigated
by developments of novel ion sources for TOF-SIMS and high-resolution dynamic SIMS

instruments 4°8.

Although LA-ICP-MS and SIMS have been widely applied in geology and environmental

459 only a few studies have been reported in biological specimens. Becker et al.”®

applications,
combined LA-ICP-MS and SIMS to measure cholesterol, lipids and alkali metals in mouse heart
tissue. Here, various transition, alkali and alkaline-earth metals and non-metals were imaged
by LA-ICP-MS, while Na, K and phosphocholine, choline, and cholesterol were imaged by
SIMS. Recent studies have explored the applicability to in vivo applications, combining LA-ICP-
MS, nanoSIMS and electron microscopy imaging suitable for multi-scale detection of Pt and
Cu distribution in tissues. Legin et al.*®® determined the spatial platinum accumulation in
kidney and tumor samples upon administration of selected Pt anticancer drugs, which were
guantitatively assessed by LA-ICP-MS in histologically heterogeneous organs and selected
regions of interest for subcellular-scale imaging with nanoSIMS. Moreover, Ackerman et al.*®!
employed a combination of LA-ICP-MS and nanoSIMS to investigate the distribution and

concentration of Cu within photoreceptor megamitochondria in a zebrafish model of Menkes

disease to obtain images with higher spatial resolution.
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7.4. Laser-Induced Breakdown Spectroscopy

Laser-induced breakdown spectroscopy?®? (LIBS) harnesses post ablation short-lived plasmas
above the sample to excite elements for optical emission detection. Some advantages of LIBS
include rapid multielement analyses, simplicity, ease of operation at room temperature and
pressure, and minimal or no sample preparation. These features make LIBS-based imaging a
promising and rapid method for investigations of elemental distributions and mapping in a
variety of samples.*®®> However, limitations related to lower sensitivity, matrix effects and
spectral interferences generally make quantification difficult. Nevertheless, LIBS is
particularly suitable for integration into LA-ICP-MS workflows for simultaneous atomic
emission and isotopic mass measurement in the same experiment. LIBS is often not suitable
for analysis of trace concentrations in biological tissues and has been mostly be used for
geological applications.*®* Bonta et al. demonstrated the simultaneous use of LIBS and LA-
ICP-MS (tandem LA/LIBS) for elemental mapping of trace and bulk elements in biological
tissues.*®> While LA-ICP-MS was well suited for analysis of trace elements such as Fe, Zn, Cu
in tissues, LIBS was optimal for the mapping of major (C, H, O) and minor elements (Na, K, Ca,
Mg). The combination of both techniques provided synergistic measurement of elements
which was not possible in isolation due to low sensitivity and/or strong interferences. Galiova
et al. combined LA-ICP-MS and LIBS to analyze metals in prehistoric brown bears (Ursus
arctos) to reconstruct the nutrition, health and migration of the animal,3°? and Kaiser et al.

analyzed Pb, Mn and Cu in plant tissues.??°

7.5. X-Ray Fluorescence Imaging

XRF is a non-destructive multi-elemental mapping technique compatible with subsequent LA-
ICP-MS imaging of biological tissue. Depending on the experimental set-up, various primary
X-ray energies may be used to analyse almost all elements of the periodic table. Bench-top
instruments typically have resolutions in mid-um ranges and detection limits in the low ug g’
! region, depending on the element and excitation energy. However, with high-end

instrumentation such as particle accelerators, limits of detection and spatial resolution are

much improved providing attractive options for imaging of biological tissues.*6® 467
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LA-ICP-MS and benchtop uXRF were compared by Gholap et al.??! who performed elemental
analysis of the freshwater crustacean Daphnia magna. In this study, Ca, P, S and Zn were
selected for element-to-tissue correlation. The results showed similar detection limits of Ca
and P by comparing both techniques, using a lateral resolution of 15 um for LA-ICP-MS and
25 um for uXRF. Blaske et al.*®® investigated complex histological specimens including tissues
affected by metal implants, bone, and soft tissue embedded in methyl methacrylate substrate
by capillary-focused uXRF and LA-ICP-MS. Neves et al.?®’ used LA-ICP-MS and uXRF as
complementary techniques to investigate the uptake and translocation of La;O3 NPs in stems
and leaves of the South American medicinal plant Pfaffia glomerata. Feng et al.>° developed
a method based on isotope dilution LA-ICP-MS for accurate quantitative determination of Fe,
Cu and Zn in brain tissue sections using uXRF and immunohistochemical approaches in AD
murine brains. In a recent study performed by Mueller et al.”® a novel quantification approach
for uXRF analysis using matrix-matched gelatin standards was used to quantify the iron
distribution in liver tissue of a murine iron-overload model. In addition, LA-ICP-MS/MS was
used to verify the uXRF results and to improve LODs. In another study, Reifschneider et al.>>’
traced the AgNP uptake by macrophages using synchrotron-based uXRF and LA-ICP-MS. The
non-destructive nature of X-ray methods allowed subsequent LA-ICP-MS experiments to

provide the sensitivity required to determine elemental distribution within the same sample.

8. CONCLUSIONS AND FUTURE DIRECTIONS

LA-ICP-MS imaging is now a mature technique that may be applied to a vast array of
contemporary applications in health, environment, occupational exposures, and the
elucidation of fundamental mechanistic biological processes. Commercial systems solely
marketed for imaging applications offer turnkey solutions accessible to the general research
community and may be exploited by any user with basic analytical or bio-analytical chemistry

training.

The introduction of modern time of flight instruments has invited speculation of the
obsolescence of quadrupole systems for imaging applications. This sentiment is based on fast

scanning of TOF mass spectrometers which allow very rapid acquisitions and high resolution
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when coupled to modern cells. However, this projection is somewhat premature when
several factors are considered. The first is the relative expense of TOF instruments which are
typically 3 times more costly than quadrupole counterparts. Although fast acquisition
provides significant savings in running costs per sample, this high cost of capital expenditure
presents a barrier of entry for new users. The high saturation of single quadrupole
instruments in the ICP-MS market presents opportunities for researchers to purchase lasers
to upgrade existing instrumentation within laboratories. Although quadrupoles cannot
compete with TOF instruments in terms of multiplexing and single cell resolution, not all
applications require high resolution. For example, imaging gross anatomical structures may
be suitable to answer specific mechanistic questions, as has been demonstrated in many
applications described in this review. Furthermore, new technologies that time the firing of
the laser with that of the quadrupole scanning cycle to limit aliasing artefacts are in
development.*®® These novel devices are effective for measurement of multiple elements
with quadrupole-based instruments with fast washout cells and single shot analysis, offering

the potential for highly multiplexed analyses as an alternative to TOF instruments.

There is excellent potential for imaging biomolecules in both research and routine clinical
applications. Imaging of molecular cancer biomarkers is an area of growth driving the
continued development of incorporation of IHC into imaging workflows. This niche area is
likely to be dominated by TOF based configurations due to high resolution and multiplexing
requirements. It is anticipated that improved tagging protocols such as substitution of
lanthanide loaded polymers with nanoparticles for higher sensitivities will be developed.
There is also a necessity for better quality control and standard operating procedures for IHC,
especially in assurance of antibody tagging efficiencies, and quantification approaches. The
multiplexing capability of IHC-LA-ICP-MS is unsurpassed by any other method and offers
unique opportunities for precision diagnostics in clinical settings. The uptake of the
technology in clinical practice to help define treatment regimens will be dependent on the
relative cost to benefit aspects when compared to standard IHC/IF procedures. The clinical
translation of the technology in the short term is likely to augment contemporary approaches

and may be adopted more rapidly if capital costs were reduced.
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Cell designs for imaging have reached a pinnacle with signal washout times in milliseconds. It
is unlikely and unnecessary to further improve washout times, however there is room for
improvement in configurations that reduce capital costs in both manufacture of cells and laser
choice. In general, LA systems for biological imaging have been repurposed from geoscience
applications and consequently incorporate lasers with higher fluences than necessary.
Development of a low cost and low powered laser sufficient to ablate biological material
would significantly increase the momentum of uptake of LA-ICP-MS imaging across all

research and medical areas.

A search of the literature reveals that the application of nanoparticles for the treatments
and/or diagnosis of cancers remains of high interest, with approximately 5 to 6 thousand
publications per year since 2016. Application of LA-ICP-MS to investigate the spatial
distribution of nanoparticles post administration has been used in just a handful applications.
This surprising underutilization is perhaps due to a lack of awareness and knowledge of the
technique, or its relative expense. It is anticipated that nanoparticle imaging combined with

traditional solution-based characterization will be a huge area of growth in the coming years.
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