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Abstract

For a generation or more, the mass spectrometry that developed at the frontier of molecular
biology was worlds apart from isotope ratio mass spectrometry, a label-free approach done
on optimized gas-source magnetic sector instruments. Recent studies show that
electrospray-ionization Orbitraps and other mass spectrometers widely used in the life
sciences can be fine-tuned for high-precision isotope ratio analysis. Since isotope patterns
form everywhere in nature based on well-understood principles, intramolecular isotope
measurements allow unique insights into a fascinating range of research topics. This
perspective introduces a wider readership to current topics in stable isotope research with
the aim to discuss how soft-ionization mass spectrometry coupled with ultra-high mass
resolution can enable long-envisioned progress. We highlight novel prospects of observing
isotopes in intact polar compounds and speculate on future directions of this adventure into

the overlapping realms of biology, chemistry, and geology.

Introduction

While isotopes of the same chemical element have nearly the same chemical reactivity, it is
also true that they have noticeable physical differences. In many processes, isotope effects
cause changes in isotope ratios — often called “isotope fingerprints” — that are characteristic
and can be interpreted once quantified with enough precision. The study of stable isotope
fingerprints is often overlooked by mass spectrometrists. It is an elegant scientific tool that
yields insights into a fascinating range of fundamental research questions (Figure 1). In
addition, the knowledge of isotopic patterns can be applied to address important practical

and societal problems.

Earth scientists have long recognized that isotopes are a key to the secrets of our planet. For
example, an anomaly in the relative abundance of sulfur isotopes in rocks provides strong
evidence for an early anoxic atmosphere and allows dating of the evolution and rise of
oxygenic photosynthesis (Figure 2)." Global warming is another prime example for a
phenomenon that has been first identified by observing stable isotopes.? Long-term
environmental isotope records in ice cores, tree rings, and sediments yield climate proxies
that represent some of our best tools to infer changing interactions between the atmosphere,
hydrosphere, lithosphere, and biosphere. For example, air trapped in glacier ice has been
analyzed to determine past concentrations and isotopic composition of the greenhouse
gases carbon dioxide, methane, and nitrous oxide.® Based on isotope records, past climate
transitions can be linked to changes in the source of greenhouse gases and their effects on
mean global temperature and sea level. The isotope data also show that emission levels of
greenhouse gases since the industrial revolution have been unprecedented in the last
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800,000 years, indicating that the present rise in the mean global temperature is caused by

human activity.

Biogeochemists study the molecular mechanisms of life in natural habitats. Here, isotope
fingerprints in organic molecules can reveal information about source materials,
transformation mechanisms, and fluxes. This is because isotope fingerprints, being created
and changed as a direct consequence of physical and (bio)chemical processes, are the result
of reaction rate differences that lie at the heart of all natural transformations (Infobox I).
Changes in isotope fingerprints can thus yield insights into chemical mechanisms. This has
been useful to study the fate of organic pollutants, including petroleum products and
chlorinated solvents.? In addition, isotope ratios can serve as fingerprints to trace fluxes from
their sources through organisms, microbial communities, ecosystems, or between
environmental compartments.® This aspect of isotope fingerprints has proven to be useful
especially in ecology revealing trophic relationships in food webs, such as nutrient transfer
between plants and the soil microbiome.® Via the study of fossils, the same concepts even
enable insights into the diet and evolution of our earliest human ancestors that lived millions

of years ago.’

Natural isotope patterns offer solutions for a range of practical problems. A notable topic is
food fraud, which is a global issue in the food and beverage industry. Fraudsters substitute
genuine ingredients with cheaper alternatives. Such activity may pose risk to human health
or at least mislead consumers and undermine their trust. The botanical origin of ethanol is a
classic exemplar of how understanding of intramolecular isotope patterns in metabolites has
enabled the rational design of tests.? Ethanol in beverages inherits its isotopic content from
hexoses,® whose carbon isotope composition in turn has been shaped by the CO:
assimilation mechanism of the plant (Figure 3)."° Similarly, forensic analysis of stable isotopes
is a valuable tool to distinguish natural flavors from synthetic ones, to determine geographic
sources of natural or semisynthetic drugs, to solve crime cases, to determine sources of

explosive materials, and to reveal doping in sports.

These vignettes illustrate that exact observation of stable isotopes offers unique
opportunities when it comes to studying life in a natural context. In the following sections, we
will introduce well-established techniques to measure isotope ratios, with the aim of
explaining their strengths and limitations. We will then explore how soft-ionization mass
spectrometry can overcome certain fundamental technical limitations. Finally, we will discuss
the potential of current developments to expand the utility of isotope analytics in the life

sciences.



Glossary

IRMS: [sotope Ratio Mass Spectrometry. Traditionally done on gas-source magnetic sector
instruments; increasingly possible on other MS systems.

BSIA: Bulk Stable Isotope Analysis. A whole leaf, soil, fingernail samples, or similar is analyzed
for an isotope ratio of a chemical element.

CSIA: Compound-Specific Isotope Analysis is a branch of isotope analysis aimed at determining
the isotopic composition of a particular chemical compound.

PSIA: Position-Specific Isotope Analysis is a branch of isotope analysis aimed at determining the
isotopic composition of a particular atom position in a molecule.

Isotopocules (“isotopically substituted molecules"): molecules of the same chemical compound
that differ either in their isotopic sum formula or the structural configuration of isotopes; not
defined by IUPAC yet."

Isotopologues (“isotopic homologues”): molecules of the same chemical compound that differ in
their isotopic sum formula. Isotopologues have distinct exact masses. '

Isotopomers (“isotopic isomers”): molecules of the same chemical compound that have the same
isotopic sum formula but differ in the structural configuration of the isotopes. Isotopomers have
the same exact mass.'

Clumped isotopes: a designation used in the geochemistry community for isotopocules with
more than one heavier isotope (multiply substituted isotopocules).




Infobox I: Isotope effects
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Substitution of a light isotope by a heavier
one in a chemical bond reduces the zero-
point energy of the molecule (a measure of
the vibrational energy that a molecule
preserves at absolute zero, 0 K)." This brings
along differences in physical and chemical
properties of each isotopically distinct
molecule (isotopocule). These isotope effects
cause fractionation during reactions that
leads to relative partitioning of the isotopes
between products and substrates.

There are two main types of fractionation'®:

1) equilibrium fractionation for systems at
thermodynamic equilibrium

2) kinetic fractionation occurs during key
rate-determining steps and is caused by a
difference in activation energy for lighter and
heavier  isotopocules  (usually lighter
isotopocules react faster)

Infobox IlI: What are delta values?

To bring natural isotope variations to a scale that is
easier to grasp and talk about, the é notation has
been introduced in the late 1940s (here expressed
for carbon)'®:

( 13C/ 12C)sample
( 13C/

§13C = -1

12
C)reference

By this classic convention:

1. Isotopes are measured as ratios, rather
than abundances (e.g., atomic percent),
because not all isotopes may be
experimentally observed.

2. Isotope ratios of samples are normalized
relative to a reference standard to enable
inter-laboratory comparisons.

3. The 6 values are typically reported in
permil (%o; i.e. raw values multiplied by
1,000), as natural isotopic variations are
small.

For elements that have more than two stable
isotopes, the relationship of several heavier-to-
lighter isotope ratios should in theory be linear
(mass-dependent). However, mass-independent
fractionations (MIF) can be found under specific
conditions. They are typically denoted as “cap delta”
(see A*S in Figure 2)."7

Glass Ceilings Of Current Approaches

Before trying to measure isotope fingerprints on bioanalytical mass spectrometers, it is

necessary to develop a sense for approaches that have proven to be effective in isotope

analytics. This also helps to understand which technical limitations isotope experts currently

face in their research.

Isotope analyzers take advantage of physical differences between isotopes and generally

belong to one of three types:

e [sotope ratio mass spectrometry (IRMS) utilizes the differences in mass-to-charge

ratios.™®




e [Laser absorption spectroscopy (LAS) resolves differences in molecular rotational-

vibrational frequencies.

e [|sotopic nuclear magnetic resonance (isotopic NMR) relies on differences in

magnetic spin.*

Each approach has distinct strengths and is implemented to ensure precision measurements
of isotope fingerprints. For example, IRMS in general quantifies isotopes after conversion of
analytes into gaseous molecules at very high accuracy and with good sensitivity. This is
achieved by using an optimized introduction system for samples and references on a sector
mass spectrometer. Commonly, IRMS combines ionization of volatile analytes (usually by
electron impact) with a momentum separator (usually an electromagnet) and a set of ion
detectors (usually Faraday cups).'® An overview of currently available technologies for stable

isotope analysis and their specifications is provided in Table 1.

Innovations in IRMS have been shaped by the needs of the stable isotope research
community for robust precision measurements, leading to the development of strategies to
ensure accurate data quality (Infobox Ill). Time-honored measurement principles and best
practices are key for determining natural isotope fingerprints. They have been the basis for
scientific progress on the isotopic information that can be measured and predicted ever more
specific, revealing more closely the isotope fractionation processes as they occur in nature.
A notable advance has been the transition from bulk stable isotope analysis of samples
(“elemental analyzer” IRMS; BSIA) to compound-specific isotope analysis (CSIA) in the
1990s and further inroads to measure position-specific isotope analysis (PSIA; Figure 4).
However, progress in isotope analytics has come to a state where adaptations that are rooted
in traditional gas-source IRMS are facing barriers (e.g., insufficient mass resolution, upfront
chemical preparation and transformation of the samples into a suitable form for the IRMS)
that make it hard to address some of the most pressing research needs. A common theme
across research disciplines is an aspiration of obtaining position-specific insights into polar

analytes at low concentrations.



Infobox Ill: How to obtain reliable isotope ratios?

It is crucial for isotope researchers to be familiar with four time-
honored measurement principles 2!, thus being able to compare
data from different days, different instruments, and/or different
laboratories:

(1) Sample/reference comparisons: Many factors can negatively
affect long-term stability of raw isotope ratios. To account for this,
sample measurements are bracketed by analyses of reference
standards with known isotope compositions (two-point
calibration). Often, an additional working standard is analyzed in
regular intervals to monitor and correct for drift in the data quality.

() Principle of identical treatment: Samples and reference
materials should go through the same preparation steps and be
analyzed under the same instrumental conditions (not always
possible for complex matrices).

(8) Zero enrichment: Using the same material in sample/reference
comparisons allows crucial insights even in the absence of
suitable reference materials. All measured isotopocule signals are
expected to yield a 0 %o difference (+ experimental uncertainty).

(4) International reference materials: The highest level of
reproducibility between different laboratories (and over long
periods of time) is achieved by calibrating isotope ratios relative to
a carefully selected and prepared community standard.

Table 1. Currently available technologies for stable isotope analysis and their specifications.

stable isotope analysis sample elements/
. simultaneous
technology R reference
bulk position- | clumped state amount purity / multl-e;lerpent
specific | isotopes coupling analysis
Isotope Ratio Mass Spectrometry (IRMS)
IRMS ves | limited | some |  SOMd/ |10nmol-10} o o) a0 many / no 2
liquid/gas pmol
HR-IRMS yes limited yes gas tens of ymol pure many / no 23
. - 0.1-100
ESI-Orbitrap yes yes yes liquid/gas amol HPLC / GC many / yes 24
Laser Absorption Spectroscopy (LAS)
CRDS, TDLAS, es es es as, volatile | < 10 pmol asis/ many / yes 25
QCLAS y y Y gas, W purified* VY
isotopic Nuclear Magnetic Resonance (NMR)
NMR no es no | liquidigas | 1710 ure H,C,N,0/no 2
y quia/g mmol p G N,

*purified into a defined matrix in case of spectral interferences; possible coupling with automatic preconcentration units

* HR-IRMS - Ultra high-resolution isotope ratio mass spectrometry
ESI-Orbitrap MS - electrospray-ionization Orbitrap mass spectrometry
CRDS - cavity ring-down spectroscopy

TDLAS - tunable diode laser absorption spectroscopy

QCLAS - quantum cascade laser absorption spectroscopy




Biological metabolites. The use of isotope analytics in biological research is hindered by a
legacy that stems from the beginnings of IRMS: if one wants to analyze isotopes in
metabolites, the polar analyte needs to be broken down into a gaseous molecule, which is in
turn analyzed for its isotopic content.’ Sophisticated strategies have been implemented to
accomplish this task for different biomolecules via combustion, pyrolysis, microbial,
chemical, and enzymatic conversion. Often, CSIA can be achieved via the on-line coupling
of IRMS with chromatographic separation by GC (interfaced via a pyrolysis or combustion
tube) — a workhorse technology that has been continuously optimized.?® For biological
analytes that are not amenable to derivatization and GC separation, a LC coupling of gas-
source IRMS has been developed that uses water or other carbon-free solvents during
chromatography and a post-column oxidation to convert analytes into CO. (Figure 5). This
system has been successfully applied in CSIA of volatile fatty acids and amino acids #"* but
can even be modified to enable carbon PSIA of carboxyl groups in amino acids by using the
ninhydrin reaction for on-line conversion of the analyte into CO,.> Many more methods based
on gas-source IRMS have been invented to improve the isotopic analysis in life science
applications. Examples include high-temperature GC-IRMS, moving wire micro combustion,

and microEA-IRMS (EA: elemental analysis).*

While these gas isotope measurements by IRMS and LAS are suitable for important research
questions, they share a common fundamental limitation. The native structure of non-gaseous
analytes is destroyed during the conversion step and structural (position-specific) information
that may be most diagnostic of biological processes is lost. Isotopic NMR does measure
position-specific isotope information in native polar compounds but has a much decreased
sensitivity relative to MS. Also, the technique requires many milligrams of pure analyte, which

is not suitable for most biological questions.®'

Environmental pollutants. Sources and fate of anthropogenic contaminants in natural
environments are vital input information to assess pollution risks. Often, a first-order question
comes: is a pollutant of emerging concern degraded at all or does it simply get diluted over
time? And if it is degraded, which biotic or abiotic mechanisms are involved? Such questions
often pose a daunting task to be revealed by merely monitoring concentration dynamics of
the contaminant in complex environmental compartments.® The use of isotopic variations,
such as "*C/'™C, 2H/'H, and N/"N, within an organic contaminant is a powerful tool to reveal
(bio)degradation over the course of its in-situ breakdown® or to assign its source origin.**
CSIA approaches have been successful for (i) highly volatile contaminants such as
chlorinated solvents that can be easily purged and concentrated on a solid phase; and (ii)
heavily contaminated areas next to production sites (e.g., explosives) associated with high

concentrations in the parts-per-million range. However, larger and less volatile contaminants
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occurring in the parts-per-trillion range remain a major challenge for environmental chemists.
First they are more difficult to extract from water. Second, they may be not sufficiently volatile
to be amenable for GC-IRMS, yet not polar enough to be separated by LC-IRMS without
organic solvents. Third, isotope effects during natural degradation are only manifested in the
reactive bond(s) so that isotope changes in the compound average become smaller for
analytes of larger molecular size.* Hence, for many contaminants that derive from pesticides,
pharmaceuticals and consumer products isotope changes may become too small to be
informative - calling for position-specific analysis - while major efforts are necessary to

develop GC-IRMS analysis * - calling for new liquid injection-based approaches.

Performing CSIA of many organic micropollutants is hindered by the sample amounts
required by current instrumentations (see Table 1). These are not possible to meet without
extensive sample preparation. The necessary effort can be illustrated for the corrosion
inhibitor 1H-benzotriazole. This omnipresent contaminant occurs in river water typically at
concentration around 100 ng/L and requires enrichment by factors exceeding 10° times for
accurate 6"C and 6N measurements on GC/combustion/IRMS.** While extraction
techniques are available for large samples using sorbents, the selectivity for commercially
available sorbents is often insufficient. In other words, obtaining clean extracts that meet the
stringent criteria of CSIA is not possible due to co-extraction of interfering natural organic
matter. Therefore, extensive efforts have been invested in meticulous analytical procedures
that validate extraction procedures from large samples,® synthesis and evaluation of
selective sorbents,*® preparative purification procedures,® and multidimensional
chromatography and custom-made instrumentation.®® All these efforts to overcome the
shortcomings of the limited sensitivity of IRMS make CSIA approaches for newly emerging

environmental contaminants increasingly tedious, cost-ineffective, and time consuming.

Biogeochemical cycles. Our understanding of Earth as an evolving living system owes much
to isotope analytics. Isotope ratios have been widely used as a tool to search for evidence of
early life in ancient rocks. Certain biological lipids can be preserved as hydrocarbons over
geologic time and their isotope composition provide ever more specific information about the
past biosphere, including mass extinction events and the emergence of new types of
metabolism.* The sustained habitability of the planet over the eons has been shaped by the

global cycling of chemical elements and concomitant formation of redox gradients. Isotopic

studies of inorganic oxyanions, such as sulfate (SO.%°), nitrate (NOs~), and phosphate (PO.3"),

are particularly informative because they reveal diagnostic signatures for distinct types of

microbial metabolism that underpin the functioning of all ecosystems.



Although the reconstruction of NOs;~ and SO.2- isotope records from polar ice cores has been
achieved by IRMS, required sample sizes are several tens of nanomoles for NO;~ and several

micromoles for SO,2-, which limit obtaining high-resolution records. For small multi-

elemental ions such as oxyanions, chemical transformations are especially problematic. They
can lead to complex procedures, which add time, cost, and increase the required sample
size. Alternatively, oxyanions can be introduced to the ion source of an inductively coupled
plasma (ICP), where the analyte is dissociated prior to isotopic analysis of the element of
interest (usually done by multi-collector inductively coupled plasma mass spectrometry; MC-
ICP-MS).** Either way, isotopocule information is lost during bond breaking. This is
particularly detrimental for the study of information contained in molecules with more than

one isotopic substitution (referred to as “clumped isotopes”).*

Forensic applications. Food and doping analysis laboratories are continually looking into
improvements to increase their detection capabilities.** The competing aims of fraudsters
and testing laboratories resemble an evolutionary arms race, and thereby foster diagnostic
innovations and counter-adaptations. Isotope analysis offers a unique and valuable
perspective. Sources of a compound that are otherwise identical tend to have a specific
isotopic composition that reflects their production. In other words, metabolites administered
from exogenous sources are often isotopically distinct from endogenous material. A prime
example is the misuse of anabolic substances such as testosterone that can be administered
in such a way as to obscure a positive doping test result. Based on initial longitudinal
screening tests, suspicious samples are routinely analyzed by IRMS on androgen

metabolites.*®

Despite enormous efforts to reveal and control for biological variables such as genotype and
diet, doping science is challenging because analytical tests need a very high single-test
specificity (e.g., >99%) to have an acceptable false-positive rate. A key step to advance anti-
doping testing could be to gain access to more specific tests. In the realm of isotope
analytics, a desirable option is to achieve PSIA and standardize this information to metabolic
precursors and degradation products. Increased sample throughput for IRMS is also
beneficial, so that the false-positive rate of a diagnostic test can be known more confidently
from the analysis of larger cohorts.*® Advances of isotopocule analysis first pioneered in anti-

doping analytics could be transferable to biological samples in clinical research.

This brief section on established isotope fingerprinting techniques and applications highlights
technical challenges of IRMS that commonly occur across a diverse range of research

questions:
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e Missing access to position-specific isotope information because of degradation of the

original analyte

e Specialized instrumentation needed for different analytes and/or chemical elements

because limited mass range can be observed and resolved simultaneously

e Time required and sample throughput when analytes cannot be introduced directly,

but need to be modified (e.g., derivatized, converted)

Novel Approaches Using Bioanalytical Mass Spectrometers

While the sample ionization dictates the scope and utility of any MS experiment up front by
restricting which classes of substances are available for analysis, it is actually the
combination of the ionization technique with a mass analyzer and detector that ultimately
determines the quality and reliability of the measurement. Since the rise of soft-ionization
techniques, the development of mass analyzers and detectors has run largely independent
of improvements of the magnetic sectors used for IRMS. However, there have been large
analytical gains in mass analyzers that are widely used in bioanalytical research. This includes
improvements in figures of merit that are important for isotope ratio measurements, most
notably abundance sensitivity, linear dynamic range, speed and mass resolving power *".
With dedicated efforts, it is now becoming possible to reconcile these two areas of mass

spectrometry.

Depending on the physics of mass analysis, analyzers can be divided into quadrupole,
magnetic sector, ion trap, time-of-flight (TOF), and Fourier transform mass spectrometers
(FTMS). Among FTMS instruments, the most notable are ion cyclotron resonance (FT-ICR)
and the Orbitrap mass analyzers. These components are often further combined to allow
workflows that select analytes and create molecular fragments (MS/MS or MS?), for example,
for metabolite identification using quadrupole-TOF MS/MS experiments. The design of
bioanalytical ESI-MS systems has been shaped by the need for increased resolution and
speed, and better ratiometric measurements. The most notable drivers towards improved
isotope quantifications are: 1) chemical labeling strategies in proteomics that utilize stable
isotopes to allow sample multiplexing “°; 2) improved assignment of chemical sum formulas
based on isotopic fine structure *°; 3) more accurate concentration determinations by isotope
dilution °'; and 4) the precise quantification of low levels of isotopic tracers.* It has been
speculated that these advances could eventually close the gap to gas-source IRMS that is

classically done on magnetic sectors.***

Technological advances can be synergistic and it is thus timely to ask to what degree

bioanalytical mass spectrometers can be repurposed to study natural isotope fingerprints.
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For isotope researchers, this is an attractive new strategy. It empowers the field to study
isotopes in intact polar molecules that could not be directly analyzed before, and
collaboration with the wider mass spectrometry community could propel research on isotope
fingerprints into the essentially unexplored world of “isotopocules”. This field has first been

entered by atmospheric chemists."

Opening access to natural isotope patterns by ESI-MS

Advances in ESI-MS have inspired several protocols for isotopic label quantifications. For
instance, isotope pattern matching (IPM) is used in proteomics to measure incorporation of

4% or to determine the elemental composition of a peptide.*®

stable C and N isotopes
Occasionally, studies explore the use of TOF and Orbitrap LC-MS systems for quantification
of low levels of deuterium incorporation during lipid biosynthesis.””*® Systematic work
towards lowering the quantification limit into the range of natural-level isotopic variation is
worthwhile for another reason. Label-free ESI-MS could become a step change for IRMS
because it bypasses laborious and partially destructive sample preparation steps that are

required otherwise.®’

In recent years, this niche area of mass spectrometry received a boost of confidence when
targeted exploratory tests showed that, with appropriate instrument settings and data
analysis, the combination of ESI and Orbitrap mass analyzers is in principle capable of
providing access to isotopic measurements at the level of natural variations.**® These
benchmarking tests can be extended to evaluate the utility of other soft-ionization MS
systems (APCI, DESI, MALDI) coupled to Orbitraps or other mass analyzers such as
quadrupole TOF and FT-ICR. Advancements of this research area face a practical dilemma,
however, since essentially all components of bioanalytical MS systems differ from well-
established and proven IRMS workflows. Progress to date has additionally been hindered
because IRMS expertise is fragmented across diverse research areas that usually have little

overlap with relevant areas of mass spectrometry such as proteomics.

Untargeted molecular surveys of isotope contents FTMS

Due to its unparalleled high mass resolving power, FT-ICR-MS has become the tool of choice
for the study of the most chemically complex natural samples. “Inseparable mixtures”, such
as dissolved organic matter (DOM) extracted from ocean water, requires very high mass
accuracy of <0.1 ppm for molecular formula attribution. This is particularly challenging
because the natural samples consist of at least hundreds of thousands if not millions of
different substances.®’ Recent work indicates that random m/z errors can be eliminated and
mass accuracies of 0.01 ppm be achieved by averaging mass spectra from independent

environmental samples.®® Interestingly, averaging also improved intensity ratios of
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isotopologues to a degree where measured deviations were within the range of natural

isotope fractionation effects.®

Measuring isotopes in complex samples comes with new challenges. For example, non-
traditional standardization becomes necessary. In analogy to 6'°C, a "*C abundance relative
to a calculated isotopologue abundance (A™C) has been proposed.® This “top-down”
isotopocule analysis may be extended to Orbitrap FTMS. It has conceptual similarities for
efforts in labeling studies that aim at improving spectral accuracy (i.e., accuracy in measuring
the abundances of isotopic peaks).®® The directness of the top-down approach for CSIA
makes it potentially very useful to survey isotopic fingerprints across diverse compound
classes. With continued improvements the approach could find use in many sample types

and topics (e.g., atmospheric aerosols, dietary fingerprints).

Targeted isotopocule analysis

The analysis of purified compounds by direct infusion is a well-controlled starting point to
develop measurements of isotope fingerprints by FTMS. Often, isotopic reference materials
for benchmarking experiments can either be obtained or generated relatively easily (e.g.,
using an elemental analyzer to measure &°C). By now, optimized infusion systems for
isotopic analysis have been devised based on workflows established in classic IRMS.?* These
include a “dual inlet” system consisting of two syringes and a software-controlled switching
valve to enable very stable infusion of reference materials and a sample (Figure 6). For higher
throughput, the autosampler of an ultra-performance liquid chromatography (UPLC) system
can be repurposed to enable automated “flow injection” that enables continuous electrospray
in between sample injections. In combination with software used to extract ion counts, these
setups can be employed to systematically study the performance of isotopic measurements
for different analytes, sample types, instrumental settings, and how to cope with adverse

conditions such as matrix effects.

The precision of isotope ratio measurements is fundamentally limited by the number of ions
that can be observed in the two isotopocules that are used to calculate a ratio (shot-noise
limit). The way in which to convert signal-to-noise into ion counts has been studied for
Orbitrap mass analyzers.**®** However, more work will be needed to firmly establish shot-
noise and thermal-noise estimates at the fundamental level. With appropriate adjustments to

the sample introduction and data acquisition, mass spectra without fragmentation (MS')

close to limits from counting statistics can be collected for many intact polar analytes. NOz~

and SO4?% isotopic reference materials that can directly be measured by IRMS and ESI-

Orbitrap provide the strongest indication to date that highly accurate natural level isotopic
analysis on ESI-Orbitrap instruments is possible.**%®* |t would be valuable to compare the
13



isotopic accuracy of ESI in combination with other modern mass analyzers. Unfortunately,
we are not aware that a rigorous analysis has yet been done on current TOF and FT-ICR

systems.

Since in ESI-Orbitrap, both ionization and ion detection are different from the classical gas-
source IRMS, the new platform offers access to polar analytes at high sensitivity. Initial
publications on model compounds such as oxyanions, amino acids, and organic acids
demonstrate improved sensitivity in the nanomolar range.?*®® They also highlight other
promising methodological advances, such as CSIA with simultaneous measurements of

isotopes of several elements.

Intramolecular isotopocule analysis

Major innovations in bioanalytical mass spectrometry over the last decade have enabled the
implementation of new MS data acquisition workflows (e.g., SWATH, BoxCar). Since ESI
delivers intact polar solutes for subsequent isotope analysis by MS, similar opportunities exist
to develop procedures that take advantage of instrumental strengths, while minimizing
physical or instrumental trade-offs. This could be particularly useful for intramolecular

isotopic analysis, which has been challenging to do by MS for the vast majority of analytes.

A first workflow has been demonstrated for methionine. It uses a narrow initial mass selection
window to isolate intact molecular ions that are heavier due to the presence of one or more
isotopic substitutions, followed by fragmentation (MS/MS).®° The basic theory for predicting
isotopic distributions resulting from the dissociation of individual isotopic peaks has been
developed and can, in principle, be extended to MS".%” These MS experiments are useful for
structural studies, albeit relatively little utilized. Combined with precision measurements of
isotopic abundances, they provide several interesting features. First of all, for many small
metabolites, the isotopic distribution is dominated by monoisotopic ions. Isolating ions that
have one or more of the rare isotopes effectively results in an isotopic enrichment that can
speed up ratio analysis. Secondly, a small mass window selecting one nominal mass allows
a well-defined subset of ions to pass, which adds specificity for the subsequent MS? analysis.
At the same time, the quadrupole would create only small isotopic fractionation because the

passing ions are near-isobaric (m/z typically differs by <10 mDa).

These intramolecular isotope studies currently require relatively pure analyte preparations
(e.g., >90% of the ions entering the Orbitrap with a given quadrupole setting). This provides
an opportunity to systematically work towards better understanding and refining all
components of mass spectrometry systems for precision isotopocule analysis, from
ionization sources to detectors and signal processing. It is important to point out that
intramolecular isotope patterns should be most representative of isotope fractionation effects

as they occur in biological systems. Technical advances to make them measurable in robust
14



and specific ways can have many applications. For amino acids in humans, for example,
applications can range from insights into the origins of the early hominins®, to biomedical
research dissecting human/diet/microbiome interactions®, and pinpointing aberrations in

cancer metabolism 7°.

What May Become Possible

Natural isotope fingerprints require predictions of where to carefully look for informative
patterns. Isotope analysis thus mostly involves hypothesis-driven and highly targeted
observations. Using isotopes as “thinking tools” can be uniquely powerful to interrogate
biological systems across all scales, from elucidating enzymatic reactions in a test tube to
quantifying the global elemental cycles in the ocean. Like a common currency, isotopes move
freely between living and nonliving forms and thus are the universal tool to study life in the

context of its natural environment.

Based on recent promising benchmarking studies, we expect that isotope fingerprints have
great potential to complement current capabilities in metabolomics and proteomics, as well
as to advance existing areas of IRMS that have reached limitations of the gas-source
magnetic sectors. Natural stable isotope analysis is a high precision game that requires
several orders of magnitude higher measurement precision than labeling experiments. In
addition to artifacts caused by data acquisition and analysis (Infobox Ill), confounding factors

throughout the experiment need to be controlled for or corrected).

The future utility of IRMS on bioanalytical mass spectrometers, such as soft-ionization
Orbitrap and TOF instruments, therefore is going to depend on new methods being critically
examined to understand their limitations and risk for artifacts. While the sources of artifacts
in traditional isotope ratio analysis are well understood, the same cannot be said for this
emerging area of isotope ratio analysis. This includes diverse factors that can alter the
observed isotope distribution during sample preparation, ionization, mass analysis and
detection as well as signal processing.”" Important factors that need to be studied and

controlled for are:

e Linear dynamic range of an instrument for specific isotope ratio analyses *""*

e |sotopic exchange or fractionation during sample preparation (e.g., in reactions with
solvents, chemical derivatization) "

e Near-isobaric impurities that may overlap with the desired m/z values of the analyte "

e |sotopic fractionation associated with (liquid) chromatography "

e Kinetic isotope effects and changes in the precursor and product ions population in

fragmentation reactions that can influence the isotope signatures "
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If remaining technical issues can be adequately addressed, we may be seeing applications

of isotopic techniques that have long been envisioned by isotope researchers.

IRMS in metabolomics. Metabolic flux analysis is successfully used to study the
incorporation of C from position-specific labeled substrates into biosynthetic products
during microbial activity in order to elucidate metabolic pathways and associated fluxes.” In
general, position-specific stable isotope probing (SIP) overcomes the limitation of uniformly
labeled substrates, which impede the discrimination of the individual isotopic nature of each
C in a given molecule. Using position specific-labeled substrates, the metabolic fate of amino
acids and carbohydrates in marine and terrestrial environments has been reconstructed.””~"®
With regard to the different oxidation states of C in organic molecules, a preferential
incorporation of particular C positions into biomass and discrimination of others has been
observed. The position-specific incorporation is a direct consequence of the flux patterns of
the central C metabolic network, which appears remarkably similar across all domains of
life.®> Metabolic flux analysis and modeling to determine intracellular flux patterns have been
widely used in metabolic engineering, biotechnology, microbiology, and the environment.”*
8 It is conceivable that some of the insights gained from metabolic flux analysis can
increasingly be complemented with observational studies, by taking advantage of “natural

labeling” that creates isotopic fingerprints.

In metabolism studies, it is often desirable to quantify several analytes in a single analysis,
and some trade-off with regards to isotopic accuracy may be acceptable. Initial attempts to
couple LC with ESI-Orbitrap for IRMS are promising.® This approach is particularly attractive
for biological samples from systems that cannot be controlled in a laboratory and in which
labeling is prone to artifacts, which are often associated with biological isotope effects. For
example, in human nutrition and clinical research, the investigation of unlabeled studies is
particularly attractive. Suitable sample collections may already exist and natural-level isotope
measurements could bypass the need for time-intensive and costly labeling studies in new

cohorts.

IRMS in proteomics. There has been exciting progress in measuring isotopic label in amino
acid fragments to measure protein turnover from labeled peptides.®*®* The quantification of
isotopes in immonium ions (protonated amino acid residues minus the carbonyl group), has
recently been extended far beyond labeling studies into the natural isotopic abundance
range.®® This achievement is remarkable for two main reasons. Firstly, immonium isotopic
analysis is compatible with established proteomics workflows. Secondly, isotope fingerprints
in peptides are fundamentally important because they provide one of the few options that

exist to make direct observations that connect metabolic activity with genetic information.
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Assuming that important technical aspects can be worked out, the immonium isotopocules
can open entirely new areas of applications for isotope fingerprinting. It opens a route for a
large number of specialized proteomics laboratories in academia and industry to partake in
cutting edge research of isotope fingerprints. By adding isotopic patterns as a new dimension
to proteomics research we may be able to get a fresh perspective on established research
topics by measuring isotopic fingerprints in amino acids from peptides. It is conceivable that
one day proteomics laboratories could start exploring natural-level isotopic information by

simply loading a different method file when starting a sample sequence.

Opportunities in established areas of IRMS. The described advances in isotope analytics
have the potential to change how currently established areas of IRMS approach their
research questions. This has been the case before with the development of laser
spectroscopy systems for isotope analysis, finding numerous applications for greenhouse

gas emissions and water isotopes.

ESI-Orbitrap and other bioanalytical MS instruments for precision isotope measurements can
transform the way in which fossils are analyzed. Generally, CSIA provides information on food
webs in modern ecology research, but it may become particularly useful in archaeology. CSIA
has been applied to Neanderthal samples (<100,000 years old), but not to older samples.
Chemical evidence exists that amino acids are preserved in fossils that are much older than
that, providing a window into dietary studies way back to the earliest human ancestors (up
to 4 million years old) and perhaps all of mammal evolution. Similar analytical protocols can
find use in clinical samples, for example in nutrition research to develop biomarkers for diet

intake and lifestyle.

Direct analysis of isotopocules of oxyanions (e.g., NOs~, SO.%-, PO4%") can provide a welcome

opportunity to revisit longstanding debates in our understanding of biogeochemical cycles of
the elements in modern and ancient ecosystems. Simultaneous measurements of several
oxyanions and their multiple isotopes may present exciting opportunities to obtain a critical
understanding of the natural coupling of nitrogen, sulfur and carbon cycles, which are mostly

studied separately but they are tightly interdependent in nature.

In environmental pollutant research, additional information from more elements and specific
molecular positions would tremendously increase our capability of tracing contaminant
sources, and of characterizing their environmental transformation. Identifying reactive sites
in pollutant molecules from position-specific isotope fractionation would be a key step to
pinpointing transformation pathways of natural attenuation. Position-specific isotope

fractionation would also facilitate a sensitive detection of degradation-associated isotope
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fractionation circumventing dilution in the molecular average. Non-reactive positions, in turn,

may remain unchanged and preserve their original signature to enable source fingerprinting.

In enzymology, classic use of enzymatic isotope effects can be revisited with label-free
isotopocule monitoring in reactions to test hypotheses and develop a more rigorous
quantum-chemical understanding of enzyme mechanisms, for example with mutated or
resurrected ancestral protein sequences. This knowledge could be translated to human
studies of drug metabolism in pharmacology (ADME) without the need for labeled
substances. In diagnostics, more specific tests may become attainable, ideally based on
rational test design that is less limited by technical capabilities of IRMS to measure certain
atomic positions. This may provide a path to design tests to differentiate organic from
conventionally farmed foods — an area lucrative for fraudsters in the absence of established

authenticity testing.

How could the envisioned technical synergies become a game changer for various
scientific disciplines?

Today’s soft-ionization mass spectrometers are a versatile tool to identify, quantify and
spatially resolve molecules. The time could be ripe to add natural isotope fingerprints to this
list. Isotopes bring an extra layer of anatomic (structural) and genetic (historical) information
to our understanding of chemical, biological and geological processes. Intramolecular
isotope research done to date provides only a first glimpse of a largely unexplored natural
abundance isotopocule landscape. The adaptation of bioanalytical mass spectrometry to

quantify isotopocules precisely is opening up this landscape across all the sciences.

What does variance in natural isotopocule abundances tell us about molecular pathways in
human health and disease? What information about the lives and evolution of the earliest
human ancestors could still be preserved in fossils? Are there hidden records in geological
sediments that tell us new insights into the ancient past of how life and Earth co-evolved over
billions of years? Is there a quantitative way to determine whether a chemical has been made
by a living organism? These are some of the questions that could soon be addressed
systematically with emerging isotope ratio analysis. The most interesting questions, however,
are likely those raised by newcomers; researchers that are willing to venture into isotope
analytics with an open mind, taking new approaches to discover questions no one has yet

been able to ask.
Key takeaways:

e The workhorse precision isotope ratio technology (gas-source IRMS) has diverse

limitations.
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e For polar organic and inorganic molecules, sample introduction and requisite

conversion to gases prior to analysis limit access to original molecular information.

e ESI-MS of intact analytes at the natural abundance level opens a new isotopic
landscape across all sciences, including multi-dimensional and intramolecular

isotopic fingerprints.

e In biomedical sciences, it provides an additional methodology for important

mechanistic studies in humans which are not accessible with currently used methods.

e Navigating this maturing technology and its workflows to extract the maximum for

effective use needs cross-disciplinary dialogue and user community engagement.
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Discovering Nature’s Fingerprints: Isotope Ratio Analysis on Bioanalytical Mass
Spectrometers

A Perspective written by participants of the workshop “Nature's Fingerprints”, which was held
in November 2021 at the Hanse Institute for Advanced Study, Delmenhorst, Germany

Cajetan Neubauer, Kristyna Kantnerova, Alexis Lamothe, Joel Savarino, Andreas Hilkert,
Dieter Juchelka, Kai-Uwe Hinrichs, Marcus Elvert, Verena Heuer, Martin Elsner, Rani
Bakkour, Maxime Julien, Merve Oztoprak, Stefan Schouten, Shohei Hattori, Thorsten Dittmar
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A brief synopsis: Isotope fingerprints are useful tools in a fascinating range of research topics.
Larger and smaller areas of isotope research are shown as islands in an archipelago.
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