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Potassium stable isotope compositions (*'K/>°K ratio) exhibit a wide range of natural variation (~39%,), whose
measurement has been recently achievable thanks to the development of various methods, including
collision cell, XHR mode, cold and dry plasma, or dummy bucket MC-ICP-MS. Here, we report the
capabilities of a Thermo Scientific new generation MC-ICP-MS, Neoma, to routinely measure the *1K/*°K
ratio. We found that the effect of potassium concentration mismatch between the sample and standard
is comparable to other reported methods. However, the effect of acid concentration mismatch is not
perceptible from 0.05 M to 0.5 M HNOs3, and the effect of matrix elements on the accuracy of sample-
standard bracketing measurements is lower compared to other reported methods up to the element-K
normalized ratio of >15%. This relative insensibility to non-spectral matrix effects most probably results
from the new design of the introduction system that integrates an iCAP Qnova Series ICP-MS torch and
injector assembly. The resulting repeatability (or short-term external precision) and long-term
intermediate precision (or long-term reproducibility) are 0.06%, (2SD, n = 55) and 0.07%, (2SD, n = 12),
respectively. We then use a very simple one step chemical purification of K by ion exchange
chromatography and apply the method to the measurement of the §*'K value of geological and
biological reference materials, and blood samples of cancer and control patients. The results for

reference materials show very good agreement with previously reported values and extend the available
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Accepted 12th April 2022 data for future interlaboratory comparison studies. Blood samples of cancer and control patients exhibit

similar 6*'K values despite a suspected isotopic difference between tumour and normal tissues. The
overall instrumental robustness observed using the XHR mode remains to be challenged with the precell
mass filter and hexapole collision/reaction cell upgrade.
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The first solution is to use cold and dry Ar plasma®” with
a potential additional dummy bucket to collect “°ArH* . The

Introduction

Potassium has two stable isotopes, *°K (93.2581%) and *'K
(6.7302%). Similarly to D/H, the *'K/*°K ratio has been sus-
pected in the 1930s to be variable due to so-called physiological
isotope effects.? These primitive measurements of the *'K/*°K
ratio were associated with large uncertainties which have been
reduced down to hundreds of ppm only after eighty years
thanks to the development of multicollector ICP-MS (MC-ICP-
MS). However, the challenge in the measurement of the *'K/*°K
ratio by MC-ICP-MS is that argides are produced in the Ar
plasma, with significant isobaric interferences of *°’ArH* on
#IK*, and less importantly of **ArH" on *°K". Three main solu-
tions have been developed to drastically reduce these interfer-
ences to achieve an external precision <0.2%, of the 6*'K value.
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idea of cooling the plasma temperature dates back to the 1990s®
and consists of drastically reducing the ionization efficiency of
Ar (15.76 eV) while keeping that of K (4.34 eV) less affected. In
addition, the use of a desolvating system decreases H,O-based
interferences by removing solvent vapours. However, these
instrumental settings generally lead to unstable conditions due
to the very narrow (0.002-0.004 amu) “°’ArH" interference-free
flat shoulder where the *’K* beam is measured. As a conse-
quence, cold and dry Ar plasma conditions are often associated
with significant matrix effects.*”

The second solution is offered by MC-ICP-MS instruments
equipped with a collision/reaction cell (CC), whose goal is to
eliminate isobaric interferences via collision and reaction in an
axial chamber filled with a reactive gas. While the CC tech-
nology is now integrated into most commercially available
quadrupole-based ICP-MS instruments, its combination with
multiple collection is very recent. A first attempt of CC inte-
gration into a single-focusing MC-ICP-MS (GV Instruments,
Manchester, UK) was commercialized in the 2000s with the
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IsoProbe-P. The measurement of the *'K/*°K with this instru-
ment is generally associated with an external precision of about
0.2%, (2SD), which is unsatisfactory for resolving small ¢*'K
variations.’*"> The 2020s have seen the commercialization of
the Sapphire (Nu Instruments, Wrexham, UK), a dual-path CC-
MC-ICP-MS allowing an external reproducibility of about 0.059,
for routine measurements of the *'K/*°K ratio at ~150 ppb.*
During this period, Thermo Scientific (Bremen, Germany)
developed the Proteus MC-ICP-MS, in which the ICP module of
the iCAP-Q replaces the original ICP module of the Neptune
Plus.' However, the Proteus suffers from low sensitivity and
unusual mass bias behavior, and the iCAP-Q module was
replaced by a new module containing two Wien filters and
a hexapole, leading to the Vienna prototype,” which was not
commercialized.

The third solution is to take advantage of the extra-high
resolution mode (XHR) of the Neptune XT (Thermo Scientific,
Bremen, Germany) MC-ICP-MS. The XHR option allows the
improvement of the existing high resolution (25 um wide slit) to
an extra-high resolution using an additional 16 pm wide slit
installed after the electrostatic analyzer that can be switched in
and out of position using a pneumatic control. Regarding K
isotopes, the resolution increases from 9000 to 15 000, leading
to precise and accurate measurements of the *'K/*’K ratio.’® A
table summarizing all the compared setups and the corre-
sponding general performances is provided as Table S1.f

Here, we measure the *'K/*’K ratio using a Neoma MC-ICP-
MS, which has been commercialized by Thermo Scientific in
2020. The Neoma is a pseudo-high resolution MC-ICP-MS,
whose design is based on that of the Neptune XT with many new
features, notably the detection system which now includes 11
independent Faraday cups connected to 24 amplifier slots. For
the interest of the present paper, it is noteworthy that the
sample introduction assembly has been replaced by that of an
iCAP RQ/TQ ICP-MS (iCAP Qnova Series ICP-MS). This instru-
ment can be upgraded to a Neoma MS/MS version with a reac-
tion and collision cell before entering the ESA with prefiltering
of the ions through a double Wien filter."” In the MS/MS mode,
the XHR mode is no longer needed, and the full transmission in
low resolution mode will be used. We show that the Neoma is
markedly insensitive to matrix effects and allows a single step K
purification for accurate measurements of the **K/*’K ratio in
biological samples. Accuracy of the *'K/*°K ratio is demon-
strated by measuring several geological and biological reference
materials. We also report the serum *'K/*°K ratio of acute
myeloid leukemia patients and control participants with the
aim of evaluating the potential of K isotope composition as
a diagnostic biomarker.

Materials
Reagents and materials

All experiments were carried out in laminar flow hoods in
a clean laboratory. Acids (HNO;, HCl, and HF) were double-
distilled to reduce blank contaminations. Suprapur 30% H,0,
(Fisher Chemical, Hampton, NH, USA) was used. Ultrapure
water (resistivity > 18.2 MQ cm) was obtained from a Milli-Q
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Element water purification system (Merck Millipore, Bedford,
MA, USA). Teflon© columns (custom-made using retractable
Teflon) filled with 210 uL of AG50W-X12 resin, hydrogen form
200-400 mesh size, purchased from Bio-Rad (Temse, Belgium)
were used for K purification. Teflon beakers (Savillex™, Eden
Prairie, MN, USA) were used throughout the procedure, from
digestion to ultimate dilution.

Sample description

We used the GA (CRPG, Nancy, France) granite and BHVO-2
(USGS) and BCR-1 (USGS) basalts for geological reference
materials, the IAPSO (OSIL) certified reference seawater stan-
dard, and the bovine liver SRM-1577c (NIST), green beans BCR-
383 (NRC), rye grass (ERM-CD 281), whole milk BCR-380R
(NRC), tuna fish ERM-CE 464 (IRMM), fish protein DORM-4
(NRC), lobster hepatopancreas TORT-3 (NRC), fetal bovine
serum FBS (Sigma-Aldrich, lot number 014M3399) and in-house
human plasma pooled from several samples, for biological
reference materials. Blood serum samples were collected from
control participants (n = 10) and patients (n = 9) with newly
diagnosed acute myeloid leukemia presented to Hospices Civils
de Lyon, from January 2015 to April 2016." The analysis of
samples was approved by the Institutional Review Board of
Hospices Civils de Lyon, Centre de Protection des Personnes du
Centre Léon Bérard, ENS-Lyon, and the French Government
Ministry of Health. Control samples, with the same age range as
patients, were obtained from blood donors at Etablissement
Francais du Sang during the same time.

Methods

Sample digestion

A minimum sample size of 100 mg was weighed for reference
materials to avoid measurement uncertainties due to the
heterogeneity of the reference material powder. Geological
reference materials were digested with a mixture of 5 mL of 27
M distilled HF and 2.5 mL of 15 M distilled HNO; at 120 °C for
12 hours and evaporated to dryness. Fluorides were further
dissolved using 2 mL of 6 M HCl and heated on a hotplate at 100
°C for 12 hours and then evaporated to dryness. Biological
reference materials were digested in clean PTFE microwave
bombs using 4 mL of concentrated distilled HNO; and 1 mL of
Suprapur 30% H,0,. The bombs were then sealed and placed in
a Milestone Ethos microwave (Milestone, Sorisole, Italy) set to
ramp up to 180 °C in 20 min and remain at 180 °C for 40 min.
The solutions were then evaporated to dryness on a hot plate at
90 °C in Teflon®© beakers.

K purification

The K purification is achieved using ion-exchange chromatog-
raphy with a protocol based on Mg purification.* For biological
reference materials and blood samples, a one-step procedure
corresponding to the third purification step of Le Goff et al.*’ is
utilized for K purification (Table 1).

For mafic reference materials (BHVO-2 and BCR-1 basalts),
a second step was necessary to further purify K from the matrix,

This journal is © The Royal Society of Chemistry 2022



Paper

Table 1
K

lon exchange protocol for the chromatographic separation of

AG50W-X12 (200-400 mesh), V = 0.21 mL, diam = 0.42 c¢cm stored in
H,0

Rinsing

6 M HCI 4 mL
H,O 4mL
6 M HCI 8 mL
Conditioning

0.4 M HCI 2.5 mL
Loading

0.4 M HCI 0.25 mL
Matrix elution

0.4 M HCI 5 mL
K elution

0.4 M HCI 8 mL
Table 2 Instrument settings for K isotope analysis

Neoma MC-ICP-MS

1200

Wet, quartz cyclonic/

Scott double spray chamber
Coolant Ar flow (L min™") 15

Auxiliary Ar flow (L min~") 0.8-1.1

Mass resolution >15 000 (XHR mode)
Sampling cone Ni jet, ¢ = 1.1 mm

Skimmer cone Ni H-type, ¢ = 0.8 mm

Cup configuration H4: **Ca; H3: **Ca; H1:

*2Ca; Ax: ¥'K; L1: *°K; L3: *®Ar

RF power (W)
Plasma condition

Sensitivity (V ppm ™) ~40

Blank signal (2% HNO;) %K ~10 mv
Integration time (s) 4.194
Cycles 40

Aridus II desolvator

Ar flow (L min™") 9.8

N, flow (mL min ) 6

Sample uptake rate (uL min ") 100

which was used by several authors,*>”** and initially set up by
Strelow et al.”* Briefly, Bio-Rad columns were filled with 2 mL of
AG50W-X8 resin and conditioned with 10 mL HNO; (0.5 M).
Matrix elements were eluted with 13 mL of HNO; (0.5 M), and K
was collected from the subsequent 22 mL fraction.

K isotope ratio measurements

All the measurements in this study were conducted on a Neoma
MC-ICP-MS at the LGL (Laboratoire de Géologie de Lyon, Ecole
Normale Supérieure de Lyon, France) using a hot plasma, the
XHR option and an Aridus II desolvator system (Teledyne
CETAC Technologies Inc., NE, USA), with a PFA nebulizer,

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Peak scan of the SRM-3141a solution at1 mg Lt using the set of
parameters given in Table 2 showing the peak shape of the m/z value
39 (yellow) with the automated calculation of the resolution (5, 95% of
m/z value 39) on the ascending edge of the peak. Potassium isotope
ratio measurement was performed at the middle of the “°ArH* inter-
ference-free plateau of the 'K* peak. The software used is an adapted
version of Qtegra for MC-ICP-MS analysis.

according to instrument parameters given in Table 2. The
measurement of the K isotope ratio was performed on a flat and
free of interference mass range of ~0.005 amu (Fig. 1) using the
Faraday cup configuration as given in Table 2.

Given this set of parameters, a K solution at 1 mg L™" gives
a typical *°K voltage of ~40 V, which is about two-thirds more
sensitive than with a Neptune XT." The sample-standard
bracketing approach with a solution of SRM-3141a (NIST) as the
external standard is then used for correcting instrumental mass
discrimination. Analyses are carried out using 0.05 M HNO;
with blank correction (on-peak zero) before measurement and
the K isotopic composition is expressed as a delta value (6*'K,
per mil, %) relative to SRM-3141a according to:

(41 K/39 K) sample
(41 K/39K)

standard

541K _

- 1} x 1000

Results and discussion

Prior to the measurement of the K isotope ratio in reference
materials or natural samples, it is necessary to evaluate the
influence of several analytical conditions on the precision and
accuracy of the sample-standard bracketing measurements. An
acid blank of 0.05 M HNO; typically yields a *°K signal of 13 mV
(~1 mV for *'K), which represents a negligible contribution of
~0.03% compared to a sample measured at 1 mg L ™" (~40 V for
%K and ~3.1 V for *'K).

Effect of K concentration mismatch on the *'K/*°K ratio

When using the sample-standard bracketing method, concen-
tration mismatch between samples and standards, as for other
elements (e.g. ref. 22), could have a strong effect on the 6*'K
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value of the sample, which is particularly true under cold
plasma conditions. Following the precaution adopted by most
of the papers reporting *'K/*°K ratio analyses, we have evaluated
the influence of the K concentration mismatch between the
sample and standard. Briefly, the SRM-3141a solution was
diluted at varying concentrations to obtain a [K]standard/[K]sample
between 0.8 and 1.4. The results are compared to the literature
values and shown in Fig. 2.

The results generally show a decreasing 6*'K value with
increasing K concentration mismatch, except for the study of
Gu et al* in which the *'K/*°K ratio is measured using
a Neptune + under cold plasma and low-resolution conditions.
Our results show a weaker dependency to K concentration
mismatch compared to CC-MC-ICP-MS,™' but a higher
dependency compared to a dummy bucket- or XHR-equipped
MC-ICP-MS**® (Fig. 2). The significant sensitivity of CC-MC-ICP-
MS to concentration mismatch is well explained by the fact that
the *'K/*°K ratio is measured at 150 ppb, whereas non-CC-
equipped MC-ICP-MS necessitates much more analyte to be
measured accordingly (<1 ppm). It is worth noting that Hu
et al.® report “*K/*°K ratios free of K concentration mismatch
effects despite measurements using a Nu Plasma II under cold
plasma and low-resolution conditions.

Effect of acid molarity mismatch on the *'K/*°K ratio

When using the sample-standard bracketing method, the
mismatch in the acid concentration between samples and
standards also has a potential effect on the 6*'K value of the
sample.*®***>'% Under the working conditions of the present
study, the molarity of HNO; is 0.05 M and we have evaluated the
influence of the mismatch of the acid concentration from 0.025
M to 0.5 M and compared the results with the literature values
(Fig. 3).

The results show good stability of the 6*'K value, which does
not offset significantly from 0%, (Fig. 3). Cold plasma condi-
tions*® are particularly sensitive to the mismatch of the acid
concentration between samples and standards. Cold

0.33 (4)

This study
Chenetal., 13
Moynier et al., 1®
Lietal.®

Hobin et al. '8 —cold
Hobin et al. '8 —hot
Guetal *

-0.43 (18)

-0.81

-1.15 (18)

-2.00 (15)
08 1.0 1.2 1.4
[K]standard/ [K]sample

Fig. 2 Effect of K concentration mismatch between the sample and
standard on the 6*K value of the sample. The slope of the regression
lines, which has been determined graphically, is indicated for each
contribution. The numbers in brackets are for the corresponding
references. The gray area represents + 0.07%, from SRM-3141a. The
error bars are + 2SD.
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Fig. 3 Effect of mismatch of the acid concentration between samples
and standards on the §*K value of the sample. The slope of the
regression lines, which has been determined graphically, is indicated
for each contribution. The numbers in brackets are for the corre-
sponding references. The gray area represents + 0.079, from SRM-
3141a. The error bars are £ 2SD.

temperature causes the background mass spectrum to become
dominated by NO'°> which combined with the varying HNO;
concentration most probably generates very different plasma
conditions between the sample and standard. A possible way to
overcome this problem is to use dilute HCI instead of HNO;.

Matrix effects on the *'K/*°K ratio

The MC-ICP-MS routine measurement of isotope ratio necessi-
tates the isolation of the analyte using ion-exchange chroma-
tography. However, the yield of ion-exchange can vary from
sample to sample, leading to incomplete analyte purification
which generally causes non-spectral matrix effects, also known
as matrix induced signal intensity changes,* due to ionization
and transmission disturbance of the analyte. Since the
discovery of the interest of cold plasma conditions for the
measurement of the *’K/*°K ratio, it has also been recognized
its sensitivity to non-spectral matrix effects.® In the present
study, we have evaluated the non-spectral matrix effects of Ca
and Na with a K-normalized ratio ranging from 1 to 15% and
compared the results with the literature values (Fig. 4).

The results show that Ca, Na and Mg interferences produce
very little deviation of the 6*'K value, except for Na with a Na/K
ratio of 15%. Using CC-MC-ICP-MS, the Ca interference is
thought to be generated by the reaction between Ca* and H, to
form interfering *°CaH" on *'K", leading to artificially high 6*'K
values.”™** The present results are consistent with this specu-
lation, because without adding H,, the Ca interference remains
minor even at a [Ca]/[K] ratio of 15% (Fig. 4A). This substantial
insensibility to non-spectral matrix effects most probably
results from the new design of the introduction system that
integrates the iCAP Qnova Series ICP-MS assembly. This system,
the same as the iCAP-Q ICP-MS, integrates a free-running solid-
state RF generator capable of eliminating capacitive grounding
using a “balanced coil technology”, or virtual grounding. Virtual
grounding is achieved by applying RF potential to both ends of
the coil with a 180° phase shift. This creates a virtual ground at
the centre of the coil, which greatly improves plasma stability

This journal is © The Royal Society of Chemistry 2022



Paper JAAS
A B 0.1 C os
v
0.0
805 * 04 ® This study
o -0.1 Chenetal.,1?
gx ’ + ‘ Moynier et al.,'®
© 0.0 * Lietal 8
-0.2:
g ¢ v ¢ ® + + Y Hobin et al.'® —cold
0.0 ¢ ® °® 03 AL Hobin et al."8 —hot
e 0.4 V Guetal4
* 04 ok
4 8 12 0 5 10 15 20 5 10 15 20
Ca/K (%) Na/K (%) Mg/K (%)

Fig.4 Effect of matrix effects on the 6*K value of the sample as a function of the analyte K-normalized ratio (%) for Ca (A), Na (B), and Mg (C). The
highest [Cal/[K], [Na]/[K], and [Mgl/[K] value, which has been determined graphically, is indicated for each contribution of the literature. The gray

area represents + 0.079,, from SRM-3141a. The error bars are 4+ 2SD.

and dramatically reduces the formation of doubly charged ions,
ion low energy spread and very low contamination of the sample
due to degradation of the sampler cone.

The *'K/*°K ratio in geological and biological reference
materials

The observed weak sensibility of the Neoma MC-ICP-MS to non-
spectral matrix effects prompted us to develop a simple one step
chemical purification of K based on Mg purification.”® However,
a single purification step was insufficient for Mg-rich basalts, as
these materials provoke unstable sample-standard bracketing
measurements (see the Methods).

The K content of two procedural blanks varies from 24 to 35
ng thus representing a negligible contribution (~0.003%) rela-
tive to the K present in ~2 mg of geological ([K] ~0.4% wt) or
biological ([K] ~0.1% wt) samples. The repeatability (or short-
term external precision?*) was evaluated by repeated analyses of
the SRM-3141a solution at 0.25, 0.5 and 1 mg L™ *, which gives
a value of 0.06%, (2SD, n = 55) regardless of the concentration.
The intermediate precision, or long-term external reproduc-
ibility, that includes inconsistency of sample processing and
41K/K ratio measurements, was evaluated from the uncer-
tainties measured on the reference materials, which gives
a value of 0.07%, (2SD, n = 12).

The reference material measured in the present study agrees
well with that in the literature. The granite GA and the basalts
BCR-1 and BHVO-2 give a 6*'K value of —0.50%,, —0.40%, and
—0.409%,, respectively. IAPSO seawater gives a 6*'K value of 0.03
+ 0.02%, (2SD, n = 2), slightly lower than the accepted average
seawater 6*'K value of 0.12 & 0.07%, (2SD, n = 46),% but still in
the range of isotopic variability. The tuna fish ERM-CE 464
reference material yields a 6*'K value of 0.38 & 0.01%, (2SD, n =
2), consistent with the value of 0.31 + 0.05%, (2SD, n = 2) re-
ported by Moynier et al.,”” and the lobster hepatopancreas
TORT-3 reference material gives a 6*'K value of —0.29 & 0.03%,
(28D, n = 2), consistent with the value of —0.31 + 0.03%, (2SD,
= 3) reported by Hobin et al.*® The §*'K value of the DORM-4
fish protein is —0.24 + 0.03%, (2SD, n = 2). The bovine liver
SRM-1577c¢ gives a 6*'K value of 0.15 + 0.004%, (2SD, n = 2),
different from the bovine liver ERM-BB185 reported by Moynier
et al.*® at —0.22 + 0.03%, (2SD, n = 2), showing a metabolic
influence of the hepatic K isotope composition that remains to

This journal is © The Royal Society of Chemistry 2022

be elucidated. The significant effect of biological activity on the
bodily K isotope composition is also highlighted by the very
negative 6*'K value (—2.11 + 0.15%,) of the fetal bovine serum.
The whole milk BCR-380 is at 0.099,,, the green beans BCR-383
at —0.79%,, and the rye grass ERM-CD 281 at —0.23%,. The 6*'K
values of the reference materials are given in Table S21 and
shown in Fig. 5 with literature values (also synthesized in Table
S2})** for marine and terrestrial plant and animal samples.

The resulting K isotope systematics reveals a protracted
intra-individual variability, ranging from ~—29%, (fetal bovine
serum, this study) to ~+19,, (bovine muscle ERM-BB184 (ref.
15)), therefore encompassing the terrestrial isotopic range.®
Such a wide range of §*'K values has already been acknowl-
edged'**® and highlights the potential use of K isotopes to study
K metabolism in health and disease. At this stage, the present
compilation of §*'K values does not support any trophic effect
or difference between the marine and terrestrial realms, but this
would require dedicated studies focusing on restricted food
chains.

The *'K/*°K ratio in cancer and control blood samples

Using a Dempster-type mass spectrograph®> developed by A. K.
Brewer in the late 1930s, tentative measurements of the *'K/*°K
ratio in solid tumors and adjacent normal tissues were

@]
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terrestrial plant;-~ ’- ’-.

e g "

marine animals

7 a = @ This study
marine plants B Literature values
seawater .
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-2 -1 0 1
8K, %o

Fig. 5 6*K values measured in the present study compared to liter-
ature values. A focus has been made on the marine and terrestrial plant
and animal K isotopic variability.
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attempted,®>” revealing a measurable decrease of *'K in
cancerous compared to control tissues. Following lines of
evidence made with Cu that the isotope composition can be
fractionated in solid tumors relative to normal tissue,* which is
traceable in blood***® and has diagnostic or prognostic utility,
we have measured the serum 6*'K value of newly diagnosed
acute myeloid leukemia patients and compared the results with
age-matched control participants. The results show a non-
significant difference (P value = 0.70 and n = 19, Table S2+)
between patients and controls. However, the suspected *'K-
depleted signature of solid tumors relative to normal tissue
made almost 90 years ago is worth revisiting using modern MC-
ICP-MS instrumentation.

Conclusion

We report K isotopic data measured using a Thermo Scientific
Neoma MC-ICP-MS with the XHR mode for 12 geological and
biological reference materials and human blood samples. We
show that this instrument displays substantial robustness to
non-spectral matrix effects and medium mismatches between
samples and standards, which allows the development of
a simple single-step K purification prior to isotopic measure-
ments. The resulting short-term and long-term precision is
0.06%, and 0.079%,, respectively, and comparable with other
techniques. This instrumental robustness remains to be chal-
lenged with the precell mass filter and hexapole collision/reac-
tion cell upgrade.
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