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AIMS AND OUTLINE  

 

Natural variations in the isotopic composition have been observed for all elements with two or more 

isotopes as a result of mass-dependent isotope fractionation accompanying physical processes 

and/or (bio)chemical reactions. To detect and quantify such small variations in isotopic composition 

thus caused, high-precision isotope ratio measurements are required. Multi-collector inductively 

coupled plasma-mass spectrometry (MC-ICP-MS) is nowadays the preferred technique for this 

purpose due to the highly efficient ion source operated at atmospheric pressure, the excellent 

precision owing to the simultaneous monitoring of the isotopes of interest, an enhanced sample 

throughput and the straightforward sample introduction. 

 

Isotope ratio measurements of ‘heavy elements’ via MC-ICP-MS have been initially focused on 

geological, cosmological, archeological and environmental applications, but during the last years 

the isotopic analysis of essential mineral elements, such as Ca, Cu, Fe, S and Zn, have gained interest 

in the context of biomedical applications, and isotope ratios are explored as potential diagnostic 

and/or prognostic markers. The first part of this PhD research was focused on the development and 

validation of reliable analytical methods for isotopic analysis of Mg and Ca via MC-ICP-MS for 

biomedical applications. The second part explores the variation in the serum Mg isotopic 

composition of diabetic patients and after lipopolysaccharide-induced infection in mice. An 

exhaustive characterization of the new isotopic reference material ERM-AE143 was carried out to 

ensure traceability of the Mg isotope ratios determined in this work. Finally, a new analytical method 

for the ultra-sensitive Mg isotopic analysis of cerebrospinal fluid (CSF) micro-samples as small as 

a couple of microliters was developed using new high-gain 1013 Ω Faraday cup amplifiers and 

validated for further research on neurodegenerative diseases. 

 

A brief introduction on (i) Mg and (ii) Ca metabolism and related disorders is presented in Chapter 

1. This chapter also contains (iii) a brief description of the basic operating principles of ICP-MS and 
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MC-ICP-MS. Additionally, (iv) an overview of the existing methods for Mg and Ca isotopic 

analysis is provided.  The last section of the chapter focuses on (v) the estimation of measurement 

uncertainty accompanying the isotope ratio results.  

 

Magnesium is considered a natural Ca antagonist, thus the isotopic analysis of both elements might 

be helpful to understand metal homeostasis, the interactions between these cations and/or alterations 

in their metabolism under disease conditions. Chapter 2 describes the development of a method for 

the sequential chromatographic isolation of Mg and Ca from biofluids and tissues from a single 

aliquot of sample using 1 mL of AG50W-X8 strong cation exchange resin and of the MC-ICP-MS 

measurement protocol. Additional purification of the Ca fraction from Sr was carried out with the 

Sr-specific resin Sr_SPEC. The elution profiles for biological fluids with different matrices, such as 

cerebrospinal fluid, serum and whole blood, were studied for optimization of the chromatographic 

isolation of both target elements. The procedures developed were validated using commercially 

available reference materials and isotopic reference standards. The Mg and Ca isotope ratio 

measurements by MC-ICP-MS were carried out at pseudo medium mass resolution and using a 

high-transmission jet interface. Also the potential effect of concomitant matrix elements (Ca, Cu, 

Fe, Zn), which may give rise to a pronounced matrix effect during the Mg isotope ratio measurement 

in the MC-ICP-MS was evaluated. Ca isotope ratio data were further validated via comparison with 

data obtained for the same samples using double-spike thermal ionization mass spectrometry (DS-

TIMS). This chapter also provides the first dataset for the body distribution of Mg and Ca isotopes 

in mice. 

 

The use of isotopic reference materials certified for their isotope amount ratios and thus traceable 

to the International System of Units is crucial in high-precision isotopic analysis. The NIST SRM 

980 isotopic reference material is available for Mg isotope ratio measurements, but due to its 

relatively large heterogeneity at the scale of single chips, DSM3 and Cambridge 1 were proposed 

as reference materials instead. However, neither of those are primary reference materials, thus they 

are not traceable to the SI. Recently, three candidate European Reference Materials (ERM)-AE143, 

-AE144 and -AE145 were characterized and the ERM-AE143 was proposed as primary isotopic 
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reference material in the context of the determination of absolute Mg isotope ratios and delta values. 

The characterization of the new Mg isotopic reference material ERM-AE143 is presented in 

Chapter 3. The characterization of ERM-AE143 for the isotopic composition of Mg, was carried 

out by both a direct measurement approach and the intercept method. In addition, a set of 13 

reference materials of geological and biological origin were measured against both the new (ERM-

AE143) and the conventional (DSM3) isotopic reference material. Next to the Mg isotope ratios, 

also the corresponding expanded uncertainties are provided.  

 

Magnesium is an essential mineral element in the human body and its deficiency has been associated 

with diabetes mellitus. As the total serum Mg concentration does not necessarily reflect the 

individual Mg status, it was hypothesized that the serum Mg isotopic composition could provide 

valuable information on its status. Therefore, as reported in Chapter 4, Mg isotopic analysis of 

serum from diabetes type I patients and from healthy individuals was carried out and the resulting 

data was compared. The serum Mg isotopic composition in the diabetic patients was also determined 

one year later. On average, the serum Mg isotopic composition for diabetic patients is significantly 

lighter than that of the reference population. The same trend was observed for the samples taken one 

year later. However, for some diabetic patients, a substantial difference was observed between the 

serum Mg isotopic composition for the two sampling events; this observation still needs to be 

elucidated. 

 

Lipopolysaccharide (LPS)-induced infection is a well-established model for inducing endotoxemia, 

neuroinflammation and sepsis in mice, which leads to injuries in several organs, particularly the 

liver, kidneys, lungs and brain. Chapter 5 focuses on potential alterations in the Mg isotopic 

composition and in the concentrations of minor elements, such as Ca, K, Mg, Na, P and S, in a 

murine model of endotoxemia. The effect of the LPS-induced infection in the body by comparing 

the results obtained to those for age- and gender-matched controls. Two different age groups were 

selected for these experiments, in order to evaluate the potential effects of the LPS-induced infection 

and aging. Blood plasma of LPS-injected mice showed a significantly heavier Mg isotopic 

composition than that of matched controls. Altered electrolytes concentrations were detected in 
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blood plasma, brain stem, colon content, intestine and urine of the LPS-injected mice. The Mg 

isotopic composition of the brain regions was heterogeneous, even for the healthy individuals. 

 

For further exploration of the potential use Mg isotopic variations in biomedicine, isotopic analysis 

of clinical micro-samples is required. The analysis of micro-samples, e.g. cerebrospinal fluid, bone 

marrow and biopsied material, can be challenging due to the invasiveness of the sampling and the 

often very limited amount of sample available. Chapter 6 describes the development of an 

analytical method for the ultra-sensitive Mg isotopic analysis of micro-samples, particularly of 

cerebrospinal fluid, for further research on neurodegenerative diseases. The concentration at which 

Mg isotope ratio measurements are conducted in MC-ICP-MS using the ‘conventional method’ 

previously developed (Chapters 2 and 4) is 150 µg L-1. Here, Mg isotope ratio measurements via 

MC-ICP-MS using high-gain 1013 Ω Faraday cup, amplifiers are presented at a concentration level 

of 7-10 µg L-1 for 5 µL volumes of human CSF samples only. For validation purpose, commercially 

available CSF and serum reference materials intended for quality control of elemental analysis were 

used. The method was finally applied to CSF samples from hydrocephalus patients, for whom larger 

volumes of CSF were available, as a proof-of-concept study. The Mg isotope ratios obtained at 7-

10 µg L-1 level using the 1013 Ω amplifiers were in good agreement with those using the conventional 

method for standard volume samples at the concentration level of 150 µg L-1 using the 1011 Ω 

amplifiers. 

 

Chapter 7 presents a general conclusion and describes future perspectives for Mg isotopic analysis 

in a biomedical context. 
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DOELEN EN OVERZICHT  

 

Alle elementen met twee of meer isotopen vertonen natuurlijke variaties in de isotopensamenstelling 

als gevolg van massa-afhankelijke isotopenfractionering die kan optreden bij fysische processen 

en/of (bio)chemische reacties. Om deze kleine variaties in de isotopensamenstelling te detecteren 

en kwantificeren, is een hoge precisie nodig bij metingen van de overeenkomstige 

isotopenverhouding(en). Multi-collector inductief gekoppeld plasma-massaspectrometrie (MC-

ICP-MS) is vandaag de voorkeurstechniek voor dergelijke metingen omdat deze techniek een zeer 

efficiënte ionenbron onder atmosferische druk combineert met een voldoende hoge precisie door de 

gelijktijdige monitoring van de betrokken isotopen, een hoge monsterdoorvoersnelheid en een 

eenvoudige monsterintroductie . 

 

Isotopenanalyse van 'zware elementen' via MC-ICP-MS was in eerste instantie gericht op 

geologische, kosmologische, archeologische en milieutoepassingen, maar de laatste jaren neemt het 

belang toe van isotopenanalyse van essentiële minerale elementen, zoals Ca, Cu, Fe, S en Zn, voor 

biomedische toepassingen en de overeenkomstige isotopenverhoudingen worden verkend als 

potentiële diagnostische en/of prognostische merkers. Het eerste deel van dit doctoraatswerk was 

gericht op de ontwikkeling en validatie van betrouwbare analysemethoden voor isotopenanalyse van 

Mg en Ca via MC-ICP-MS voor biomedische toepassingen. Het tweede deel onderzoekt 

verandering in de isotopische samenstelling van Mg in serum van diabetespatiënten en na 

lipopolysaccharide-geïnduceerde infectie in muizen. Een grondige karakterisering van het nieuwe 

isotopische referentiemateriaal ERM-AE143 werd doorgevoerd om de SI-traceerbaarheid van de 

Mg-isotopenverhoudingen te verzekeren. Tot slot werd een nieuwe analysemethode voor ultra-

gevoelige Mg isotopenanalyse van micromonsters van cerebrospinaal vocht (CSF) ontwikkeld 

dankzij gebruik van de recent ontwikkelde high-gain 1013 Ω Faraday cup versterkers voor verder 

gebruik in het onderzoek naar neurodegeneratieve aandoeningen. 
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Hoofdstuk 1 vangt aan met een korte inleiding over het (i) Mg en (ii) Ca metabolisme en 

aanverwante aandoeningen. Vervolgens worden (iii) de basisprincipes van ICP-MS en MC-ICP-MS 

toegelicht. Vervolgens wordt een overzicht gegeven van de (iv) bestaande methoden voor Mg en 

Ca isotopenanalyse. Het laatste deel van het hoofdstuk is gericht op een bespreking van de wijzen 

om de meetonzekerheid op de isotopenverhoudingen in te schatten. 

 

Magnesium wordt beschouwd als een natuurlijke Ca antagonist, dus de isotopische analyse van 

beide elementen kan nuttig zijn om de metaalhomeostase, de interacties tussen deze kationen en/of 

veranderingen in hun metabolisme onder ziekte-omstandigheden te begrijpen. Hoofdstuk 2 

beschrijft de ontwikkeling van een methode voor de sequentiële chromatografische isolatie van Mg 

en Ca uit eenzelfde monster van biovloeistof of weefsel met behulp van 1 mL AG50W-X8 (sterk 

kationenuitwisselingshars) en van het daaropvolgende MC-ICP-MS meetprotocol. Met behulp van 

het Sr-specifieke hars Sr-SPEC werd de Ca-fractie verder gezuiverd van het nog aanwezige Sr. 

Elutieprofielen werden opgesteld voor biologische vloeistoffen met verschillende matrices, zoals 

cerebrospinaal vocht, serum en volbloed, om de chromatografische isolatie van de analietelementen 

verder te optimaliseren. De procedures werden gevalideerd met behulp van commercieel 

verkrijgbare referentiematerialen en isotopische referentiestandaarden. De Mg en Ca 

isotopenanalyses met MC-ICP-MS werden uitgevoerd bij pseudo-medium massaresolutie en met 

behulp van een hoge-transmissie jet interface. De mogelijke invloeden van matrixelementen (Ca, 

Cu, Fe, Zn), die tijdens de meting van de Mg-isotopenverhouding met MC-ICP-MS aanleiding 

zouden kunnen geven tot een uitgesproken matrixeffect, werden geëvalueerd. De resultaten van de 

MC-ICP-MS Ca isotopenanalyse werden verder gevalideerd door vergelijking met de resultaten 

verkregen voor dezelfde monsters via double-spike thermische ionisatiemassaspectrometrie (DS-

TIMS). Dit eerste hoofdstuk bevat tevens een eerste dataset betreffende de verdeling van Mg en Ca 

isotopen over de verschillende lichaamscompartimenten in muizen. 

 

De beschikbaarheid van isotopische referentiematerialen die gecertificeerd zijn voor hun isotopische 

samenstelling en dus traceerbaar zijn tot het Internationaal System van Eenheden (SI) is van cruciaal 

belang bij het uitvoeren van zeer nauwkeurige isotopenanalyses. Het NIST SRM 980 isotopisch 
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referentiemateriaal is beschikbaar voor Mg, maar vanwege de relatief grote heterogeniteit op de 

schaal van individuele granules werden DSM3 en Cambridge 1 voorgesteld als alternatief 

referentiemateriaal. Geen van beide zijn echter primaire referentiematerialen, dus niet herleidbaar 

tot het SI. Onlangs werden drie kandidaat Europese Referentiematerialen (ERM)-AE143, -AE144 

en -AE145 gekarakteriseerd. ERM-AE143 is bedoeld als primair isotopisch referentiemateriaal in 

te zetten bij de bepaling van absolute Mg-isotopenverhoudingen en deltawaarden. De 

karakterisering van het nieuwe Mg isotopische referentiemateriaal ERM-AE143 wordt beschreven 

in Hoofdstuk 3. De karakterisering van de ERM-AE143 voor de isotopensamenstelling van Mg 

werd uitgevoerd door middel van een directe meting en met behulp van de intercept methode. Voor 

een set van 13 referentiematerialen van geologische en biologische oorsprong werd daarnaast de 

isotopische samenstelling van het aanwezige Mg gemeten en uitgedrukt ten opzichte van zowel het 

nieuwe (ERM-AE143) als het conventionele (DSM3) isotopische referentiemateriaal. De 

uitgebreide meetonzekerheid op deze resultaten voor geologische en biologische 

referentiematerialen werd ook ingeschat. 

 

Magnesium is een essentieel mineraal element in het menselijk lichaam en een tekort er aan wordt 

in verband gebracht met diabetes mellitus. Aangezien de totale serum Mg-concentratie niet 

noodzakelijkerwijs de individuele Mg-status weerspiegelt, werd de hypothese geformuleerd dat de 

serum Mg-isotopenverhouding waardevolle informatie over de Mg-status zou kunnen opleveren. In 

Hoofdstuk 4 werd Mg isotopenanalyse van serum van diabetes type I patiënten en gezonde 

personen doorgevoerd. De isotopische samenstelling van serum Mg werd voor de diabetespatiënten 

nogmaals bepaald na een wachttijd van een jaar. Gemiddeld genomen was de isotopische 

samenstelling van het serum Mg bij de diabetespatiënten beduidend lichter dan deze voor de 

referentiepopulatie. Eenzelfde trend werd waargenomen na één jaar opvolging. Er werd echter bij 

sommige diabetespatiënten een substantieel verschil waargenomen tussen de resultaten voor de 

isotopische samenstelling van het serum Mg bij de twee staalnames. Deze vaststelling vereist nog 

verder onderzoek. 
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Lipopolysaccharide (LPS)-geïnduceerde infectie is een gevestigd model voor het induceren van 

endotoxemie, neuroinflammatie en sepsis bij muizen, wat leidt tot verwondingen in verschillende 

organen, met name de lever, nieren, longen en hersenen. Het onderzoek beschreven in Hoofdstuk 

5 richtte zich op mogelijke veranderingen van de isotopische samenstelling van Mg en van de 

concentraties aan lichte elementen, zoals Ca, K, Mg, Na, P en S, in een muismodel van endotoxemie. 

Het  effect van de LPS-geïnduceerde infectie werd geëvalueerd door vergelijken van de verkregen 

resultaten met deze voor een controlegroep met dezelfde leeftijd en hetzelfde geslacht. Twee 

verschillende leeftijdsgroepen werden geselecteerd voor experimenten, om de mogelijke effecten 

van de LPS-geïnduceerde infectie en veroudering te evalueren. Bloedplasma van LPS-geïnjecteerde 

muizen vertoonde een significant zwaardere Mg isotopische samenstelling dan dat van de 

overeenkomstige controlegroep. Veranderde elektrolytenconcentraties werden gedetecteerd in 

bloedplasma, de hersenstam, darminhoud, darmen en urine van de LPS-geïnjecteerde muizen. De 

Mg isotopische samenstelling van de hersengebieden was heterogeen, zelfs voor de gezonde 

individuen. 

 

Voor verdere verkenning van het gebruik van variaties in de isotopische samenstelling van Mg in 

de geneeskunde is isotopenanalyse van klinische micromonsters nodig. De analyse van 

micromonsters, bijvoorbeeld cerebrospinaal vocht, beenmerg of bioptisch materiaal, kan een 

uitdaging zijn vanwege de invasiviteit van de bemonstering en de typisch zeer beperkte hoeveelheid 

monster die beschikbaar is. Hoofdstuk 6 beschrijft de ontwikkeling van een analysemethode voor 

de ultragevoelige Mg isotopenanalyse van micromonsters, met name van hersenvocht, voor verder 

onderzoek naar neurodegeneratieve aandoeningen. De concentratie waarbij de Mg-

isotopenverhouding met MC-ICP-MS wordt gemeten met de eerder ontwikkelde "conventionele 

methode" (hoofdstuk 2 en 4) is 150 µg L-1. Voor de micromonsters werd een methode ontwikkeld 

die dankzij het gebruik van 1013 Ω Faraday cup versterkers toelaat Mg-isotopenverhoudingen te 

meten via MC-ICP-MS bij een concentratie van 7-10 µg L-1 Mg en voor monstervolumes van slechts 

5 µL. Voor de validatie werden in commercieel verkrijgbare CSF en serumreferentiematerialen 

bedoeld voor kwaliteitscontrole van elementanalyse gebruikt. Vervolgens werd de methode ingezet 

voor de Mg-isotopenanalyse van CSF van hydrocephalus-patiënten, voor dewelke een groter 

volume aan monster beschikbaar was, als een proof-of-concept studie. De Mg-
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isotopenverhoudingen die werden verkregen op 7-10 µg L-1 niveau met behulp van de 1013 Ω-

versterkers waren in goede overeenstemming met deze verkregen via de conventionele methode 

voor grotere volumes monster en op een concentratieniveau van 150 µg L-1 met behulp van de 

standaard 1011 Ω-versterkers. 

 

In Hoofdstuk 7 wordt tot slot de algemene conclusie van het werk voorgesteld, samen met een 

bespreking van de toekomstperspectieven voor Mg isotopenanalyse in een biomedische context. 
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CHAPTER 1 

INTRODUCTION  

 

1.1 MAGNESIUM METABOLISM 

 

Magnesium (Mg) is the second most abundant intracellular divalent cation after the potassium and 

the fourth most abundant cation in the body.1 It is an essential metal, which plays an important 

physiological role in bone and teeth formation, muscle contraction and relaxation, intracellular 

signaling, oxidative phosphorylation, cardiovascular tone, nerve transmission and neuromuscular 

conduction.2–4 Mg is a cofactor and activator of more than 600 enzymes, especially involved in 

energy metabolism.5 The normal Mg content in an adult body is approximately 1,000 mmol (21-28 

g), 52.9% of which is located in bone, 27.0% in muscle, 19.3% in other soft tissues, 0.5% in red 

blood cells and 0.3% in serum.6–8 The serum Mg concentration in healthy subjects is in the range of 

17.01– 24.31 mg L-1 or 0.7-1.0 mmol L-1, 55% of which is ionized or free Mg (iMg2+), 32% is bound 

to proteins (especially albumin), 4% to citrate, 3% to phosphate and  6% is in the form of other 

complexes such as bicarbonate or sulphate.9 The cerebrospinal fluid (CSF) Mg concentration in 

healthy human subjects is 24.0-29.5 mg L-1, 55% of which is ionized or free Mg (iMg2+) and the 

remainder is bound in complexes.8,10 The total serum Mg concentration does not reflect the Mg body 

status, thus research on other laboratory tests is needed for its assessment.11  

 

1.1.1 Mg homeostasis 

Mg homeostasis is maintained by the interplay between intestinal absorption, renal excretion and 

retention in the bone (Fig. 1.1). A daily intake of 320 mg and 420 mg of Mg is recommended for 

adult women and  men, respectively, in order to maintain normal blood serum Mg levels.  
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Figure 1.1 Regulation of Mg homeostasis. Data compiled from ref. 8. 

 

Table 1.1 summarizes the Estimated Average Requirement (EAR) and the Recommended Dietary 

Allowance (RDA) for males and females in different age groups and for pregnant and lactating 

females according to the Institute of Medicine (Washington, DC, USA). However, recent studies 

have shown that with a western diet, the daily Mg intake is below the RDA.6 Insufficient dietary Mg 

intake is associated with a higher risk of stroke, heart failure, diabetes, colorectal cancer, 

cardiovascular disease, fracture and all-cause mortality.12–15 Green leafy vegetables, which are rich 

in magnesium-containing chlorophyll, as well as cereals, grains, nuts, bananas and legumes are 

major dietary sources of Mg.16 

 

Intestinal Mg absorption depends on the individual’s Mg status and ranges from 25 to 50% with a 

magnesium-rich diet and can reach up to 80% with a magnesium-depleted diet.2,3 Two transport 

pathways following curvilinear kinetics are known for intestinal absorption: a passive paracellular 

and an active transcellular pathway.2,17  
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Table 1.1 Summary of EAR and RDA of Mg for males and females in different age groups and for 

pregnant and lactating females.18   

 

Gender Age EAR (mg/day) RDA (mg/day) 

Male  1-3 65 80 

Female 1-3 65 80 

Male  4-8 110 130 

Female 4-8 110 130 

Male  9-13 200 240 

Female 9-13 200 240 

Male  14-18 340 410 

Female 14-18 300 360 

Male  19-30 330 400 

Female 19-30 255 310 

Male  > 31 350 420 

Female > 31 265 320 

    
Pregnancy 

  

 
14-18 335 400 

 
19-30 290 350 

 
31-50 300 360 

    
Lactation 

  

 
14-18 300 360 

 
19-30 255 310 

 
31-50 265 320 
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The majority of the Mg uptake is regulated by the paracellular mechanism in the small intestine and 

in the colon. The rate of Mg absorption depends on the transepithelial electrical voltage (~+5 mV) 

and lumenal Mg concentration (1.0-5.0 mmol L-1), which is higher than the serum Mg concentration, 

thus providing a transepithelial iMg2+ concentration gradient.19 Transcellular transport mediates Mg 

absorption via transient receptor potential melastatin (TRPM) cationic channels TRPM6 (Chak2) 

and TRPM7 (Chak1). The human TRPM6 gene located on chromosome 9, plays a central role in 

Mg homeostasis.20 It has been shown that TRPM6 gene mutation causes hypomagnesemia with 

secondary hypocalcemia (HSH), whereas heterozygous TRPM7 deficiency in mice results in altered 

Mg status.21 

 

The kidneys play an essential role in Mg homeostasis, as the serum Mg concentration is primarily 

controlled by urinary excretion. 70-80% of the plasma Mg is filtered in the glomerular membrane, 

from which 40-70% is reabsorbed in the thick ascending loop of Henle, 10-30% is reabsorbed in the 

proximal and distal tubules  and only 3-6% of the filtered Mg is excreted in urine (fig. 1.2).8,22,23 An 

increase of dietary Mg may increase Mg excretion by kidneys up to 200 mmol/day, while during 

Mg deficiency, renal loss is decreased up to 0.05 mmol/day.22 The increase of Mg2+ absorption in 

the  distal tube under these conditions is regulated by several peptide hormones such as parathyroid 

hormone (PTH), calcitonin, glucagon and arginine vasopressin (AVP) through cAMP-, 

phospholipase C-, and protein kinase C-mediated signaling pathways.24 
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Figure 1.2 Schematic illustration of the reabsorption of magnesium by different segments of the 

nephron. The numbers are indicating different tubular segments: (1) renal corpuscle, (2) proximal 

convoluted tubule, (3) proximal straight tubule, (4) thin descending limb, (5) thick ascending limb, 

(6) distal convoluted tubule and (7) collecting duct. Data compiled from ref. 3,25. 

 

More than 50% of the total body Mg is located in bone, bound at the surface of hydroxyapatite 

crystals.26 Mg shows an inhibiting effect on the growth and formation of hydroxyapatite crystals, 

which mainly consist of calcium-phosphate complexes.27 About 30% of the bone Mg is freely 

exchangeable and rapidly reflects changes in the serum Mg concentration.28,29 The bone (the other 

70% of the Mg present) and skeletal muscles have a very slow Mg turnover rate, resulting in only 

15% of the total body Mg to be rapidly exchangeable. The rest of the body Mg is unexchangeable 

or exchanges slowly with an estimated biological half-life of ~1,000 hrs. 30 

 

1.1.2 Disorders of Mg metabolism 

Magnesium is an essential element for maintaining normal cellular and organ functions. Disorders 

of Mg metabolism are a common problem and are present in about 10% of hospitalized patients. Mg 

imbalance has been associated with various disorders, such as diabetes, hypertension, coronary heart 

disease, osteoporosis, neurological disorders, skeletal deformities, cardiovascular diseases, 

metabolic syndrome, chronical renal failure, nephrolithiasis, etc. 1,4,5,23 Thus, the assessment of one’s 
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Mg status is crucial in the context of diseases associated with Mg imbalance. But currently, this is 

still a challenge, as there is no simple, rapid and accurate laboratory test to determine the total body 

Mg status. The most common laboratory routine test is the determination of the serum Mg 

concentration, which however does not reflect total body Mg level.7 Serum analysis is preferable to 

that of plasma in this context, as the anticoagulant used in the sampling tubes for plasma separation 

could be contaminated with Mg or affect the correct assay procedure by binding with Mg.8 Other 

laboratory tests used are the Mg tolerance test consisting of the determination of retained Mg after 

parenteral administration, assessment of the ionized Mg concentration in serum making use of an 

ion-selective electrode and determination of the 24-hour urinary Mg excretion to determine whether 

there is renal Mg wasting. Successful research studies on Mg status assessment suggested the use of 

a Mg retention test, determination of the total and free red blood cell Mg concentration, the 

determination of the Mg concentration in bone, muscle and other tissues, use of an electron probe 

for assessment of total Mg in tissue and of NMR for that of free Mg in tissue and the use of enriched 

isotopes in tracer experiments.31 The chronic latent magnesium deficiency (CLMD) concept was 

proposed by Elin to describe a low tissue Mg level accompanied by a normal serum Mg 

concentration, which  occurs during  chronic change in any entity of Mg homeostasis.31 CLMD can 

be identified by adjusting the lower limit of the reference interval for serum Mg concentration to  

~0.85 mmol L-1.31 

 

1.1.3 Hypomagnesemia and hypermagnesemia 

Hypomagnesemia and Mg deficiency  

The terms Mg deficiency and hypomagnesemia are commonly used interchangeably. However, 

hypomagnesemia, which refers to a low serum Mg level, can be present without total body Mg 

depletion, while Mg deficiency can be present despite a normal Mg serum level. Mg deficiency is 

commonly observed during starvation, trauma, and protein-calorie malnutrition and is accompanied 

by intracellular Mg2+, K+, PO4
3- and protein loss. A selective Mg deficiency can also occur, 

frequently resulting in hypomagnesemia as well.32 
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A high prevalence of hypomagnesemia is observed in hospitalized patients, ranging from 6.9% to 

11%.33,34 The frequency of hypomagnesemia is significantly higher in intensive care patients and 

ranges from 20% to  65% in that population.33,35 A high frequency of hypomagnesemia is also seen 

in subjects with other electrolyte imbalances, such as hypokalemia (38%-42%), hypophosphatemia 

(29%), hyponatremia (23%-25%) and hypocalcemia (12%-51.5%).36–40 Severe hypomagnesemia 

can decrease PTH concentrations leading to hypocalcemia.41 Hypomagnesemia has been associated 

with sepsis and increased mortality in critically ill sepsis Intensive Care Unit (ICU) patients.42 

Hypomagnesemia accompanied by hypokalemia and hypocalcemia are potentially associated with 

vitamin D deficiency for the patients with the history of total thyroidectomy and 

parathyroidectomy.43 

 

Diabetes is often associated with intracellular and extracellular Mg deficiency. CLMD is common 

among type 2 diabetes (T2D) patients, especially in those with poorly controlled glycemic profiles, 

whereas hypomagnesemia in T2D is present in severe Mg deficits.44 Sjogren et al. reported muscular 

Mg deficiency and low plasma Mg concentration in type 1 diabetes (T1D) patients compared to 

healthy controls.45 Hypomagnesemia is caused by loss of Mg in the gastrointestinal tract or kidneys 

(extrarenal and renal causes) and potential causes are summarized in Table 1.2.32,40,41,46–48 

Discrimination between these two causes preferably relies on the determination of fractional urinary 

Mg excretion rather than on a 24 hour urine collection.41 In the presence of hypomagnesemia, the 

fractional excretion of Mg is larger than 2% and the Mg excretion is larger than 1 mmol/day in 24-

hour collected urine. Hypomagnesemia in Chronic Kidney Damage patients is associated with 

increased mortality risk and a rapid decline in kidney function.49 

Mg deficiency has been associated with several neurological disorders, such as cerebral vasospasm, 

Alzheimer’s disease, stroke and migraine.50 One of the main neurological functions of Mg is its 

interaction with the N-methyl-D-aspartate receptor. Low Mg levels may potentiate glutamatergic 

neurotransmission and lead to oxidative stress and neuronal cell death.4 Mg treatment has been 

shown in several studies to have a neuroprotective role. Inadequate Mg intake could predispose 

individuals to neurological disorders. 
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Table 1.2 Causes of hypomagnesemia.  

Extrarenal causes 

Gastrointestinal  

▪ Diarrhea 

▪ Steatorrhea 

▪ Malabsorption  

▪ Protein calorie malnutrition 

▪ Alcoholism  

▪ Enteral nutrition 

▪ Inflammatory bowel disease  

▪ Gastric suction 

▪ Vomiting 

▪ Short bowel syndrome  

▪ Sprue 

▪ Intestinal bypass for obesity  

▪ Chronic pancreatitis 

▪ Bariatric surgery 

▪ Primary infantile hypomagnesemia 

▪ Hypovitaminosis D 

Others 

▪ Refeeding  

▪ Pancreatitis 

▪ Sepsis  

▪ Prolonged vigorous exercise  

▪ Blood transfusion (chelation by citrate)  

▪ Hungry bone syndrome 

▪ Burns 

▪ Toxic epidermal necrolysis 

 

 

 

 

 

 

 

Renal causes 

Loop of Henle 

▪ Loop diuretics 

 

Drugs 

▪ Pentamidine toxicity  

▪ Thiazide diuretics  

▪ Calcineurin inhibitors  

▪ Foscarnet  

▪ Platinum derivatives 

▪ Diuretics 

▪ Cytotoxic drugs 

▪ Antimicrobial agents 

▪ Aminoglycosides 

▪ Immunosuppressants 

▪ Beta adrenergic agonists 

 

Hereditary 

▪ Gitelman syndrome  

▪ Bartter syndrome 

▪ Na-K-ATPase mutation 

▪ Familial hypomagnesemia with 

hypercalciuria and 

nephrocalcinosis  

▪ Mitochondrial hypomagnesemia 

▪ Epidermal growth factor gene 

mutation 

▪ Voltage-gated potassium 

channel 

▪ Hypomagnesemia with 

secondary hypocalcemia  

 

Others 

▪ Diabetes mellitus  

▪ Alcoholism 

▪ Osmotic diuresis 
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Early symptoms of hypomagnesemia are non-specific or hypomagnesemia remains asymptomatic. 

16,47 Symptoms and signs usually do not appear until the serum Mg concentration decreases below 

a critical level of 0.5 mmol L-1.32 Clinical manifestations of hypomagnesemia are summarized in 

Table 1.3.1,16,32,51–53 

Parental Mg supplementation is administered when the serum Mg concentration is < 0.5 mmol  L-1.  

Current  guidelines for the treatment of hypomagnesemia indicate intravenous injection of 16 mEq 

(2 g) magnesium sulfate over 2-15 min, followed by continuous infusions up to 130 mEq (16 g) over 

24 h.51 In case of severe hypomagnesemia, Mg doses are increased  up to 1.5 mEq/kg. Doses of < 6 

g MgSO4 are infused over 8-12 h, whereas higher doses are administered over 24 h.42 

 

Table 1.3 Clinical manifestations of hypomagnesemia  

 

 

 

Electrolyte disturbance 

▪ Hypokalemia 

▪ Hypocalcemia 

Neuromuscular  

▪ Carpopedal  

▪ Spasm  

▪ Tetany  

▪ Muscle cramps  

▪ Muscle fasciculations  

Neurologic  

▪ Vertigo 

▪ Nystagmus 

▪ Aphasia 

▪ Hemiparesis  

▪ Depression 

▪ Delirium 

▪ Choreoathetosis 

 

Cardiovascular  

▪ Dysrhythmias  

▪ Ventricular tachycardia (torsade de 

pointes)  

▪ Atrial fibrillation  

▪ Supraventricular tachycardia  

▪ Hypertension  

▪ Vasospasm 

▪ Digoxin sensitivity 

Complications of magnesium deficiency 

▪ Altered glucose homeostasis  

▪ Atherosclerotic vascular disease  

▪ Hypertension 

▪ Myocardial infarction 

▪ Osteoporosis 

Others 

▪ Migraine  

▪ Asthma 

▪ Chronic fatigue syndrome  

▪ Impaired athletic performance 
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Hypermagnesemia 

Hypermagnesemia is seen less frequently than hypomagnesemia, with a prevalence up to 9.3% in 

hospitalized patients.34 It is defined by a serum Mg concentration > 1.1 mmol L-1,  which mostly 

occurs in patients with renal failure.54 In the oliguric phase of Acute Kidney Injury (AKI), the 

administration of Mg may result in severe hypermagnesemia. Severe hypermagnesemia may also 

occur in patients suffering from CKD undergoing regular dialysis.32 Among CKD patients, 

hypomagnesemia is as common as hypermagnesemia (15.0% vs 14.4%).55  

 

Symptoms of mild hypermagnesemia include nausea, vomiting, skin flushing, headache, weakness, 

dizziness and confusion. Symptoms of moderate hypermagnesemia are mostly neurological and  

symptoms of severe hypermagnesemia include muscle flaccid paralysis, decreased breathing rate, 

more evident hypotension and bradycardia, prolongation of the P-R interval (delayed conduction 

between the atria and the ventricles of the heart), atrioventricular block and lethargy.56 

 

In lipopolysaccharide (LPS)-mediated AKI mice models, hypermagnesemia and disturbance of 

Mg2+ handling is associated with endotoxemia.57 Disturbed Mg homeostasis is reflected in increased 

plasma Mg levels after 16 h of LPS injection, as well as in  a decreased total urinary Mg excretion. 

Etiologies of hypermagnesemia are summarized in Table 1.4.32,40 
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 Table 1.4 Etiologies of hypermagnesemia.  

 

1.2 CALCIUM METABOLISM 

 

Calcium (Ca) is the fifth most abundant element in the human body with a range of 1,000 – 1,200 

g. It is an essential element, which plays a role in the formation of skeletal structures in the form of 

hydroxyapatite, muscle contraction, nerve signal transmission, many secretory mechanisms, and 

neuronal excitation.58,59 ~99% of the body Ca is located in the skeleton and the remaining 1% is 

present in extracellular fluid and in cell organelles. 1% of the skeletal Ca is freely exchangeable with 

Ca in the extracellular compartment.3 The normal serum Ca concentration is maintained within a 

narrow range from 88 mg L-1  to 103 mg L-1 (2.2-2.6 mmol L-1), 45-50% of which is ionized or free 

Ca (iCa2+),  40-55% of which is bound to albumin, 2-5% to globulin and 5-10% to small anions such 

as carbonate, citrate, lactate and phosphate.60,61 EAR and RDA for Ca in adults is 800-1,000 mg/day 

and 1,000-1,200 mg/day, respectively (Table 1.5). Vegetarian and vegan diets contain relatively 

high contents of oxalate and phytate, which reduce Ca bioavailability.18   

 

 

 

 

Renal failure  

▪ Chronic renal failure 

▪ Acute renal failure 

 

Oral 

▪ Damage to the intestinal lining 

▪ Antacids  

▪ Cathartics 

▪ Swallowing salt water 

 

Parenteral  

▪ Dosing error 

▪ Treatment of pre-eclampsia  

▪ Myocardial infarction 

Others 

▪ Lithium infection  

▪ Familial hypocalciuric hypercalcemia  

▪ Hypothyroidism  

▪ Addison’s disease  

▪ Milk alkali syndrome Depression 

▪ Theophylline toxicity 
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Table 1.5 Summary of EAR and RDA for Ca for males and females in different age groups and for 

pregnant and lactating females.62   

Gender Age EAR (mg/day) RDA (mg/day) 

    

Male  1-3 500 700 

Female 1-3 500 700 

Male  4-8 800 1000 

Female 4-8 800 1000 

Male  9-13 1100 1300 

Female 9-13 1100 1300 

Male  14-18 1100 1300 

Female 14-18 1100 1300 

Male  19-30 800 1000 

Female 19-30 800 1000 

Male 31-50 800 1000 

Female 31-50 800 1000 

Male 51-70 800 1000 

Female 51-70 1000 1200 

Male  > 71 1000 1200 

Female > 71 1000 1200 

    

Pregnancy 
  

 
14-18 1100 1300 

 
19-30 800 1000 

 
31-50 800 1000 

    

Lactation 
  

 
14-18 1100 1300 

 
19-30 800 1000 

 
31-50 800 1000 
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1.2.1 Ca homeostasis  

Ca homeostasis is controlled by PTH, calcitriol (1,25-dihydroxycholecalciferol) and serum iCa2+, 

which regulate their corresponding receptors (PTH receptor (PTHR) and Vitamin D receptor) in the 

gut, kidney, and bone (Fig. 1.3).63 Serum Ca2+ homeostasis is regulated by a negative feedback 

hormonal pathway. The calcium-sensing receptor (CaSR) regulates synthesis and secretion of PTH 

in the parathyroid glands, which helps to maintain the extracellular ionized calcium concentration 

(iCa2+) in a narrow range to avoid Ca toxicity.64 PTH secretion in the parathyroid glands increases 

when the serum Ca level decreases, leading to an increased tubular Ca reabsorption and net bone 

resorption.63 If the plasma iCa2+ concentration falls lower than 45 mg L-1, the PTH secretion is 

decreased65 and iCa2+ is restored by increasing Ca bone resorption and distal tubular Ca reabsorption 

in the kidneys, resulting in a reduced renal Ca excretion and enhanced synthesis of calcitriol in the 

kidneys.66 

 

Figure 1.3 Regulation of Ca homeostasis. Data compiled from ref. 3. 
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From a normal average Ca intake of 1,000 mg per day in an adult, 300 mg are absorbed by the 

intestine. 800 mg of Ca are excreted via the feces per day, thus resulting in a net absorption of 200 

mg Ca per day. The loss of Ca through the skin is 15 mg/day.66 Ca-rich diets are associated with 

dairy products, such as milk, cheese or yogurt, displaying a bioavailability of 30%.62 Though the Ca 

concentration is high in spinach, beet greens, and Swiss chard, all of which are high-oxalate 

containing vegetables, the fractional absorption is only 5%, thus those vegetables cannot be 

considered an important source of Ca. The absorption efficiency of Ca from low-oxalate vegetables 

is about 50%. White beans, almonds, tahini, figs, and oranges are considered moderate sources of 

Ca.67  

 

Calcium is absorbed in the small intestine by a transcellular active transport process and a 

paracellular passive process. The transcellular mechanism is controlled by calcitriol (active form of 

Vitamin D, 1,25-dihydroxycholecalciferol) and occurs  in the duodenum and upper jejunum. 

Calcitriol stimulates the Ca absorption by the transient receptor potential vanilloid type 5 (TRPV5), 

TRPV 6 and Ca-binding protein calbindin-D9k.
68 The paracellular passive process takes place 

throughout the length of the intestine.69 Vitamin D coming from the food and the skin is metabolized 

by the liver to calcifediol (25-hydroxycholecalciferol), which is further metabolized in the kidneys 

to its active form calcitriol.70  

 

The kidneys are essential organs, not only for calcitriol synthesis, and also play a central role in the 

endocrine regulation of Ca homeostasis. They maintain a constant extracellular Ca concentration 

through renal excretion and reabsorption of Ca. In healthy adults with a glomerular filtration rate 

(GFR) of 100 ml min-1, 8-10 g Ca are filtered per day, from which 98-99% is reabsorbed by the 

renal tubules.60 60%–70% of the filtered Ca is reabsorbed in the proximal convoluted tubule by 

passive mechanisms, 15-20% in the Thick Ascending Limb (TAL) of Henle’s loop by paracellular 

diffusion, 10% by the Distal Convoluted Tubule (DCT) regulated by the Klotho hormone, 

TRPV5/TRPV6, Calbindin-D28K, Na2+/Ca2+ exchanger (NCX1) and ATP-dependent plasma 

membrane Ca2+-ATPase (PMCA1b) and 5% by the collecting duct.3,65,71  
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Renal Ca excretion is 100-250 mg per day, 50% of which is ionized Ca and the rest is complexed, 

mainly with citrate, sulphate, phosphate and oxalate ions.72 The urine Ca concentration reflects the 

serum Ca status. Although a 24-hour urine collection test is considered the most reliable approach 

for Ca determination, a random urine Ca measurement test is also performed and the result found is 

expressed in relation to the creatinine level. The reference value for the urine calcium / creatinine 

excretion ratio is < 0.14. An increased urinary Ca / creatinine ratio (> 0.2) is found in patients with 

hypercalciuria.73 Determination of the fractional excretion of Ca (FECa) helps to identify patients 

with primary hyperparathyroidism, regardless of their calcifediol status.74 

 

Hypercalcemia is a condition in which the Ca level in blood is higher than that of the reference 

range. Hypercalcemia is classified as mild (2.65-3.0 mmol L-1), moderate (3.0-3.4 mmol L-1), and 

severe (> 3.4 mmol L-1).75 Causes of hypercalcemia are summarized in Table 1.6.53,60  

 

Table 1.6 Causes of hypercalcemia. 

Common 

▪ Hyperparathyroidism 

➢ Primary  

➢ Tertiary in chronic renal failure  

➢ Post renal transplantation 

▪ Malignancy 

➢ Parathyroid-hormone-related peptide (PTHrP)  

➢ Ectopic parathyroid hormone  

➢ Vitamin D mediated  

➢ Lytic bone diseases (myeloma, leukemia) 

Uncommon 

▪ Drug-induced (thyazides, vitamins A & D, Ca supplements, milk-alkali syndrome) 

▪ Hereditary   

➢ Multiple endocrine neoplasia type 1 or 2 

▪ Endocrine diseases 

➢ Addison’s disease  

➢ Pheochromocytoma  

➢ Hyperthyroidism 

▪ Granulomatous diseases 

▪ Others  

➢ Acute renal failure 
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1.2.2 Bone mineral balance (BMB) 

~99% of the total body Ca in the skeleton is present in the form of hydroxyapatite (Ca10[PO4]6[OH]2) 

embedded in the collagen fiber (type 1 collagen). Hydroxyapatite is the primary component of bones 

(70%) and teeth (96%)76, providing hard tissue with its strength. The major components of these 

lattice-like crystals are Ca, P, and hydroxide.77 The bone Ca turnover is regulated by the metabolic 

actions of bone-resorbing (osteoclasts) and bone-forming cells (osteoblasts).78 Approximately 500 

mg of Ca are resorbed from the bone on a daily basis, and the same amount is accreted. The exchange 

of Ca between bone and extracellular fluid occurs by bone turnover, which is concerned with 

replacement and remodeling of bone and homeostatic equilibration, by regulation of the plasma Ca 

level.70 ~1% of the bone Ca is freely exchangeable with the Ca in the extracellular fluid 

compartment.3 

 

The bone mineral density (BMD) reflects the amount of the inorganic mineral content in bone, which 

is used to assess bone quality in clinical studies and  forensic investigations. BMD can be affected 

by several factors, such as age, sex, disease, genetics, and lifestyle.79 Osteoporosis is a systemic 

skeletal disease commonly associated with low BMD and microarchitectural deterioration of bone 

tissue, leading to an increase in bone fragility and fracture risk.80 Early-stage osteoporosis remains 

asymptomatic and becomes clinically evident only after fractures occur. Loss of bone density occurs 

with aging, leading to an estimated 9.0 million osteoporotic fractures (in the year 2000) and 

considered accountable for 0.83% of the worldwide disability, which results in a significant 

Rare  

▪ Drug included ( Estrogens, tamoxifen, androgens, lithium) 

▪ Hereditary  

➢ Familial Benign Hypocalciuric Hypercalcemia 

➢ Familial Isolated Primary Hyperparathyroidism 

▪ Malignancy 

➢ Ectopic calcitriol production 

➢ Ectopic PTH production 

▪ Others 

➢ Immobilization  

➢ Idiopatic hypercalcemia of infancy  

➢ Rhabdomyolysis 



 

17 

 

contribution to morbidity and mortality, particularly in developed countries.81 Recent studies have 

shown that carbonated apatite, collagen and its cross-links, water and non-collagenous proteins, all 

interact with each other and alterations in one affect the others. The reduction in loosely bound water 

at the interface of collagen and mineral is responsible for the increased brittleness and decreased 

fracture resistance in the bones.82 Advanced glycation end-products (AGEs) are considered as a 

biomarker of oxidative stress and mitochondrial dysfunction implicated in aging and have a 

pathogenetic role in the development and progression of diabetes, chronic renal failure, 

atherosclerosis, cardiovascular and neurodegenerative diseases.83,84 AGEs form bonds in the middle 

adjacent collagen molecules of the bones, which accumulate with age and are one of the factors to 

cause brittleness in the bones.82  

 

Dual-energy X-ray Absorptiometry (DXA) is the most common technique used for measuring 

BMD, and is based on the extent to which high and low energy X-ray photons are absorbed by 

different body components.85 The preferred regions for BMD measurement with DXA are the 

lumbar spine and proximal femur, which are used to diagnose and monitor osteoporosis, to assess 

the risk of fracture and to evaluate the skeletal effects of medical problems.86 

 

Decreased mechanical loading of muscles during long-duration spaceflights and bed rest affect the 

bones negatively, resulting in BMD loss and increased bone remodeling.87 A BMD loss per month 

of 0.8% in the spine and 1.5% in the hip was detected in the crew members after 4-6-month 

spaceflights, leading to a minimum of 5% and 10% loss of BMD in at least one skeletal site in 92% 

and 43% of the crew members, respectively.88 After 12 weeks of bed rest, healthy individuals show 

2.9% BMD loss in the lumbar spine, 1.1% BMD loss in the femoral neck, and 3.8% BMD loss in 

the greater trochanter.89 In a head down bed rest experiment, significant BMD decrements were 

detected after 47 days in the trochanter, total hip, after 60 days in all sites except for the heel and 

after 90 days in all sites except for the femoral neck, lumbar spine and heel.90 
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1.3 ICP-MS FOR ELEMENTAL AND ISOTOPIC ANALYSIS 

 

Inductively coupled plasma-mass spectrometry (ICP-MS) is a powerful analytical technique, widely 

used for the determination of trace and ultra-trace levels of elements and their isotope ratios in a 

wide variety of sample matrices. The first coupling of an ICP ion source and a mass spectrometer 

for separation and detection of ions by Houk et al. was described in 1980.89 After commercial 

introduction of the first ICP-MS unit in 1983, it rapidly became a widespread technique due to its 

sensitivity, providing limits of detection (LoDs) down to pg g-1, rapid multielement analysis and 

isotopic measurement capabilities.90 Currently, ICP-MS is a versatile technique used in research as 

well as for routine analysis,  with many thousands of instruments in use worldwide. The feasibility 

of coupling ICP-MS with variety of sample introduction systems, such as high-performance liquid 

chromatography (HPLC), gas chromatography (GC), laser ablation (LA), electrothermal 

vaporization (ETV), capillary electrophoresis (CE), gel electrophoresis (GE), field flow 

fractionation (FFF) further contribute to its attractiveness.92–96 The first multi-collector (MC) ICP-

MS introduced in 1992 for high-precision isotopic analysis was the Plasma 54 from VG 

Elemental.97,98 Due to its higher ionization efficiency, increased sample throughput and flexible 

introduction system, MC-ICP-MS has gradually replaced thermal ionization mass spectrometry 

(TIMS), which is considered the ‘gold standard’ technique for high-precision isotopic analysis.99 

 

1.3.1 Basic principles of ICP-MS 

The three main parts of an ICP-MS are (1) the ionization source, for atomization and ionization; (2) 

the mass analyzer, for separation of ions based on their mass-to-charge ratio, and (3) the detector, 

for converting the ions into a measurable electrical signal. Nowadays, several types of ICP-MS 

instruments are available on the market. These units differ from one another in the design of the 

interface, ion focusing system and mass separation device.92 In this PhD work, a Thermo Scientific 

Element XR single-collector sector-field ICP-MS (SF-ICP-MS), a Thermo Scientific Neptune 

multi-collector ICP-MS (MC-ICP-MS) and a Neptune XT MC-ICP-MS instrument were used. This 

work has been focused on analyzing liquid samples using a conventional sample introduction 

system, which relies on the use of a pneumatic nebulizer, where an aerosol is formed through 

interaction of an accelerated argon flow on the sample surface of the liquid sample (solution) 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spectroscopy
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aspirated through a capillary into the nebulizer. The primary aerosol  thus formed is then introduced 

into a double-pass Scott-type or cyclonic spray chamber which prevents the large droplets (with 

diameter >10 µm)  to enter into the plasma by gravitational and centrifugal forces to guarantee stable 

desolvation, atomization and ionization in the plasma, thus assuring a stable signal. The spray 

chamber smooths out pulses caused by the peristaltic pump used for the liquid sample introduction. 

Some pneumatic nebulizers do not require use of a peristaltic pump as they rely on spontaneous 

aspiration of the liquid (as a result of the ‘venturi effect’).92 The efficiency with which sample is 

delivered to the plasma in this way can be as low as ~1%.100 The sample aerosol produced in the 

introduction system is transported to the plasma torch (normally made from quartz), which consists 

of three concentric tubes with Ar gas flows; the cool or plasma gas (~12-17 L min-1, the auxiliary 

gas (~1 L min-1) and the nebulizer or carrier gas (~1 L min-1).92 The plasma is ignited using a high-

voltage discharge (a tesla spark), which causes ionization of some Ar atoms generating ions and 

electrons.101 Ions and electrons generated in this way are transported by the gas flow to the end of 

the plasma torch, which is horizontally mounted and surrounded by a cooled copper induction coil 

(load coil) connected to a radio frequency generator (RF) (~27.12 or ~40.68 MHz).99 Depending on 

the sample, 750-1500 W RF plasma source power is applied to the load coil, an alternating current 

oscillates within the coil at a rate corresponding to the frequency of the generator, which causes an 

intense electromagnetic field at the top of the torch. Electrons generated by the high-voltage spark 

are accelerated in the magnetic field and collision with the Ar atoms (electron impact ionization, 

equation 1.1) causes further ionization. Once started up, a plasma is sustained as long as the rf current 

is sent through the load coil. Next to ionization, also excitation of Ar occurs under these 

circumstances (equation 1.2).92 

 

Ar + e- → Ar+ + 2e-        (1.1) 

Ar+ + e- → Ar*        (1.2) 

  

The ICP shows a typical ionization temperature (Tion) of 7500 K with an electron density of 1015 

cm-3.99 The sample aerosol introduced with the carrier gas through the injector into the central 

channel of the ICP is desolvated and vaporized. Individual molecules are generated out of the salt 
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particles thus formed and are subsequently broken down into the constituting atoms. Analyte atoms 

(M) are ionized by electron impact ionization (equation 1.3), charge transfer reaction (equation 1.4) 

or Penning ionization (equation 1.5). Further, electron excitation of atoms (equation 1.6) and ions 

(equation 1.7) and ion–electron radiative recombination (equation 1.8) lead to excitation of the 

atoms and ions of the target element.102 

 

M + e- → M+ + 2e-         (1.3) 

M + Ar+ → M+ + Ar         (1.4) 

M + Ar* → M+ + Ar + e-        (1.5) 

M + e- → M* + e-         (1.6) 

M+ + e- → M+* + e-         (1.7) 

M+ + e- → M* + hⱱ         (1.8) 

 

As the first ionization energy of the majority of the elements is less than 8 eV, they are almost 

completely (> 90%) ionized, and elements with first ionization potentials of 8-12 eV are ionized to 

more than 10%.103 Although the observed mass spectrum mainly consists of signals corresponding 

to singly charged elemental ions (M+) of the sample and the Ar plasma gas, other species, such as 

multiply (most common doubly) charged ions and polyatomic ions are also formed, which can 

interfere with the determination of the target element(s) at a similar (the same nominal) mass-to-

charge ratio (m/z) in the mass spectrum. This can be avoided or minimized via chemical purification 

of the sample prior to its introduction into the ICP and/or the use of high mass resolution, a 

collision/reaction cell and/or mathematical corrections. The occurrence of Ar-containing polyatomic 

species, such as ArO+ and ArOH+, can also be suppressed by using cold/cool plasma conditions (low 

RF power (600-800 W) and high carrier gas flow rate).104 

 

Ions are generated in the ICP ion source, operated at atmospheric pressure (105 Pa), and extracted 

first into the interface region and subsequently into the high vacuum of the mass analyzer (10-2 
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Pa).102 The interface of the ICP-mass spectrometer consists of a sampler and skimmer cone, which 

are two co-axial and water-cooled metal cones (normally made from Ni or Pt, rarely from Al) with 

a small orifice at the tip. The area between the two cones is evacuated with a fore-vacuum (102 Pa) 

pump. The ions generated in the ICP pass through the sample cone (0.8-1.2 mm) orifice, the skimmer 

cone (0.4-0.8 mm) orifice  and then enter into the ion focusing system. An ion focusing system 

consists of ‘ion lenses’ (electrostatic plates) to transport the analyte ions from the interface region 

to the mass analyzer, while eliminating negatively charged ions, neutral species and photons from 

the ion beam.102 The positive ions are separated from one to another according to their m/z ratio in 

the ion beam. The three main mass spectrometers used in commercially available ICP-MS 

instrumentation are the quadrupole mass filter (Q), sector field mass spectrometer (SF) and time-of-

flight (ToF) analyzer. As during this PhD work, quantification of elemental concentrations and 

isotopic analysis was performed by SF-ICP-MS, further attention will be paid to the double-focusing 

sector field mass spectrometer only. 

 

The performance of a mass analyzer is characterized by, among other, its mass resolution, abundance 

sensitivity and scan speed. The definition of the mass resolution of a mass spectrometer is its ability 

to separate two adjacent spectral peaks with a mass difference of Δm, which have a valley between 

them equal to 10 % of their peak intensities.105 An alternative, but equally used approach, is based 

on the mass width of a single spectral peak at 5% of its peak height.99,102 

 

The first SF-ICP-MS instrument commercialized by VG Elemental Ltd. in 1988 was the 

PlasmaTrace106. A double-focusing sector field mass spectrometer consists of a magnetic sector, 

used to separate the ion beams according to their mass-to-charge ratio, and an electrostatic sector, 

used as an energy filter. The two sectors are located sequentially, one immediately after the other. 

The ions from the ion source are first accelerated over a potential difference V, providing all of them 

with the same kinetic energy Ekin (equation 1.9), and are subsequently introduced with a velocity ⱱ 

into a magnetic field B, where they are forced to move along a circular path by the Lorentz force F 

(equation 1.11). The resulting radius r of the circular path of the ion will depend on the ion’s  mass 
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to charge ratio (m/z) at a constant acceleration potential difference V and magnetic field B (equation 

1.12). 

 

  𝐸𝑘𝑖𝑛 =
𝑚𝑣2

2
=  𝑞𝑉   →   𝑣 = √

2𝑞𝑉

𝑚
    (1.9),  (1.10) 

𝐹 =
𝑚𝑣2

𝑟
= 𝑞𝑣𝐵       (1.11) 

  𝑟 =
√2𝑉𝑚

𝐵√𝑞
        (1.12) 

 

The separation of ions with a different-mass-to charge ratio in the magnetic sector field is due to the 

prism effect and direction focusing is due to the lens effect. When a single detector is used, the mass-

to-charge ratio of the ion of interest can be selected by either adapting the magnetic field strength B 

(B-scanning) or the acceleration voltage V (E-scanning).99 As the incoming ions show some spread 

in kinetic energy, the magnetic sector needs to be combined with an electrostatic sector to obtain 

higher mass resolution. An electrostatic sector consists of two charged (one positively and the other 

negatively) bent plates to which a deflecting potential is applied. The ions are forced to move along 

a circular path by the electrical force F (equation 1.13) provided by the electrical field (E), thus the 

radius of the circular path depends on the kinetic energy of the ion (equation 1.14). 

 

  𝐹 =
𝑚𝑣2

𝑟
= 𝑞𝐸       (1.13) 

  𝑟 =
𝑚𝑣2

𝑞𝐸
=

2𝐸𝑘𝑖𝑛

𝑞𝐸
       (1.14) 

 

A combination of an electrostatic and a magnetic sector leads to an enhanced resolution, but lowers 

the ion transmission efficiency and thus, the signal intensity, considerably.107 In a double-focusing 

setup, the sectors are constructed and combined such that the energy dispersion of the ion beam in 

both sectors eliminate each other in order to limit the loss in signal intensity. Ions with a different 
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kinetic energy or direction and the same m/z are focused by the double-focusing setup in the same 

point. There are three different geometries that can be used to realize a double-focusing setup: the 

Mattauch-Herzog, Nier-Johnson and reversed Nier-Johnson geometry. The Mattauch-Herzog 

geometry was developed in 1934 and consists on an electrostatic sector of 31.8o (π/4√2), followed 

by a magnetic sector of 90o with opposite curvature direction. This geometry provided a mass 

resolution of 6500 and it was possible to detect all ions simultaneously on a 25 cm long photo 

plate.103 In the Nier–Johnson geometry, the electric sector of 90o is placed in the same curvature 

direction as the magnetic sector of 60o.108 In the reverse Nier–Johnson geometry the magnetic sector 

of 60o is followed by the electric sector of 90o.109 The last geometry allows only one mass be focused 

at the detector entrance at any given time. Thus, the signals have to be measured sequentially, by 

either using a continuous scanning approach or by employing a peak-hopping mode, which is 

accomplished by adapting the magnetic field strength B and/or the acceleration voltage V. 

 

The sector field (SF) mass spectrometer offers higher mass resolution than a quadrupole filter or 

time-of-flight analyzer. The Element XR SF-ICP-MS instrument (Thermo Scientific, Germany) 

used in this PhD work is equipped with a double-focusing mass spectrometer of reverse Nier–

Johnson geometry and offers a mass resolution m/Δm ~ 300 in low resolution mode, m/Δm ~ 4000 

in medium resolution mode and m/Δm ~ 10000 in high resolution mode. 

 

After separation of the ions according to their mass-to-charge (m/z) ratio, the ions leaving the mass 

analyzer are collected and detected by the detector. Nowadays, two types of detectors are commonly 

used in modern ICP-MS instrumentation: the electron multiplier and Faraday cup.107 An electron 

multiplier consists of one continuous dynode (Channeltron) or several discrete dynodes. The ions 

collide with the inner surface of the detector made of a semiconducting material, which releases 

electrons. The electrons thus formed are accelerated towards the back end of the detector due to the 

potential difference over the detector, leading to multiple collisions and thus liberating new 

electrons. As a result of this multiplication effect, approximately 107–108 electrons are arriving at 

the detector, and the ions are counted in the ‘pulse counting mode’. However, a dead time of 5–70 

ns is needed before the detector can handle the next ion, resulting in an underestimated count rate, 
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especially when dealing with high concentrations and thus, elevated count rates. This effect can be 

corrected for by determining the dead time of the detector experimentally, and calculating the “true” 

count rate c from the “observed” one according to equation (1.15), 

   

  𝐼𝑡𝑟𝑢𝑒 =
𝐼𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

1−(𝐼𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ∗ 𝜏)
       (1.15) 

 

where Itrue is the true count rate (number of ions per second), Iobserved is the observed count rate and 

τ is the dead time of the detector in seconds.  

 

An electron multiplier can be operated in both analog mode (as an amplifier), for elements present 

at high concentrations, and pulse-counting mode, which provides high-sensitivity detection. 92 

 

The Faraday cup is another type of detector used for relatively intense ion beams. It consists of a 

metallic cup grounded by a high ohmic resistance. When collecting ions coming from the mass 

analyzer, these ions get neutralized by combining with electrons coming from ground. The Faraday 

collector has a lower sensitivity than an electron multiplier, but it is more robust, has a longer 

lifetime and does not suffer from the effects of a dead time. A present-day multi-collector (MC)-

ICP-MS unit can be equipped with 1010, 1011 (most commonly used), 1012 and 1013 Ω resistors 

connected to the Faraday collector array.  

 

1.3.2 Isotope ratio measurement using MC-ICP-MS 

For several decades, only TIMS could be used for isotope ratio measurement with a precision of 

0.001-0.01% (RSD).110 With TIMS, a small volume of sample, previously separated from the 

matrix, is loaded on a clean filament surface (commonly Re or Ta) and evaporated to dryness. Ion 

production is then carried out in vacuum by resistively heating the filament loaded with sample. In 

a single filament source, both vaporization and ionization occur at the same filament, while in a 

double filament source, one filament is loaded with sample and used for vaporization, while the 



 

25 

 

other one takes care of the ionization. The ions thus produced are then accelerated and focused into 

the mass spectrometer, where they are separated according to their m/z ratio and measured either 

sequentially (single collector setup) or simultaneously (multi-collector setup).111 One of the 

restrictions of TIMS is that analyte elements with high ionization potential (> 6 eV) are converted 

into M+ ions with an ionization efficiency of generally less than 1%. However, for such elements 

with a higher ionization potential, such as Os, Re, Mo or Tc, the negative TIMS (N-TIMS) mode 

can be used with an ionization efficiency up to 10%.112  

 

Gradual further development of multi-collector inductively coupled plasma-mass spectrometry 

(MC-ICP-MS) made this technique competitive to TIMS for high-precision isotopic analysis. 

Nowadays, MC-ICP-MS is commonly used for geological, cosmochemical, archaeological, 

environmental, ecological, forensic, and biomedical applications. Currently commercially available 

MC-ICP-MS instruments are: Thermo Scientific’s Neptune Plus, Neptune XT and Neoma, Nu 

Instruments’ Nu Plasma HR, Nu Plasma 3, Nu 1700 and Sapphire. These instruments may differ 

from one another in terms of, among other, accelerating voltage, ion optics, mass spectrometer set-

up (single vs. double focusing setup), the integration of high ohmic resistors of varying values into 

the Faraday collector array, the number and type of ion counters used for ‘multi-ion-counting’, the 

high mass resolution capabilities and the presence/absence of a collision/reaction cell.97 

 

Except for the IsoProbe P (single-focusing mass analyzer preceded by a hexapole collision cell used 

for thermalization), MC-ICP-MS instruments are based on a double-focusing sector field analyzer 

to provide flat-topped spectral peaks for accurate and precise determination of isotope ratios with a 

precision of 0.001% RSD, under ideal circumstances, at low mass resolution. The use of ‘pseudo-

high resolution’ mode still provides spectral peaks with an interference-free plateau, such that also 

under these conditions, a high precision is still obtained. MC-ICP-MS instruments combine the 

ionization efficiency of the ICP with the high isotope ratio precision offered by multi-collector setup. 

The Neptune and Neptune XT MC-ICP-MS units, are equipped with 9 mechanically movable 

Faraday cups for this purpose. The usage of such a detector setup cancels out the effect of a ‘noisy’ 

signal on the isotope ratio measurement. A sector field  mass spectrometer of Nier-Johnson geometry 

is used in MC-ICP-MS for enabling the intensities corresponding to the different isotopes of a given 
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element to be monitored simultaneously.107 The ionization temperature of the Ar plasma is ~7500 

K and elements with first ionization potentials of < 10 eV are  ionized to ≤75%.111 Nearly all 

elements of the periodic table can be ionized in an ICP source, thus providing an enormous benefit 

compared to the thermal ionization source. 

 

The sensitivity of the MC-ICP-MS is strongly affected (factor between 4 and 50) by the physical 

characteristics of the sample and skimmer cones, such as the cone geometry design,  orifice diameter 

and angles.113 The use of a so-called high-transmission Jet interface allows to improve the sensitivity 

across the entire mass range.113 

 

One of the drawbacks of MC-ICP-MS is that it suffers from instrumental mass discrimination, which 

is due to a more efficient transport of the ions of the heavier isotopes than that of the lighter isotopes 

(predominantly due to the space-charge effect).99,114 The supersonic expansion of the ion beam in 

the extraction region also contributes to the instrumental mass discrimination.115 Moreover, a 

significant additional mass bias can be induced by the presence of concomitant matrix elements in 

the measurement solution.116 

 

Different approaches can be used to correct for mass discrimination in MC-ICP-MS, such as 1) 

internal intra-element correction, 2) external intra-element correction (SSB) by using an isotopic 

certified reference material, 3) internal inter-element correction, 4) internal inter-element correction 

plus external correction, 4) double-spike (DS) approach and 5) regression approach.117 The most 

simple technique, used for mass bias correction of Mg and Ca, is the sample-standard-bracketing 

(SSB) external correction approach. In this approach, the isotope ratios of samples are referenced to 

the values of an isotopic standard with known isotopic composition, which is analyzed before and 

after each sample.118 This method is very straightforward and requires a similar mass discrimination 

in standards and samples, which should be relatively stable as a function of time. The correction 

model relies on the following equation (1.16)107.  
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  𝑅𝑡𝑟𝑢𝑒 =  𝑅𝑒𝑥𝑝 ∗  
𝑅𝑠𝑡𝑑,𝑡𝑟𝑢𝑒

𝑅𝑠𝑡𝑑,𝑒𝑥𝑝1+ 𝑅𝑠𝑡𝑑,𝑒𝑝𝑥2

2

     (1.16) 

 

where Rtrue and Rexp are the true and the experimental (measured) isotope ratios for the sample, 

respectively. Rstd,true is the true isotope ratio of the isotopic standard, Rstd,exp1 and Rstd,exp2 are the 

measured isotope ratios for the standard, measured before and after the sample, respectively. 

 

As isotope ratio variations, particularly for essential elements such as Mg and Ca, are very small, 

isotope ratios are reported in δ-notation and expressed in per mill (‰). The δ-notation describes the 

difference between the isotope ratio of the sample and the isotope ratio of the bracketing standard 

and is calculated following equations (1.17 for Mg isotope ratios and 1.18 for Ca isotope ratios). 

  

𝛿𝑥 𝑀𝑔𝑠𝑎𝑚𝑝𝑙𝑒 = (
𝑀𝑔/ 𝑀𝑔𝑠𝑎𝑚𝑝𝑙𝑒

24𝑥

𝑀𝑔/ 𝑀𝑔standard
24𝑥 − 1) ×  1000     (1.17)119 

𝛿
44/𝑦 

𝐶𝑎𝑠𝑎𝑚𝑝𝑙𝑒 = (
𝐶𝑎/ 𝐶𝑎𝑠𝑎𝑚𝑝𝑙𝑒

𝑦44

𝐶𝑎/ 𝐶𝑎𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑦44 − 1) ×  1000                                                             (1.18) 

 

Where x is 25 or 26 and y is 42 or 43 for measurements with MC-ICP-MS, and 42 or 43 or 40 for 

measurements with TIMS. 

 

1.3.3 Spectral and non-spectral interferences 

Results from element concentration and isotope ratio measurements are often compromised as a 

result of the occurrence of spectral interferences, as a result of overlap of an analyte signal with that 

form an isobaric atomic, multiply charged (most commonly doubly charged) and polyatomic 

(molecular) ion.99 An isobaric interference refers to overlap of the analyte signal and that of a 

different nuclide with the same mass number as that of the analyte element, e.g., 40Ca, 40Ar and 40K. 

For each element (except In) at least one isotope is free from isobaric overlap, which is in many 
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cases, however, not the most abundant one.103 Doubly charged species are formed when an ion is 

generated with a double positive charge, thus resulting in a spectral peak at half its mass. The 

formation of doubly charged species occurs for elements with a second ionization energy lower than 

the first ionization energy of Ar. The level to which doubly charged ions are generated is related to 

the plasma ionization conditions and can be minimized by careful optimization of the nebulizer gas 

flow, RF power, and torch position.92 Doubly charged interferences are a major challenge, 

particularly for high-precision isotopic analysis of Ca by MC-ICP-MS, as doubly charged 84,86,88Sr2+ 

ions interfere with all Ca isotopes of interest (42,43,44Ca+).120 Several approaches can be applied to 

overcome spectral interferences, such as the use of high mass resolution, a desolvation system, 

additional chromatographic purification steps (e.g. Sr spec resin), suppression of interfering ions by 

using cold (or cool) plasma, collision/reaction cells and/or mathematical corrections.121  

 

The polyatomic or molecular typically contain elements from the sample matrix, surrounding air (H, 

N, O), solvent and the plasma gas (Ar) itself. In addition, also a high signal of a neighboring ion 

from a concomitant elements present in the matrix, can alter the analytical signal of the target 

nuclide, as a result of the peak tailing of the neighboring peak. Spectral interferences potentially 

affecting the measurement of Ca and Mg  isotopes are presented in Tables 1.7 and 1.8, respectively.  

 

Higher mass resolution is one of the most elegant ways for elimination of spectral interferences. In 

MC-ICP-MS, ‘pseudo’ high mass resolution is used.  If the slit at the detector side is wider than the 

beam widths at the focal plane, then a situation is generated, where the corresponding peaks are not 

entirely resolved. However, polyatomic ions in the low and medium mass range appear on the high 

mass side of the elemental peaks only.99 Therefore, the signal intensities for, e.g., the Ca nuclides, 

are monitored on the left side of the interference-free flat section of the peak. In this way, 

measurement of the Ca signal intensities and isotope ratios can be carried out virtually free from 

spectral interference caused by the presence of polyatomic ions, such as 40ArH2
+,12C16O2

+, 14N3
+ and 

14N2
16O+ (Fig. 1.4). 
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Figure 1.4 Peak scan for Ca isotopes at medium mass resolution on the Finnigan Neptune MC-ICP-

MS instrument operated while aspirating 10 ppm SRM 915a (a) and 3.5% HNO3 (b) a combination 

of the Apex-Q and Aridus desolvation systems. Data compiled from ref. 121. 
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Table 1.7 Elemental and molecular species potentially interfering with the measurement of Ca 

isotopes.122,123 

 

  

 

 

Isotope Relative 
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80Kr++ 

80Se++ 
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+ 
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84Sr++ 
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+ 

40Ca1H2
+ 

28Si14N+ 

24Mg18O+ 
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14N3
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86Sr++ 
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27Al16O+ 

31P12C+ 

26Mg16O1H+ 

14N3
1H+ 
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9230 

192500 

28380 

4470 

2300 
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1340 

 

14630 

21990 

3810 

2770 

2220 

2160 

2140 
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48Ca 
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0.19 

88Sr++ 

43Ca1H+ 

28Si16O+ 

32S12C+ 

30Si14N+ 

26Mg18O+ 

27Al16O1H+ 

12C16O2
+ 

14N2
16O+ 

 

92Zr++ 

46Ti++ 
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30Si16O+ 

32S14N+ 

29Si16O1H+ 

14N16O2
+ 

 

48Ti+ 

96Mo++ 

96Ru++ 

96Zr++ 

32S16O+ 

36Ar12C+ 

24Mg2
+ 

34S14N+ 

31P16O1H+ 

16O3
+ 

 

16450 

3960 

2690 

2650 
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1670 
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1280 

960 

 

39300 

43500 

161520 

3060 
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1170 

 

10460 

246860 
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29900 
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2730 

2610 
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1490 
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Table 1.8 Elemental and molecular species potentially interfering with the measurement of Mg 

isotopes.122,124 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Isotope Relative isotopic 

abundance, % 

Interfering 

species 

Resolution required  

24Mg  

 

 

 

 

25Mg 

 

 

 

 

 

 

 

26Mg 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

78.99 
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 48Ti++ 

48Ca++ 

23Na1H+ 

12C12C+ 

 

50Ti++ 

50Cr++ 

50V++ 

24Mg1H+ 

12C13C+ 

23Na2H+ 

12C12C1H+ 

 

52Cr++ 

25Mg1H+ 

14N14N24Mg++ 

12C13C1H26Mg++ 

12C12C2H26Mg++ 

12C12C1H1H26Mg++ 

24Mg2H+ 

24Mg1H1H+ 

12C14N+ 

13C13C+ 

12C13C1H+ 

12C12C1H1H + 
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2730 

1910 
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2040 

3560 

1430 

1390 

1140 

 

2110 

2350 

2000 

1820 

1650 

1570 

1570 

1440 

1270 

1080 

910 

790 
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The occurrence of Ar-based polyatomic interferences is strongly reduced in cold/cool plasma 

conditions, which are achieved at low RF power and high sample gas flow rate.104 Under these 

conditions, the spectrum is dominated by peaks from NO+, O2
+, H2O

+, H3O
+. The reduction in 

plasma power, however, renders the ion source more sensitive to matrix effects. 

 

Purification of the sample prior to ICP-MS measurement via ion chromatography is an efficient way 

to avoid spectral interferences introduced by the sample matrix. For Mg, ion exchange 

chromatography induces mass-dependent isotope fractionation, which can be avoided by making 

sure that the recovery of the Mg after purification is ~100%.116 Another disadvantage of this 

chromatographic purification is the presence of organic compounds from the resin or the eluent, 

which can significantly bias the isotope ratio results. 

 

1.3.4 Instrumental advances in MC-ICP-MS 

Further technical progress in ICP-MS instrumentation allows to improve the sensitivity and 

precision. Several factors affect the ion beam intensity, such as the amount of material entering the 

ICP source, the ionization efficiency and the efficiency of ion extraction.125 High-transmission 

plasma interfaces (‘jet’ interface) were introduced in ICP-MS, providing a significantly higher ion 

extraction efficiency from the plasma compared to the standard interface.126 The Jet Interface was 

launched by Thermo Scientific in 2009 for NEPTUNE Plus MC-ICP-MS and ELEMENT 2 / XR 

SC-SF-ICP-MS instruments. The high-transmission Jet interface consists of an Jet-type sampling 

cone, which has a narrower angle compared to the standard sampler and an X-type skimmer cone, 

which has a shorter tip and a wider void towards the extraction lens.127 A more powerful interface 

pump also provides a lower pressure in the interface region. Due to the increased ion transmission 

efficiency Jet interface is characterized by a lower instrumental mass bias and improves the precision 

and accuracy of isotope ratio results.128,129 

 

Further improvements in sensitivity are obtained by further enhancing the analyte transport 

efficiency. The Aridus II and recently Aridus III units manufactured by CETAC and the APEX Q 

manufactured by Elemental Scientific are desolvation systems, allowing to improve the sensitivity 
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by enhancing the analyte transport efficiency into and reducing the solvent load of the ICP plasma 

source. By using a desolvating system combined with the Jet interface, the sensitivity was reported 

to be significantly improved (4-50 fold) for Sr, Nd and Hf.113 Lauwens et al. reported precise 

measurement of Cu isotope ratios in biological fluids at Cu concentrations down to 5 µg L-1 using 

the ARIDUS II and the high-sensitivity jet interface.130 

 

Starting from 2019, Thermo Scientific offers the extra-high resolution (XHR) mode in the 

Neptune™ XT MC-ICP-MS unit for resolving hydride interferences.131 The advantages of the extra-

high resolution include a mass resolving power of over 15,000, while maintaining a transmission 

efficiency ≥ 1%. Si, Mg, Cl and K isotope ratio measurements are expected to benefit from the XHR 

by resolving hydride interferences. 

 

Further improvements were on the detector side, by introducing higher gain resistance amplifiers. 

Fig. 1.5 provides a schematic representation of the Faraday cup detection system. Current amplifiers 

can be equipped with 1010, 1011, 1012 or 1013 Ohm resistors.  

 

 

Figure 1.5 Schematic representation of the Faraday cup detection system.132  
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High-precision isotope ratio measurements are preferentially carried out using Faraday cup detectors 

with amplifiers connected to 1011Ω resistors, which are stable and ensure good linearity of ion beam 

intensities over a wide dynamic range.125 However, the accuracy and precision of the analytical 

measurement for small sample sizes and/or involving low-abundance isotopes are compromised due 

to a low ratio low intensity ion beams. 

 

The precision on the isotope ratios measured on the basis of low-intensity ion beams is mainly 

limited by the uncertainty introduced by counting statistics (Poisson distribution), and the electrical 

Johnson-Nyquist noise of the resistor used in the multiplier’s feedback loop.  

 

The Johnson–Nyquist noise is thermal noise generated by random motions of electrons within a 

resistor and is calculated according to equation 1.19 

𝑉𝐽𝑜ℎ𝑛𝑠𝑜𝑛 𝑛𝑜𝑖𝑠𝑒 = √
4×𝑘×𝑅×𝑇

𝑡
        (1.19) 

 

where k is the Boltzmann constant, R is the amplifier resistor value, T is the amplifier temperature 

in Kelvin and t is the integration time. From equation 1.18, it follows that if the resistor value is 

increased by a factor of 10 or 100, the noise will only increase by √10 or √100 when 1012 or 

1013 Ohm amplifiers are used, respectively. The signal to noise ratio can be theoretically improved 

by a factor of 3 or 10 when 1012 or 1013 Ω amplifiers are used, respectively, compared to the default 

1011 ohm amplifier.132,133 Koorneef et al. investigated the use of 1012 Ω amplifiers for Nd and Sr 

isotopic analysis in small-sized samples by means of TIMS.132 The noise level was reduced 3-5 fold 

with the 1012 Ω resistor compared to the 1011 Ω, resulting in a twice better analytical precision. The 

reproducibility was improved by a factor of 1.4 and 2 when working with 1 ng sample loads for Nd 

and Sr isotopic analysis, respectively. 

 

The new design of the Faraday cup current amplifier equipped with a 1013 Ohm feedback resistor 

was released by Thermo Scientific in 2014. These amplifiers are currently available for the Neptune 
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Plus™ and XT, Nu Plasma MC-ICP-MS, Triton Plus™ TIMS, Argus VI™ Noble Gas MS and Helix 

MC Plus™ Noble Gas MS instruments. An improvement of the internal and external precisions up 

to 6 and 5 times was reported for Pb isotope ratios using 1013 Ω amplifiers.134 

 

The detection and registration of ions by Faraday cup detectors experience a time offset and tau 

decay, due to the slower signal response of the 1013 Ω amplifier than of the standard 1011 Ω one.134 

The use of tau correction has been recommended for isotope ratios measurements using 1013 Ω 

amplifiers.134 Steinman et al. observed an improvement in the internal precision of Li isotope ratio 

data when tau correction was applied, though no effect was observed regarding the accuracy.135 

 

1.4 HIGH-PRECISION ISOTOPIC ANALYSIS OF Mg AND Ca VIA MC-

ICP-MS 

Natural variations in the isotopic composition may occur in multi-isotopic elements due to mass-

dependent isotope fractionation accompanying physical processes and/or (bio)chemical reactions.136 

Due to a kinetic effect, the lighter isotopes react slightly faster and due to a thermodynamic effect, 

heavier isotopes show a slight preference for the strongest bond at equilibrium. Although this effect 

is more pronounced for the light elements (H, C, N, O and S), ‘heavier’ elements also show natural 

variations than can be detected and quantified by MC-ICP-MS. High-precision isotopic analysis of 

heavier elements has been widely explored in the fields of geo- and cosmochemistry and the 

environmental sciences, but recently, also natural variations in the isotopic compositions of essential 

mineral elements, such as Ca, Cu, Fe, S and Zn, have gained interest for biomedical applications, as 

potential diagnostic and/or prognostic markers.136 Natural Mg isotope ratio variations have not been 

explored for this purpose prior to my research project; only studies using isotopically enriched 

tracers can be found in literature, e.g. to investigate the metabolism of parenterally administered 

Mg.30,137,138  
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1.4.1 Mg isotopic analysis 

Magnesium is the 2nd most abundant cation within cells139 and in seawater,140 the 4th most abundant 

cation in the body, 139 in plants141 and lithophile element in the Earth,118 and the 5th most abundant 

element in the bulk continental crust.142 It is a major constituent of minerals in igneous, metamorphic 

and sedimentary rocks. The largest Mg reservoir in the Earth (> 99.9%) is the mantle with a MgO 

content of 37.8%.143  

 

Magnesium has three stable isotopes, 24Mg, 25Mg, and 26Mg, with natural relative isotopic 

abundances of 79.0, 10.0, and 11.0 %, respectively.144 In 1970, Schramm et al. investigated the Mg 

isotopic composition of meteoritic, lunar and terrestrial feldspars using TIMS.145 While the Mg 

isotopic composition of these feldspars was found to be identical, a large excess in the 26Mg isotope 

was found in the Allende Meteorite, which correlated with the elemental ratio 27Al/24Mg.146,147 This 

correlation indicated that the 26Mg isotope was produced by decay of the 26Al radionuclide (T1/2 = 

7.2×105 years) and the latter formed during early stages of the Solar System. Currently, Mg isotope 

ratio measurements are preferably performed by MC-ICP-MS with a precision better than 0.10‰, 

as instrumental fractionation produced by TIMS can be larger than the natural fractionation. 

 

High-precision isotopic analysis via MC-ICP-MS comprises various analytical steps:  

(i)  mineralization of the sample  

(ii)  chromatographic separation of Mg from the sample matrix to ovoid undesirable matrix 

effects and reduce potential spectral interferences 

(iii)  quantification of Mg (via sector-field ICP-MS in this PhD work) to ensure quantitative 

recovery of the target analyte after the isolation procedure, thus avoiding on-column 

fractionation effects to affect the final isotope ratio results, and for further Mg concentration 

matching between the sample solution and the bracketing standard used for external 

correction for instrumental mass discrimination measured in an SSB sequence during the 

MC-ICP-MS isotope ratio measurements. 

(iv)  isotope ratio measurements via MC-ICP-MS (see section 1.3.2) 

(v)   mass discrimination correction (see section 1.3.2) and data processing.  
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Samples are commonly mineralized via closed or open vessel digestion or microwave-assisted 

digestion. Depending on the sample matrix, nitric acid, perchloric acid, hydrochloric acid, 

hydrofluoric acid, hydrogen peroxide or different combinations of these reagents in several digestion 

steps may be required. Nitric acid is commonly used to break down organic components and for 

metal oxidation. For matrices hard to dissolve, such as rocks, soil and sediments, aqua regia (1:3, 

nitric acid and hydrochloric acid) and hydrofluoric acid are recommended. Conventional acid 

digestion in an open or closed vessel is considered a non-total digestion approach for most of the 

samples. Microwave-assisted digestion is preferred for elements bound to silicates, as it is effective 

and faster than conventional acid digestion methods.148 

 

Chromatographic separation of Mg from the sample matrix is achieved by cation exchange 

chromatography using AG50W-X8 resin in HCl media, AG50W-X8 resin in HNO3 media, AG50W-

X12 resin in HCl media, AG50W-X12 resin in HNO3 media or AG MP-50 resin in HCl media.149–

154 A repeated procedure on the same chromatographic column up to 3 times can be required for 

each sample to obtain a sufficiently pure Mg solution.152 Several Mg purification procedures were 

reported in combination with multiple types of resins. Bolou-Bi et al. combined AG MP-1M anion 

exchange resin for the removal of Cu, Fe and Zn and AG50W-X12 cation exchange resin to isolate 

Mg from alkali-rich samples (granite, soil, plants).150 Wiechert et al. combined AG 1-X8 anion 

exchange resin (for high Fe abundance samples) and two consecutive steps with AG50W-X12 resin 

to isolate Mg from olivines and chondrites.155 Bao et al. combined a precipitation procedure and 

with different chromatographic procedures using AG50W-X12 resin for high-K and low-Mg 

rocks.156 Bao et al. also reported Ca and Mg purification from a single aliquot by using DGA and 

AG50W-X12 resins.157 The duration of a single-column Mg purification procedure has been 

reported to amount to two hours (seawater samples)154, five hours (rock powders and seawater),116 

and even  30 hours (low-Mg rocks)153. In order to avoid on-column mass fractionation effects, which 

may occur in the chromatographic separation, from biasing the results ~100% of Mg recovery is 

required.116  
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Magnesium isotope ratio measurement by MC-ICP-MS using low or (pseudo) medium mass 

resolution has been reported. The Mg concentration used in previous works ranged between 250 and 

1,000 µg L-1 for the isotope ratios measurement in low resolution mode and between 200 and 2,000 

µg L-1 for isotopic measurements in (pseudo) medium resolution mode.153,158,159 In the majority of 

the studies, instrumental mass discrimination was corrected for relying on an external standard 

measured in a SSB approach (see section 1.3.2) relative to the DSM3 reference material. However, 

currently there is no consensus on a primary isotopic reference material for the Mg isotope ratio 

measurement. The NIST SRM 980 (NIST, Washington, D.C., USA) served for decades as reference 

isotopic standard for Mg and as a delta-zero material for the δ26MgSRM980 scale. However, Galy et 

al. demonstrated that NIST SRM 980 is isotopically heterogeneous with an uncertainty of 0.69‰ 

for δ26Mg (2SD), which is considered extremely large for current Mg isotopic research.160 As a 

result, these authors proposed the DSM3 and Cambridge 1 as new Mg isotopic standards, with 

DSM3 as a new delta-zero material.160 However, DSM3 and Cambridge 1 are not primary reference 

materials, thus are not traceable to the International System of Units (SI). IRMM-009 (IRMM, Geel, 

Belgium), which is dissolved NIST SRM 980 material, was therefore proposed as a new Mg isotopic 

reference material (IRM). Vogl et al. proposed and characterized three candidate European 

Reference Materials (ERM) ERM-AE143, -AE144 and -AE145, with ERM-AE143 as a primary 

IRM for calculation of SI-traceable absolute isotope ratios.124 Bao et al. prepared and characterized 

a GSB-Mg new reference standard to serve as a secondary reference standard or quality control 

sample for Mg isotope ratio measurements. 

 

Up to date, the Mg isotopic variability in the 26Mg/24Mg ratio observed in terrestrial samples is 7.4 

‰ (Fig. 1.6) . The lightest δ26Mg value in terrestrial samples was found in carbonates (-5.6 ‰) and 

the heaviest δ26Mg value (+1.8 ‰) in weathered basalts, with these δ-values expressed relative to 

the DSM3 isotopic reference material. 
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Figure 1.6 26Mg values in terrestrial samples. Data are expressed relative to the DSM3 isotopic 

reference material. Error bars represent 2SD. The figure was processed using data from ref. 

141,150,151,161–169. 

 

While Mg isotopic analysis has been widely explored in the context of plants, research on animals 

and microorganisms (fungi and bacteria) is scarce, while the approach had not been explored on 

humans before (before this work). Martin et al. has demonstrated an enrichment in the heavy 26Mg 

isotope along the trophic chain from herbivores to omnivores.170 According to a schematic box 

model for the Mg isotopes suggested by the authors, mammalian feces have the lightest Mg isotopic 

composition, whereas muscles are enriched in the heavy Mg isotopes compared to bones and diet.170 
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Pokharel et al. used the Mg isotopic composition of the cyanobacterium Nostoc punctiforme to 

investigate the relationship between cell physiology and Mg cellular cycling.162 The δ26Mg value of 

bulk cyanobacterium cells is lower than that of the growth solution when grown at circum-neutral 

conditions, suggesting the absence of a significant Mg efflux during cell growth. The Mg isotope 

ratios from fungi, bacteria and higher plants confirm the preferential incorporation of 26Mg in cells 

and plant organs at low Mg concentration and the absence of isotope fractionation at high Mg 

concentration in a controlled growth experiment suggesting that in general Mg stable isotope 

fractionation in ecosystems depend on species and on environmental conditions, including pH.162  

 

1.4.2 Ca isotopic analysis  

Ca isotopic analysis via MC-ICP-MS has been used for biomedical applications as potential 

diagnostic and/or prognostic marker.136 The Ca isotopic composition of body fluids, feces, 

mineralized and soft tissues has been determined to establish the isotopic signatures in a healthy Ca 

metabolism and to detect Ca metabolism-related alterations occurring in disease conditions.171 

 

After mineralization of the biological samples of interest, typically using a mixture of HNO3 and 

H2O2 in closed beakers or microwave-assisted digestion systems, Ca is isolated from the sample 

matrix to avoid potential interferences. Separation of Ca from the sample matrix can be achieved by 

cation exchange chromatography using AG50W-X8 resin in HCl media,172 in HNO3 media173 or in 

HBr media,174 AG50W-X12 resin in HCl media,120 AG MP-50 resin in HCl media,175 MCI Gel-

CK08P resin in HCl media176 and by the extraction chromatographic DGA resin in de-ionized 

water177. After Ca isolation, additional Sr removal from the Ca fraction by using the Sr-specific resin 

(Sr-SPEC) may be required.120  

 

Ca has three stable isotopes, 42Ca, 43Ca, and 44Ca with respective abundances of 0.647%, 0.135%, 

and 2.086% and three long-lived radiogenic isotopes of 40Ca, 46Ca and 48Ca with respective 

abundances of 96.941%, 0.004%, and 0.187%.157 Due to the irresolvable isobaric interference from 

40Ar+ with the most abundant Ca isotope (40Ca+), this Ca isotope is not included in isotope ratio 
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measurements via MC-ICP-MS. δ-values of Ca can be found for the ratios 44Ca/42Ca and 44Ca/43Ca, 

measured by both TIMS and MC-ICP-MS, and the ratio 44Ca/40Ca measured by TIMS. 

 

The measurement of the Ca isotope ratios via MC-ICP-MS is performed at ‘pseudo’ medium or high 

resolution. The high-resolution mode leads to the lowest sensitivity due to a decrease in ion 

transmission efficiency and thus, Ca concentrations of up to ∼20 mg L-1 may be required for the 

isotope ratios measurement.178 Measurement with excessive concentration leads to salt buildup on 

the sampling and skimmer cones, which further deteriorates the sensitivity and necessitates frequent 

cleaning of the cones. However, often, a large mass bias drift is observed after cone cleaning, which 

can be avoided by conditioning the cones with a Ca solution during the tuning of the instrument.123 

 

The distribution of the Ca isotopes among different body compartments can be useful to reveal and 

understand the mechanisms inducing isotope fractionation in the body. Skulan et al. reported an 

isotopic variability of 5.5‰ for the δ44/40Ca value among biological samples.179 The isotopic 

composition of dietary Ca (dominated by dairy products) defines the Ca isotopic composition of 

different body compartments. Mineralized tissues showed the lightest Ca isotopic composition 

compared to other body compartments, with a mean difference of -1.3‰ (δ44/40Ca)  and -0.85 ± 0.25 

‰ relative to the diet as reported Skulan et al. and Heuser et al., respectively.179,180 

 

Heuser et al. presented a model for the exchange of Ca isotopes between body compartments (Fig. 

1.7) based on  a study with Göttingen minipigs, as an animal model of human physiology.171,180 The 

authors found Ca isotope fractionation towards light isotopes due to mineralization and an 

enrichment in the heavy isotopes in urine due to preferential reabsorption of the lighter Ca isotopes 

during the formation of urine. Tacail et al. used sheep as an animal model and demonstrated that 

urine shows a heavier Ca isotopic composition than the kidneys due to a kinetic fractionation process 

favoring lighter Ca isotopes during renal Ca reabsorption (Fig. 1.8).120 The authors have also shown 

that feces and diet have a similar Ca isotopic composition, while Heuser et al. has reported a fecal 

Ca isotopic composition that is lighter than that of the diet due to the contribution of isotopically 

light Ca from gastrointestinal fluid.120,180  
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Figure 1.7 A model for transport of the Ca isotopes. Green, blue and black arrows show confirmed 

Ca fractionation, absence of Ca fractionation and possible Ca fractionation, respectively, 

accompanying exchange between body compartments (adapted from Heuser).171 

 

 

 

Figure 1.8  The Ca isotopic composition is expressed as δ44/42Ca relative to the ICP Ca standard. 

Error bars indicate the standard deviation within individuals and the grey area corresponds to the 

diet Ca isotopic composition. The figure was reproduced based on data from Tacail et al.120 
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Biomedical applications of stable Ca isotopes are mainly focused on the assessment of bone loss 

and for diagnosis of an active stage of multiple myeloma (MM). Bone loss has been investigated in 

osteoporotic patients and during spaceflight simulation in bed rest studies, during which skeletal Ca 

is released into blood. The rates of bone formation and resorption in healthy adults are equal, thus 

the BMB is close to zero. Soft tissues are enriched in heavy Ca isotopes when bone formation 

exceeds resorption and in light isotopes when bone resorption exceeds formation. These changes are 

reflected in the urinary Ca isotopic composition as urine is derived from soft tissue. 

 

A pilot study on Ca isotope fractionation in urine from a 4 year-old boy and a 63 year-old woman 

with diagnosed osteoporosis has shown that the average Ca isotopic composition of the boy’s urine 

evaluated during a 5-day time window was significantly heavier than that of the woman with a 

relative difference of 1.12‰ (Δ44/40Caboy-woman).
174 It was observed that the Ca isotopic composition 

of human urine was heavier than that of the diet and an inverse correlation between urine Ca 

concentration and δ44/40Caurine value was observed for both individuals. 

 

Conditions associated with spaceflight can be simulated by head-down bed rest to investigate the 

effects of space flight on the human bone metabolism. Morgan et al. reported a significant decrease 

in the δ44/42Ca value after 10 days of bed rest. This change in BMB is detectable by X-ray 

densitometry after 12 weeks only.181 The bone loss during 7-30 days of bed rest was established to 

be on average 0.25 % (∼109 mg Ca/day) of bone mass, which is in agreement with  bone loss rates 

determined by X-ray densitometry scans in long-term bed rest studies. Channon et al. determined 

the Ca isotopic composition in blood from the same individuals participating in the bed rest study 

of Morgan et al.181,182 The shift in the blood Ca isotopic composition had the same direction and 

magnitude as that in urine and was also attributed to skeletal unloading during bed rest.182 

 

MM is a cancer of plasma cells in which monoclonal plasma cells accumulate in bone marrow, 

resulting in bone destruction through lytic lesions, osteoporosis and fractures. Imaging clinical 

methods cannot reveal an active state of the disease. Radiographs demonstrate abnormalities after 

>30% loss of trabecular bone only. Serum biomarkers can assess the severity of the bone disease, 
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however they do not quantitatively estimate net BMB. Gordon et al. reported significantly lower 

δ44/42Cablood values in the case of  active disease than in patients with non-active disease.183 The 

significant relationship between the blood Ca isotopic composition and the activity of the disease is 

likely due to a myeloma-induced increased level of bone resorption.  

 

Tanaka et al. found a significantly lighter serum Ca isotopic composition in CKD and diabetic rats 

compared to that in control rats, which is possibly caused by the release of lighter Ca isotopes from 

bones due to bone resorption.184 The Ca isotopic composition in different bone parts was similar for 

the controls and CKD rats, whereas δ44/42Ca values for diabetes mellitus (DM) rats depended on the 

bone turnover rate and showed differences between different parts of the bone.  

 

Figure 1.9 shows the range of reported δ44/40Ca values in main Earth-surface reservoirs. Vegetation 

is the most variable continental reservoir with values ranging between -2.20 and 1.76 ‰. 

Atmospheric deposits (rainwater, snow) display positive δ44/40Ca values with a global variability of 

1.6 ‰. Lake waters are the most 44Ca-enriched natural waters. The natural variation in the Ca 

isotopic composition of continental sedimentary rocks (spanning from −0.77 to 1.73 ‰) is larger 

than that of igneous rocks (spanning from 0.31 to 1.34 ‰).123 

 

Figure 1.9  44/40Ca values in terrestrial samples. Data are expressed relative to the NIST SRM 915a 

isotopic reference material. The figure was created using data from ref. 123. 
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1.5 UNCERTAINTY ON THE ISOTOPE RATIO MEASUREMENT 

RESULTS 

 

Measurement uncertainty (MU) estimation is based on the principles described in the ‘Guide to the 

expression of uncertainty in measurement’ (GUM), which is issued by the Joint Committee for 

Guides in Metrology (JCGM). The organizations forming the Joint Committee are the Bureau 

International des Poids et Mesures (BIPM), the International Electrotechnical Commission (IEC), 

the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC), the 

International Laboratory Accreditation Cooperation (ILAC), the International Organization for 

Standardization (ISO), the International Union of Pure and Applied Chemistry (IUPAC), the 

International Union of Pure and Applied Physics (IUPAP), and the International Organization of 

Legal Metrology (OIML).185 

 

The GUM defines MU as a ‘parameter, associated with the result of a measurement, that 

characterizes the dispersion of the values that could reasonably be attributed to the measurand’.185 

The International Vocabulary of Metrology (VIM) defines MU as a ‘non-negative parameter 

characterizing the dispersion of the quantity values being attributed to a measurand, based on the 

information used’.186 Thus, MU defines the interval, in which the true value is expected to lie with 

a stated level of confidence. The evaluation of the MU is performed by specifying the measurand, 

identifying the sources of uncertainty, quantifying uncertainty components, calculating the 

combined standard uncertainty and calculating expanded uncertainty.187 

 

The main contributions to the uncertainty of an isotope ratio measurement result are (i) the precision 

with which the isotope ratio is measured, (ii) the mass bias correction (which includes the 

uncertainty on the isotope masses, the uncertainty on the certified reference values and the precision 

with which the bracketing standard and/or internal standard are measured) and (iii) the blank 

correction. Mass bias correction for Mg and Ca isotope ratios is relying on an external standard 

measured in a SSB approach.160 Various approaches are used for combining standard uncertainties, 
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such as the ‘square root sum of squares’, partial derivatives, Monte Carlo simulations and the 

Kragten method. 

 

The combined standard uncertainty is obtained from the values of a number of other quantities and 

is equal to the positive square root of the combined variance obtained from all variance and 

covariance components. It is evaluated by using the laws of propagation of uncertainty.185 The 

combined standard uncertainty, denoted as uc(y) of an output value y and the uncertainty of the 

independent (input) parameters x1, x2, ...xn is obtained from equation 1.20.187 

𝑢𝑐(𝑦(𝑥1, 𝑥2 … )) = √ ∑ 𝑐𝑖
2𝑢(𝑥𝑖

𝑖=1,𝑛

)
2

= √ ∑ 𝑢(𝑦, 𝑥𝑖

𝑖=1,𝑛

)
2
                                                   (1.20) 

Uncertainty components of the isotope ratio measurement include the internal precision, expressed 

as SD for an individual measurement, the external precision, expressed as SD of the mean values 

derived from replicate measurements and the combined bias of sample preparation, expressed as SD 

of different digests and isolations from different measurement sessions. 

 

According to the GUM, the combined uncertainty (uc(y)) of a measurement result y is obtained from 

the equation 1.21.185 

𝑢𝑐
2(𝑦) = ∑ (

𝜕𝑓

𝜕𝑥𝑖
)

2

𝑥2

𝑛

𝑖=1

(𝑥𝑖) + 2 ∑ (
𝜕𝑓

𝜕𝑥𝑖
) (

𝜕𝑓

𝜕𝑥𝑗
) 𝑢(𝑥𝑖

𝑛

𝑖=1

, 𝑥𝑗)                                            (1.21) 

where y = f(x1, x2, … , xn), 

∂f/∂xi are partial derivatives, 

u(xi) is the standard uncertainty associated with the input xi,  

u(xi, xj) is the estimated covariance associated with xi and xj. 

 

As δ-values are calculated as indicated in equation 1.22, the combined standard uncertainty uc(y) for 

a given δ-value (y) calculated according to equation 1.21 can be simplified as in equation 1.23 
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𝛿𝑎𝑋 =  
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑎

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑎 − 1          (1.22)   

 

𝑢𝑐
2(𝛿𝑎𝑋) =  (

1

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑎 )

2

×  𝑢2(𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑎 ) + (−

𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑎

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑎 2)

2

×   𝑢2(𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑎 )  (1.23) 

 

where u(Ra) is the standard uncertainty of the measured isotope ratio estimated by using the standard 

deviation as calculated from replicate measurements of sample.  

 

The Monte Carlo approach is approved by the GUM, and is described therein as ‘Propagation of 

distributions using a Monte Carlo method’, and the corresponding approach is also available within 

the GUM workbench software.188 Also, a standard spreadsheet software, such as Microsoft Excel 

can be used to estimate the MU using the Monte Carlo approach.189 Monte Carlo simulation (MCS) 

predicts/simulates measurement results based on random sampling from probability density 

functions (PDFs) of the input quantities. Each simulation is generated 105 to 106 times and repeated 

at least 10 times (n). The mean value and standard deviation are calculated from the simulated 

measurement results (eq.1.24). The standard uncertainties associated with the estimates of the input 

quantities are then combined to give the standard uncertainty associated with the estimate of the 

measurand. 

𝑢2(𝑌) = ∑ (
1

𝑖 − 1
∑ (𝑌

(𝑘)
− 𝑌)

𝑖

𝑘=1

) /𝑛                                                                           (1.24)

𝑛

1

 

The Kragten numeric spreadsheet technique provides a combined standard uncertainty from input 

standard uncertainties and a known measurement model. The Kragten method takes the 

mathematical dependence between the variables into account, while it also reduces calculation errors 

and time.190 The uncertainty of the measurand is calculated according to equation 1.25. 

𝑢𝑐
2(𝑦) = ∑ 𝑢2

𝑛

𝑖=1

(𝑌, 𝑥𝑖) + 2 ∑ ∑ (𝑢(𝑌, 𝑥𝑖)

𝑛

𝑗=𝑖+1

∗ 𝑢(𝑌, 𝑥𝑗

𝑛

𝑖=1

)) 𝑢(𝑥𝑖, 𝑥𝑗)                              (1.25) 



 

48 

 

The GUM, Kragten and MCS methods give the same MU value, except when distributions are far 

from normal and where the measurement result depends non-linearly on one or more input 

quantities.187 

The expanded uncertainty (U) is an interval in which the value of the measurand can be confidently 

asserted to lie and is calculated with equation 1.26. 

𝑈 = 𝑘 ∗ 𝑢𝑐(𝑦)         (1.26) 

where k is the coverage factor. The coverage factor values corresponding to a specified level of 

confidence are summarized in Table 1.9. 

Table 1.9 Value of the coverage factor k that produces an interval having a specified level of 

confidence, when a normal distribution is assumed.185 

 

 

 

 

 

Level of confidence (%) Coverage factor (k) 

68.27 

90 

95 

95.45 

99 

99.3 

1 

1.645 

1.960 

2 

2.576 

3 
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CHAPTER 2   

HIGH-PRECISION ISOTOPIC ANALYSIS OF Mg AND Ca IN 

BIOLOGICAL SAMPLES USING MULTI-COLLECTOR ICP-MASS 
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Abstract 

A sequential chromatographic separation procedure for subsequent high-precision isotopic analysis 

of Mg and Ca via multi-collector ICP-mass spectrometry (MC-ICP-MS) from a single aliquot of 

sample was developed and used for a variety of animal/human biofluids and tissues. The procedure 

consists of a one-stage Mg isolation protocol (for most of the sample types) and a three-stage 

isolation protocol for Ca. AG50W-X8 strong cation exchange resin was used for the isolation of Mg 

and Ca, while Sr-resin was used to additionally purify the Ca fraction from Sr. Potential effects on 

the Mg isotope ratio measurement results caused by the possible presence of concomitant matrix 

elements (Cu, Fe, Zn, Ca) were systematically evaluated. δ26Mg values were biased for a Fe/Mg 

ratio ˃ 0.13 and a Ca/Mg ratio ˃ 1.5, resulting in a shift towards a lighter Mg isotopic composition. 

It was shown that the Mg isotope ratio data for Mg standards, the isotopic reference materials ERM-

AE143 and IRMM 009 and the biological samples investigated are located on the mass-dependent 

fractionation line. Biological reference materials and commercially available serum samples were 

analyzed for both their Mg and Ca isotope ratios. For some of the biomaterials analyzed, the Ca 

isotope ratio data as obtained using MC-ICP-MS were further validated via their determination using 

double-spike thermal ionization mass spectrometry (DS-TIMS). The expanded uncertainty for 

δ26Mg was ≤0.12‰ and for δ44Ca ≤0.29‰. Biological fluids and tissues of mice were analyzed 

to characterize the body distribution of the stable isotopes of Mg and Ca. The isotopic variability 

among the body compartments was about 1.5 ‰ for Mg and 1.0 ‰ for Ca. Among the tissues 

explored, muscle tissue shows the lightest Mg and Ca isotopic compositions and liver the heaviest 

Mg and Ca isotopic compositions, respectively. 

 

 

2.1 INTRODUCTION 

 

Magnesium (Mg) and calcium (Ca) play a crucial role in many biological processes in the body. 

These elements are acquired from dietary sources, with recommended daily intakes of 280-355 mg 

of Mg and 1,000-1,500 mg of Ca.1 

Mg is the second most abundant intracellular cation after K and the fourth most abundant cation in 

the human body. Mg homeostasis is controlled via absorption in the small intestine, retention in the 

bone, and excretion by the kidneys.2,3 Mg imbalance is associated with diseases such as diabetes 
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mellitus, chronic renal failure, nephrolithiasis, osteoporosis, aplastic osteopathy, heart and vascular 

disease.4  

 

Ca is the most abundant cation and the fifth most abundant element in human body, with 99% 

present in bone and teeth. Ca homeostasis is regulated by the parathyroid hormone (PTH), vitamin 

D, ionized serum Ca and interactions between the skeletal, urinary and digestive systems.1 The 

normal serum Ca concentration ranges from 88 to 104 mg L-1, which is higher than that of Mg 

(17.01-24.31 mg L-1), though the concentration of Mg in most of the soft tissues is higher than that 

of Ca.1,5,6 Extracellular Mg and Ca are available in free ionized form, bound to proteins or 

complexed with citrate, phosphate or bicarbonate anions.2  

 

Mg is a physiological antagonist of Ca and it influences muscle contraction/relaxation, releases 

neurotransmitters and facilitates impulse conduction in nodal tissue.7,8 Concentration of 

extracellular Ca and intracellular Mg are interdependent under certain disease conditions.6 Several 

studies found that hypomagnesaemia is accompanied by hypocalcemia.9–11 Mutation of the gene for 

the transient receptor potential channel melastatin member 6 (TRPM6 or CHAK2), which acts as a 

channel for Mg2+ ions into the cell, causes familial hypomagnesemia with secondary hypocalcemia, 

which is accompanied by abnormal renal Mg excretion.12 In an animal study, Bussière et al. showed 

that Ca deficiency has a protective effect against a pro-inflammatory response in Mg-deficient rats, 

reducing inflammation scores and preventing leukocytosis and spleen enlargement.13 It has also 

been shown that seizure patients have a low level of ionized serum Mg and a high level of ionized 

serum Ca compared to a control group. 14 

 

Systematic differences in their isotopic composition have been observed for a number of essential 

mineral elements between biofluids and tissues of healthy and diseased subjects, respectively.15–17 

The detailed origin of such variability still need to be elucidated, but it is believed that bond strength, 

oxidation state, ligand coordination and kinetics play a role. 15,18 High-precision isotopic analysis of 

Mg and Ca can be useful for achieving a better understanding of metal homeostasis, the interactions 

between these elements and/or alterations in their metabolism under disease conditions. Biological 

variations of natural Mg isotope ratios have until to date been less explored in a clinical context. 19 

An enrichment in the heavy 26Mg isotope along the trophic chain has been demonstrated, while an 
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earlier work showed an effect of diabetes type I on the isotopic composition of serum Mg.19,20 More 

research has already been devoted to Ca isotope ratios in health and disease, and isotopic analysis 

of serum and urine has been proven useful in clinical studies. 21–23 Anbar et al. used the 44Ca/42Ca 

ratio combined with the 87Sr/86Sr ratio as biomarker for bone mineral imbalance.24 The same research 

group also demonstrated that Ca isotope ratio variations show promise as a biomarker for 

osteoporosis and multiple myeloma.21,23 Chu et al. demonstrated that the Ca isotopic composition 

in the body is affected by the diet, and suggested that it could be used as a tracer for dairy 

consumption in mammals.18 Ca homeostasis is controlled by interaction between the gastrointestinal 

tract, the kidneys and the skeleton, which is the main Ca reservoir, and the sample type often chosen 

for Ca isotopic analysis in animal and/or archaeological studies.21,25–27 Given the antagonism of 

these elements, the combined study of Mg and Ca isotope ratio variations in biological systems can 

be valuable for biomedical applications. However, the amount of sample available for such research 

is often limited and thus, the possibility of using a single aliquot of sample for both Mg and Ca 

isotopic analysis is desirable.  

 

Most of the analytical methods developed so far aimed at either Mg or Ca isotopic analysis. A simple 

and fast one-stage Ca isolation procedure using a vacuum box and DGA resin has been reported by 

Lanping et al. 28. Wieser et al. used AG50W-X12 resin for a one-stage Ca isolation from seawater 

and marine carbonates. However, in these procedures, Mg co-eluted with the sample matrix 29. More 

recently, Bao et al. reported a 2-stage isolation procedure for Mg and Ca separation from some 

geological and biological reference materials using DGA and AG50W-X12 resins. However, 

additional steps of precipitation, sonication and centrifugation between the two chromatographic 

separations were required for complete removal of K from the Mg fraction 30. 

 

The goal of this study was the development and validation of an analytical method for high-precision 

isotopic analysis of both Mg and Ca sequentially isolated from a single aliquot of a biological sample 

by multi-collector inductively coupled plasma mass-spectrometry (MC-ICP-MS). The sequential 

chromatographic separation was accomplished using 1 mL of AG50W-X8 strong cation exchange 

resin. After method development and validation, several commercially available biofluids and 

tissues were analyzed. Finally, distribution of the isotopes of Mg and Ca across the body 

compartments of healthy mice was documented. 
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2.2 EXPERIMENTAL 

  

2.2.1 Reagents and materials 

Ultrapure water (resistivity > 18.2 MΩ cm) obtained from a Milli-Q Element water purification 

system (Merck Millipore, Bedford, MA, USA) was used throughout. Trace metal analysis grade 

PrimarPlus 14 M nitric acid and 12 M hydrochloric acid (Fisher Chemicals, Leicestershire, UK) 

were further purified by sub-boiling distillation in a Savillex DST-4000 acid purification system 

(Savillex Corporation, Eden Prairie, MN, USA). Ultrapure TraceSELECT® 9.8 M hydrogen 

peroxide and ACS grade acetone (≥ 99.5 %) were purchased from Sigma Aldrich (Overijse, 

Belgium) and used as such. 

 

A multi-element solution containing Li, Na, Mg, K, Ca, Mn, Fe, Cu and Zn was prepared from 

single-element standard solutions (1,000 mg L-1) from Merck (Darmstadt, Germany), PlasmaCAL 

(Quebec, Canada), Inorganic Ventures (Christiansburg, VA, USA), Alfa Aesar GmbH (Karlsruhe, 

Germany) and CPI International (Santa Rosa, CA, USA) for quantification purposes. Ga (from a 

1,000 mg L-1 standard solution, Inorganic Ventures) was used as an internal standard in the context 

of element quantification using single-collector ICP-MS. Standard solutions of 1,000 mg L-1 Mg 

(Inorganic Ventures, USA, lot K2-MG650434) and 1,000 mg L-1 Ca (Inorganic Ventures, USA, lot 

K2-CA653889) were used as in-house standards for evaluating the reproducibility of the Mg and Ca 

isotope ratio results.  

 

The Mg isotopic standard reference material DSM3 and the Ca CPI single-element standard were 

used for external correction for the bias caused by instrumental mass discrimination in MC-ICP-

MS. These standards were measured in a sample-standard bracketing (SSB) approach. The Mg 

reference materials IRMM 009 (Institute for Reference Measurements and Materials, Geel, 

Belgium) and ERM-AE143 (BAM, Berlin, Germany) were isotopically characterized relative to the 

DSM3 reference material. 

 

Ca isotope ratios (delta values calculated relative to the NIST SRM 915a Ca reference material) 

were also measured by thermal ionization mass spectrometry. The 42Ca-48Ca double-spike technique 

(DS-TIMS) was relied on to correct for the bias induced by fractionation.  
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AG50W-X8 strong cation exchange resin (hydrogen form, 8% cross-linkage, 100–200 mesh size, 

Bio-Rad, Nazareth, Belgium) was used for the isolation of Mg and Ca from the sample matrix and 

the Sr-resin (SR-B-100-A, 100-150 µm, TrisKem International, Bruz, France) was used for removal 

of Sr from the Ca fraction. 

 

2.2.2 Samples 

The reference materials Seronorm™ Trace Elements Serum L-1 (lot 1309438, SERO AS, 

Billingstad, Norway), Seronorm™ Trace Elements Whole blood L-1 (lot 1406263), Seronorm™ 

Trace Elements Urine L-1 (lot 1011644) and commercially available sheep serum (lot SLBS0563V, 

Sigma-Aldrich, Saint Louis, MO, USA), goat serum (lot SLBR1636V, Sigma-Aldrich), mouse 

serum (lot SLBR6772V, Sigma-Aldrich), horse serum (lot SLBS7574, Sigma-Aldrich), rabbit serum 

(lot SLBS5706, Sigma-Aldrich), pig kidney powder BCR-CRM186 (lot 1230, IRMM, Geel, 

Belgium), bovine liver powder NIST SRM1577a (NIST, Gaithersburg, MD, USA), bovine muscle 

powder BCR-CRM184 (lot 1050, IRMM) and bone ash powder NIST SRM1400 were analyzed. 

 

Blood plasma, urine and several organs of wild type (C57Bl/6 background) 40 weeks-old male mice 

were analyzed. These animals were housed at the VIB (Flemish Institute for Biotechnology) – 

UGent Center for Inflammation Research (IRC) in temperature-controlled, air-conditioned facilities 

with cycles of 14 h light and 10 h of darkness, with food and water ad libitum. Three individuals 

were sacrificed under anesthesia and perfused with a saline solution (PBS, phosphate-buffered 

saline). Samples were stored at -20 ºC until sample preparation in a class-10 clean lab (PicoTrace™, 

Göttingen, Germany) at the A&MS-UGent research unit. 

 

 

2.2.3 Sample preparation 

Sample digestion was carried out in closed Savillex® PFA beakers, heated at 110 ºC for 18 h. A 

mixture of 2 mL of 14 M HNO3 and 0.5 mL of 9.8 M H2O2 was used for biological fluids and a 

mixture of 4 mL of 14 M HNO3 and 1 mL of 9.8 M H2O2 was used for tissues. After 18 h, the digests 

were evaporated to dryness at 90 oC and subjected to a second digestion using a mixture of 2 mL of 

14 M HNO3 and 0.5 mL of 9.8 M H2O2 for an efficient mineralization. After cooling down, the 
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vessels were opened and the digests were evaporated to dryness at 90 oC. The residues were re-

dissolved in 1 mL of 0.4 M HCl for the subsequent chromatographic Mg and Ca isolation. 

 

The chromatographic separation was performed using 1 mL of AG50W-X8 resin (100–200 mesh, 

hydrogen form).19 The resin was pre-cleaned with 10 mL of MQ-water, 30 mL of 7 M HCl, followed 

by another 20 mL of MQ-water. After conditioning of the resin with 10 mL of 0.4 M HCl, 1 mL of 

the sample digest was loaded onto the column. The matrix was eluted using 34 mL of 0.4 M HCl, 

10 mL of the mixture of 0.5 M HCl + 12.94 M acetone and 1 mL of 0.8 M HCl. Then, the Mg 

fraction was eluted from the resin using 23 mL of 0.8 M HCl and collected in a Teflon Savillex® 

beaker. Subsequently, the Ca fraction was eluted from the resin using 13 mL of 4 M HCl and 

collected in a Teflon beaker. For the complete removal of Fe from the Ca fraction, a second isolation 

on the same column with the AG50W-X8 resin was performed following the same procedure. 

Afterwards, the Ca fraction was evaporated to dryness and redissolved in 1 mL of 3 M HNO3 for the 

subsequent chromatographic removal of Sr. The latter was carried out with 0.7 mL of Sr-resin, as 

described in ref. 25. The resin was first pre-cleaned with 10 mL of MQ-water, 22.5 mL of 7 M HCl 

and another 20 mL of MQ-water and conditioned with 5 mL of 3 M HNO3. 1 mL of sample (Ca 

fraction) was loaded onto the column. The Ca was eluted from the resin using 6 mL of 3 M HNO3. 

 

Both the purified Mg and Ca fractions obtained after the chromatographic separation were 

evaporated to dryness, re-dissolved in 2 mL of 14 M HNO3 + 0.5 mL of 9.8 M H2O2 and heated on 

a hot plate at 110 oC overnight for removal of organic compounds from the resin and the acetone. 

Finally, the purified Mg and Ca fractions were evaporated to dryness at 90 ºC and the residue 

subsequently re-dissolved in 1 mL of 0.28 M HNO3 and 1 mL of 0.042 M HNO3, respectively, for 

element quantification (single-collector ICP-MS) and isotope ratio measurements (multi-collector 

ICP-MS). Two procedural blanks were included in each batch of samples (~25 samples or columns 

each). 

 

2.2.4 Instrumentation and measurements 

Mg and Ca isotope ratio measurements were accomplished using a Neptune MC-ICP-MS instrument 

(Thermo Scientific, Bremen, Germany) equipped with a high-transmission Jet interface (Jet-type Ni 

sampling cone and X-type Ni skimmer cone) and a large dry interface pump (130 m3h-1 pumping 
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speed). A 100 µL min-1 PFA concentric nebulizer mounted onto a double spray chamber with 

cyclonic and Scott-type sub-units was used for sample introduction into the plasma. Instrument 

settings and data acquisition parameters are summarized in Table 2.1. Mg isotope ratio 

measurements were performed as described in ref. 19. 

 

Ca isotope ratio measurements were performed in cold plasma conditions, at medium (pseudo) mass 

resolution and in static collection mode, involving four Faraday collectors connected to 1011 Ω 

resistors. 87Sr2+ was monitored using the H1 cup, at a mass-to-charge ratio of 43.5. In static collection 

mode, the signal intensities for the Ca nuclides were monitored on the left side of the interference-

free flat-topped section of the peak. In this way, measurement of the Ca signal intensities and isotope 

ratios did not suffer from spectral interference caused by the presence of polyatomic ions, such as 

40ArH2
+,12C16O2

+, 14N3
+ and 14N2

16O+ (Figure 2.1).  

 

Figure 2.1 Peak scans for Ca isotopes with the Neptune MC-ICP-MS instrument operated at 

medium mass resolution.  

 

 

An acid blank (0.042 M HNO3) and procedural blanks were measured at the beginning of each 

measurement sequence to evaluate their contribution to the signal intensities. The sample 

introduction system was rinsed during 90 s with 0.28 M HNO3, followed by the measurement of 

acid blank (0.042 M HNO3) during 20 cycles for conditioning of the plasma before each sample. 
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Isotope ratio measurements for Ca and Mg were performed at 4 mg L-1 and 150 µg L-1 concentration 

levels, respectively. The signal thus obtained was ≈2 V for the 44Ca nuclide and ≈8 V for the 24Mg 

nuclide. The 2SD-rejection of outliers from 50 cycles was applied for each measurement. 

 

Table 2.1 Instrument settings and data acquisition parameters for the Neptune MC-ICP-MS 

instrument. 

 
Instrumental Settings      Mg        Ca       
RF‐power, W   1200    800    

Gas flow rates, L min-1           
   Cool  15    15    
   Auxiliary  0.70-0.90    0.70-0.85    
   Nebulizer   1.05-1.08    0.80-0.85    

Interface     Jet    Jet    

Sample cone    Ni: 1.1 mm orifice diameter  Ni: 1.1 mm orifice diameter  

Skimmer cone   
Ni, X-type: 0.8 mm orifice 

diameter Ni, X-type: 0.8 mm orifice diameter 
Sample uptake   0.1 mL min -1   0.1 mL min -1   

Mass resolution mode   Medium    Medium    
Data acquisition 
                      
Mode    Static, multi-collection  Static, multi-collection  

Integration time, s   4.194    4.194    

Number of integrations   3    3    
Number of 

blocks    1    1    
Number of cycles per 

block   50    50    
Cup 

configuration       
  L3:    
24Mg 

             

Cup     
  C: 
25Mg 

H3: 
26Mg  

L2:     
42Ca 

C: 
43Ca 

H1: 

43.5 
H2: 
44Ca 

Resistor     1011Ω 1011Ω 1011Ω  1011Ω 1011Ω 1011Ω 1011Ω 

 

 

The in-house Ca isotopic standard (Inorganic Ventures IV) was measured every five samples for 

quality assurance/quality control (QA/QC). The Ca isotope ratio measurements were carried out 

using a solution containing approximately 4 mg L-1 of Ca, and samples and standards were adjusted 

to within ±5 % of the concentration in the Ca CPI solution measured in a SSB approach for external 

correction for instrumental mass discrimination. The 44Ca/42Ca ratio was expressed in delta notation 

(δ44/42 Ca, ‰) relative to the Ca CPI single-element standard solution, and calculated according to 

equation 2.1. 
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𝛿44 42⁄ 𝐶𝑎𝑠𝑎𝑚𝑝𝑙𝑒(‰) = (

[
𝐶𝑎44

𝐶𝑎42 ]
𝑠𝑎𝑚𝑝𝑙𝑒

[
𝐶𝑎44

𝐶𝑎42 ]
𝐶𝑃𝐼

− 1) ×  1000     (2.1) 31 

 

Ca isotope ratio measurements of some reference materials and commercially available biofluids 

were also performed by double-spike thermal ionization mass spectrometry (DS-TIMS) using a 

Triton instrument (ThermoScientific) at the State Key Laboratory of Geological Processes and 

Mineral Resources (School of Earth Sciences, Wuhan, China) for validation purposes.32  

 

Prior to MC-ICP-MS measurements, element quantification was accomplished using a Thermo 

Scientific Element XR single-collector sector-field ICP-MS instrument, relying on external 

calibration and the use of Ga as an internal standard to correct for potential signal instability and/or 

matrix effects. Samples and calibration standards were prepared in 0.28 M HNO3 and introduced 

into the plasma using a 200 µL min-1 quartz nebulizer mounted onto a cyclonic spray chamber. The 

calibration lines for Mg and Ca were constructed using 5 calibration standards ranging from 1 to 50 

µg L-1 and the equations obtained were: y = 0.0610 × Mg (µg L-1) + 0.0513, R2 = 0.9999 and y = 

0.0035 × Ca (µg L-1) + 0.0172, R2 =0.9997. 

 

2.3 RESULTS AND DISCUSSION 

 

2.3.1 Sequential isolation of Mg and Ca from biological samples 

An efficient isolation of both target elements (Mg and Ca) was aimed at, with quantitative recoveries 

of the target elements in their respective purified fractions with low procedural blanks.33 

 

The chromatographic isolation of Mg and Ca using AG50W-X8 strong cation exchange resin was 

first tested for biofluids showing different mineral compositions – serum, whole blood and 

cerebrospinal fluid (CSF). Mg was recovered quantitatively (99.5 ± 6.6%) from all samples. 

It is noteworthy that the elemental ratios Na/Mg, K/Mg and Ca/Mg are about 174, 8 and 5 in serum, 

109, 75 and 1 in whole blood and 115, 2 and 1 in CSF, respectively. As has been previously 
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demonstrated for geological samples, the concomitant elements present in the sample digests can 

affect the elution profiles when using ion exchange chromatography.34 

Figure 1 shows the elution profiles obtained for the Seronorm™ Trace Elements Serum L-1 (Figure 

2A) and the Seronorm™ Trace Elements Whole blood L-1 (Figure 2B) reference materials and a 

synthetic CSF sample (Figure 2C) with a mineral composition similar to that of an actual human 

CSF sample.35 As can be seen in the elution profiles Li, Na, K, Zn and Cu were efficiently removed 

(≥99%) using 34 mL of 0.4 M HCl and 10 mL of the mixture 0.5 M HCl + 12.94 M acetone. The 

presence of a non-aqueous solvent, such as acetone, promotes the formation of metal-halide 

complexes leading to selective and rapid elution of the metals.36 Fe, on the other hand, partly (about 

50%) co-eluted with Ca and for whole blood, some Fe (about 2%) also co-eluted with Mg. The Fe 

concentration in whole blood can be about 280-fold higher than that in serum, and 4400-fold than 

that in CSF.37 

 

 

 

Figure 2.2 Elution profiles for Seronorm™ Trace Elements Serum L-1 (A), Seronorm™ Trace 

Elements Whole blood L-1 (B) reference materials and a synthetic CSF sample (C) using AG50W-

X8 strong cation exchange resin. Each curve represents the mass percentage of element eluted. 
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We have shown that at Fe/Mg elemental ratios < 0.13 present in the solutions to be analyzed, as is 

the case for whole blood, the δ26Mg values did not show any significant bias. The potential effects 

of concomitant matrix elements in the Mg fraction (Cu, Fe, Zn, Ca) were evaluated using solutions 

of the in-house Mg standard, spiked with a single matrix element and with different mixtures of 

these elements. In Figure 2.3, the effect of some matrix elements on the Mg isotope ratio results are 

shown. The δ26Mg value for the pure in-house Mg standard is -0.65 ± 0.06 (2SD, n=236). This value 

was biased for Fe/Mg elemental ratios ˃ 0.13 and Ca/Mg ratios ˃ 1.5 in the solutions to be analyzed, 

resulting in an overall shift of the δ26Mg value towards a lighter Mg isotopic composition. The Mg 

isotopic composition of the in-house standard solution at 150 µg L-1 Mg spiked with 19.5 µg L-1 of 

Fe was -0.60 ± 0.01 (1SD), a value that is not significantly different from that of the pure in-house 

standard. 

 

 

 

Figure 2.3 Effect of concomitant matrix elements on Mg isotope ratio results. The full line indicates 

the average δ26Mg value for the in-house Mg IV standard. The dotted lines represent ±2SD. 

 

As doubly charged 84,86,88Sr2+ ions interfere with all of the Ca isotopes of interest (42,43,44Ca+), 

additional Sr removal from the purified Ca fraction was taken care of by using Sr-resin for all 

biofluid samples, despite the low level of Sr present (e.g., 37 µg L-1 in Seronorm™ whole blood L-
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1). 38,39 Ca was recovered quantitatively (99.7 ± 5.5%) from all samples, ensuring the absence of on-

column isotope fractionation effects on the final Ca isotope ratio results.40 

 

The sequential isolation procedure was also tested for urine and soft tissues, such as mouse organs. 

The procedure was suitable for both Mg and Ca isotopic analysis and further applied in the context 

of a study of the body distributions of the Mg and Ca stable isotopes in mouse (vide infra). Although 

a one-stage protocol sufficed for Mg isolation from all the biological sample types studied, this 

separation approach cannot be used for samples containing a high content of Ca. For the NIST 

SRM1400 bone ash powder reference material (381,800 µg g-1 of Ca), a Ca/Mg ratio >50 was 

obtained in the Mg fraction. However, two additional purification steps with the same column, 

reduced the Ca/Mg ratio in the Mg fraction to a value <1.5 (Figure 2.3), while Mg was recovered 

quantitatively with a yield of 100.1 ± 4.0 % (N=15, where N refers to the number of replicates – 

including separate isolation). 

 

2.3.2 Effect of organic material derived from the isolation procedure on the Mg isotope ratios 

An acetone-HCl solution was required for the Mg isolation to efficiently remove some matrix 

elements, such as Cu, Mn and Zn and, partially, Fe.41,42 The presence of acetone not only brings 

some technical issues (formation of air bubbles) during the isolation procedure, but can generate 

additional spectral interferences due to the presence of C-containing polyatomic ions (C2
+, C2H

+, 

C2H2
+, CN+) across the entire Mg mass range. 38 The study of the effect of organic material (mainly 

from acetone) on the Mg isotope ratios was carried out using the in-house Mg standard after 

digestion and chromatographic separation (treated in the same way as the samples). First, the Mg 

fraction thus obtained was evaporated to dryness and re-dissolved in 0.28 M HNO3. The δ26Mg value 

was -0.50 ± 0.05‰ (N=3), which is higher than that of the pure in-house Mg standard (-0.65 ± 

0.06‰). In a 2nd experiment, the purified Mg fraction was evaporated to dryness, and the residue 

was taken up in 2 mL of 14 M HNO3 + 0.5 mL of 9.8 M H2O2 that was immediately evaporated. In 

a 3rd experiment, the Mg fraction was evaporated to dryness, taken up in 2 mL of 14 M HNO3 and 

0.5 mL of 9.8 M H2O2 and subjected to a temperature of 110 ºC for 18 hours by heating in a closed 

Savillex® PFA beaker. In a 4th experiment, the latter digestion was carried out twice. The δ26Mg 

values obtained were -0.58 ± 0.06‰ (SD, N=6), -0.64 ± 0.03‰ (SD, N=4) and -0.67 ± 0.02‰ (SD, 

N=4), for experiments 2, 3 and 4, respectively. A significant difference was observed between the 
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δ26Mg value for the in-house standard (not treated) and the value of the in-house standard treated 

following the experiments 1 & 2 (t-test, p = 0.000 and p = 0.000, respectively). However, no 

significant difference was observed between the δ26Mg value of the in-house standard (not treated) 

and that treated following the experiments 3 & 4 (t-test, p = 0.500 and p = 0.123, respectively), thus 

experiment 3 was chosen. Based on the results obtained, approach nr. 3 was selected for further Mg 

isotopic analysis by MC-ICP-MS. 

 

2.3.3 Validation of the analytical method 

2.3.3.1 Magnesium isotope ratios 

To evaluate the analytical method for Mg isotopic analysis, several reference materials and 

commercially available biofluids were analyzed. All Mg isotope ratio results are expressed in delta 

notation (‰) relative to the DSM3 isotopic reference material. As DSM3 is not traceable to the SI, 

isotopic reference materials, such as ERM-AE 143 and IRMM-009, were proposed as alternative 

isotopic standards.43,44 The Mg isotopic composition of ERM-AE143 obtained at A&MS-UGent 

(δ26Mg, -3.28 ± 0.09‰, N = 58, 2SD) was in an excellent agreement with the reference value (-3.28 

± 0.03‰, U, k=2).45  

 

Figure 2.4 shows the long-term repeatability of the Δ26Mg values – calculated as the deviation of 

the δ26Mg values from the mass-dependent fractionation line (cf. equation 2.2) – for the Mg in-house 

standard and for ERM-AE143, IRMM 009 and CPI Mg.46 The error bars represent the repeatability 

for N=5 in each measurement session. 

 

Δ26Mg= δ26Mg- (1/a)× (δ25Mg+b)     (2.2) 

 

a corresponds to the slope (0.5118) and b (-0.005) is the intercept of the mass-dependent 

fractionation line. Δ26Mg was 0.018 ‰, 0.019 ‰, 0.019 ‰ and 0.020 ‰ for Mg IV, IRMM 009, 

ERM AE143 and Mg CPI, respectively. The long-term repeatability measured over a period of three 

years was 0.05 ‰ (2SD). 
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Figure 2.4 Reproducibility of the Δ26Mg values obtained for the Mg in-house standard, the Mg CPI 

standard and for ERM-AE143 and IRMM 009 isotopic reference materials. The Δ26Mg values were 

calculated as the deviation of the δ26Mg values from the mass-dependent fractionation line (cf. 

equation 2).46 The gray area indicates ±2SD for the whole dataset. The error bars (2SD precision) 

represent the repeatability for N = 4-16 replicates obtained in each measurement session. 

 

Table 2.2 compiles Mg isotope ratio data for biological materials and reference standards, expressed 

relative to the DSM3 isotope reference material, for comparison with reported data. Each sample 

was measured either in triplicate or quadruplicate. 

 

Table 2.2 Mg isotope ratio results for reference standards, common element standards and biological 

materials, expressed relative to the DSM3 isotopic reference material (in ‰). 

 

Sample δ26Mg ± 2SD δ25Mg ± 2SD N 

Reported,  

δ26Mg ± 2SD (ref.) 

ERM AE-143 -3.28±0.09 -1.68±0.07 58 -3.28±0.03 45 

IRMM 009 -4.95±0.10 -2.54±0.06 74  

Mg IV in-house -0.65±0.06 -0.34±0.03 236 -0.65±0.09 19 

Mg CPI standard -1.39±0.08 -0.73±0.04 55  

Seronorm™ serum L-1 0.12±0.11 0.06±0.06 25 0.08±0.06 19 

Seronorm™ whole blood L-1 -0.42±0.13 -0.21±0.07 6  

Seronorm™ urine L-1 -0.04±0.34 0.00±0.18 3  

Fetal bovine serum (FBS) 0.30±0.06 0.16±0.04 4  
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Rabbit serum -0.14±0.04 -0.08±0.04 2  

Mouse serum -0.35±0.10 -0.17±0.06 5  

Horse serum -0.72±0.04 -0.37±0.04 1  

Sheep serum -0.76±0.08 -0.39±0.08 5  

Goat serum  -1.06±0.04 -0.55±0.04 2  

Bovine liver powder NIST SRM 1577a 0.34±0.06 0.18±0.04 2  

Pig kidney powder BCR-CRM 186 -0.50±0.02 -0.25±0.04 2  

Bovine muscle powder BCR-CRM184 -0.98±0.06 -0.52±0.04 2  

Bone ash powder NIST SRM1400 -1.06±0.07 -0.56±0.04 6 -1.00±0.08 30 

 

The fractionation line obtained for the biofluids is shown in Figure 2.5. The slope of the fractionation 

line was 0.5146 ± 0.0021, i.e. within the range defined by the theoretical values 0.5110 and 0.5210 

for kinetically and thermodynamically controlled mass-dependent fractionation, respectively. 44 A 

total of 25 replicate samples of SeronormTM serum L-1 and 6 replicate analyses of NIST SRM1400 

were subjected to digestion and target element isolation (one-stage Mg isolation for serum and two-

stage Mg isolation for bone ash) and each sample was measured from 2 to 4 times to evaluate internal 

and external precision.  

 

 

Figure 2.5 Mg isotope composition (or 3-isotope plot) for standards and biological reference 

materials. δMg values are expressed relative to the DSM3 isotopic reference material. 
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The expanded uncertainty was determined as indicated in the equation below (equation 2.3): 

 

𝑈 = 𝑘 × 𝑢𝑐 = 2 × √(𝑢𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙)
2 + (𝑢𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙)2 + (𝑢𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 )2  (2.3) 

 

U denotes the expanded uncertainty and uc the combined uncertainty. A coverage factor k = 2 was 

used; uinternal denotes the internal precision, expressed as SD for an individual measurement (50 

cycles); uexternal denotes the external precision, expressed as SD of the mean values derived from 

replicate measurements (i.e. measurement of the same sample in different measurement sessions); 

usample preparation refers to a combined bias, estimated for samples treated (digestion and isolation) on 

different days. The expanded uncertainties thus obtained were 0.12‰ and 0.08‰ for serum and for 

bone ash powder, respectively.  

 

The contribution of the procedural blanks was 0.3-0.5 % of the total Mg signal intensity and thus, 

the δ26Mg values with and without blank correction agreed within instrumental uncertainty (uinternal). 

 

2.3.3.2 Calcium isotope ratios 

Ca isotope ratios were measured by MC-ICP-MS relative to the Ca CPI standard using cold plasma 

conditions to mitigate the occurrence of Ar-based ions. The procedural blanks (measured at a mass-

to-charge ratio of 44) corresponded to a Ca level < 20 ng L-1, which is negligible compared to the 

amount of Ca used for the isotope ratio measurements (<0.5 %).  

 

Ca isotope ratios were determined in the purified and non-purified Ca CPI and Ca IV in-house 

standards to evaluate the quality of these standards for high-precision isotopic analysis of Ca via 

MC-ICP-MS and the need of Sr removal from the original standard solutions. The standards were 

purified using Sr-resin and further treated following the protocol described above.  
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Table 2.3 Ca isotope ratios for non-purified and purified standards after Sr removal with and without 

mathematical Sr correction.  

Sample/standard δ44/42Ca δ44/43Ca 2SD   N 

Sample: purified Ca IV in-house      

Standard: non-purified Ca CPI -0.17 -0.32 0.04 0.02 5 

Sample: purified Ca IV in-house with Sr 

correction 

     

-0.19 -0.12 0.04 0.07 5 

Standard: non-purified Ca CPI      

Sample: purified Ca in-house IV 
-0.15 -0.09 0.05 0.03 5 

Standard: purified Ca CPI      

Sample: purified Ca in-house IV with Sr 

correction 

     

-0.15 -0.09 0.04 0.06 5 

Standard: purified Ca CPI      

 

As can be seen in Table 2.3, even for a low Sr level (<1 µg L-1), the doubly charged 86Sr2+ ion 

interferes with the monitoring of the 43Ca ion signal, such that the purification of the Ca CPI and Ca 

IV standards prior to Ca isotope ratio measurements is strictly required. After standard purification, 

mathematical correction for a potential contribution of Sr2+ to the ion signal intensity is not 

necessary. The δ44Ca value obtained for Ca IV without Sr correction (-0.15 ± 0.04‰, SD) agreed 

within the internal uncertainty with the reference value. This is consistent with previous works, 

recommending a Sr/Ca ratio lower than 0.00005 for accurate Ca isotope ratio results. 30 
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Table 2.4 Ca isotope ratio results for common elemental standards and biological materials obtained 

by MC-ICP-MS and DS-TIMS. The isotope ratios obtained by MC-ICP-MS were measured relative 

to the Ca CPI standard and the data obtained by DS-TIMS was obtained relative to the SRM915a 

reference material and re-calculated relative to the Ca CPI standard. N corresponds to the number 

of replicates from separate isolations and nm refers to number of measurements. For DS-TIMS, one 

replicate of sample preparation was used. 

 

Sample 
MC-ICP-MS  DS-TIMS 

δ44/42CaCPI 2SD N  δ44/40CaSRM915a 2SD nm δ44/42CaCPI 

Ca CPI standard -0.01 0.07 6  1.11 0.10 3 0.00 

Ca IV standard (in-house) -0.12 0.19 84  0.76 0.11 3 -0.18 

Seronorm™ Serum L-1 -0.09 0.03 2  0.98 0.15 4 -0.07 

Seronorm ™Whole Blood -0.16 0.00 1  0.89 0.09 2 -0.11 

Seronorm™ Urine 0.11 0.32 5  1.25 0.04 3 0.07 

Fetal bovine serum (FBS) -1.15 0.15 6  -1.18 0.10 3 -1.15 

Rabbit serum -0.55 0.17 2  - - - - 

Mouse serum -0.37 0.26 2  - - - - 

Sheep serum -0.69 0.27 2  - - - - 

Goat serum -0.79 0.01 4  -0.47 0.11 3 -0.79 

Bovine liver powder, NIST 

SRM 1577a -0.38 - 1 

 

0.37 0.17 4 -0.37 

Pig kidney powder, BCR-

CRM 186 -0.08 0.16 2 

 

0.92 0.09 3 -0.09 

Bovine muscle powder, 

BCR-CRM184 -0.70 0.02 3 

 

-0.17 0.11 3 -0.64 

- Not determined         

 

Table 2.4 shows the Ca isotopic composition of some common standards, commercially available 

biofluids and/or reference materials obtained via MC-ICP-MS using Ca CPI as bracketing standard. 

These samples were also analyzed by DS-TIMS for validation using NIST SRM 915 as reference 

material. Ca isotope ratios were expressed relative to NIST SRM 915a and the δ44/40Ca values thus 

obtained were re-calculated to δ44/42Ca notation according to equation 2.4 and expressed relative to 

Ca CPI by subtracting δ44/40CaSRM915a = 1.11 ± 0.10 ‰ (2SD, n = 3) (Table 2.4).47,48 Uncertainties 
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are given in parentheses after the corresponding last digits of the atomic mass value. The values 

obtained by MC-ICP-MS were in good agreement with those obtained by DS-TIMS. 

 

𝛿44 42⁄ 𝐶𝑎 = (
𝛿44 40⁄ 𝐶𝑎

43.9554811(9)−39.9625912(3)
) × (43.9554811(9) − 41.9586183(4)) (2.4) 

 

The expanded uncertainty was determined as indicated in equation 2.3. A total of 6 replicates 

(separate digestion and isolation) of fetal bovine serum measured between 2 and 6 times each were 

used to evaluate the internal and external precision. The expanded uncertainties obtained for the 

δ44/42Ca values was 0.29 ‰. 

 

2.3.4 Body Mg and Ca isotopic variability 

Systematic differences in isotopic composition have been observed for a number of essential mineral 

elements in biofluids and tissues of healthy and diseased subjects, respectively.15–17 Mg is a 

physiologic Ca antagonist, the study of Mg and Ca isotopic compositions in the same aliquot of 

sample can thus be valuable for this purpose. 

 

Mg and Ca isotopic compositions were examined in biofluids and tissues of healthy mice. The 

recoveries of Mg and Ca were quantitative for all samples after chromatographic separation. Also 

the isotopic composition of the food was characterized as this could be a major factor governing the 

isotopic compositions. 24-76 % of total dietary Mg is absorbed in the intestine, stored in bone and 

muscle, and excreted by kidneys and feces.2 Calcium balance is regulated by parathyroid hormone 

and calcitriol, which affect dietary Ca intake, absorption by the small intestinal (~30%), bone 

formation and resorption, and  renal excretion.1 Figure 2.6 shows the body distribution of Mg and 

Ca stable isotopes and the corresponding data are compiled in Table 2.5.  
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Figure 2.6 Body distribution of Mg and Ca isotopes. (A) Mg isotopic composition, expressed as 

δ26Mg relative to DSM3; (B) Ca isotopic composition, expressed as δ44/42Ca relative to Ca CPI 

standard. Error bars indicate the standard deviation within individuals and the grey area corresponds 

to the diet Mg or Ca isotopic compositions. 

 

 

Table  2.5 Body Mg and Ca isotopic distributions in healthy mice. N corresponds to the number of 

individuals. 

 
Sample δ26Mg (‰) SD N δ44/42Ca (‰) SD N 

Muscle -1.23 0.10 3 -0.71 0.04 2 

Bone -1.14 0.07 3      

Brain -1.04 0.01 3 0.06*   2 

Colon content -0.98 0.09 3 -0.47 0.10 2 

Kidney -0.93 0.11 3 -0.56*   2 

Intestine  -0.77 0.06 3 -0.19*   2 

Pancreas -0.72 0.05 3 0.14*   2 

Plasma -0.49 0.14 3 -0.42 0.01 2 

Urine -0.32 0.01 2 -0.15 0.11 2 

Liver 0.28 0.04 3 0.27*   2 

Diet -0.73 0.05 4 -0.37 0.10 4 

* - pooled samples 
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The mouse body shows a Mg isotopic variability of about 1.5 ‰, while for Ca, it was about 1.0 ‰. 

The lightest Mg isotopic composition was observed in Mg-storing compartments (bone and muscle), 

which contain ~80% of the total body Mg. These are compartments with slow rates of Mg turnover.49 

Also for Ca, the storage compartment shows the lightest Ca isotopic composition, in agreement with 

the body distribution previously observed in sheep.25 For both Mg and Ca, the liver was enriched in 

the heavier isotopes and urine Mg and Ca isotopic compositions were heavier than these in kidney 

tissue, indicating a preferential urinary excretion of the heavier Mg and Ca isotopes. The isotopic 

composition of colon Mg was lighter than that of diet, while for Ca, this was similar. This is 

consistent with a preferential assimilation of the heavier Mg isotopes and excretion of the lighter 

ones via feces, occurring for about 70% of the ingested Mg.20 Finally, the plasma Ca isotopic 

composition was within the range of that of the diet, while the plasma Mg isotopic composition was 

heavier than that of the diet. 

 

2.4 CONCLUSIONS 

 

A sequential method for chromatographic Mg and Ca isolation combined with a protocol for high-

precision isotopic analysis of Mg and Ca via MC-ICP-MS has been demonstrated to be suitable for 

a wide variety of biological samples (human and animal body fluids and tissues). The method was 

successfully validated using various isotopic reference materials for Mg isotope ratios and by 

comparison of δ44/42Ca values obtained by MC-ICP-MS and DS-TIMS, respectively. The expanded 

uncertainty for δ26Mg determination in serum (one-column pass) and in bone ash (two-column pass) 

samples were 0.12‰ and 0.08‰, respectively and the expanded uncertainty for δ44/42Ca 

determination in fetal bovine serum (three-column pass) was 0.29 ‰. To the best of our knowledge, 

this work provides the first dataset for the body distribution of Mg and Ca isotopes in mice. The 

mouse body showed an isotopic variability of about 1.5 ‰ and 1.0 ‰ for Mg and Ca, respectively. 

The liver was enriched in the heavy isotopes for both Mg and Ca. The lightest Mg isotopic 

composition was found in the Mg-storing compartments with slow rates of Mg turnover and the 

lightest Ca isotopic composition in the muscle. 

 

 



 

79 

 

2.5 ETHICS STATEMENT 

 

Animal experiments were approved by the ethical committee for animal welfare of the Faculty of 

Sciences at Ghent University. 

 

2.6 ACKNOWLEDGEMENTS 

 

The authors thank Dr. Lanping Feng for performing the Ca isotope measurements by DS-TIMS at 

the State Key Laboratory of Geological Processes and Mineral Resources, School of Earth Sciences, 

Wuhan, China and Elien Van Wonterghem for providing mouse samples. MC-R thanks FWO-

Vlaanderen for her postdoctoral grant. 

 

2.7 REFERENCES  

 

1 M. Peacock, Clin. J. Am. Soc. Nephrol., 2010, 5, 23–30. 

2 W. Jahnen-Dechent and M. Ketteler, Clin. Kidney J., 2012, 5, 3–14. 

3 T. Bohn, Magnesium Absorption in Humans, Swiss Federal Institute of Technology Zurich, 

PhD thesis, 2003. 

4 C. G. Musso, Int. Urol. Nephrol., 2009, 41, 357–362. 

5 B. H. Ising, F. Bertschat, G. Theodor, E. Jeremias and A. Jeremias, Eur. J. Clin. Chem. Clin. 

Biochem., 1995, 33, 365–371. 

6 H. A. Schroeder, A. P. Nason and I. H. Tipton, J. Chronic Dis., 1969, 21, 815–841. 

7 M. F. Ryan, Ann. Clin. Biochem., 1991, 28, 19–26. 

8 R. Swaminathan, Clin. Biochem. Rev., 2003, 24, 47–66. 

9 C. S. Anast, J. L. Winnacker, L. R. Forte and T. W. Burns, J. Clin. Endocrinol. Metab., 1976, 

42, 707–716. 

10 S. M. Suh, A. H. Tashjian, N. Matsuo, D. K. Parkinson and D. Fraser, J. Clin. Invest., 1973, 

52, 153–160. 

11 H. Estep, W. A. Shaw, C. Watlington, R. Hobe, W. Holland and S. G. Tucker, J. Clin. 

Endocrinol. Metab., 1969, 29, 842–848. 

12 R. Y. Walder, D. Landau, P. Meyer, H. Shalev, M. Tsolia, Z. Borochowitz, M. B. Boettger, 

G. E. Beck, R. K. Englehardt, R. Carmi and V. C. Sheffield, Nat. Genet., 2002, 31, 171–174. 

13 F. I. Bussière, E. Gueux, E. Rock, A. Mazur and Y. Rayssiguier, Eur. J. Nutr., 2002, 41, 197–

202. 

14 R. Sinert, S. Zehtabchi, S. Desai, P. Peacock, B. T. Altura and B. M. Altura, Scand. J. Clin. 

Lab. Invest., 2007, 67, 317–326. 

15 J. Skulan and D. J. DePaolo, Proc. Natl. Acad. Sci. U. S. A., 1999, 96, 13709–13713. 

16 V. Balter, A. Lamboux, A. Zazzo, P. Télouk, Y. Leverrier, J. Marvel, A. P. Moloney, F. J. 

Monahan, O. Schmidt and F. Albarède, Metallomics, 2013, 5, 1470–1482. 



 

80 

 

17 M. Costas-Rodríguez, S. Van Campenhout, A. A. M. B. Hastuti, L. Devisscher, H. Van 

Vlierberghe and F. Vanhaecke, Metallomics, 2019, 11, 1093–1103. 

18 N. C. Chu, G. M. Henderson, N. S. Belshaw and R. E. M. Hedges, Appl. Geochemistry, 2006, 

21, 1656–1667. 

19 R. Grigoryan, M. Costas-Rodríguez, S. Van Laecke, M. Speeckaert, B. Lapauw and F. 

Vanhaecke, J. Anal. At. Spectrom., 2019, 34, 1514–1521. 

20 J. E. Martin, D. Vance and V. Balter, Proc. Natl. Acad. Sci., 2015, 112, 430–435. 

21 A. Heuser and A. Eisenhauer, Bone, 2010, 46, 889–896. 

22 J. L. L. Morgan, J. L. Skulan, G. W. Gordon, S. J. Romaniello, S. M. Smith and A. D. Anbar, 

Proc. Natl. Acad. Sci. U. S. A., 2012, 109, 9989–9994. 

23 G. W. Gordon, J. Monge, M. B. Channon, Q. Wu, J. L. Skulan, A. D. Anbar and R. Fonseca, 

Leukemia, 2014, 28, 2112–2115. 

24 A. Anbar, J. Skulan, G. Gordon, J. Morgan, US Patent, PCT/US/2011/039780, US 9,261,519 

B2, 2016. 

25 T. Tacail, E. Albalat, P. Télouk and V. Balter, J. Anal. At. Spectrom., 2014, 29, 529. 

26 T. Hirata, M. Tanoshima, A. Suga, Y. K. Tanaka, Y. Nagata, A. Shinohara and M. Chiba, 

Anal. Sci., 2008, 24, 1501–1507. 

27 L. M. Reynard, G. M. Henderson and R. E. M. Hedges, Geochim. Cosmochim. Acta, 2010, 

74, 3735–3750. 

28 F. Lanping, L. Zhou, L. Yang, W. Zhang, Q. Wang, T. Shuoyun and Z. Hu, J. Anal. At. 

Spectrom., 2018, 33, 413–421. 

29 M. E. Wieser, D. Buhl, C. Bouman and J. Schwieters, J. Anal. At. Spectrom., 2004, 19, 844. 

30 Z. Bao, C. Zong, K. Chen, N. Lv and H. Yuan, Int. J. Mass Spectrom., 2019, 448, 1–8. 

31 M. Costas-Rodriguez, J. Delanghe and F. Vanhaecke, TrAC - Trends Anal. Chem., 2016, 76, 

182–193. 

32 L. P. Feng, L. Zhou, L. Yang, D. J. DePaolo, S. Y. Tong, Y. S. Liu, T. L. Owens and S. Gao, 

Geostand. Geoanalytical Res., 2017, 41, 93–106. 

33 L. Yang, Mass Spectrom. Rev., 2009, 28, 990–1011. 

34 F. Teng, W.-Y. Li, S. Ke, B. Marty, N. Dauphas, S. Huang, F.-Y. Wu and A. Pourmand, 

Geochim. Cosmochim. Acta, 2010, 74, 4150–4166. 

35 R. Mandal, A. C. Guo, K. K. Chaudhary, P. Liu, F. S. Yallou, E. Dong, F. Aziat and D. S. 

Wishart, Genome Med., 2012, 4, 1–11. 

36 S. Fritz and A. Rettig, Anal. Chem., 1962, 32, 1562–1566. 

37 G. Forte, B. Bocca, O. Senofonte, F. Petrucci, L. Brusa, P. Stanzione, S. Zannino, N. Violante, 

A. Alimonti and G. Sancesario, J. Neural Transm., 2004, 111, 1031–1040. 

38 Finnigan Mat, ICP-MS: Interferenz tabelle, 1995, vol. 2. 

39 A. Heuser, A.-D. Schmitt, N. Gussone and F. Wombacher, in Calcium Stable Isotope 

Geochemistry, 2016, pp. 23–73. 

40 J. L. L. Morgan, G. W. Gordon, R. C. Arrua, J. L. Skulan, A. D. Anbar and T. D. Bullen, 

Anal. Chem., 2011, 83, 6956–6962. 

41 F. Wombacher, A. Eisenhauer, A. Heuser and S. Weyer, J. Anal. At. Spectrom., 2009, 24, 

627–636. 

42 M. S. Choi, J.-S. Ryu, S.-W. Lee, H. S. Shin and K.-S. Lee, J. Anal. At. Spectrom., 2012, 27, 

1955–1959. 

43 M. Tanimizu, J. Nucl. Sci. Technol., 2008, 51–54. 

44 J. Vogl, B. Brandt, J. Noordmann, O. Rienitz and D. Malinovskiy, J. Anal. At. Spectrom., 



 

81 

 

2016, 31, 1440–1458. 

45 J. Vogl, M. Rosner, S.A. Kasemann, R. Kraft, A. Meixner, J. Noordmann, S. Rabb, O. 

Rienitz, J.A. Schuessler, M. Tatzel, RD Vocke, Geostand. Geoanalytical Res., 2020, 4, 439-

457. 

46 A. Galy, N. S. Belshaw, L. Halicz and R. K. O’Nions, Int. J. Mass Spectrom., 2001, 208, 89-

98. 

47 D. Hippler, A. D. Schmitt, N. Gussone, A. Heuser, P. Stille, A. Eisenhauer and T. F. Nägler, 

Geostand. Newsl., 2003, 27, 13–19. 

48 M. E. Wieser1, N. Holden, T. B. Coplen, J. K. Böhlke, M. Berglund, W. A. Brand, P. De 

Bièvre, M. Gröning, R. D. Loss, J. Meija, T. Hirata, T. Prohaska, R. Schoenberg, G. 

O’Connor, S. Thomas Walczyk, H. Yoneda and X.-K. Zhu, (IUPAC technical report) Pure 

Appl. Chem., 2013, 85, 1047–1078. 

49 L. Avioli and M. Berma, J. Appl. Physiol., 1966, 21, 1688–1694. 

 

 

  



 

82 

 

CHAPTER 3 

CHARACTERIZATION OF THE NEW ISOTOPIC REF ERENCE 

MATERIAL ERM -AE143 FOR Mg ISOTOPIC ANALYSIS OF 

GEOLOGICAL AND BIOLO GICAL SAMPLES 
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Characterization of the new isotopic reference materials IRMM-524A and ERM-AE143 for Fe and 

Mg isotopic analysis of geological and biological samples, Journal of Analytical Atomic 
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Abstract 

Isotopic reference materials (IRMs) are crucial for securing accurate and precise isotope ratio 

measurements of stable isotopic systems and for enabling comparison of isotope ratio data obtained 

at different labs. Mg isotopic analysis has gained considerable interest as it expands our 

understanding of critical geological and biological processes. However, the isotopic reference 

material internationally used for Mg isotopic analysis (DSM3) is not a primary IRM and it is not 

readily available either. In this chapter,  the use of multi-collector inductively coupled plasma-mass 

spectrometry (MC-ICP-MS) for determination of the isotopic composition of the new isotopic 

reference material ERM-AE143, which can be used for high-precision isotopic analysis of Mg 

instead of DSM3, is reported on. The Mg isotopic composition of ERM-AE143 was determined as 

the intercept of the best-fitting straight line (linear regression) through the data points obtained for 

multiple reference materials of geological and biological origin, measured relative to both the 

conventional and new isotopic reference material. A direct measurement approach was 

demonstrated to provide similar results. ERM-AE143 was shown to be isotopically lighter than 

DSM3, with δ26MgDSM3 = -3.295 ± 0.040 ‰ (2SD), and δ25MgDSM3 = -1.666 ± 0.043 ‰ (2SD). The 

new reference material can be recommended as a replacement for the conventional reference 

material when it becomes exhausted. Additionally, a comprehensive set of Mg isotopic compositions 

for a wide range of complex matrices of geological and biological reference materials was generated, 

as a contribution to the field of isotope geochemistry, as well as to the blooming field of isotope 

ratio applications in biomedicine.  

 

3.1 INTRODUCTION 

 

The use of isotopic reference materials (IRMs) is crucial in high-precision isotopic analysis, as they 

are relied upon for correction for the bias caused by instrumental mass discrimination, for 

normalization of isotope ratios and for enabling inter-laboratory data comparison.1 The introduction 

of multi-collector inductively coupled plasma-mass spectrometry has opened the possibility of 

studying and quantifying natural mass-dependent stable isotope fractionation for ‘non-traditional’ 

elements with a reasonable sample throughput. But, to improve the quality of isotope ratio 

measurement results and to obtain traceable and accurate values, IRMs are indispensable. 
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Magnesium is a major element in nature and has three naturally occurring stable 

isotopes, 24Mg, 25Mg and 26Mg, with relative abundances of 78.99%, 10.00% and 11.01%, 

respectively. Mg also plays an essential role in a wide range of fundamental processes in geological 

systems.2 High-precision Mg isotopic analysis has been performed in geological materials via MC-

ICP-MS in solutions or in situ (solid materials) via laser ablation (LA)-MC-ICP-MS or secondary 

ion mass spectrometry.3 Mg shows no significant isotope fractionation due to crystal-melt 

fractionation at high temperatures,3 so that it can be used to trace crustal components in the mantle4,5 

and to study metasomatism of the lithospheric mantle.6 Mg isotope fractionation was also used to 

study differentiation of the lunar magma ocean.7,8 Some authors have reported that Mg isotope 

fractionation in carbonates, e.g., speleothems and dolostones, can be used as a proxy of carbonate 

versus silicate continental weathering fluxes under different paleoclimate control,9,10 or be used to 

provide constraints on seawater chemistry and global Mg cycles. Finally, diffusion-driven Mg 

isotope fractionation is used to decipher the nature of chemical zoning and to calculate mineral 

cooling rates.11,12 

 

Several studies focused on the distribution of the stable isotopes of Mg in higher plants and wheat, 

during the growth cycle. The plant establishes over time an isotopic equilibrium with the nutrient; 

the seeds and exudates of the plant become enriched in the heavy isotopes as it reaches maturity,13 

whereas a lighter Mg isotopic composition was reported for cyanobacterium compared to that of the 

growth solution, which may result from the absence of a significant Mg efflux during cell growth.14 

Black et al. found a heavier Mg isotopic composition in chlorophyll-a than in chlorophyll-b,15 which 

might be a useful finding for the study of fossil photosynthetic life, for tracing the origin of 

photosynthesis and for a more profound understanding of the role of Mg in  the biosynthetic pathway 

of chlorophyll formation.2 

 

More recently, Mg isotopic analysis is also finding its way into biomedical applications due to its 

functional role in biology and short turnover rate in the body.16 Several studies have contributed to 

a basic understanding of the influence of physiological and lifestyle factors such as gender, age, 

ethnicity and diet on the isotopic composition of essential mineral elements in biological fluids and 

tissues, while some pathological conditions were shown to measurably and systematically affect 

these isotopic compositions.17 Measurement of the isotopic variability of Mg in mammal bone from 
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various ecosystems permitted the assessment of its reliability as a potential new isotopic tracer of 

diet.18 Furthermore, in this PhD research, diabetes type 1 was shown to strongly affect the serum 

Mg isotopic composition, thus suggesting that MC-ICP-MS isotopic analysis may a useful tool for 

studying Mg metabolism.19 

 

Although the NIST SRM 980 IRM is available for Mg, it was shown unsuited as an internationally 

accepted standard for studying mass-dependent isotope ratio variations due to large isotopic 

heterogeneity at the scale of single chips, as reported by Galy et al.20 A solution of DSM3 (Mg from 

the Dead Sea) in 0.3 M HNO3 was therefore prepared and characterized by Galy et al.20 and is since 

then used as IRM for Mg in geo- and bio-based applications. More recently, ERM-AE143 was 

introduced as a new primary Mg IRM by Vogl et al.,21 with isotope amount ratios of 

n(25Mg)/n(24Mg) = 0.126590(20) and n(26Mg)/n(24Mg) = 0.139362(43). ERM-AE143 was 

isotopically characterized by using synthetic isotope mixtures prepared from isotopically enriched 

and purified Mg materials to correct for instrumental mass discrimination. The robustness of this 

approach was strengthened by involving three types MC-ICP-MS instruments in an interlaboratory 

approach for the characterization. As mentioned above, highly precise and accurate Mg isotopic 

analysis is required to detect the small differences in their isotopic composition between samples, 

resulting from different chemical, physical, geochemical and biological processes. The main aim of 

this part of my PhD research was to carry out a systematic characterization of the new Mg isotopic 

reference materials ERM-AE143 and to evaluate its applicability in the isotopic analysis of 

geological and biological samples. To fulfill this objective, the Mg isotopic compositions of a set of 

13 reference materials of geological (5) and biological (8) origin, with marked differences in matrix, 

was measured and the result expressed against both the new and the conventional IRM. 

 

3.2 EXPERIMENTAL 

 

3.2.1 Reagents, samples and standards 

A set of 5 geological and 8 biological reference materials were analyzed. A description of each 

reference material is presented in Table 3.1. A standard stock solutions of 1,000 mg L-1 of Mg (lot 

K2-MG650434, Inorganic Ventures, USA), named Mg-A&MS, was used as in-house isotopic 
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standard for quality assurance/quality control (QA/QC) purposes. The new IRM Mg ERM-AE143 

(Federal Institute for Materials Research and Testing BAM, Berlin, Germany) was isotopically 

characterized relative to DSM3. 

 

Table 3.1 List of the geological and biological reference materials analyzed and standards used in 

this study. 

 

aUnited States Geological Survey. bGeological Survey of Japan. cNational Institute of Standards and 

Technology, US. dSero, Norway. eEuropean Commission's Joint Research Centre. fInorganic 

Ventures, US. kInorganic Ventures, US. gInstitute for Reference Measurements and Materials, 

Belgium. hCPI international Mg product S4400-1000311, US. 

ID Material Provider 

PCC-1 Peridotite powder USGS a 

BHVO-2 Basalt powder USGS 

BCR-1 Basalt powder USGS 

BIR-1 Basalt powder USGS 

DTS-1 Dunite powder USGS 

JP-1 Peridotite powder GSJ b 

NIST SRM 1400 Bone ash powder NIST c 

NIST SRM 1577a Bovine liver powder NIST 

Seronorm™ serum L-1 (lot 1309438) Serum Seronorm™ d 

Seronorm™ urine L-1 (lot 1011644) Urine Seronorm™ 

Seronorm™ whole blood L-1 (lot 1406263) Whole blood Seronorm™ 

BCR-CRM 186 Pig kidney powder  JRC e 

BCR-CRM 184 Bovine muscle powder JRC 

BCR-CRM 063 Skim milk powder JRC 

IV Mg (lot K2-MG650434, in-house) Magnesium metal Inorganic Ventures f 

IRMM-009 Mg Magnesium metal (NIST SRM-980) IRMM g 

CPI Mg (lot 109778-46) Magnesium nitrate hexahydrate CPI International h 
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Only high-purity reagents and acids were used throughout the experiments. Ultrapure water 

(resistivity ≥ 18.2 MΩ cm) was obtained from a Milli-Q Element water purification system 

(Millipore, France). Trace metalTM grade 67 - 69 % nitric acid and 37 % hydrochloric acid 

(PrimarPlus, Fisher Chemicals, UK) were additionally purified by sub-boiling distillation in a 

Savillex DST-4000 acid purification system (Savillex Corporation, MN, USA). Ultrapure 30%  

hydrogen peroxide and ACS grade acetone were purchased from Sigma-Aldrich (Belgium). Trace 

metalTM grade hydrofluoric acid (47 – 51%) was acquired from Seastar Chemicals Inc. (Canada). 

AG50WX8 strong cation exchange resin (hydrogen form, 100 – 200 mesh size) purchased from Bio-

Rad Laboratories (Belgium) was used for Mg purification. 

 

3.2.2 Instrumentation 

Two Thermo Scientific Neptune series multi-collector ICP-MS units (Germany) were used for the 

Mg isotope ratio measurements. The sample solutions were introduced into the plasma using a 100 

µL min-1 PFA concentric nebulizer mounted onto a dual spray chamber (with a cyclonic and a Scott-

type sub-unit) with both MC-ICP-MS units. Isotope ratio measurements were performed at (pseudo) 

medium mass resolution on the left side of the peak in static collection mode, thus avoiding spectral 

interference. MC-ICP-MS instrument settings and data acquisition parameters are summarized in 

Table 3.2. 

 

The Mg isotope ratio measurements were performed following a sample-standard bracketing 

approach (SSB) using the isotopic reference materials DSM3 or ERM-AE143 for external correction 

for the instrumental mass discrimination.  

The isotopic compositions of Mg are presented using the δ notation in permil (‰), calculated as 

indicated in equations 3.1  

 

𝛿𝑦𝑀𝑔𝑅𝑀 = (
( 𝑀𝑔

𝑦
𝑀𝑔24⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝑀𝑔
𝑦

𝑀𝑔24⁄ )𝑅𝑀
− 1) × 1000      (3.1) 

 

Where y is either 25 or 26. RM indicates the isotopic reference material referenced against. Data are 

reported relative to the isotopic reference materials DSM3 or ERM-AE143. 
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Table 3.2 Instrument settings and data acquisition parameters for Mg high-precision MC-ICP-MS 

isotope ratio measurements. * Δm for pseudo-high resolution in MC-ICP-MS is defined as the mass 

difference between m5% and m95%, corresponding to 5 % and 95 % of the signal intensity level on 

the plateau, respectively. The resolving power was determined to be 3800.  

 

Instrument settings 

 Mg 

RF power, W 1100 

Gas flow rates, L min-1 Sample 1.040 

 Auxiliary 0.85 

 Cool 15 

Sampling cone Ni jet-type sampling cone: 1.1 mm aperture ⌀  

Skimmer cone Ni skimmer cone: 0.8 mm aperture ⌀ 

Sample uptake Pumped via peristaltic pump, 0.1 mL min−1 

Nebulizer Concentric, 100 μL min−1 

Spray Chamber Double, cyclonic and Scott-type sub-units 

Resolution mode Medium* 

Typical sensitivity 8 V of 24Mg for 150 ng g-1 Mg solution 

Data acquisition 

Mode Static, multi-collection 

Idle time, s 3 

Integration time, s 4.194 

Number of integrations 1 

Number of blocks 1 

Number of cycles per block 50 

Baseline 300 s baseline correction every 20 samples 

Instrumental mass fractionation correction SSB 

Cup configuration for Mg isotope ratios 

Cup L3 C H3 

Amplifier 1011Ω 1011Ω 1011Ω 

Nuclide 24Mg 25Mg 26Mg 
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The concentration of Mg was adjusted to 150 μg L−1 for isotope ratio measurements. The in-house 

Mg isotopic standard was measured every five samples for quality assurance/quality control (QA/QC) 

of the isotope ratio measurements. 

 

3.2.3 Methods 

Biological reference materials. The sample digestion, Mg cation exchange chromatographic 

isolation and MC-ICP-MS protocol used for high-precision isotope ratio measurements of Mg in 

reference materials of biological origin were as described in Grigoryan et al.19 (chapter 4) and was 

initially adapted from Wombacher et al.22  

 

Geological reference materials: The reference materials of geological origin were digested using a 

two-step microwave-assisted acid digestion in an MLS-1200 MEGA Microwave digestion system 

(Milestone, Italy), as described in detail by Chernonozhkin et al.23 and Gonzalez de Vega et al.24 

The first step, which utilizes a combination of HF and HNO3 to break down the silicates, is followed 

by evaporation to dryness, and the digestion is completed using aqua regia to dissolve insoluble 

fluorides. The cation exchange chromatographic isolation of Mg from the geological reference 

materials was slightly different from that used for biological samples due to the different nature of 

the sample matrices. The Mg isolation protocol was a modification of that described by Wombacher 

et al.,22 to ensure near-to-100% recoveries and minimize co-elution of Ca, Fe, Al and Ti, among 

other matrix elements. 1 mL of BioRad AG50WX8 (100-200 mesh) resin was loaded into a 2 mL 

Eichrom polypropylene column. The resin bed was cleaned by successive rinsing with 10 mL of 

Milli-Q water, 30 ml of 7 M HCl, and 20 mL of Milli-Q water, followed by conditioning with 10 

mL of 0.4 M HCl. One mL of sample containing approximately 20 µg of Mg in 0.4 M HCl was 

loaded into the column, and the sample matrix was washed off with 28 mL of 0.4 M HCl. Three mL 

of 0.15 M HF were used to rinse off the major part of Al and Ti. Next, Fe was eluted using 10 mL 

of 0.5 M HCl in 95 % acetone. One mL of 0.8 M HCl was subsequently used to flush the remains 

of the acetone from the resin, and finally, the Mg was quantitatively collected using 18 mL of 0.8 

M HCl. The elution profile of the Mg isolation is presented as Figure 3.1. The sample preparation 

steps most prone to contamination, i.e. chromatographic isolation, evaporation and dilution, were 

carried out in a class-10 clean laboratory (PicoTrace, Germany). The MC-ICP-MS measurement 
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protocol and data processing Mg isotope ratio results were as described in Grigoryan et al. (2019, 

chapter 4).19 

 

 

 

 

 

Figure 3.1 Elution profiles of the elements present in a BHVO-2 digest using 1 mL of BioRad 

AG50WX8 (100-200 mesh) resin loaded into a 2 mL Eichrom polypropylene column. The Mg 

concentration was approximately 20 µg. 
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3.2.4 Uncertainty estimation for the Mg isotopic composition 

Following the recommendations of the ‘Guide to the expression of uncertainty in measurement’ 

(GUM), the expanded uncertainty (denoted U) is determined by the quadratic propagation of the 

combined standard uncertainty uc(y) of the estimate y with a coverage factor k=2, corresponding to 

a 95% level of confidence (equation 3.2). The combined standard uncertainty uc(y) for a given δ-

value (y) was estimated by the linear sum of terms contributing to the isotopic variability, including 

the uncertainty of the isotope ratio of both the sample and the bracketing standard (equation 3.3).25 

 

U = k uc(y)           (3.2) 

𝑢𝑐
2(𝛿𝑎𝑋) =  (

1000

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑎 )

2

×   𝑢2(𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑎 ) + (−

1000 ∙ 𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑎

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑎 2 )

2

×  𝑢2(𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑎 ) (3.3) 

 

Where the coverage factor k is 2, y is δaX, u(Ra) is the standard uncertainty of the isotope ratio 

measured, as estimated by using the standard deviation calculated based on replicate measurements 

of sample or standard. X represents Mg here and a corresponds to the isotope ratios 26/24Mg or 

25/24Mg. The expanded uncertainties U were determined for the δ26Mg and δ25Mg values. 

 

3.3 RESULTS AND DISCUSSION 

 

3.3.1 Determination of the Mg isotopic composition of the ERM-AE143 

The characterization of the new isotopic reference material ERM-AE143 for the isotopic 

composition of Mg, was carried out by (i) a direct measurement approach and (ii) using the intercept 

method. 

 

3.3.1.1 Direct measurement approach 

The Mg isotopic composition of the isotopic reference material ERM-AE143 expressed as δ-values 

relative to DSM3 was obtained by direct measurement of these solutions using MC-ICP-MS versus 

the corresponding traditional isotopic reference material in a sample-standard bracketing approach. 

Figure 3.2 presents the δ26MgDSM3 data obtained in different measurement sessions. The Mg isotopic 

composition of ERM-AE143 was determined to be δ26MgDSM3 = -3.291 ± 0.053 ‰ and δ25Mg =       -
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1.688 ± 0.037 ‰ (2SD, n = 20), when measured relative to DSM3 the δ26Mg (Figure 3.2) value 

remained constant within the analytical uncertainty over the entire set of analytical sessions. 

 

 

Figure 3.2 Isotopic composition of Mg in ERM-AE143 expressed as δ26Mg value relative to the 

conventional isotopic reference material DSM3 as obtained by the direct measurement approach. 

The numbers on top of the markers indicate the number of measurement replicates. Error bars 

correspond to 2SD of the measurement replicates. 

 

To evaluate the long-term stability, a Mg single-element standard used as in-house standard solution 

(Mg-A&MS) was also measured relative to both the new and the conventional isotopic reference 

materials by different operators using different MC-ICP-MS units. The average Mg isotopic 

composition determined for the in-house Mg-A&MS standard was δ26MgDSM3 = -0.645 ± 0.065 ‰ 

and δ25MgDSM3 = -0.341 ± 0.036 ‰ (2SD, n = 44), when measured relative to DSM3 during a period 

of 4 years, and δ26MgERM-AE143 = +2.669 ± 0.085 ‰ and δ25MgERM-AE143 = +1.363 ± 0.047 ‰ (2SD, 

n = 10) measured relative to ERM-AE143 during a period of 6 months. When the Mg isotopic 

composition of the in-house Mg-A&MS standard obtained relative to ERM-AE143 was re-

calculated relative to DSM3, data were in agreement within the analytical uncertainty. 

A variety of standards and reference materials certified for their absolute Mg isotope ratios, 

including IRMM-009, have been proposed for inter-calibration studies.26 In this work, the Mg 

isotopic composition of IRMM-009 was determined relative to ERM-AE143 and established to be 
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δ26MgERM-AE143 = -1.754 ± 0.042 ‰ and δ25MgERM-AE143 = -0.894 ± 0.041 ‰ (2SD, n = 3), which is 

slightly lighter than previously reported data (δ26MgERM-AE143 = -1.656 ± 0.029 ‰ and δ25MgERM-

AE143 = -0.848 ± 0.023 ‰).35 Every couple of data measured relative to both the traditional and the 

new isotopic reference material can be used to re-calculate the difference of the isotopic signatures 

between these reference materials. An entire dataset of all such data couples can be used instead to 

calculate the difference via regression. This forms the basis of the intercept method that was also 

used for characterizing the new isotopic reference material, as described in the next section. 

 

3.3.1.2 Intercept method 

In order to systematically evaluate the isotopic composition of the new isotopic reference material, 

also the intercept method was used. For this purpose, 17 solutions of Mg were measured relative to 

both the conventional and the new isotopic reference material. These Mg solutions were obtained 

by (i) isolation of the target element from reference materials of geological or biological origin, 

including parallel digestions of the same material, or (ii) dissolution of high-purity Mg materials 

without isolation, or (iii) mixing in a 3:1 and 1:1 ratio of isotopically lighter IRMM-009 Mg 

(δ26MgDSM3 = -4.96 ± 0.07 ‰, 2SD) with DSM3 Mg. The latter mixtures were used to extend the 

range of the measured Mg isotope ratios and as such, improve the quality of the regression. The 

isotopic composition of each sample was measured from 2 to 4 times, in different analytical sessions 

and by different analysts. Ludwig’s Isoplot 3.728 was used to regress the Mg isotope ratio data in a 

space of delta values measured relative to the new versus the corresponding delta values measured 

relative to the conventional isotopic reference material. The y-intercept of the regression line in such 

coordinate space corresponds to the difference between the two isotopic reference materials. A well-

defined linear correlation was obtained for the δ25Mg, yielding an a Mg isotopic composition for 

ERM-AE143 of δ25MgDSM3 = -1.666 ‰ ± 0.043 (2SD), calculated using York’s regression, 

implemented as model 1 of Ludwig’s Isoplot 3.7. In the classical York’s regression algorithm, the 

statistical weight of each point is proportional to the inverse square of the assigned uncertainty.28,29 

The MSWD of the fit is 0.57, which is well below one, indicating that all scatter of points from the 

straight line can be explained by the analytical uncertainty. The δ26MgERM-AE143 value for one out of 

the five digestions of BCR-CRM 063 skimmed milk powder was rejected as an outlier using the 

Grubb’s test (G = 9.927 > 1.715 Gcrit, p=0.05) and not used for the regression.30 A slightly more 

scattered linear correlation was observed for δ26MgDSM3, as the scatter of the δ26Mg data slightly 
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exceeded that predicted by the analytical uncertainty (MSWD = 1.74), indicating that the analytical 

uncertainties might be underestimated in this particular case. As the elevated MSWD in this case is 

largely due to poor distribution of the data points and it is nevertheless reasonably close to 1, model 

1 regression of the Ludwig’s Isoplot 3.7 was still used for calculating the δ26Mg value of the new 

isotopic reference material, meaning that for the regression the statistical weight for each data point 

was given by the inverse square of the assigned uncertainty.28,29 The regression method resulted in 

a δ26MgDSM3 value for ERM-AE143 of -3.295 ± 0.040 ‰ (2SD) using all the data and -3.323 ± 0.052 

‰ (2SD) without the mixtures of IRMM-009 : DSM3. Figure 3.3 shows the results of the linear 

regression for the δ26Mg value. The isotopic composition of Mg in ERM-AE143 measured via the 

regression method and the corresponding result of the direct measurement approach were also in 

agreement within analytical uncertainty. 

 

Figure 3.3 Characterization of the ERM-AE143 isotopic reference material using the direct 

measurement approach and the intercept method. Error bars correspond to 2SD. The data obtained 

by conversion (cf. data in Table 3.3 in italics) instead of measurement are not included here. 

 

In this work, the absolute isotope ratios experimentally determined for DSM3 were n(25Mg)/n(24Mg) 

= 0.126801(21) and n(26Mg)/n(24Mg) = 0.139821(44), using the absolute composition of ERM-
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AE143 reported by Vogl et al. in 2016.21 Recently, Vogl et al.26 reported isotope amount ratios for 

DSM3 of n(25Mg)/n(24Mg) = 0.126803(20) and n(26Mg)/n(24Mg) = 0.1398500(30). 

 

3.3.2 Accuracy and uncertainty of the Mg isotopic composition 

The expanded uncertainty (U) on the δ26Mg and δ25Mg values obtained by the direct measurement 

approach relative to DSM3 was ± 0.082 ‰ and ± 0.093 ‰, respectively, for ERM-AE143. The 

contribution of the acid blank (2% HNO3) to the 24Mg+ ion signals was, on average 0.04 %, and thus 

its contribution to the uncertainty was negligible. 

 

The uncertainty provided by the intercept method encompasses all potential sources of uncertainty 

which can influence the reproducibility of the isotopic composition results, as the reference material 

data used for the regression include multiple chemical preparations and analyses by different 

operators on two MC-ICP-MS units. Absence of not-accounted sources of uncertainty is confirmed 

by the fact that the Mean Squared Weighted Deviates (MSWD or reduced χ2) is nearly 1 (except for 

δ26Mg, for which the MSWD is still reasonably close to unity, but is slightly elevated due to a poor 

distribution of data along the line, Figure 3.2).31 

 

Figure 3.4 shows the comparison of the Mg isotopic compositions obtained using the direct 

measurement and using the intercept method for the new reference material ERM-AE143, together 

with the respective kinetic and equilibrium fractionation lines. As can be seen, the values were in 

good agreement, although the isotopic characterization using the intercept method provided 

precision with improved reliability and the values thus obtained can be recommended for 

comparison purposes with reported or newly generated data. 
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Figure 3.4 Comparison of the Mg isotopic compositions for the new IRMs as obtained by different 

approaches. TFL refers to terrestrial fractionation line. 

The Mg isotopic composition reported relative to the DSM3 can be re-calculated to be expressed 

relative to the ERM-AE143 using equations 3.4 and 3.5. Note that in these equations the precision 

is expressed as 2SD obtained using the intercept method. 

 

δ26MgDSM3= δ26MgERM-AE143 - (3.295 ± 0.040)     (3.4) 

δ25MgDSM3= δ25MgERM-AE143 - (1.666 ± 0.043)     (3.5) 

 

For the Mg isotopic composition of geological reference materials, the expanded uncertainty (U) 

was ± 0.151 ‰ and ± 0.099 ‰ for δ26Mg and δ25Mg, respectively, while for biological reference 

materials, it was ± 0.138 ‰ and ± 0.104 ‰, respectively. Procedural blanks treated in the same way 

as samples and included in the sequence of the isotope ratio measurements together with the samples 

also showed a negligible contribution to the expanded uncertainty. The contribution of the 

procedural blanks was in all cases ≈0.2 % for Mg. The overall expanded uncertainty on the δ-values 

for Mg was in agreement with those reported by other authors.32,33 
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3.3.3 Mg isotopic compositions of geological and biological reference materials 

Mg isotope ratios were determined via MC-ICP-MS in 5 geological and 8 biological reference 

materials. The reference materials analyzed in this study show a wide range of complex matrices 

with δ26Mg values ranging from -4.96 to +0.34 relative to DSM3 and from -1.75 to +3.64 ‰ relative 

to the new isotopic reference material ERM-AE143. NIST SRM 1577a (δ26MgDSM3 = 0.344 ± 

0.032‰) and JP-1 (δ26MgDSM3 = -0.210 ± 0.023‰) showed the heaviest isotopic composition among 

biological and geological reference materials, respectively, while NIST SRM 1400 (δ26MgDSM3 =    -

1.056 ± 0.070‰) and DTS-1 (δ26MgDSM3 = -0.37 ± 0.019‰) showed the lightest values among 

biological and geological reference materials, respectively. Although the Mg isotopic composition 

variation showed a relatively narrow range for geological samples in this study, early studies of 

terrestrial rocks found large Mg isotopic variability among calcite-rich (δ26MgDSM3 = -5.57 to -1.04) 

and dolomite-rich carbonates (δ26MgDSM3 = -3.25 to -0.38).34 Lighter Mg isotopic compositions were 

reported for chlorophylls and fungus, with data ranging from -3.55 to -0.07‰ and -2.66 to 0.09‰ 

for chlorophyll-a and -b, respectively, and from -3.84 to -3.34 for fungi.14,35 The Mg isotopic 

composition of the ERM-AE143 IRM is close to that of a wide range of materials, such as terrestrial 

rocks, marine sediments, chlorophylls and fungus, which gives its biogeochemical significance. 

 

The δMg-values obtained for the entire set of samples are summarized in Table 3.3. All isotope 

ratios of Mg fall onto the corresponding theoretical mass-dependent fractionation line (δ25Mg = 

0.516×δ26Mg). The δ26Mg values for the reference materials of both geological and biological origin 

are shown in Figure 3.5. As can be seen, no significant difference was established between δ-values 

expressed relative to either the conventional and or the new isotopic reference materials (after 

recalculation for Mg). To the best of the authors’ knowledge, the Mg isotopic composition of BCR-

CRM 063 has been characterized for the first time. As can be seen in Figure 3.5, the δ26Mg values 

obtained for geological and biological reference materials were in good agreement with those 

previously obtained by other authors. 
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Figure 3.5 δ26Mg values for reference materials obtained using MC-ICP-MS in this work and 

comparison with data reported in literature. Solid fill markers: δ26MgDSM3 values expressed relative 

to the Mg isotopic reference material DSM3 and obtained in this study. Black circle markers 

correspond to data compiled from literature expressed relative to the DSM3 isotopic reference 

material for NIST SRM1400 and BHVO-2 by Bao et al. (2020);36 BCR1-G Bourdon et al. (2010);37 

BIR-1 Choi et al. (2012);38 PCC-1 and DTS-1 Huang et al. (2009);39 JP-1 Pogge von Strandmann 

et al. (2011);40 Whole Blood L-1 and Serum L-1 Grigoryan et al., (2019).19 
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Table 3.3. Mg isotopic composition results for geological and biological reference materials. N is the number of measurement 

replicates. 

 

δ26MgDSM3 

(‰)* 2SD 

δ25MgDSM3 

(‰)* 2SD n 

δ26MgERM-

AE143 (‰)** 2SD 

δ25MgERM-

AE143 

(‰)** 2SD N  

Mg A&MS in-house -0.645 0.065 -0.341 0.036 44 2.66 0.09 1.36 0.05 10 

BHVO-2 -0.30 0.05 -0.15 0.03 2 2.99 0.05 1.55 0.04 2 

 -0.21 0.04 -0.11 0.02 1 3.09 0.04 1.59 0.03 1 

 -0.17 0.05 -0.09 0.03 1 3.12 0.05 1.60 0.04 1 

 -0.24 0.09 -0.12 0.05 1 3.06 0.09 1.58 0.05 1 

 -0.25 0.26 -0.13 0.13 1 3.05 0.26 1.57 0.10 1 

Average (n=5) -0.23 0.10 -0.119 0.051  3.06 0.10 1.576 0.055  
BCR-1 -0.24 0.10 -0.12 0.05 2 3.06 0.10 1.57 0.05 2 

BIR-1 -0.25 0.15 -0.13 0.07 1 3.04 0.15 1.55 0.09 1 

 -0.31 0.12 -0.16 0.06 1 2.98 0.12 1.54 0.05 1 

Average (n=2) -0.283 0.087 -0.144 0.044  3.012 0.087 1.545 0.024  
PCC-1 -0.19 0.02 -0.10 0.01 1 3.10 0.02 1.60 0.03 1 

 -0.24 0.07 -0.12 0.04 1 3.05 0.07 1.56 0.10 1 

Average (n=2) -0.218 0.068 -0.111 0.035  3.077 0.068 1.580 0.068  
DTS-1 -0.27 0.01 -0.14 0.01 1 3.03 0.01 1.55 0.03 1 

 -0.37 0.19 -0.19 0.10 1 2.93 0.19 1.49 0.16 1 

Average (n=2) -0.32 0.14 -0.163 0.072  2.98 0.14 1.519 0.082  
JP-1 -0.22 0.09 -0.11 0.04 1 3.08 0.09 1.58 0.06 1 

 -0.20 0.04 -0.10 0.02 1 3.09 0.04 1.56 0.02 1 

Average (n=2) -0.210 0.023 -0.107 0.012  3.085 0.023 1.571 0.025  
Seronorm™ urine L-1 -0.19 0.04 -0.06 0.09 2 3.03 0.06 1.55 0.03 2 

 0.13 0.27 0.09 0.16 2 3.08 0.19 1.57 0.10 2 

 -0.10  -0.04  1 3.28  1.71  1 
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Averagea(n=3) -0.05 0.33 0.00 0.16  3.13 0.27 1.61 0.17  
Seronorm™ whole blood 

L-1 -0.34 0.31 -0.16 0.10 3 2.97 0.17 1.51 0.11 5 

 -0.31 0.07 -0.16 0.05 3 2.94 0.12 1.51 0.10 5 

 -0.30 0.07 -0.13 0.15 3 2.96 0.27 1.54 0.17 6 

 -0.27 0.15 -0.15 0.08 4 2.91 0.26 1.50 0.18 4 

 -0.37 0.05 -0.18 0.06 2 2.88 0.11 1.49 0.06 3 

Averagea (n=5) -0.318 0.077 -0.155 0.037  2.932 0.079 1.511 0.041  
BCR-CRM 063 -0.30 0.05 -0.16 0.07 3 2.95 0.28 1.53 0.12 5 

 -0.32 0.20 -0.17 0.14 3 2.95 0.24 1.51 0.11 3 

 -0.35 0.18 -0.16 0.05 2 2.96 0.19 1.53 0.15 3 

 -0.41 0.03 -0.19 0.14 2 3.09 0.03 1.56 0.03 2 

 -0.31 0.50 -0.14 0.16 3 2.98 0.18 1.54 0.10 5 

Average (n=5) -0.339 0.094 -0.164 0.037  2.99 0.11 1.532 0.035  
Seronorm™ serum L-1 0.11 0.01 0.06 0.07 7 3.41 0.01 1.73 0.07 7 

 0.18 0.02 0.10 0.04 7 3.48 0.02 1.76 0.04 7 

 0.13 0.03 0.06 0.03 7 3.42 0.03 1.73 0.03 7 

 0.14 0.03 0.06 0.05 7 3.44 0.03 1.72 0.05 7 

 0.20 0.01 0.10 0.03 6 3.49 0.01 1.77 0.03 6 

 0.13 0.02 0.09 0.04 7 3.42 0.02 1.76 0.04 7 

 0.10 0.01 0.04 0.00 2 3.40 0.01 1.71 0.00 2 

 0.16 0.01 0.07 0.02 2 3.45 0.01 1.74 0.02 2 

 0.09 0.04 0.06 0.06 2 3.39 0.04 1.72 0.06 2 

 0.02 0.02 0.00 0.03 3 3.31 0.02 1.67 0.03 3 

 -0.02 0.01 0.01 0.06 4 3.28 0.01 1.68 0.06 4 

 0.03 0.03 0.02 0.04 4 3.33 0.03 1.68 0.04 4 

 0.18 0.02 0.07 0.03 2 3.48 0.02 1.74 0.03 2 

 0.14 0.03 0.07 0.07 2 3.43 0.03 1.74 0.07 2 

 0.10 0.01 0.05 0.04 2 3.39 0.01 1.71 0.04 2 
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 0.13 0.01 0.10 0.01 2 3.42 0.01 1.76 0.01 2 

 0.15 0.04 0.12 0.00 2 3.44 0.04 1.79 0.00 2 

 0.16 0.02 0.07 0.04 2 3.45 0.02 1.73 0.04 2 

 0.16 0.02 0.08 0.11 2 3.46 0.02 1.74 0.11 2 

 0.15 0.02 0.08 0.03 2 3.44 0.02 1.75 0.03 2 

 0.16 0.03 0.07 0.02 2 3.45 0.03 1.73 0.02 2 

 0.14 0.02 0.05 0.02 2 3.44 0.02 1.72 0.02 2 

 0.16 0.08 0.08 0.11 2 3.46 0.08 1.74 0.11 2 

 0.18 0.01 0.07 0.02 2 3.47 0.01 1.73 0.02 2 

 0.05 0.10 0.02 0.06 3 3.35 0.10 1.68 0.06 3 

Averagea (n=25) 0.13 0.11 0.064 0.058  3.42 0.11 1.729 0.058  
NIST SRM 1400 -1.12 0.12 -0.58 0.12 3 2.18 0.12 1.09 0.12 3 

 -1.06 0.15 -0.56 0.15 3 2.24 0.15 1.11 0.15 3 

 -1.04 0.14 -0.53 0.17 2 2.26 0.14 1.13 0.17 2 

 -1.02 0.02 -0.56 0.05 2 2.27 0.02 1.11 0.05 2 

 -1.03 0.06 -0.54 0.07 2 2.26 0.06 1.12 0.07 2 

 -1.07 0.03 -0.59 0.06 4 2.22 0.03 1.07 0.06 4 

Averagea (n=6) -1.056 0.070 -0.559 0.044  2.239 0.070 1.101 0.044  
BCR-CRM 186 -0.50 0.01 -0.24 0.06 4 2.80 0.01 1.42 0.06 4 

 -0.50 0.03 -0.25 0.03 4 2.79 0.03 1.41 0.03 4 

Averagea (n=2) -0.5007 0.0042 -0.249 0.017  2.7943 0.0042 1.417 0.017  
NIST SRM 1577a 0.33 0.05 0.17 0.03 4 3.63 0.05 1.84 0.03 4 

 0.36 0.09 0.18 0.06 4 3.65 0.09 1.85 0.06 4 

Averagea (n=2) 0.344 0.032 0.177 0.019  3.639 0.032 1.843 0.019  
BCR-CRM 184 -0.98 0.08 -0.51 0.06 4 2.32 0.08 1.15 0.06 4 

 -0.97 0.05 -0.51 0.03 5 2.32 0.05 1.16 0.03 5 

Averagea (n=2) -0.9752 0.0049 -0.5122 0.0040  2.3198 0.0049 1.1538 0.0040  
IRMM 009a -4.96 0.07 -2.54 0.04 76 -1.75 0.04 -0.89 0.04 3 

CPIa -1.39 0.08 -0.73 0.04 56 1.75 0.06 0.91 0.00 2 
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* Values in italics were measured relative to the ERM-AE143 isotopic reference material and then recalculated relative to DSM3 using 

equations 3.4 and 3.5. 

** Values in italics were measured relative to the DSM3 isotopic reference material and then recalculated relative to ERM-AE143 

using equations 3.4 and 3.5. 

a average data from Grigoryan et al.27 
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3.4 CONCLUSIONS 

 

The isotopic compositions of Mg (δ26MgDSM3 = -3.295 ± 0.040 ‰, δ25MgDSM3 = -1.666 ± 0.043 ‰, 

2SD) is provided for the new isotopic reference material ERM-AE143 and was obtained by 

regressing the data of all reference materials studied. The ERM-AE143 reference material 

characterized in this study was demonstrated to be suited as new isotopic reference material for 

Mg. The expanded uncertainty on the δ26Mg value for the ERM-AE143 was ±0.082 ‰. Therefore, 

this new Mg isotopic reference material can be recommended to be used as primary isotopic 

reference material when the conventional IRM DSM3 become exhausted. Data can however still 

be reported relative to DSM3 (for comparison purposes) using the conversion factors provided. 

Accurate and precise Mg isotope ratios for 5 geological and 8 biological reference materials 

obtained via MC-ICP-MS are provided. The Mg isotopic composition results obtained for these 

reference materials were in good agreement with values reported in literature, and were showing 

an overall expanded uncertainty of  ±0.145 ‰ for the δ26Mg value. These reference materials can 

be recommended as for inter-laboratory comparison, periodic testing of accuracy and precision 

and/or validation of new methods. 
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Abstract 

Magnesium is an essential mineral element in the human body, playing a crucial role in the 

carbohydrate metabolism and insulin action. Mg deficiency has been shown to be associated with 

diabetes type 1 (T1D) and type 2 (T2D). However, the total serum Mg concentration does not 

adequately reflect the individual Mg status as a reduced intracellular or ionized serum Mg 

concentration, i.e. the physiologically active serum fraction, can occur despite a normal Mg serum 

concentration. Therefore, we explored the isotopic composition of serum Mg as an alternative 

parameter. A method for Mg isotopic analysis of serum via multi-collector inductively coupled 

plasma-mass spectrometry (MC-ICP-MS) after acid digestion and isolation of Mg from the 

concomitant matrix using AG50W-X8 strong cation exchange resin was optimized. Several 

reference materials of biological and geological origin were included for validation purposes. Mg 

isotope ratios were expressed relative to both the DSM3 isotopic reference material and ERM-

AE143, as an alternative/new isotopic standard. Subsequently, the serum Mg isotopic composition 

was investigated in patients with T1D and compared to that in healthy individuals (reference 

population). Patients were re-evaluated after one year. The Mg isotopic composition was 

significantly lighter for the T1D patients than for the reference population and after one year, a 

similar shift in the average Mg value was observed. However, for some of the T1D patients, a 

statistically significant difference was established between the Mg values corresponding to the 

two sampling events. This variability could be related to the effect of administered insulin on the 

transcellular kinetics of Mg, inherent characteristics of the T1D patients, such as variable glycemic 

control, and/or differences in the Mg isotope fractionation accompanying intestinal uptake and/or 

renal excretion and/or in the distribution of Mg isotopes across body compartments. Further 

research is required to identify the governing factor(s). 

 

4.1 INTRODUCTION 

 

Magnesium is an essential element involved in bone and teeth mineralization, muscle contraction, 

nerve impulse transmission and blood clotting. Over 600 enzymes depend on this cation for 

activation, while also ATP (adenosine triphosphate), the main source of energy in cells, must bind 

to a Mg2+ ion in order to be biologically active.1 It is the second most abundant intracellular cation 

and the fourth most abundant mineral element in the body.1, 2 The Mg content is on average 486 

https://en.wikipedia.org/wiki/Adenosine_triphosphate
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mg per kg body weight, 99 % of which is present in bone and soft tissues, thus leaving 1 % of the 

Mg in the extracellular space.3 The normal serum Mg concentration range is 17.01 - 24.31 mg L-1, 

55 % of which is ionized or free Mg (iMg2+), 32 % is bound to proteins (especially albumin) and 

13 % is in the form of a complex with anions such as phosphate, citrate, bicarbonate or sulphate.4,5 

The iMg2+ content represents the physiologically active fraction of blood serum.6 The total serum 

Mg concentration does not adequately reflect the individual Mg status, as a reduced intracellular 

or ionized serum Mg concentration can occur despite a normal total serum concentration.3  

 

In mammalian cells, Mg homeostasis is tightly regulated by mechanisms at the level of Mg2+ entry 

and efflux across the cell membrane, of intracellular Mg2+ buffering and of organelle 

compartmentation, following hormonal stimuli.7 Enhanced levels of hormones like insulin and 

taurine have been associated with increased levels of iMg2+, while adrenalin exerts an opposite 

effect.8 The hormone insulin, produced in the pancreatic β-cells, plays a critical role in the glucose 

and lipid metabolism and may modulate Mg transport from the extracellular to the intracellular 

space.9–11 

 

Diabetes mellitus is a metabolic disorder affecting insulin secretion and/or action and is frequently 

associated to Mg deficiency (hypomagnesemia).12 Diabetes type 1 (T1D) primarily results from 

the autoimmune destruction of the pancreatic β-cells, leading to an absolute insulin deficiency and 

causing hyperglycaemia. T1D patients require injectable insulin therapy, regular carbohydrate 

counting and glucose monitoring.13,14 T1D is frequently accompanied by alterations in lipid 

metabolism, inflammatory status, endothelial cell dysfunction and apoptosis.15 T1D patients with 

worse glycemic control often show lower serum Mg than T1D patients with better glycemic 

control.16,17 However, no differences were observed in the iMg2+ concentration between healthy 

controls and young or recently diagnosed T1D patients.18,19 Also, urinary Mg excretion has been 

associated with elevated fasting blood glucose and HbA1c (glycated hemoglobin) concentrations, 

and it was found to be augmented or similar in diabetic patients compared to controls.20–22 Tracer 

experiments with an orally administered isotopically enriched stable isotope of Mg, demonstrated 

that Mg deficiency was not caused by a reduced dietary Mg absorption, impaired retention or 

excretion in people with T2D.23 The reasons and the clinical consequences of the disrupted Mg 

homeostasis in diabetic patients remains uncertain although it was hypothesized that a reduced 
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cellular ATP content, a defective tyrosine-kinase activity of the insulin receptor, impairment in the 

insulin action and worsening of insulin resistance may be involved.10,24 Other possible causes of 

hypomagnesemia in T2D may be poor gastrointestinal absorption and/or enhanced renal Mg 

excretion.25 As insulin has anti-magnesiuric effects in the thick ascending limb of the loop of Henle 

(TAL) and distal convoluted tubule (DCT), insulin deficiency or resistance may exacerbate renal 

Mg wasting. It has been shown that Mg deficiency reduces insulin sensitivity and thus, glycemic 

control.25 

 

High-precision isotopic analysis of Ca, Cu, Fe and Zn via multi-collector ICP-mass spectrometry 

(MC-ICP-MS) has previously been shown a promising approach in a biomedical / clinical context. 

Some disease conditions were shown to affect the isotope fractionation accompanying biochemical 

processes, thus altering the isotopic composition of these essential mineral elements in body fluids 

and/or tissues. However, to the best of our knowledge, serum Mg isotopic analysis has not been 

explored for such purpose yet.26–28  

 

Magnesium has three isotopes with the following average natural relative isotopic abundances: 

24Mg (79 %), 25Mg (10 %) and 26Mg (11 %).29 Studies on bacteria, fungi and plants revealed Mg 

isotope fractionation induced by metabolic processes, although the exact mechanisms have not 

been elucidated yet.30–32 A preferential incorporation of the heavier Mg isotopes in cells and plants 

with low Mg content and an apparent absence of isotope fractionation in those high in Mg content 

has been reported.32 Pokharel et al. inferred that the intracellular Mg isotopic composition is 

governed by the rate of Mg bonding in intracellular compartments relative to the rate of Mg 

transport into and its efflux from these cells.32 In mammals, faeces are the material most depleted 

in the heavier Mg isotopes, leaving the body enriched in the heavier isotopes relative to the diet as 

was shown using a box model by Martin et al.33 Also, an enrichment in the heavier Mg isotopes 

from herbivores to omnivores in trophic chains has been recently shown.33 

 

The aim of this work was to explore whether the serum Mg isotopic composition can be used for 

studying the disrupted Mg metabolism in T1D patients. The serum Mg isotopic composition was 

investigated in patients suffering from T1D and compared to that in assumed healthy individuals 

(reference population). The T1D patients were re-evaluated after one year. Prior to analysis of these 
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clinical samples, the chromatographic isolation of Mg and the measurement protocol for the serum 

Mg isotopic analysis by multi-collector inductively coupled plasma-mass spectrometry (MC-ICP-

MS) were evaluated for their application in clinical research. Several commercially available 

biomaterials were analysed and the Mg isotope ratios were expressed relative to both the DSM3 

isotopic reference material and to ERM-AE143, as an alternative new isotopic standard. 

 

4.2 EXPERIMENTAL 

 

4.2.1 Reagents and materials 

Ultrapure water (resistivity > 18.2 MΩ cm) was obtained from a Milli-Q Element water purification 

system (Merck Millipore, Bedford, MA, USA). Trace metal analysis grade PrimarPlus 14 M nitric 

acid and 12 M hydrochloric acid (Fisher Chemicals, Leicestershire, UK) were further purified by 

sub-boiling distillation in a Savillex DST-4000 acid purification system (Savillex Corporation, 

Eden Prairie, MN, USA). Ultrapure TraceSELECT® 9.8 M hydrogen peroxide and ACS grade 

acetone were purchased from Sigma Aldrich (Overijse, Belgium). 

 

Single-element stock solutions (1000 mg mL-1) used for element quantification were acquired from 

Merck (Darmstadt, Germany), PlasmaCAL (Quebec, Canada), Inorganic Ventures 

(Christiansburg, Virginia, USA) and Alfa Aesar GmbH (Karlsruhe, Germany). A standard solution 

of 1000 µg mL-1 Mg (Inorganic Ventures, USA, lot K2-MG650434) was used as in-house isotopic 

standard for checking validity of the isotope ratios. 

 

The international -zero reference material DSM3 was used for the standard-sample bracketing 

approach (SSB) and the ERM-AE143 reference material acquired from BAM (Berlin, Germany) 

was isotopically characterized relative to the DSM3 reference material. 

 

Two-mL polypropylene chromatographic columns (Eichrom Technologies, Saint Jacques de la 

Lande, France) and AG50W-X8 strong cation exchange resin (hydrogen form, 8% crosslinkage, 

100–200 mesh size) purchased from Bio-Rad (Temse, Belgium) were used for Mg purification. 
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4.2.2 Samples 

Serum samples from males (18-50 years old) were collected at the Ghent University Hospital. 14 

serum samples were taken from assumed healthy individuals (an age-matched reference 

population) and overall, 26 serum samples were taken from 15 patients with T1D. The follow-up 

serum sampling for the diabetic patients was performed one year after the first sampling (11 

patients, 4 dropped out during this study). Clinical parameters were determined as routine practice 

using standardized protocols. All T1D patients showed elevated levels of HbA1c (range 6.2 - 13.3 

%), indicative of elevated blood glucose levels over the preceding 60 days.34 For diagnosing 

diabetes, a cut-off point of 6.5 % of HbA1c is recommended.35 The glomerular filtration rate (GFR) 

was within the normal value (> 90 mL min-1), except for 4 patients. 

 

Serum samples were stored at -20 ºC until further sample preparation in a class-10 clean lab 

(PicoTrace™, Göttingen, Germany) at the Department of Chemistry of Ghent University. 

 

This research was approved by an independent commission for medical ethics connected to the 

Ghent University hospital and all subjects signed an informed consent concerning this study. 

 

For method development and validation, the reference materials Seronorm™ Trace Elements 

Serum L-1 (lot 1309438, SERO AS, Billingstad, Norway) and Seronorm™ Trace Elements Whole 

blood L-1 reference material (lot 1406263) were used. 

 

4.2.3 Sample preparation 

An aliquot of 0.5 mL of blood serum or whole blood was digested in a closed Savillex® PFA 

beaker using 2 mL of 14 M HNO3 and 0.5 mL of 9.8 M H2O2 at 110 ºC for 18 hours. After cooling 

down, the vessels were opened and the digests were evaporated to dryness at 90 oC. The residues 

were dissolved in 1 mL of 0.4 M HCl for the subsequent Mg isolation using cation exchange 

chromatography. The chromatographic separation of Wombacher et al.,36 was re-visited for 

isolation of Mg from serum and whole blood samples. 1 mL of AG50W-X8 resin (100–200 mesh, 

hydrogen form) was loaded into a 2 mL polypropylene column with an inner diameter of 0.8 cm. 

A piece of cotton was placed as bed support. The resin was pre-cleaned with 10 mL of MQ-water, 

30 mL of 7 M HCl, followed by another 20 mL of MQ-water. After conditioning of the resin with 



 

112 

 

10 mL of 0.4 M HCl, 1 mL of the sample digest was loaded onto the column. The matrix was eluted 

using 34 mL of 0.4 M HCl, 10 mL of the mixture 0.5 M HCl + 95% acetone and 1 mL of 0.8 M 

HCl. Then, the Mg fraction was eluted using 23 mL of 0.8 M HCl and collected in a Teflon 

Savillex® beaker. The fraction thus obtained was evaporated to dryness, re-dissolved in 2 mL of 

14 M HNO3 + 0.5 mL of 9.8 M H2O2 and heated on a hot plate at 110oC overnight for the removal 

of organic compounds (predominantly acetone, in addition to resin material).2 After that, the pure 

Mg fraction was evaporated to dryness at 90 ºC and the residue subsequently re-dissolved in 1 mL 

of 2 % (v/v) HNO3 for element determinations and isotope ratio measurements. Two procedural 

blanks were included in each batch (~25 columns) of samples. 

 

Two geological reference materials – Basalt, Hawaiian Volcanic Observatory BHVO-1 and 

Icelandic Basalt BIR-1 (both from the US Geological Survey, Reston, VA, USA) were also 

analysed for evaluation of the analytical protocol. About 150 mg of the basalt reference materials 

were weighed and dissolved in a mixture of 2.5 mL of 27.6 M HF and 5 mL of 14 M HNO3. Closed 

beakers were heated on hot plate at 90 ºC for 72 hours. Samples were evaporated to dryness (at 90 

ºC), dissolved in freshly prepared 4 mL of aqua regia (1:3, 14 M HNO3 : 10.6 M HCl, as obtained 

after sub-boiling distillation) and heated on hot plate at 90 ºC for 72 hours. Samples were 

evaporated to dryness and the residue re-dissolved in 1.2 mL of 0.4 M HCl for further Mg isolation 

as described above. 

 

4.2.4 Instrumentation and measurements 

A Thermo Scientific Neptune MC-ICP-MS instrument (Bremen, Germany) was used for Mg 

isotope ratio measurements. The samples were introduced into the plasma using a 100 µL min-1 

PFA concentric nebulizer, mounted onto a double spray chamber with cyclonic and Scott-type sub-

units. Mg isotope ratio measurements were performed at medium (pseudo) mass resolution on the 

left side of the peak centres and in static collection mode, involving three Faraday collectors (L3, 

C, H3) connected to 1011 Ω resistors. Instrument settings and data acquisition parameters are 

summarized in Table 4.1. An acid blank (0.28 M HNO3) and procedural blanks were measured at 

the beginning of each measurement sequence to evaluate their contribution to the Mg2+ signal 

intensity. The in-house Mg isotopic standard (Inorganic Ventures IV) was measured every five 

samples for checking the validity of the measurements. The Mg isotope ratio measurements were 
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carried out using approximately 150 µg L-1 of Mg, and samples and standards were adjusted to 

within ±5 % of the DSM3 isotopic reference material. The sample-standard bracketing (SSB) 

approach was applied for mass bias correction.  

 

Table 4.1 Instrument settings and data acquisition parameters for the Thermo Scientific Neptune 

MC-ICP-MS instrument. 

 

Instrumental settings 

RF power, W  1200 

Gas flow rates, L min-1 Cool 15 

 Auxiliary 0.70-0.95 

 Nebulizer  ~1 

Interface  Jet 

Sampler cone  Ni: 1.1 mm orifice diameter 

Skimmer cone  Ni, X-type: 0.8 mm orifice diameter 

Sample uptake  0.1 mL min-1 

Mass resolution mode  Medium 

Data acquisition 

Mode  Static, multi-collection  

Integration time, s  4.194 

Number of integrations  3 

Number of blocks  10 

Number of cycles per block  5 

Cup configuration 

Cup L3: 24Mg C: 25Mg H3: 26Mg 

Resistor 1011Ω 1011Ω 1011Ω 
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The 26Mg/24Mg and 25Mg/24Mg ratios were expressed in delta notation (δ26Mg and δ25Mg, per mil, 

‰) relative to the DSM3 reference material, and calculated according to equation 4.1, where x is 

25 or 26.   

 

𝛿𝑥 𝑀𝑔𝑠𝑎𝑚𝑝𝑙𝑒 = (
𝑀𝑔/ 𝑀𝑔𝑠𝑎𝑚𝑝𝑙𝑒

24𝑥

𝑀𝑔/ 𝑀𝑔𝐷𝑆𝑀3
24𝑥 − 1) ×  1000     (4.1) 

 

A Thermo Scientific Element XR sector field ICP-MS instrument was used for element 

determination. The sample introduction system consisted of a 200 µL min-1 quartz nebulizer, 

mounted onto a cyclonic spray chamber. Plasma torch position, gas flow rates and lens settings 

were optimized in terms of signal intensity (Li, In and U) and oxide levels (UO+/U+). Samples and 

calibration standards were prepared in 0.28 M HNO3 and Ga (final concentration: 10 µg L-1) was 

added as internal standard. Concentrations of the target element and some minor and trace elements 

that can potentially give rise to spectral interference were determined. 

 

 

4.3 RESULTS AND DISCUSSION 

 

4.3.1 Mg isolation procedure 

The procedures used to isolate Mg from geological and biological materials previously reported in 

the literature mostly rely on ionic exchange chromatography using AG 50W-X8 or AG 50W-X12 

cationic resin or AG 1-X8, AG 1-X4 or AG MP-1M anionic resin.30,36–40. In this work, the cation 

exchange resin AG 50W-X8 (100–200 mesh, hydrogen form) was opted for with the aim of 

obtaining efficient Mg isolation with a sufficiently high sample throughput, as analysis of a high 

number of samples is often demanded for clinical applications.36 The distribution coefficient of 

each element varies according to resin and acid type/concentration used.41 A procedure described 

by Wombacher et al. was re-visited and optimized for Mg isolation from serum and whole blood 

samples, as the ratio of Mg to the matrix elements differs from that typical in geological 

samples.36,41 Their protocol relied on a two-stage chemical separation procedure using AG50-X8 

resin of 200-400 µm mesh size. However, in the current work, efficient separation of Mg from the 

Ca present in the biofluids’ matrix was achieved using 0.8 M HCl in a one-stage separation 
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procedure. The elution profile for the Seronorm™ Trace Elements Serum L-1 reference material 

is presented in Figure 4.1 and shows that Mg is fully separated from the relevant concomitant 

elements. Whole blood shows a substantially higher Fe concentration (~350 mg L-1, most of the Fe 

is present in the red blood cells) than other biofluids. Therefore, in the case of whole blood, Fe 

partially co-elutes with Mg. However at the Fe/Mg ratio obtained after the separation (1/10), no 

significant effect on the Mg isotope ratio results was observed. 

 

 

Figure 4.1  Elution profile for the Seronorm™ Trace Elements Serum L-1. 

 

The Mg yield was 102  2 % for the Seronorm serum reference material and 101  1 % for the 

Seronorm whole blood reference material, such that artificial (on-column) Mg isotope fractionation 

could not affect the Mg isotope ratio results. The Mg yields obtained for the real samples ranged 

between 95 and 104 %, with an average recovery of 99 ± 4 % for the controls, 101 ± 2 % for the 

T1D patients year 1 and 101 ± 1 % for the T1D patients year 2. 

 

The method was first evaluated using a synthetic serum sample containing the Mg in-house isotopic 

standard and matrix elements at concentration levels representative for human serum.37 The δ26Mg 

value obtained for the synthetic serum solution was -0.61 ± 0.05 ‰ (N = 3), a value that agrees 

within the experimental uncertainty with that for the pure in-house standard (δ26Mg = -0.65 ± 0.09 

‰, N = 167), thus illustrating the validity of the approach. 
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4.3.2 Evaluation of the analytical protocol 

Mg isotope ratio measurements performed at (pseudo) medium mass resolution on the left side of 

the peak centres allow the Mg analyte signals to be resolved from these of otherwise interfering 

polyatomic ions, such as C2
+, C2H

+, C2H2
+, CN+ and NaH+. The isotope ratio measurements were 

performed at 150 µg L-1 of Mg and the signal intensity achieved was typically ≈ 8.5 V for the 24Mg 

nuclide.  

 

The Mg in-house standard and the ERM-AE143 reference material were used to evaluate the 

precision and accuracy of the Mg isotope ratios. Additionally, two basalt reference materials 

(BHVO-1 and BIR-1) were used for comparison purposes, as to date, Mg isotope ratios in 

biological fluids like serum or whole blood have not been reported yet. Each sample was analysed 

in triplicate (including the sample preparation and Mg isolation) and measurements were carried 

out in duplicate. The Mg isotopic composition of the biological and geological materials as well as 

that of the isotopic standards is presented in Table 4.2.  

 

 

 

Figure 4.2 Bivariate Mg isotope ratio plot (or 3-isotope plot) for standards, biological and 

geological reference materials. Mg values are expressed relative to the DSM3 isotopic reference 

material. 
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Table 4.2 Mg isotopic composition of biological and geological materials expressed relative to the 

DSM3 isotopic reference material (in ‰). 

 

Sample δ26Mg ± 2SD δ25Mg ± 2SD N Reported, δ26Mg ± 2SDref. 

Mg in-house standard -0.65 ± 0.09 -0.34 ± 0.05 167 - 

Seronorm™ Serum L-1 0.08 ± 0.06 0.04 ± 0.05 23 - 

Seronorm™ Whole Blood L-1 -0.42 ± 0.13 -0.21 ± 0.07 6 - 

BIR-1 -0.36 ± 0.09 -0.19 ± 0.05 6 -0.30 ± 0.0442 

    -0.28 ± 0.0343 

    -0.23 ± 0.2336 

BHVO-1 -0.38 ± 0.12 -0.21 ± 0.06 6 -0.31 ± 0.0844 

    -0.22 ± 0.1445 

    -0.52 ± 0.0546 

ERM-AE 143 -3.28 ± 0.09 -1.68 ± 0.07 48 -3.30 ± 0.0647 

2SD: two times the standard deviation. 

N: the number of replicates. 

 

As can be seen, the 26Mg values for the geological reference materials, used for assessment of the 

measurement protocol, were in agreement with reported data. Moreover, the slope of the 

fractionation line (Figure 4.2) was within the range defined by kinetically (slope = 0.5110) and 

thermodynamically (slope = 0.5210) governed mass-dependent fractionation, respectively.48 

 

 As the DSM3 isotopic standard is no longer available, the actual serum samples were measured 

relative to both, the DSM3 and the ERM-AE143 isotopic reference materials (Table 4.2). The 

relationship between δ26Mg ERM-AE143 and δ26Mg DSM3 values obtained for the serum samples (N = 

39) is shown in equations 4.2 and 4.3. The intercepts of the linear relations were in concordance 

with the δ26,25Mg values of the ERM-AE143 directly measured relative to the DSM3 (Table 4.2). 

 

δ26Mg ERM-AE143 = (0.93±0.03) ×δ26Mg DSM3 + (3.27±0.02), with R2 = 0.96   (4.2) 

δ25Mg ERM-AE143 = (0.96±0.04) ×δ25Mg DSM3 + (1.68 ±0.01), with R2 = 0.96  (4.3) 
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The internal precision for the δ26Mg value was 0.03 ‰ (2se). The repeatability for Seronorm™ 

Trace Elements Whole blood L-1 (N = 3) and Seronorm™ Trace Elements Serum L-1 (N = 6), 

expressed as 2SD for δ26Mg were 0.13 ‰ and 0.06 ‰, respectively. The reproducibility, expressed 

as long-term precision (2SD), for the 26Mg value of the in-house isotopic standard was 0.09 ‰ 

(Table 4.2).  

 

The contribution of the procedural blanks ranged between 1 and 3 % of the total Mg signal 

intensity. The maximum bias observed in the Mg values with and without blank correction was 

<0.01‰, indicating that this contribution is negligible. 

 

4.3.3 Serum Mg isotopic composition: effect of diabetes type 1 

The serum Mg isotopic composition was explored in T1D male individuals and compared to that 

of healthy controls. The Mg values, expressed relative to the DSM3 and relative to the ERM-

E143 isotopic reference materials, are presented in Table 4.3.  

 

The serum Mg isotopic composition for the reference population ranged between -0.26 and 0.06 

‰ (expressed relative to DSM3), which is within the range reported for bioapatites (tooth enamel 

and bones) of small carnivore mammals and heavier than that for plants and faeces.33,49 The serum 

Mg isotopic composition did not show any relation with the age (Spearman's rank correlation 

coefficient ρ = 0.107, p = 0.608), suggesting that age does not exert a relevant effect on the serum 

Mg isotopic composition. 
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Table 4.3 Serum Mg isotopic composition for the reference population and for the T1D population. Y1 and Y2 represent the first and the 

second sampling, respectively. The Mg values (‰), expressed relative to the DSM3 and relative to the ERM-AE143 isotopic reference 

materials, were obtained experimentally by measuring each sample relative to both isotopic reference materials. 

 

Sample  

ID-Age 

Reference population 
 

Sample  

ID-Age 

Diabetes type 1 population 

 Year 1  Year 2 

DSM3 ERM-AE143  DSM3 ERM-AE143  DSM3 ERM-AE143 

δ26Mg δ25Mg δ26Mg δ25Mg  δ26Mg δ25Mg δ26Mg δ25Mg  δ26Mg δ25Mg δ26Mg δ25Mg 

1 - 36 -0.06 -0.02 3.18 1.62  15 - 18 -1.80 -0.94 1.55 0.74  a a a a 

2 - 40 -0.12 -0.05 3.23 1.68  16 - 21 -0.49 -0.25 2.86 1.46  a a a a 

3 - 30 -0.39b -0.21b 2.84b 1.44b  17 - 47 -1.31 -0.68 2.09 1.05  -0.27 -0.14 3.04 1.55 

4 - 30 -0.14 -0.08 3.15 1.60  18 - 19 -0.71 -0.37 2.52 1.31  -1.27 -0.66 2.05 1.07 

5 - 31 -0.22 -0.12 3.09 1.56  19 - 39 -0.50 -0.24 2.52 1.27  -0.37 -0.14 2.97 1.52 

6 - 47 -0.26 -0.13 2.92 1.51  20 - 40 -1.33 -0.69 2.04 1.02  -1.54 -0.80 1.76 0.88 

7 - 24 -0.15 -0.08 3.02 1.58  21 - 23 -0.47 -0.25 2.88 1.46  -1.51 -0.76 1.81 0.92 

8 - 27 -0.05 -0.03 3.19 1.63  22 - 20 -0.33 -0.20 3.11 1.61  a a a a 

9 - 37 0.01 0.01 3.23 1.66  23 - 28 -0.29 -0.13 2.78 1.44  -1.32 -0.65 2.03 1.04 

10 - 30 -0.31b -0.15b 2.93b 1.54b  24 - 39 -0.42 -0.20 3.05 1.56  -0.32 -0.15 3.02 1.53 

11 - 34 -0.07 -0.04 3.34 1.66  25 - 40 -0.39 -0.21 2.85 1.49  -0.56 -0.27 2.83 1.44 

12 - 26 -0.03 -0.01 3.18 1.68  26 - 50 -0.61 -0.32 a a  -0.48 -0.24 2.84 1.42 

13 - 29 0.06 0.03 3.30 1.74  27 - 41 -1.00c -0.52 c 2.52c 1.32 c  -0.70c -0.37c 2.72c 1.39c 

14 - 42 -0.03 0.00 3.24 1.69  28 - 48 -1.17 -0.61 2.13 1.10  -0.92c -0.48c 2.42c 1.25c 

      29 - 44 -0.22c -0.15 c 3.15c 1.61 c  a a a a 

Median -0.07 -0.04 3.19 1.65   -0.50 -0.25 2.65 1.38  -0.70 -0.37 2.72 1.39 

IQR (0.12) (0.08) (0.13) (0.09)   (0.83) (0.43) (0.80) (0.42)  (1.05) (0.57) (1.07) (0.54) 

Sample ID corresponds to the patient number followed by the age. 

IQR is interquartile range. 
a Sample not available. 
b Haemolysed sample. 
c Patients with low GFR. 

The internal precision, expressed as 2 times the standard error, ranged between 0.02 and 0.04 ‰ and the external precision, expressed as 

the standard deviation of 3-4 replicates of measurements, ranged between 0.02 and 0.20 ‰. 
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The bivariate Mg isotope ratio plot (or 3-isotope plot) for all individuals is shown in Figure 4.3. 

All data are located on the mass-dependent Mg isotope fractionation line, indicating the absence of 

any resolvable mass-independent isotope effect or polyatomic interference at the level of precision 

attained. Two of the serum samples from the reference population were haemolysed and thus, 

excluded from further data treatment. As can be seen in Table 4.2 for the Seronorm reference 

materials, the whole blood Mg isotopic composition is lighter (enriched in the lighter Mg isotopes) 

than that of the serum. The hemolyzed serum samples therefore showed the lightest Mg isotopic 

composition among the reference population, illustrating contamination of the serum with red 

blood cells (Figure 4.3). It is obvious from Figure 4.3 that the data points for the T1D patients are 

shifted towards the lower left corner, i.e. the serum samples systematically show a lighter isotopic 

composition. 

 

 

Figure 4.3 Serum Mg isotopic composition for the reference population (green triangles), T1D 

patients (Y1, first year of study, blue squares), T1D patients after one year follow-up (Y2, second 

year of the study, orange diamonds) and the Seronorm™ Trace Elements Whole blood L-1 

reference material (red circles). Mg values are expressed relative to the DSM3 isotopic reference 

material. 
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Figure 4.4 shows box and whisker plots for the Mg concentration (A) and for the Mg isotopic 

composition (B) of serum. No statistically significant difference was found in terms of serum Mg 

concentration between the reference and the T1D population, neither among diabetic patients at 

time = t0 and 1 year later (t = t0 + 1 year) (Kruskal-Wallis test, p > 0.05). Also, in general, the serum 

Mg concentrations were within the reference range observed in clinical practice (from 17.01 - 24.31 

mg L-1).5 The median Mg concentration for the reference population was 17.9 ± 3.4 mg L-1 (2 SD, 

N = 14), while that for the diabetic patients was 18.9 ± 7.4 mg L-1 (2 SD, N = 26). In contrast, the 

serum Mg isotopic composition was significantly different between the reference population and 

the T1D population (Figure 4.4B). On average, the serum 26Mg value for diabetic patients was 

about 0.65 ‰ lighter than that of the reference population (Table 4.3) (Kruskal-Wallis test, p < 

0.05). For the one year follow-up, the serum Mg isotopic composition of the T1D patients was on 

average 0.75 ‰ lighter than that of the healthy controls, similar to the bias previously observed.  

 

  

Figure 4.4 Mg concentrations (A) and 26Mg values (B) for the reference population and for the 

T1D patients. Y1 and Y2 correspond to the first and second year of sampling, respectively. The 

open circle represents an outlier. 26Mg values are expressed relative to the DSM3 isotopic 

reference material. 

 

However, for some T1D individuals, a substantial difference was observed between the serum 

26Mg values for the two sampling events. This variability may be related to the temporary effect 

of administered insulin on the transcellular kinetics of Mg or to inherent characteristics of the T1D 

patients, such as a poor glycemic control. Also, differences in the Mg isotope fractionation 

accompanying intestinal uptake and/or renal excretion and/or in the distribution of Mg isotopes 

across body compartments could contribute to the light serum Mg isotopic composition of the T1D 
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patients. It has been observed in vitro that insulin affects the iMg2+ concentration in a dose- and 

time-dependent manner and in absence of insulin, glucose induces the opposite effect.11,50 Also, 

individual differences can be associated to changes in the response to insulin, e.g., related to its 

binding to its high-affinity cell surface receptor (receptor tyrosine kinase). 

The results obtained in this pilot study indicate that diabetes type 1 induces significant changes in 

the serum Mg isotopic composition. Further research is required to address the potential effect of 

insulin administration on the Mg isotope fractionation. 

 

4.4 CONCLUSIONS 

 

A Mg isolation procedure based on the use of the AG 50W-X8 cation exchange resin was shown 

effective for blood serum and whole blood samples. In whole blood, traces of Fe remain in the 

purified Mg fraction, but at the Fe/Mg ratio obtained, no effect on the Mg isotope ratio results as 

determined using MC-ICP-MS was observed. The δ26,25Mg values obtained for geological 

reference materials and for the alternative/new isotopic reference material ERM-AE143 were in 

good agreement with those reported in the literature. Mass fractionation lines were within the range 

of those defined by kinetically governed and thermodynamically governed mass-dependent 

fractionation. The Mg isotopic composition of diabetes type 1 patients was significantly lighter 

than that for an age-matched reference population and also showed a similar shift after 1 year 

follow-up. The Mg isotope fractionation could be affected by administered insulin and its potential 

effect on the transcellular kinetics of Mg or by inherent characteristics of type 1 diabetes patients, 

e.g. differences in glucose metabolism, thus inducing a spread within the T1D population. These 

preliminary results indicate that the disruption of the Mg metabolism in T1D patients is reflected 

in the serum Mg isotopic composition; further research is required to address the potential effect 

of insulin administration on the Mg isotope fractionation. 
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CHAPTER 5 

EFFECT OF ENDOTOXEMIA INDUCED  BY 

INTRAPERITONEAL INJECTION OF LIPOPOLYSACCHARIDE 

(LPS)  ON THE Mg ISOTOPIC COMPOSITIO N OF BIOFLUIDS 

AND TISSUES IN MICE  
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Abstract 

 

Endotoxemia induced in vivo in mice by intraperitoneal injection of lipopolysaccharide (LPS) leads 

to (neuro)inflammation and sepsis. Also the homeostasis of mineral elements can be altered 

through mechanisms that still are poorly understood. The isotopic composition of Mg and the 

concentrations of the minor elements Ca, K, Mg, Na, P and S were determined in biological fluids 

and tissues of young (14-28 weeks) and aged (40-65 weeks) LPS-injected mice and age-matched 

controls to reveal potential effects of the LPS-induced infection. Blood plasma of young and aged 

LPS-injected mice showed a heavy Mg isotopic composition, as well as elevated Mg and P 

concentrations, compared to matched controls. The plasma Mg isotopic composition was correlated 

with the P concentration in aged mice. Also the liver Mg isotopic composition was strongly affected 

in the young and aged LPS-injected mice, while for aged mice, an additional effect on the urine 

Mg isotopic composition  was established. These observations were hypothetically associated with 

liver inflammation and/or hepatotoxicity, and reduced urinary Mg excretion, respectively. Also a 

regional endotoxin-induced difference was observed in the brain Mg isotopic composition for the 

aged mice only, and was attributed to potential disruption of the blood-brain barrier. 

 

5.1 INTRODUCTION  

 

Lipopolysaccharide (LPS) is a structural component of the outer membrane (OM) of Gram-

negative bacteria (GNB), which consists of three main components - lipid A (which is held 

responsible for the toxicity of the endotoxin), the core oligosaccharide, and the O-polysaccharide 

or O-antigen.1 Food, water and soil pathogens threatening human health include numerous Gram-

negative bacteria, e.g. Escherichia coli, Helicobacter, Legionella, Salmonella and Yersinia. 2 The 

administration of LPS in vivo is a well-established experimental model of endotoxemia, inducing 

(neuro)inflammation and sepsis in mice.3 The LPS activates macrophages/monocytes, with the 

subsequent production and release of proinflammatory cytokines (e.g., IL-1, IL-6 and TNF-α),4 

thus inducing inflammation, mitochondrial damage and adenosine triphosphate (ATP) depletion.5 

Various molecular changes have been found to occur under such circumstances, depending on the 

animal model, age and/or LPS treatment applied, i.e. a single vs. systemic dose, type of injection 

(subcutaneous, intraperitoneal or intracerebroventricular), the LPS concentration administered and 
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the duration of the treatment.6–8 In general, animals injected with LPS show increased levels of the 

LPS-binding protein (LBP) and develop conjunctivitis, diarrhea, lethargy, piloerection and 

huddling symptoms. 9,10 The endotoxemia-induced toxicity also leads to injuries in several organs, 

particularly liver, kidneys, lungs and brain. 11 The liver plays a major role in the infection, as it 

takes up the infused LPS after the injection, rendering it the major localization of the LPS, 12 and 

has the ability to clear the LPS to prevent it from entering into the systemic blood stream. 13 In 

humans, LPS-induced hepatic injury has been reported in cirrhosis, autoimmune hepatitis, primary 

biliary cirrhosis and hepatitis C. As a result, detection and monitoring of endotoxemia can play an 

important role in evaluating the progression of such disease.14 

 

It is known that bacterial cells are capable of binding metals,15,16 but the metal-binding properties 

of LPS in the body still need to be elucidated. It has been suggested that the sites responsible for 

the metal-binding of LPS are the negatively charged phosphoryl groups in lipid A. 16 The OM is 

highly anionic, thus it might be also responsible for metal-binding in gram-negative bacteria. 17 

Magnesium is an important ingredient of the OM, which is responsible for neutralization of 

negatively charged phosphate residues in the lipid A and core regions. 18 Hoyle et al. suggested 

that the binding behavior of Mg2+ towards purified OM extracted from Escherichia coli might rely 

on its participation in cytoplasmic functions, involved in the synthesis of lipid A.19,20 Mg shows a 

hepatoprotective effect, which might be related to its anti-inflammatory, antioxidant and 

antiapoptotic properties.21 Magnesium sulfate treatment mitigated acute lung injury, inflammatory 

response, and oxidative stress in LPS-injected rats.22 Additionally, it has also been shown that the 

LPS administration activates several Transient Receptor Potential (TRP) cation channels (for Ca2+, 

K+, Na+ and Mg2+), inducing electrochemical gradients across the cell membrane with subsequent 

molecular and structural rearrangements.23–25 Disruptions of Mg2+ metabolism are associated to 

infections and immune dysfunction.26 Also, the change in Mg status observed upon aging may be 

due to insufficient intake or alterations in the Mg metabolism. Mg deficiency is thought to 

contribute to aging and subsequent vulnerability of the immune system and age-related 

diseases.27,28 As Mg is mainly an intracellular ion, determination of the total serum/blood Mg 

concentration does not adequately reflect the Mg status and therefore, various other markers have 

been suggested for this purpose.29 
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Hypermagnesemia is the Mg metabolism disturbance commonly caused by decreased kidney 

function 30 and increased intestinal absorption. Ferre et. al suggested that urinary Mg2+ excretion 

may be insufficient to balance intestinal Mg2+ absorption, which may cause high plasma Mg2+ 

levels.31 LPS-induced hypermagnesemia was associated with decreased renal function rather than 

with enhanced intestinal absorption due to downregulated expression of genes and Mg2+ 

transporting proteins involved in paracellular and transcellular cation transport across the intestine.3 

 

Biological processes are known to have the ability to fractionate the isotopes of essential metals. 

As a result, changes in the isotopic composition of these elements can be used to detect disruptions 

in metal metabolism. Although the Mg isotopic composition has so far been less explored than that 

of other metals (i.e. Ca, Cu, Fe and Zn) for this purpose, such changes in the isotopic composition 

of Mg in human serum was observed in the pathology of diabetes type 1.32 Characterization of the 

body distribution of the Mg isotopes may also be valuable for a better understanding of the 

disrupted Mg metabolism in LPS-induced endotoxemia. In vitro studies using E. coli bacteria 

examined the Mg isotope fractionation between cells and their growth medium. The cells showed 

a heavy Mg isotopic composition (enriched in the heavier Mg isotopes) with respect to the culture 

medium.33 Recently, it has been demonstrated that some bacteria  have a preference for the heavier 

Mg isotopes for producing ATP in their cells. 34  

 

In this work, potential alterations of the Mg isotopic composition and of the concentrations of the 

minor elements Ca, K, Mg, Na, P and S were investigated in a murine model of endotoxemia to 

examine the effect of the LPS-induced infection in the body. Young (14-28 weeks) and aged (40-

65 weeks) mice were injected intraperitoneally with a single dose of LPS and sacrificed 24 h after 

administration. As controls, age- and gender-matched mice injected with a saline solution were 

used. Mg isotopic analysis in mice tissues, including different brain regions, and fluids (plasma 

and urine) was accomplished using multi-collector ICP-mass spectrometry (MC-ICP-MS), while 

for the determination of the minor elements single-collector sector-field ICP-MS was used. 
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5.2 EXPERIMENTAL 

    

5.2.1 Animals 

Male young (14-28 weeks) and aged (40-65 weeks) wild type (C57Bl/6, APPNLGF, Ccl2-RFPfl/fl 

backgrounds) mice were used in this experiment. The animals were housed at the VIB (Flemish 

Institute for Biotechnology) – UGent Center for Inflammation Research (IRC) in air-conditioned, 

stable climatic facilities (room temperature 21 ± 1oC, relative air humidity 60%), with natural 

day/night cycles of 14 h light and 10 h of darkness, with food and water ad libitum. All experiments 

were approved by the ethical committee for animal welfare of the Faculty of Sciences at Ghent 

University.  

 

Mice were randomly assigned before starting the experiments. One group of young animals and 

another group of aged animals received Escherichia coli LPS in a single dose of 10 mg/kg b.w. in 

a phosphate-buffered saline solution (PBS) via an intraperitoneal injection. Age- and gender-

matched controls were treated correspondingly with the pure PBS solution. The volume of the LPS 

and the PBS solutions injected were similar and adjusted for the body weight of each individual 

animal. 24 hours after LPS administration, all animals were sacrificed under anesthesia. Body 

temperature and weight were monitored before and 24 h after the LPS-injection. The LPS 

administration causes a decrease in body weight and body temperature for young and aged mice. 

Individuals not responding to the LPS-treatment were excluded. 

 

After perfusion of the animals, biofluids and tissues were collected and stored at -20 ºC until sample 

preparation in a class-10 clean lab (PicoTrace™, Göttingen, Germany). 

 

5.2.2 Sample preparation 

A total of 172 samples were digested using trace metal analysis grade PrimarPlus 14 M HNO3 

(further purified using sub-boiling distillation) and ultra-pure TraceSELECT® 9.8 M H2O2. A 

mixture of 2 mL of HNO3 and 0.5 mL of H2O2 was used for digestion of the fluids (blood plasma 

and urine) and a mixture of 4 mL of HNO3 and 1 mL of H2O2 was used for the tissues, bone and 

food. The sample digestion was accomplished in closed Savillex® PFA beakers, heated at 110 ºC 

for 18 h on a hotplate. The sample digests thus obtained were evaporated until dryness at 90oC and 
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re-dissolved in 1.2 mL of 0.4 M HCl. An aliquot of each sample digest was used for the quantitative 

determination of the aforementioned minor elements and the remaining sample digest was used for 

Mg isotopic analysis. Pure Mg fractions are required for accurate and precise isotope ratio 

measurements using MC-ICP-MS, as only then the bias caused by instrumental mass 

discrimination can be adequately corrected for. Thus, Mg was chromatographically isolated from 

the sample matrix using 1 mL of AG50W-X8 cation exchange resin (100–200 mesh, hydrogen 

form), as described in ref. 32 (Chapter 4). Mg fractions from bone samples showing a Ca/Mg ratio 

≥ 1.5 after purification, were subjected to a second chromatographic purification following the 

same procedure. 32  

 

5.2.3 Determination of the Mg isotope ratios 

Mg isotope ratios were measured using a Neptune XT MC-ICP-MS instrument (Thermo Scientific, 

Bremen, Germany) equipped with a high-transmission Jet interface (Jet-type Ni sampling cone and 

X-type Ni skimmer cone). The solutions were introduced into the ICP using a 100 µL min-1 PFA 

concentric nebulizer mounted onto a double spray chamber with cyclonic and Scott-type sub-units. 

Measurements were performed at pseudo-medium mass resolution (R = 4,000), in static collection 

mode and using three Faraday collectors connected to 1011 Ω amplifiers, as described in ref. 32,35 

(Chapter 2 and 4). Correction for instrumental mass discrimination was accomplished by relying 

on an external standard, measured in a sample-standard bracketing approach (SSB). Mg isotope 

ratios were measured at a concentration of 150 µg L-1 Mg in 0.28 M HNO3. The concentrations of 

samples and standard were matched within ± 5 %. The Mg isotopic composition is expressed in 

delta notation (per mil, ‰) relative to the DSM3 international reference material. The δ26Mg value 

represents the relative deviation of the Mg isotopic composition of the sample (26Mg/24Mgsample) 

versus that of the DSM3 reference material (26Mg/24MgDSM3), calculated as indicated in equation 

5.1.  

 

𝛿26𝑀𝑔𝐷𝑆𝑀3 = (
( 𝑀𝑔26 𝑀𝑔24⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝑀𝑔26 𝑀𝑔24⁄ )𝐷𝑆𝑀3
− 1) × 1000     (5.1) 
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5.2.4 Quantitative determination of minor elements 

The quantitative determination of Ca, K, Mg, Na, P and S was accomplished using a Thermo 

Scientific Element XR single-collector sector-field ICP-MS instrument. All solutions were 

introduced into the plasma using a 200 µL min-1 quartz nebulizer mounted onto a cyclonic spray 

chamber. For quantification, a 5-point calibration curve was relied on, while Ga was used as an 

internal standard, compensating for signal instability and matrix effects. A multi-element standard 

solution was prepared from single-element standard stock solutions from Merck (Darmstadt, 

Germany), PlasmaCAL (Quebec, Canada), Inorganic Ventures (Christiansburg, VA, USA), Alfa 

Aesar GmbH (Karlsruhe, Germany) and CPI International (Santa Rosa, CA, USA) of 1,000 mg L−1 

(Ca, Mg, P and S) or 10,000 mg L−1 (Na, K) and used for quantification purposes. The signals for 

the nuclides 44Ca, 24Mg, 23Na, 31P and 32S were measured at medium mass resolution (R = 4000) 

and that for 39K at high mass resolution (R = 10,000). Samples, standard solutions and procedural 

blanks were appropriately diluted in 0.28 M HNO3. 

 

5.2.5 Statistical analyses 

IBM® SPSS Statistics 26 software (SPSS Inc. Chicago Illinois, USA) was used for statistical 

analysis of the data. Data were tested for normal distribution using the Shapiro-Wilk normality test. 

The non-parametric Kruskal–Wallis and Mann-Whitney U tests and the parametric independent t-

test were used for comparison of the results when appropriate. Bivariate analysis with a level of 

significance established at p ≤ 0.05 was used for assessing pairwise correlations. 

 

5.3 RESULTS 

 

The Mg isotopic composition and the elemental concentrations of Ca, K, Mg, Na, P and S were 

determined in blood plasma, in body tissues including different brain regions (brain stem, 

cerebellum, cerebrum, cortex and hippocampus), and in urine of young and aged controls and LPS-

injected mice. The groups of mice were denoted as follows: young control (Y, control), young LPS-

injected mice (Y, LPS), aged control (O, control) and aged LPS-injected mice (O, LPS). 
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5.3.1 Blood plasma 

Blood plasma samples from 47 individuals, i.e. 12 young controls, 10 young LPS-injected mice, 

16 aged controls and 9 aged LPS-injected mice, were analyzed. Table 5.1 summarizes the Mg 

isotopic composition of the blood plasma for each group. The plasma Mg isotopic composition of 

the LPS-injected mice was significantly heavier (enriched in the heavier Mg isotopes) than that of 

the controls for both, young (Mann-Whitney U test, p = 0.009) and aged (Mann-Whitney U test, p 

= 0.000) mice. Figure 5.1 shows the box plots of the blood plasma δ26Mg values for the 4 groups. 

As can be seen, the isotopic variability within the group of the young controls was wide compared 

to that within the other groups. No significant difference could be established between the young 

and aged controls (Mann-Whitney U test, p = 0.631).  

 

Table 5.1 Mg isotopic composition of blood plasma for young (Y) and aged (O) LPS-injected mice 

and matched controls. N is the number of individuals. IQR is the interquartile range. 

 

Group 

Control mice  LPS-injected mice  

p value δ26Mg (‰)  δ26Mg (‰)  

Mean SD Median IQR N  Mean SD Median IQR N  

Y -0.70 0.35 -0.53 0.53 12  -0.39 0.09 -0.40 0.15 10  0.009** 

O -0.53 0.07 -0.51 0.08 9  -0.40 0.07 -0.41 0.07 16  0.000** 

**Significant difference between controls and LPS-injected mice at p < 0.01 (Mann-Whitney U 

test). 

 

 

Table 5.2 compiles the elemental concentrations of Ca, K, Mg, Na, P and S in the blood plasma 

from the young and aged controls and LPS-injected mice. The Mg concentration in the plasma of 

the young LPS-injected mice was significantly higher (Mann-Whitney U test, p = 0.014) than that 

in the matched controls, and the extent of this difference was even larger when comparing the aged 

LPS-injected group and the corresponding controls (Mann-Whitney U test, p = 0.000). Also the 

concentration of P was significantly higher in the plasma of young and aged LPS-injected mice 

compared to that for the respective age-matched controls (for both the young and aged group: 

Mann-Whitney U test, p = 0.000). The concentrations of Ca, K, Na, P and S in blood plasma were 

similar for the young and aged LPS-injected mice and the respective age-matched controls (no 
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significant differences). The difference in plasma concentration between young and aged controls 

was significantly relevant for S only (Mann-Whitney U test, p = 0.000). 

 

 

Figure 5.1 Boxplots for the blood plasma Mg isotopic composition for controls and for young and 

aged LPS-injected mice. Y and O correspond to young and aged mice, respectively. LPS 

corresponds to LPS-injected mice. These box plots compile the median, quartiles and extreme 

values; individual dots are outliers. 

 

 

Blood plasma Mg and P concentrations were correlated in both young and aged mice (Spearman’s 

rho coefficient, ρ = 0.675, p = 0.001 and ρ = 0.800, p = 0.000, respectively). However, only for the 

aged mice, a weak correlation was observed between the blood plasma Mg isotopic composition 

and the P concentration (Spearman’s rho coefficient 0.459, p = 0.042) and no correlation was found 

between the plasma Mg mass concentration and its isotopic composition, suggesting that these hold 

different messages. A significant correlation was also found between the S and Na concentrations 

(Spearman’s rho coefficient 0.583, p = 0.007) for aged mice. 
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Table 5.2 Elemental concentrations (mg L-1) in blood plasma of young and aged LPS-injected mice and matched controls. N is the number of individuals 

and IQR is the interquartile range. 

 

Age Element  Control mice  
 

 LPS-injected mice   

   
 Mean ± SD Median IQR N   Mean ± SD Median IQR N   P value 

Young mice Ca  73 ± 14 75.5 27.5 12 
 

66 ± 20 61.0 32.0 10 
 

0.381 

  
K  970 ± 250 923 308 11 

 
930 ± 280 902 421 10 

 
0.654 

  
Mg  22.7 ± 4.3 21.5 4.75 12 

 
28.1 ± 4.9 28.0 6.75 10 

 
0.014* 

  
Na  2730 ± 160 2730 237 12 

 
2700 ± 270 2765 456.3 10 

 
0.872 

  
P   113 ± 16 116 22.0 11 

 
200 ± 50 207 68.0 9 

 
0.000** 

  
S a  263 ± 34 274 47.0 11 

 
287 ± 25 282 24.3 8 

 
0.091 

   
 

   
 

    
 

  
Aged mice Ca  71 ±11 69.5 14.0 14 

 
62 ± 15 59.0 10.0 7 

 
0.067 

  
K  900 ± 170 925 163 13 

 
1190 ± 500 1062 937 8 

 
0.547 

  
Mg  21.6 ± 2.2 22.0 3.25 14 

 
33.0 ± 7.0 31.0 14.0 7 

 
0.000** 

  
Na  2920 ± 360 2820 497 14 

 
2580 ± 380 2700 596.0 7 

 
0.287 

  
P   107 ± 25 104 41.5 13 

 
200 ± 62 185 90.0 7 

 
0.000** 

  
S a  322 ± 37 314 59.5 13 

 
300 ± 120 321 155 8 

 
0.860 

 

*Significant difference between controls and LPS-injected mice at p < 0.05 (Mann-Whitney U test). 

**Significant difference between controls and LPS-injected mice at p < 0.01 (Mann-Whitney U test). 

a Significant difference between young and aged mice (p = 0.000, Mann-Whitney U test).
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5.3.2 Body tissues and urine 

The isotopic composition of Mg and the concentrations of Ca, Fe, Mg , Na, P and S in body tissues 

and urine were investigated in the young and aged mice. A total of 94 samples, including food, 

bone (femur), intestine, kidney, liver, muscle, pancreas and urine from young and aged controls (3 

individuals for each age group) and LPS-injected mice (3 young individuals, 4 aged individuals) 

were analyzed. Results came from a fewer number of individuals than the numbers cited above due 

to limited sample availability for the elemental concentrations in urine for the aged controls (N = 2 

instead of 3) and young LPS-injected mice (N = 2 instead of 3) and elemental concentrations in 

pancreas for aged controls  (N = 2 instead of 3). 

The Mg isotopic composition of the food used for feeding all groups of mice ranged between -0.77 

and -0.69 ‰ (N = 7), with an average δ26Mg value similar to the values for pancreas and intestine, 

which were not significantly different between controls and LPS-injected mice (Table 5.3). Figure 

5.2 and 5.3 show the body Mg isotopic distribution for the young and aged controls and LPS-

injected mice. As can be seen, the liver Mg isotopic composition was significantly altered in the 

young LPS-injected mice. Also the aged LPS-injected mice showed a significant alteration in the 

liver and in urine Mg isotopic compositions.  

The liver Mg isotopic composition for the LPS-injected mice was on average 0.55‰ (t-test, p = 

0.000) and 0.58‰ (t-test, p = 0.002) lighter than that of controls (t-test, p = 0.000) for aged and 

young mice, respectively, while the urine Mg isotopic composition of the LPS-injected mice was 

on average 0.49‰ heavier than that of controls (t-test, p = 0.002).  
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Figure 5.2 Body distribution of the Mg isotopes in young controls and LPS-injected mice. Yellow 

squares correspond to the control mice, blue diamonds to the LPS-injected mice and the grey area 

corresponds to the Mg isotopic composition of the food (δ26Mg = -0.73 ± 0.04 ‰, SD) Error bars 

indicate the standard deviation. 

 

 

 

Figure 5.3 Body distribution of the Mg isotopes in aged controls and LPS-injected mice. Green 

circles correspond to the control mice, red triangles to the LPS-injected mice and the grey area 

corresponds to the Mg isotopic composition of the food (δ26Mg = -0.73 ± 0.04 ‰, SD). Error bars 

indicate the standard deviation. 
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Table 5.3 Mg isotope distribution in controls and LPS-injected mice. The Mg isotopic composition 

is expressed as the δ26Mg value (mean and standard deviation). The number of individuals analyzed 

is N. Y is young and O is aged.  

 

Sample 
Controls  LPS-injected mice  

p value 

δ26Mg (‰) SD N   δ26Mg (‰) SD N  

Y, hippocampus -1.20 0.20 3   -1.21 0.29 3  0.988 

Y, cortex -1.07 0.16 3  -1.12 0.11 3  0.696 

Y, cerebrum -0.97 0.03 3  -0.97 0.16 3  0.976 

Y, cerebellum -0.97 0.03 3  -0.93 0.09 3  0.505 

Y, brain stem -0.83 0.10 3  -0.89 0.08 3  0.465 

          

O, hippocampus -1.20 0.12 5  -1.22 0.12 5  0.870 

O, cortex -1.10 0.07 4  -1.22 0.09 3  0.095 

O, cerebellum -1.04 0.04 7  -0.98 0.11 5  0.193 

O, cerebrum -1.04 0.02 3  -1.03 0.09 4  0.890 

O, brain stem -0.94 0.05 5  -1.03 0.01 3  0.015* 

          

Y, muscle -1.15 0.05 3  -1.13 0.13 3  0.847 

Y, bone -1.09 0.02 3  -1.06 0.11 3  0.691 

Y, kidney -0.81 0.07 3  -0.82 0.09 3  0.888 

Y, intestine -0.63 0.13 3  -0.73 0.17 3  0.473 

Y, pancreas -0.69 0.08 3  -0.64 0.19 3  0.642 

Y, urine -0.01 0.01 3  -0.03 0.13 2  0.721 

Y, liver 0.29 0.05 3  -0.28 0.13 3  0.002** 

          

O, muscle -1.23a 0.10 3  -1.29 0.16 4  0.635 

O, bone -1.14 a 0.07 3  -1.17 0.07 4  0.667 

O, kidney -0.93 a 0.11 3  -0.78 0.09 4  0.087 

O, intestine -0.77 a 0.06 3  -0.81 0.15 4  0.692 

O, pancreas -0.72 a 0.05 3  -0.74 0.03 3  0.711 

O, urine -0.32 a 0.01 2  0.17 0.03 3  0.002** 

O, liver 0.28 a 0.04 3  -0.27 0.11 4  0.000** 

          

Food -0.73 b 0.04   -0.73 b 0.04    

a Data from ref 35 
b All animals were fed with the same food. Mean ± SD (N = 4). 

* Significant difference between controls and LPS-injected mice at p < 0.05 (independent samples 

t-test). 

** Significant difference between controls and LPS-injected mice at p < 0.01 (independent samples 

t-test). 
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The concentrations of the minor elements for aged and young mice are shown in the supplementary 

material, Table S5.1 and S5.2, respectively. The Mg concentration in the intestine of the LPS-

injected mice (167.0 ± 7.3 µg g-1) was significantly higher (t-test, p = 0.007) than that of controls 

(146.7 ± 3.8 µg g-1). Although the significance of the difference in the Ca, Mg and Na 

concentrations of in the urine samples (aged LPS-injected vs. control mice) cannot be assessed due 

to the small sample size, it can be noted that the concentrations were reduced in the LPS-injected 

mice. The Mg concentration in the urine was significantly reduced in young LPS mice (t-test, p = 

0.004) than that of controls. In other tissues, no statistical difference between controls and infected 

aged mice could be established. However, the Mg, P and S showed significant decrease of 

concentration in the kidneys of infected young mice, whereas the Ca concentration in liver of LPS-

injected young mice was significantly increased (t-test, p = 0.007) compared to young controls. 

 

5.3.3 Brain regions 

The Mg isotopic composition was determined in brain regions (brain stem, cerebellum, cerebrum, 

cortex and hippocampus) for the 4 groups of mice (young and aged LPS-injected mice and age-

matched controls) to examine the potential effects of the LPS-induced infection and age on the 

brain. Each group consisted of 3 to 7 individuals, resulting in a total of 74 samples. Table 5.3 

compiles the δ26Mg values of the brain regions. 

 

Within the brain of healthy mice, the δ26Mg values for different brain regions ranged between -1.20 

and -0.83 ‰ (Table 5.3) and between the brain parts coming from a single healthy individual, the 

δ26Mg values ranged between -1.20 and -0.94 ‰ for aged mice and between -1.20 and -0.83 ‰ for 

young mice. The Mg isotopic distribution within the brain is illustrated for the aged controls in 

Figure 5.3. In the aged controls, the Mg isotopic composition varied significantly among regions 

(Kruskal-Wallis test, p = 0.002), but in the young controls no significant differences were found. 

The Mg isotopic composition of the brain stem was the heaviest and was significantly different 

from that of all the other regions in the aged controls. The hippocampus of the aged mice showed 

the lightest Mg isotopic composition, which was significantly different from that of the cerebellum 

(t-test, p = 0.003). When the brain regions of the young and aged control mice were compared, a 

significant age effect was observed for the cerebellum (t-test, p = 0.023). 



 

139 

 

 

Figure 5.3 Boxplots for the Mg isotopic composition in different brain regions for aged controls. 

These box plots compile the median, quartiles and extreme values. 

 

LPS-injected mice showed a Mg isotopic distribution within the brain that is similar to that of 

controls. However, the brain stem Mg isotopic composition of the aged LPS-injected mice showed 

to be significantly lighter than that of the age-matched controls (t-test, p = 0.015). 

 

Concentrations of Ca, K, Mg, Na, P and S were also determined in the brain regions of the 4 groups 

of mice, resulting in a total of 68 samples. Data are summarized in the supplementary material, 

Table S5.3. When young and aged controls were compared, it has been found that Mg and Na 

concentrations in the cortex from aged controls (136 ± 12 µg g-1 and 650 ± 110 µg g-1, respectively) 

were significantly lower than those in the cortex from young controls (155.3 ± 1.3 µg g-1 and 1350 

± 170 µg g-1, respectively; t-test, p = 0.036 for Mg and p = 0.004 for Na), and that the Ca and K 

concentrations in the brain stem of aged controls (33 ± 13 µg g-1 and 1930 ± 300 µg g-1, 

respectively) were significantly lower than those in the brain stem of the young controls (218 ± 55 

µg g-1 and 2620 ± 370 µg g-1, respectively) (t-test, p = 0.000 for Ca and p = 0.041 for K). 
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In general, the concentrations of these minor elements were not altered in the brain regions of the 

LPS-injected mice, with one exception: in the brain stem of the aged LPS-injected mice, the Ca, K 

and S concentrations (77.9 ± 7.0 µg g-1, 2950 ± 430 µg g-1 and 920 ± 320 µg g-1, respectively) were 

significantly higher than those of the matched controls (33 ± 13 µg g-1, 1930 ± 300 µg g-1and 430 

± 120 µg g-1, respectively ) (t-test, p = 0.007 for Ca, p = 0.014 for K and p = 0.003 for S). 

 

5.4 DISCUSSION 

 

LPS is known to cause systemic inflammation, septic shock, renal failure and multi organ damage.4 

The intraperitoneal administration of the LPS is a well-established model of endotoxemia inducing 

(neuro)inflammation. 36 LPS administration induces the expression of pro-inflammatory markers 

in plasma and tissues of rodents.37 

 

Mg2+ is known to be crucial for the integrity of the bacterial OM and it also stabilizes LPS-LPS 

interactions. It binds to the anionic phosphate groups in the inner core, thus neutralizing them and 

stabilizing the OM. 38,39 We observed increased Mg and P concentrations in the blood plasma of 

both young and aged LPS-injected mice compared to matched controls, which might be caused by 

the disturbance of the Mg and P homeostasis induced by the LPS. In clinical practice, 

hypermagnesemia and hyperphosphatemia are accompanied by kidney disease, as a result of which 

urinary Mg and P excretion are reduced.30,40 

Body Mg homeostasis is mainly regulated by gastrointestinal absorption, bone (de)mineralization 

and renal excretion.41 The Mg concentration was also increased in the intestine and reduced in the 

urine of the aged LPS-injected mice compared to controls. The reduced urinary Mg2+ excretion 

may no longer balance the increased Mg2+ intestinal absorption, resulting in elevated plasma Mg2+ 

concentrations, i.e. hypermagnesemia. Meurer et al., suggested that the LPS-induced 

hypermagnesemia is mainly related to the reduced renal function in response to the LPS.3 The 

authors also found reduced intestinal Mg2+ absorption, caused by genes involved in paracellular 

cation transport across the small intestine, and the decrease of Mg2+ transporting proteins involved 

in the transcellular Mg2+ transport across the large intestine. However, also changes associated to 

intestinal LPS colonization, i.e. bacterial growth rates and locations in the intestinal mucus, can 

affect the Mg intestinal absorption.42,43 Despite the low number of urine samples analyzed, the 
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results pointed towards a decreased urinary excretion of Ca and Na in the LPS-injected mice as 

well, an observation that is in agreement with previous studies. 3  

In addition to the concentration of Mg in blood plasma, also its isotopic composition was 

significantly altered in the LPS-injected mice. However, no correlation was found between Mg 

concentration and isotopic composition, suggesting that they are revealing different biochemical 

information. Although little is known about the exact processes underlying Mg isotope 

fractionation occurring during biological processes, they are presumably governed by differences 

in metal binding.16,17  

 

Young and aged controls did not show a significant difference in plasma Mg isotopic composition, 

which is in agreement with our previous study, where no effect of age on the human serum Mg 

isotopic composition was observed.32 The blood plasma Mg isotopic composition of the LPS-

injected mice was overall about +0.1 ‰ heavier than that of the matched controls, for both age 

groups (Table 5.1).  

 

The isotopic composition of Mg in the liver, which shows the heaviest Mg isotopic composition of 

the body (Figure 5.2), was altered in the young and aged LPS-injected mice, while the Mg 

concentration did not show significant changes, compared to age-matched controls. The LPS-

induced endotoxemia leads to a lighter hepatic Mg isotopic composition. The liver rapidly 

exchanges Mg with plasma 44 and responds promptly to the LPS with production of cytokines and 

reactive oxygen intermediates and clearance of bacteria.13 The urine Mg isotopic composition of 

the aged LPS-injected mice displays a reverse trend, showing an enrichment in the heavy Mg 

isotopes, which may result from the decreased urinary Mg excretion. The urine Mg isotopic 

composition of the young LPS-injected mice didn’t show any significant difference compared to 

controls, as they are less sensitive to endotoxin exposure than aged mice.7 The intestinal Mg 

isotopic composition of the LPS-injected mice was similar to that of the matched controls, 

indicating that potential changes in the intestinal absorption in the LPS-injected mice did not induce 

any detectable effect on the corresponding Mg isotope fractionation. This is consistent with the 

LPS-induced hypermagnesemia associated to a reduced Mg excretion. Other organs or bone of the 

young and aged LPS-injected mice did not show a significant alteration of the Mg isotopic 

composition compared to matched controls. A single high dose of LPS does not induce changes in 
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the Mg isotope fractionation affecting its isotopic composition in bone and organs, with the 

exception of the liver, 24 h after administration. 

The isotopic composition of Mg showed to be heterogeneous within the brain (Figure 5.3), with 

the differences reaching statistical significance in aged controls. A shift towards a lighter Mg 

isotopic composition was observed in the cerebellum of the aged controls compared to young 

controls. In the young LPS-injected mice, none of the brain regions was affected by the endotoxin 

and the isotopic pattern was the same as that observed in controls. However, the brain stem of the 

aged LPS-injected mice showed a significantly lighter Mg isotopic composition than that of the 

controls, which can probably be related to the higher sensitivity of the aged mice towards exposure 

to LPS. Elevated cytokine levels, c-fos expression (indirect marker of neurological activity) and a 

reduced glutathione (GSH) concentration have been reported in the brain of LPS-injected mice.7,45 

In aged rats, systemic LPS injection induced prolonged neuroinflammation and astrocyte activation 

in the hippocampus 46 and in LPS-injected pigs, the pro-inflammatory cytokine IFN-γ level was 

elevated in the frontal cortex compared to saline-injected pigs.47 The lighter Mg isotopic 

composition found in the brain stem of the aged LPS-injected mice may result from the disruption 

of the blood-brain barrier (BBB) mediated by inflammatory and immune mechanisms.48 Mg 

concentrations, however, were not altered in the LPS-injected, either young or aged, mice, once 

more underlining the different messages in element concentrations and isotopic compositions, 

respectively. Na and S concentrations in the cortex and in the brain stem, respectively, of aged 

LPS-injected mice were elevated compared to matched controls. A decrease in Ca concentration 

was also observed for the brain stem of the young LPS-injected mice and in the cortex of the aged 

LPS-mice compared to the age-matched controls.  

 

An age-related difference was observed for the blood plasma S concentration. Jeon et al. reported 

a significant decrease with age in plasma glutathione and hepatic homocysteine levels when 

comparing 2, 6 and 18 months old C57BL/6 male mice. While the level of the other sulfur-

containing amino acids were not different among those age groups, the concentration of sulfur-

containing amino acids was significantly affected in the liver of 30-months old mice.49 

Interestingly, we observed a significant increase in the total sulfur blood plasma concentration in 

aged mice (40-65 weeks) compared to young controls (14-28 weeks), suggesting that total plasma 
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sulfur concentration is not an indicator of the status of sulfur-containing amino acids in blood 

plasma. 

 

5.5 CONCLUSIONS 

 

Blood plasma of young and aged LPS-injected mice showed a heavier Mg isotopic composition, 

together with elevated Mg and P concentrations, compared to matched controls. The Mg isotopic 

composition was not correlated with the Mg mass fraction, but showed correlation with the P 

concentration. ATP depletion induced by the LPS may contribute to an enrichment in the heavier 

Mg isotopes in the blood plasma. The hepatic response to the LPS-associated inflammation and/or 

hepatotoxicity and the reduced urinary Mg excretion seems to result in light hepatic and heavy 

urine Mg isotopic compositions in the aged LPS-injected mice, also leading to a heavy blood 

plasma Mg isotopic composition and hypermagnesemia. However, the Mg isotopic composition of 

the young mice was only altered in the liver as they are less sensitive to the endotoxin. Regional 

differences were observed in the brain Mg isotopic composition of healthy individuals. While the 

age did not significantly affect the plasma Mg isotopic composition, a shift towards a lighter Mg 

isotopic composition was observed in the cerebellum of the aged mice. The brain stem of the aged 

LPS-injected mice showed a lighter Mg isotopic composition compared to matched controls, which 

may result from the disruption of the BBB caused by the endotoxemia. High-precision isotopic 

analysis of Mg 24 h after injection of a single high dose of LPS, revealed the disruption of the Mg 

homeostasis with measurable effects in blood plasma, urine, liver and brain stem. 
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5.8 SUPPLEMENTARY INFORMATION  

 

Table S5.1  Concentrations of minor elements (102 µg g-1) in organs and urine of aged controls and 

LPS-injected mice. Number of individuals per group is 3 for controls and 4 for LPS-injected mice; 

for urine, the number of individuals  is 2 for controls and 3 for LPS-injected mice.  
 

Sample Element 

Control mice 
 

LPS-injected mice  

P value 

Mean SD 
 

Mean SD  

Bone (femur) Ca 1200 620  720 200  ns. 

  Mg 22 12  15 4.6  ns. 

  Na 38 21  20 8.9  ns. 

  P 440 250  195 79  ns. 

  S 1.11 0.97  1.6 1.5  ns. 

        
  

Intestine  Ca 0.96 0.11  1.94 0.81  ns. 

  Mg 1.467 0.038  1.670 0.073  0.007** 

  Na 16.9 4.3  17.5 1.3  ns. 

  P 15.96 0.69  20.5 4.5  ns. 

  S 1.84 0.21  2.63 0.83  ns. 

        
  

Kidney  Ca 0.243 0.016  0.42 0.15  ns. 

  Mg 1.37 0.21  1.535 0.049  ns. 

  Na 11.8 3.0  9.58 0.66  ns. 

  P 16.9 2.7  13.6 1.0  ns. 

  S 1.89 0.31  1.69 0.14  ns. 

        
  

Liver  Ca 0.210 0.007  0.30 0.14  ns. 

  Mg 1.65 0.25  2.07 0.58  ns. 

  Na 7.0 2.2  8.2 -  ns. 

  P 17.3 3.6  14.8 4.1  ns. 

  S 2.30 0.53  1.82 0.33  ns. 

        
  

Muscle  Ca 0.51 0.31  0.71 0.30  ns. 

  Mg 1.70 0.38  2.1 1.0  ns. 

  Na 7.4 3.5  1.79 0.87  ns. 

  P 11.5 2.4  11.1 3.0  ns. 

  S 2.17 0.61  2.56 0.86  ns. 

          

        
  

Pancreas  Ca 0.77 0.21  1.17 0.30  ns. 

  Mg 2.83 0.61  2.69 0.29  ns. 
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  Na 14.15 0.91  13.70 0.99  ns. 

  P 34.62 5.07  22.98 7.11  ns. 

  S 2.09 0.41  2.11 0.24  ns. 

        
  

Urine  Ca 0.75 0.22  0.32 0.19  ns. 

  Mg 9.0 1.3  2.8 2.4  0.050* 

  Na 27.1 1.7  0.57 -  - 

  P 8.1 5.6  12.8 8.0  ns. 

  
S 2.60 0.60 

 
1.55 0.68  ns. 

*Significant difference between controls and LPS-injected mice at p < 0.05 (independent samples t-test) 

 

Table S5.2 Concentrations of minor elements (102 µg g-1) in organs and urine of young controls 

and LPS-injected mice. Number of individuals per group is 3. 

 

Sample Element 

Control mice  
 

LPS-injected mice  

P value 

Mean SD  
 

Mean SD  

Bone (femur) Ca 1249 255  
 1358 29  ns. 

  Mg 24.46 4.60  
 27.06 0.98  ns. 

  Na 44.8 6.1  
 42.8 2.5  ns. 

  P 420 75  
 510 60  ns. 

     
 

   
  

Intestine  Ca 1.60 1.32  
 1.16 0.68  ns. 

  Mg 1.89 0.54  
 1.77 0.18  ns. 

  Na 18.5 3.4  
 19.7 1.5  ns. 

  P 16.4 4.8  
 14.4 1.6  ns. 

  S 1.09 0.74  
 2.10 0.24  ns. 

     
 

   
  

Kidney  Ca 0.261 0.051  
 0.43 0.24  ns. 

  Mg 2.03 0.11  
 1.708 0.075  0.014* 

  Na 17.1 2.5  
 15.8 1.0  ns. 

  P 24.7 1.0  
 19.4 0.1  0.001** 

  S 2.641 0.092  
 2.25 0.10  0.008** 

     
 

   
  

Liver  Ca 0.110 0.024  
 0.195 0.018  0.009** 

  Mg 2.046 0.074  
 2.05 0.10  ns. 

  Na 6.9 0.7  
 9.2 1.5  ns. 

  P 19.9 1.1  
 19.5 0.7  ns. 

  S 2.50 0.13  
 2.351 0.056  ns. 
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Muscle  Ca 0.65 0.27  
 0.71 0.13  ns. 

  Mg 2.16 0.08  
 2.83 0.76  ns. 

  Na 16.0 0.9  
 11.1 6.0  ns. 

  P 12.5 1.1  
 16.6 5.8  ns. 

  S 2.72 0.18  
 3.23 0.65  ns. 

           

     
 

   
  

Pancreas  Ca 1.23 0.54  
 1.05 0.21  ns. 

  Mg 2.61 0.35  
 2.75 0.23  ns. 

  Na 15.0 2.1  
 12.5 0.5  ns. 

  P 30.1 4.1  
 30.9 2.4  ns. 

  S 1.72 0.50  
 2.18 0.11  ns. 

     
 

   
  

Urine  Ca 0.61 0.67  
 1.32 1.33  ns. 

  Mg 7.88 1.78  
 1.48 0.50  0.004** 

  Na 23.8 10.3  
 10.2 10.7  ns. 

  P 4.2 5.7  
 7.7 -  - 

  
S 1.52 0.58  

 
1.39 0.56  ns. 

*Significant difference between controls and LPS-injected mice at p < 0.05 (independent samples t-test) 

**Significant difference between controls and LPS-injected mice at p < 0.01 (independent samples t-test) 

 

Table S5.3 Concentrations of minor elements (µg g-1) in different brain regions (cerebellum, 

hippocampus, brain stem, cortex and cerebrum) of young and aged LPS-injected mice and matched 

controls. The p-value corresponds to the level of significance between controls and LPS-injected 

mice. 
 

Sample 

 

Element 

Controls  LPS-injected mice  

p value 

Mean  SD   Mean  SD   

Young mice         

Cerebellum Ca 83 65  96 97  ns. 

  K 2730 110  2730 340  ns. 

  Mg 144.5 6.0  144 13  ns. 

  Na 780 170  850 380  ns. 

  P 2290 320  2360 380  ns. 

  S 444 17  500 190  ns. 

          

Hippocampus Ca 340 260  271 80  ns. 

  K 1960 1100  2580 -  ns. 

  Mg 219 97  209 52  ns. 
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  Na 1364 56  730 750  ns. 

  P 2560 960  2110 140  ns. 

  S 420 120  467 11  ns. 

          

Brain stem Ca 218 55  310 280  ns. 

  K 2620 370  2220 980  ns. 

  Mg 159 32  152 26  ns. 

  Na 1140 720  660 480  ns. 

  P 2540 610  2730 490  ns. 

  S 460 130  450 180  ns. 

          

Cortex Ca 193 63  62.3 -  ns. 

  K 1580 800  2230 880  ns. 

  Mg 155.3 1.3  173 42  ns. 

  Na 1350 170  880 490  ns. 

  P 1840 460  2180 690  ns. 

  S 445 75  300 260  ns. 

         

         

 

Cerebrum Ca 134 63  54.7 5.6  ns. 

  Mg 168.4 2.5  179 15  ns. 

  Na 1113 54  1197 91  ns. 

  P 2415 70  2523 81  ns. 

  S 195 1  208 6  0.021* 

          

Aged mice         

Cerebellum Ca 76 50  88 59  ns. 

  K 2520 480  2960 690  ns. 

  Mg 155 14  142.4 7.4  ns. 

  Na 600 150  760 370  ns. 

  P 2040 820  1920 790  ns. 

  S 330 300  660 250  ns. 

          

Hippocampus Ca 119.7 57  56.3 -  ns. 

  K 2700 170  3450 810  ns. 

  Mg 176 31  139 17  ns. 

  Na 1120 1300  1200 1300  ns. 

  P 1940 540  1670 96  ns. 

  S 443 96  1000 810  ns. 
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Brain stem Ca 33 13 77.9 7.0 0.007** 

  K 1930 300  2950 430  0.014* 

  Mg 147 13  149.7 6.2  ns. 

  Na 900 410  1360 470  ns. 

  P 2620 120  2540 340  ns. 

  S 430 120  920 320  0.033* 

          

Cortex Ca 42 19  43.5 -  ns. 

  K 1900 900  3320 200  ns. 

  Mg 136 12  144 10  ns. 

  Na 650 110  1860 1000  ns. 

  P 1560 380  2240 310  ns. 

  S 338 35  1230 680  ns. 

          

Cerebrum Ca 46 32  53 18  ns. 

  Mg 147.0 1.1  154.8 8.4  ns. 

  Na 830 150  751.4 2.7  ns. 

  
P 1890 250 

 
1580 190 

 
ns. 

ns. =  difference is not significant 
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CHAPTER 6 

MULTI-COLLECTOR ICP-MASS SPECTROMETRY WI TH 10 1 3  Ω  

FARADAY CUP AMPLIFIERS FOR ULTRA-SENSITIVE Mg 

ISOTOPIC ANALYSIS OF CEREBROSP INAL FLUID MICRO-

SAMPLES 

 

 

Based on the publication: 

 

Rosa Grigoryan, Marta Costas-Rodríguez, Patrick Santens, Frank Vanhaecke. Multi-collector ICP-

mass spectrometry with 1013 Ω Faraday cup amplifiers for ultra-sensitive Mg isotopic analysis of 

cerebrospinal fluid micro-samples. Analytical Chemistry, 92 (2020) 15975−15981. 
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Abstract 

Magnesium isotopic analysis of cerebrospinal fluid (CSF) is a potentially interesting approach for 

studies on neurodegeneration. However, this type of analysis is challenging due to the invasiveness 

of the sampling and small sample volume. In this work, a novel analytical method was developed 

for ultra-sensitive Mg isotopic analysis of CSF micro-samples via multi-collector inductively 

coupled plasma-mass spectrometry (MC-ICP-MS) using high-gain 1013 Ω Faraday cup amplifiers. 

The intermediate and internal errors on the δ26Mg value were improved up to 4-fold using 1013 Ω 

resistors for the monitoring of both the 24Mg and 26Mg isotopes and up to 2-fold using a 1011 Ω 

resistor for the most abundant 24Mg isotope and a 1013 Ω resistor for the 26Mg isotope. Magnesium 

isotope ratios measured at a concentration level of 7-10 µg L-1 were in good agreement with those 

obtained using the conventional method at a concentration level of 150 µg L-1. The expanded 

uncertainty for the quality control CSF material obtained at ultra-trace level was ± 0.16 ‰. Ultra-

sensitive Mg isotopic analysis was carried out for CSF from hydrocephalus patients using 5 µL of 

sample only. δMg values thus obtained were not significantly different from those obtained using 

the conventional method using a sample volume of 400 µL instead (p ≤ 0.05). The Mg isotopic 

composition of the CSF from hydrocephalus patients ranged between -0.65 and 0.30 ‰, with a 

mean δ26Mg value of -0.14 ± 0.27 ‰. 

 

6.1 INTRODUCTION 

 

Magnesium is an essential element in the human body that plays an important role in neural 

excitability and conduction and neuromuscular transmission.1 Neurological disorders, such as 

cerebral vasospasm, Alzheimer’s disease, stroke, and migraine, have been associated with 

alterations in Mg levels.2 The Mg concentration in cerebrospinal fluid (CSF) has been considered 

as a measure of the Mg content in the central nervous system.3 De Baaij et al. suggested 

determination of the Mg2+ level in CSF from patients with depression, as serum Mg2+ levels do not 

necessarily reflect the status of neuronal Mg2+.4 Other neurodegenerative disorders, such as 

Parkinson’s disease, although associated with an unbalanced Mg content in the brain, did not show 

an altered Mg concentration in CSF.5 The protective effect of Mg treatment (MgSO4) has been 

demonstrated in a rat model of childhood-onset hydrocephalus with preservation of memory and 

motor function and less reactive astroglial change.6 
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Although the Mg content in CSF can indirectly reflect the brain’s metabolic activity, studies on 

CSF are still scarce. The volumes of animal or human CSF samples are often limited, i.e. collection 

of only 3.5 - 12 μL of CSF from mice or a few droplets from human subjects is possible via cisterna 

magna puncture and lumbar puncture (LP), repectively.7 Human CSF sampling by LP may lead to 

post-LP headache, pain or discomfort.8 Due to the invasiveness of the CSF sampling and limited 

amount of sample, human CSF samples from different individuals are often pooled, and 

consequently inter-individual variations are obscured.9 Also, some contradictory results can be 

found in literature on Mg concentration levels in neurological disorders.3 Meanwhile, in various 

biomedical contexts, it has been shown that the isotopic composition of an essential mineral 

element (metal), including Mg, holds a clearer message than the concentration does.10–12 As a result, 

also the Mg isotopic composition of biological fluids and tissues can possibly provide a better 

understanding on the role of Mg in neurological disorders.  

 

Magnesium isotope ratio measurements via multi-collector inductively coupled plasma-mass 

spectrometry (MC-ICP-MS) are typically carried out by simultaneous monitoring of the ion signal 

intensities of the three stable isotopes 24Mg, 25Mg and 26Mg with relative isotopic abundances of 

79 %, 10 % and 11 %, respectively. The concentrations at which Mg isotope ratio measurements 

are conducted using MC-ICP-MS typically range between 100 and 1000 µg L-1, while low or 

(pseudo) medium mass resolution is used.13,14 Some instrumental strategies can be used to decrease 

the concentration required for reliable Mg isotopic analysis via MC-ICP-MS; the use of a high-

sensitivity Jet interface, e.g., increases the Mg sensitivity by a factor of ~2 using  in wet plasma 

conditions.15 Gou et al. has determined that the minimum Mg concentration should be > 50 μg L-1 

for obtaining accurate and precise Mg isotope ratios using an MC-ICP-MS unit equipped with a Jet 

interface and operated in low mass resolution mode, otherwise the figures of merit are influenced 

by the background.15 However, the use of (pseudo) medium mass resolution is recommended to 

resolve spectral interference originating from polyatomic ions, consisting of carbon, hydrogen 

and/or nitrogen (e.g., C2
+, C2H

+, C2H2
+ and CN+) otherwise hampering Mg isotope ratio 

measurement when using a conventional sample introduction system.16 
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The recent introduction of Faraday cup amplifiers with a high-gain 1013 Ω resistor has been shown 

advantageous for high-precision isotopic analysis of Li, Ta, Re and Pb by MC-ICP-MS and of Nd 

and U by thermal ionization mass spectrometry (TIMS),17–22 particularly for small size samples or 

low-abundance isotopes.19,23 A 4- to 5-fold improvement of the signal-to-noise ratio was found 

when using 1013 Ω resistors instead of the conventional 1011 Ω resistors. The use of high-gain 

resistors can thus be a reliable alternative to that of ion counters for ultra-sensitive, precise and 

accurate isotope ratio measurements, maintaining the advantages of the Faraday cups, such as 

stability and linearity over a relatively wide dynamic range of ion beam intensities, while avoiding 

correction for detector dead time. Therefore, this work assessed whether high-gain 1013 Ω Faraday 

cup amplifiers also enabled studying natural variations in the Mg isotopic composition in CSF 

micro-samples. 

 

The main goal of this work was the development of a novel analytical method for accurate and 

precise determination of Mg isotope ratios in CSF micro-samples using MC-ICP-MS. Intermediate 

and internal errors on the Mg isotope ratios were examined for various combinations of 1011 Ω and 

1013 Ω resistors. Sample preparation for ultra-sensitive Mg isotopic analysis was evaluated using 

synthetic CSF, a quality control CSF material and a serum reference material. The method was 

validated and applied to Mg isotopic analysis of CSF micro-samples from patients suffering from 

hydrocephalus. 

 

6.2 EXPERIMENTAL 

 

6.2.1 Samples 

A synthetic CSF sample showing a similar elemental composition as that of an actual human CSF 

sample5,24,25 was prepared in-house (see SI) and used for method development. The liquid CSF 

control level-2 material (lot 148CF, Randox Laboratories, UK) and the Seronorm™ Trace 

Elements Serum L-1 reference material (lot 1309438, SERO AS, Billingstad, Norway) were used 

for method validation. As there are no CSF reference materials available at trace levels, while to 

the best of the authors’ knowledge, there are also no Mg isotope ratio data available for the quality 

control CSF material or for real samples, the Seronorm™ serum reference material, which has been 

previously characterized isotopically11, has been included for validation purposes in this work.  



 

156 

 

Eight CSF samples from patients (mixed gender population, aged between 19 and 73 years) 

suffering from hydrocephalus, i.e. excess of accumulated CSF within the brain, were collected at 

the Ghent University Hospital and stored at -20 ºC until further sample preparation in a class-10 

clean lab at Ghent University (PicoTrace™, Göttingen, Germany). As a large amount of CSF can 

be sampled from hydrocephalus patients via a drainage system (several mL) compared to the ~10 

droplets of CSF that is typically sampled by LP from other subjects, a relatively large sample 

volume (about 450 µL) was available for method evaluation. 

 

6.2.2 Sample preparation  

Human CSF samples were divided into two aliquots, one of 5 µL (micro-sample) and another of 

400 µL, for ultra-sensitive and conventional Mg isotopic analysis, respectively. The micro-sample 

volumes of the synthetic CSF, the quality control CSF material and the Seronorm™ serum 

reference material ranged between 3 and 100 µL, while the larger sample aliquots for conventional 

isotopic analysis had a volume of 400-500 µL. Sample preparation of both aliquots was carried out 

separately to avoid potential cross-contamination. The micro-samples were acid digested using a 

mixture of 1 mL of 14 M HNO3 and 0.25 mL of 9.8 M H2O2 in closed Savillex® PFA beakers at 

110 ºC for 18 h and the larger aliquots were digested using the same approach, but using 2 mL of 

14 M HNO3 and 0.5 mL of 9.8 M H2O2 instead. All digests were evaporated to dryness at 90 oC 

and the residues were re-dissolved in 1 mL of 0.4 M HCl for further chromatographic separation 

of Mg from the sample matrix, as described in ref. 11 (Chapter 2). The description of the 

chromatographic separation and all chemicals used in this work is presented in ESI. 

 

6.2.3 Instrumentation and measurements 

Mg isotope ratio measurements were accomplished using a Neptune XT MC-ICP-MS instrument 

(Thermo Scientific, Bremen, Germany) equipped with a high-transmission Jet interface (Jet-type 

Ni sampling cone and X-type Ni skimmer cone) and a conventional sample introduction system, 

consisting of a 100 µL min-1 PFA concentric nebulizer mounted onto a double spray chamber with 

cyclonic and Scott-type sub-units for sample introduction into the plasma. 

 

Three different Faraday cup set-ups were evaluated for ultra-sensitive Mg isotope ratio 

measurements (Table S6.1, SI), i.e. the Faraday cups L3, C and H3, used for the simultaneous 



 

157 

 

monitoring of the signal intensities of the 24Mg, 25Mg and 26Mg isotopes, respectively, were 

connected to amplifiers with 1011 Ω and high-gain 1013 Ω resistors as follows: (1) 1011 Ω resistors 

for the three Faraday cups (first set-up); (2) 1011 Ω resistor for the L3 Faraday cup, monitoring the 

most abundant 24Mg isotope, and 1013 Ω resistors for the C and H3 Faraday cups (second set-up) 

and (3) 1011 Ω resistor for the C Faraday cup and 1013 Ω resistors for the L3 and H3 Faraday cups 

(third set-up). Gain calibration was performed before measurements with each set-up using a 3.3 

pA current source by an automated routine calibration software.26 Baseline integration was 

performed during 600 s before each sequence. Number of cycles, integration time and idle time 

were optimized. The use of tau correction for addressing disparities in amplifier decay time was 

investigated. The instrument settings and operation conditions used for the ultra-sensitive and 

conventional Mg isotope ratio measurements have been compiled in Table S6.1. Magnesium 

isotope ratios were measured at medium (pseudo) mass resolution at a concentration level of 7-10 

µg L-1 for the micro-samples, and at 150 µg L-1 for validation purposes using the conventional 

method.11 Samples were measured in a sample-standard bracketing approach (SSB) with a solution 

of DSM3 reference material as bracketing standard. The Mg concentrations in the samples were 

always adjusted to within ±3 % of that in the DSM3 standard. 

 

Magnesium quantification carried out for concentration-matching of samples and bracketing 

standard was accomplished using a Thermo Scientific Element XR single-collector sector-field 

ICP-MS instrument prior to the isotope ratio measurements, as described elsewhere.11  

 

 

6.3 RESULTS AND DISCUSSION 

 

6.3.1 Optimization of the acquisition parameters for ultra-sensitive Mg isotopic analysis 

Acquisition parameters such as number of cycles, integration time and idle time were optimized 

for ultra-sensitive Mg isotope ratio measurement using the isotopically characterized in-house Mg 

standard. The Faraday cups used for the monitoring of the 25Mg+ and 26Mg+ ion signals were 

connected to 1013 Ω resistors and that used for monitoring of the 24Mg+ ion signal to a 1011 Ω 

resistor in this context (second set-up). As a combination of 1013 and 1011 Ω resistors was used, the 

potential advantage of using tau correction for addressing differences in detector response time was 
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evaluated. However, no significant difference in internal and external precision was obtained when 

using tau correction (Table 6.1). Mg isotope ratio measurements were performed at a concentration 

level of 8 µg L-1, providing ion signal intensities of 26.5 × 10-13 A (265 mV), 3.5 × 10-13 A (35 mV) 

and 4.1 × 10-13 A (41 mV) for 24Mg, 25Mg and 26Mg, respectively. Isotope ratio data were compared 

to those obtained using the conventional method, based on the use of three 1011 Ω amplifiers, 4.194s 

integration time, 3 s idle time and 50 measurement cycles (Table S6.1). 

Table S6.2 (SI) compiles the δ26Mg values obtained using different acquisition parameters, with 

and without blank correction. The intermediate precision (or intermediate error, expressed as 2SD 

of repeated analysis of the in-house standard) improved using 8.389 s of integration time, 3 s of 

idle time and 35 measurement cycles (in one block). This results in a total of 9.6 min for a single 

measurement. The contribution of the acid blank (0.28 M HNO3) was negligible and thus, there 

was no significant influence on the Mg isotope ratios measured at ultra-trace level. 

 

  



 

159 

 

Table 6.1 δMg values of the DSM3 isotopic reference material with intermediate error (2SD) and average internal error (2SEav), at 

different Mg concentration levels measured with different Faraday cup / resistor set-ups. Data obtained with and without tau correction. 

N is the number of measurement replicates. 

Resistors set-up  

 

Mg (µg L-1) 

δ26Mg ± 2SD 2SEav δ25Mg ± 2SD 2SEav  δ26Mg ± 2SD 2SEav δ25Mg ± 2SD 2SEav 

N 

with tau correction  without tau correction  

First set-up 
24Mg (1011 Ω), 25Mg (1011 

Ω), 26Mg (1011 Ω) 

 

Second set-up 
24Mg (1011 Ω), 25Mg (1013 

Ω), 26Mg (1013 Ω) 

 

Third set-up 
24Mg (1013 Ω), 25Mg (1011 

Ω), 26Mg (1013 Ω) 

2 

4 

10 

 

2 

4 

10 

20 

 

2 

4 

10 

 

0.01 ± 0.45 

0.09 ± 0.32 

0.01 ± 0.31 

 

0.03 ± 0.22 

-0.02 ± 0.23 

-0.02 ± 0.10 

-0.01 ± 0.11 

 

0.00 ± 0.21 

-0.02 ± 0.15 

0.00 ± 0.08 

 

0.40 

0.23 

0.23 

 

0.21 

0.16 

0.14 

0.13 

 

0.14 

0.10 

0.07 

0.04 ± 0.31 

0.04 ± 0.28 

0.00 ± 0.22 

 

0.04 ± 0.25 

-0.04 ± 0.17 

-0.02 ± 0.09 

-0.02 ± 0.08 

 

0.02 ± 0.48 

0.08 ± 0.25 

0.09 ± 0.22 

 

0.45 

0.22 

0.10 

 

0.21 

0.18 

0.15 

0.14 

 

0.45 

0.25 

0.19 

 -0.01 ± 0.45 

0.09 ± 0.32 

0.01 ± 0.31 

 

0.10 ± 0.23 

0.07 ± 0.24 

0.10 ± 0.12 

0.10 ± 0.12 

 

0.00 ± 0.21 

-0.02 ± 0.14 

-0.01 ± 0.07 

0.40 

0.23 

0.23 

 

0.20 

0.14 

0.14 

0.13 

 

0.13 

0.13 

0.07 

0.04 ± 0.31 

0.05 ± 0.27 

0.00± 0.22 

 

0.10 ± 0.18 

0.04 ± 0.22 

0.07 ± 0.12 

0.09 ± 0.10 

 

-0.09 ± 0.41 

-0.05 ± 0.28 

-0.02 ± 0.26 

0.45 

0.22 

0.23 

 

0.22 

0.16 

0.14 

0.12 

 

0.43 

0.13 

0.19 

9 

9 

9 

 

9 

9 

9 

9 

 

9 

9 

9 
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6.3.2 Internal and intermediate errors on the Mg isotope ratios as obtained using different 

Faraday cup / resistor set-ups 

Magnesium isotope ratio measurements of the DSM3 reference material were performed at different 

concentration levels (2 µg L-1, 4 µg L-1, 10 µg L-1 and 20 µg L-1) using the different Faraday cup / 

resistor set-ups for evaluation of the internal error in a single measurement. The total internal error 

for a single measurement is the quadratic sum of the error as predicted by counting statistics (Poisson 

distribution) and the Johnson–Nyquist noise,19 and is determined following equation (6.1). 

 

σ𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑟𝑟𝑜𝑟 =  √σ𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑠
2 + σ𝐽𝑜ℎ𝑛𝑠𝑜𝑛 𝑛𝑜𝑖𝑠𝑒

2   (6.1) 18 

 

The equations of the contribution of counting statistics (σcounting statistics) and Johnson noise error 

(σJohnson noise) on the isotope ratio are presented in SI. 

 

Figs. 1A, 1B and 1C show the internal errors as a function of the 26Mg+ signal intensity for the 

different Faraday cup / resistor set-ups. The total internal error (2σ) on the δ26Mg value calculated 

for a 26Mg signal intensity of 50 mV was 0.13 ‰, 0.08 ‰ and 0.07 ‰ with the first, second and 

third set-up, respectively. The internal error with a baseline integration time of 600 s was ± 0.79 µV 

(SE) for the 26Mg isotope monitored using the 1013 Ω amplifier, resulting is an improvement by a 

factor of 5 compared to that when using the 1011 Ω amplifier. The theoretical Johnson–Nyquist noise 

was 0.24 µV (eq. 4) for the 1013 Ω amplifier recalculated relative to 1011 Ω amplifier equivalents. 
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Figure 6.1 Internal error (2RSE) on the 26Mg/24Mg ratio as a function of the 26Mg+ ion signal 

intensity in V. The experimental and theoretical lines for the contributions from counting statistics 

and Johnson noise and the total internal error are represented with green, red, blue and black lines, 

respectively. (6.1A) 1011 Ω resistors for 24Mg and 26Mg; (6.1B) 1011 Ω resistor for 24Mg and 1013 Ω 

resistor for 26Mg, and (6.1C) 1013 Ω resistors for 24Mg and 26Mg. 

 

Table 6.1 compiles the average δ26Mg and δ25Mg values obtained for the DSM3 reference material, 

intermediate error (expressed as 2SD for N=9 measurement replicates) and internal error (expressed 

as standard error (2SE) for 35 cycles) obtained at different Mg concentration levels and using the 

three Faraday cup / resistor set-ups. The intermediate and internal errors improved with all set-ups 

by increasing the Mg concentration, from 2 µg L-1 to 10 µg L-1 (Fig. 62A, 62B, 62C). The optimal 

Mg concentration for ultra-sensitive isotope ratio measurements was in the range of 7-10 µg L-1 

corresponding to 40-52 mV for the 26Mg nuclide.  
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Figure 6.2 δ26MgDSM3 (‰) values of the DSM3 isotopic standard measured at 2 µg L-1 (6.2a), 4 µg 

L-1 (6.2b) and 10 µg L-1 (6.2c) concentration levels. Red solid lines are the mean values for 9 runs 

and red dashed lines represent ±2SD. Error bars correspond to 2SE of single runs. In the x axis: A 

and B, data obtained by monitoring 24Mg and 26Mg with 1011 Ω resistors, without and with tau 

correction, respectively; C and D data obtained by monitoring 24Mg with a 1011 Ω resistor and 26Mg 

with a 1013 Ω resistor, without and with tau correction, respectively; E and F, data obtained by 

monitoring 24Mg and 26Mg with 1013 Ω resistors, without and with tau correction, respectively. 

 

Intermediate and internal errors did not improve by further increasing the Mg concentration up to 

20 µg L-1 (second set-up, Fig. 6.3 and Table 6.1) Thus, the optimum signal intensity for the 25Mg 

and 26Mg nuclides is between 10 and 100 mV.  The saturation voltage of the 1013 ohm amplifier was 

reached for signal intensities higher than 530 mV, corresponding to 5 × 10-13 A. 
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Figure 6.3 δ26MgDSM3 (‰) values for the DSM3 isotopic standard measured at 2 µg L-1, 4 µg L-1, 

10 µg L-1 and 20 µg L-1 concentration levels with tau correction. Red solid lines are the mean values 

of 9 runs and red dashed lines represent ±2SD. Error bars correspond to 2SE of single runs. 24Mg 

and 26Mg were monitored using 1011 Ω and 1013 Ω resistors, respectively. 

The intermediate and internal errors on the δ26Mg value improved up to 4-fold using the 1013 Ω 

amplifiers for both 24Mg and 26Mg at 10 µg L-1 concentration level (Fig. 6.2c) and up to 2-fold using 

the 1011 Ω amplifier for 24Mg and the 1013 Ω amplifier for 26Mg. As currently, our MC-ICP-MS 

instrument is equipped with two 1013 Ω resistors only, the best possible accuracy and precision for 

both δ26Mg and δ25Mg was achieved using the second set-up, i.e. with the 1011 Ω resistor used for 

monitoring the highest abundant 24Mg isotope and the 1013 Ω resistors used for the 26Mg and 25Mg 

isotopes. With this set-up, the external precision on the δ26Mg and δ25Mg values obtained at a 

concentration level of 10 µg L-1 was 0.10 ‰, while at 150 µg L-1 level using the conventional 

method, it was 0.06 ‰. Though the average δ26Mg and δ25Mg values obtained using only 1011 Ω 

amplifiers at ultra-trace level were within error of the average values for DSM3 reported in 

literature,27 poor intermediate and internal errors were achieved compared to the second set-up. 

 

6.3.3 Evaluation of the sample preparation using synthetic CSF micro-samples 

In order to evaluate the required minimum initial Mg amount to achieve accurate and precise Mg 

isotope ratio data, aliquots of 5 µL of diluted synthetic CSF containing 0.02 µg, 0.05 µg and 0.1 µg 

of Mg were analyzed and the Mg isotope ratios measured at 7 µg L-1 concentration level. Isotope 

ratio data were biased towards a lighter Mg isotope composition at 0.02 µg (δ26MgDSM3 = -0.94 ± 
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0.01 ‰, δ25MgDSM3 = -0.42 ± 0.03 ‰) and at 0.05 µg (δ26MgDSM3 = -0.68 ± 0.12 ‰, δ25MgDSM3 = -

0.40 ± 0.06 ‰). However, the δMg values obtained at 0.1 µg (δ26MgDSM3 = -0.67 ± 0.12 ‰, 

δ25MgDSM3 = -0.32 ± 0.06 ‰) were in good agreement with those of the pure in-house standard. 

Thus, a minimum initial Mg amount of 0.1 µg was required to achieve accurate and precise Mg 

isotope ratio data using the second Faraday cup / resistor set-up; it is noteworthy that the Mg isotope 

ratio measurements were performed at (pseudo) medium mass resolution and using a conventional 

sample introduction system. 

 

5 µl of synthetic CSF containing 0.15 µg of Mg were used to evaluate potential matrix effects that 

could compromise the accuracy and the precision of the Mg isotope ratios. The synthetic CSF 

sample was prepared using the isotopically characterized in-house Mg standard. The Mg isotopic 

composition of the in-house standard, obtained using the conventional method (Table S6.1), was 

δ26Mg = -0.65 ± 0.06 ‰ and δ25Mg = -0.34 ± 0.03 ‰ (2SD, n=236).11 The second Faraday cup / 

resistor set-up was used for the ultra-sensitive Mg isotope ratio measurements of the synthetic CSF 

at a 7 µg L-1 Mg concentration level.  

 

The DSM3 reference material as such (non-treated) or a DSM3 aliquot of 5 µL containing 0.15 µg 

of Mg treated in the same way as micro-samples, i.e. subjected to digestion and chromatographic 

separation, were evaluated as bracketing standards. The δ26Mg value of the synthetic CSF was 

shifted towards a lighter Mg isotopic composition (-0.72 ± 0.12 ‰ (2SE, N=5)) when the non-

treated DSM3 reference material was used as bracketing standard. However, when treated DSM3 

was used, the δ26Mg value obtained was -0.63 ± 0.05 ‰ (2SE, N=5), which is in a good agreement 

with the in-house reference value. The same trend towards a lighter Mg isotopic composition was 

observed when the treated DSM3 was measured relative to the non-treated DSM3. The δ26Mg value 

for the treated DSM3 was -0.14 ± 0.09 ‰ (2SE, N=5), indicating a relevant effect from components 

originating from the chromatographic separation and/or from the procedural blank on the Mg 

isotope ratio results at ultra-trace level. In a previous work, it has been shown that the pure Mg 

fraction obtained after the chromatographic separation of synthetic CSF is virtually free from 

concomitant matrix elements.11 
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The contribution of the acid (0.28 M HNO3) and the procedural blank, treated in the same way as 

samples, on the Mg signal intensity was ≤ 0.7 % and ≤ 6.5 %, respectively. The Mg isotopic 

composition of the procedural blank spiked with the in-house isotopic standard also showed a shift 

of -0.17 ‰ for the δ26Mg value, similar to that observed for the synthetic CSF sample and the DSM3 

reference material measured relative to the non-treated DSM3. Thus, the use of a treated Mg isotopic 

reference material as bracketing standard is recommended for obtaining accurate Mg isotope ratios 

at ultra-trace level.  

 

6.3.4 Method validation 

5 µL and 400 µL aliquots of the quality control CSF material were analyzed for method validation. 

The concentration of Mg in the quality control CSF determined by SF-ICP-MS was 39.4 ± 1.1 µg 

mL-1 (2SE, N = 6), which was in agreement with reported data.28 The Mg recovery obtained after 

the chromatographic separation was 98.3 ± 2.8 % (2SE, N = 6 separate digests), ensuring that on-

column isotopic fractionation would not affect the final Mg isotope ratio results.  

 

Ultra-sensitive Mg isotopic analysis of the quality control CSF micro-sample was carried out in a 

SSB sequence using the treated DSM3 reference material as bracketing standard and the second 

Faraday cup / resistor set-up. The average δ26Mg value for the quality control CSF obtained at a 

concentration level of 7 µg L-1 was –1.21 ± 0.08 ‰ (2SD, N=6), which was in excellent agreement 

with that obtained using the conventional method (–1.17 ± 0.07 ‰, 2SD, N=5) (Table 6.2). The 

internal error on the δ26Mg value was 0.13 ‰ and 0.03 ‰ for the micro-sample (2SE for 35 cycles) 

and for the large sample aliquot (2SE for 50 cycles), respectively. The expanded uncertainty (U), 

determined as described in ref. 11 (Chapter 2), for the quality control CSF material using the ultra-

sensitive method was ± 0.16‰, while for the conventional method, it was ± 0.10‰. 

 

As there is no data available on Mg isotope ratios for the CSF quality control material, nor for actual 

CSF samples, the Seronorm™ serum L-1 reference material was used for validation purposes. The 

Mg concentration in the serum reference material is 2.3-fold lower than that in the quality control 

CSF material (Table 6.2). Micro-samples of 3 µL, 10 µL and 50 µL of the reconstituted serum 

reference material were tested, resulting in 0.05, 0.17 and 0.84 µg of Mg, respectively. The Mg 

isotopic composition of the serum reference material was biased when 3 µL of sample were used, 
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but for 10 µL and 50 µL serum aliquots, the δ26Mg values were in good agreement with that obtained 

using the conventional approach (Table 6.2). 

 

Table 6.2. δMg values and standard deviation for the Randox liquid CSF control level 2 material 

and for the Seronorm™ serum L-1 reference material obtained analyzing the micro-samples and the 

respective larger volume aliquots. N and Nm are the number of sample preparation and measurement 

replicates, respectively. 

*The Mg concentration obtained for the SeronormTM serum reference material was in agreement 

 with that reported on the certificate of analysis (16.8 ± 3.4 mg L-1, U, k = 2). T-test, texperimental=0.24 

< ttabulated=2.57, p<0.05. 

 

Additionally, micro-samples of 10 µL and of 50 µL of the Seronorm™ serum reference material, in-

house standard and synthetic CSF samples were measured relative to the ERM-AE143, as a primary 

isotopic reference material, at 7 µgL-1 concentration level for data traceability. The relationship 

between the δ26Mg values relative to the DSM3 vs. relative to ERM-AE143 obtained for the samples 

is shown in equation (6.2). The intercept of the linear relation, providing the δ26Mg value of the 

ERM-AE143 relative to the DSM3, was in a good agreement with the reported value. 29,30 

 

δ26𝑀𝑔𝐸𝑅𝑀−𝐴𝐸143 = (0.955 ±  0.042) × δ26𝑀𝑔𝐷𝑆𝑀3 + (3.299 ± 0.035),   (6.2) 

with R2 = 0.963. 

 

δ26Mg ± SD δ25Mg ± SD Mg (mg L-1) ± SD 
Sample volume 

(µL) 
N/Nm 

Randox liquid CSF control level 2 

-1.17 ± 0.03 -0.62 ± 0.05  

 39.4 ± 1.3 

 

400 5 (N) 

-1.21 ± 0.04 -0.66 ± 0.04 5 6 (N) 

Seronorm™ serum L-1 reference material    

0.12 ± 0.06 

 

0.06 ± 0.03 

 

 

 

 

16.7 ± 1.0* 

500 

 

25 (N) 

 
0.13 ± 0.08 

 

0.07 ± 0.07 

 

50 

 

4 (Nm) 

 

0.07 ± 0.07 

 

0.03 ± 0.05 

 

10 

 

3 (Nm) 

 

-0.02 ± 0.05 

 

-0.08 ± 0.02 

 

3 

 

4 (Nm) 
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6.3.5 Application to human CSF samples  

Eight human CSF samples obtained from hydrocephalus patients were analyzed for their Mg 

concentration and Mg isotopic composition. The CSF samples analyzed were colorless, clear and 

visually free from blood. The Mg concentration in the CSF from the hydrocephalus patients ranged 

between 22.8 and 36.7 mg L-1 (Table 6.2), which is in agreement with reported values.31 

 

All human CSF samples were divided into an aliquot of 5 µL and an aliquot of 400 µL for ultra-

sensitive and conventional Mg isotopic analysis, respectively. Ultra-sensitive Mg isotope ratio 

measurements were performed using the second set-up of Faraday cups / resistors. The amount of 

Mg in the micro-samples of human CSF was always higher than 0.11 µg. 

 

Table 6.3 provides the Mg isotopic composition of the human CSF samples determined relative to 

the treated and non-treated DSM3 isotopic reference material for both sample aliquots. The δ26Mg 

and δ25Mg values obtained using the ultra-sensitive method (performed at 8 µg L-1 concentration 

level) were in a good agreement with those obtained using the conventional method (at 150 µg L-1 

concentration level) (paired t-test, p > 0.05, t = 0.198 and 0.239, compared to a critical value of 

2.365 for δ26Mg and δ25Mg, respectively).  

 

The Mg isotopic composition of the CSF from hydrocephalus patients ranged between -0.65 and 

0.30 ‰, and on average it is similar to that reported for serum of healthy individuals, potentially 

attributed to the fact that CSF is biologically produced as an ultrafiltrate of plasma,32 however 

further CSF analysis increasing the amount of individuals is required for establishing the Mg 

isotopic variability more exhaustively. The Mg isotopic composition of the quality control CSF 

material was enriched in the light 24Mg isotope compared to that of the CSF from hydrocephalus 

patients and to that of the SeronormTM serum reference material (by about -1.0 and -1.3 ‰, 

respectively).10 Also, the Mg concentration of the CSF quality control material was higher than that 

reported for human CSF. 25,31 The discrepancy in terms of both Mg isotopic composition and 

concentration might be related to the origin and/or preparation of the material. 
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Table 6.3 Mg concentration and Mg isotopic composition in CSF from hydrocephalus patients. Data 

of micro-samples were obtained using the ultra-sensitive method and treated DSM3 as bracketing 

standard and data of 400 µL-sample aliquots were obtained using the conventional method and non-

treated DSM3 as bracketing standard. The precision on the δMg values was expressed as standard 

deviation (SD) of 3-4 replicates of measurement. The relative standard deviation (RSD) for the Mg 

concentration was ≤3%. 

 

6.4 CONCLUSIONS 

 

A novel analytical method was developed for accurate and precise isotopic analysis of Mg in CSF 

micro-samples via MC-ICP-MS. The intermediate and internal errors on the δ26Mg value were 

improved up to 4-fold using the high-gain resistance 1013 Ω amplifiers for both 24Mg and 26Mg and 

up to 2-fold using 1011 Ω and 1013 Ω resistors for 24Mg and 26Mg, respectively. The use of tau 

correction did not induce a significant difference in internal or external precision. The accuracy and 

the precision on the Mg isotope ratios measured at 7 µg L-1 concentration level using 1013 Ω resistors 

for the 25Mg and 26Mg isotopes were only slightly deteriorated compared to those obtained using 

the conventional method. The minimum initial Mg amount required to achieve accurate and precise 

Mg isotope ratio data is 0.1 µg, and thus about 5 µL of human CSF are sufficient for isotopic 

analysis. The Mg isotopic composition of the CSF from hydrocephalus patients was on average 

similar to that reported for plasma of healthy individuals, but slightly lighter than that of the 

SeronormTM serum reference material (by about 0.26 ‰) and heavier than that of the quality control 

CSF material (by about 1.0 ‰). The expanded uncertainty for the quality control CSF material was 

Patient ID 

 

Mg (mg L-1) 
δ26Mg ± SD δ25Mg ± SD  δ26Mg ± SD δ25Mg ± SD 

400 µL sample  5 µL micro-sample 

P1 

P2 

P3 

P4 

P5 

P6 

P7 

P8 

 

28.6 

23.6 

22.8 

32.3 

29.8 

36.7 

32.5 

23.0 

 

0.05 ± 0.04 

0.30 ± 0.03 

-0.13 ± 0.02 

-0.25 ± 0.05 

-0.10 ± 0.05 

-0.19 ± 0.04 

-0.65 ± 0.03 

-0.12 ± 0.02 

 

0.03 ± 0.02 

0.15 ± 0.03 

-0.05 ± 0.02 

-0.11 ± 0.01 

-0.04 ± 0.02 

-0.09 ± 0.03 

-0.33 ± 0.01 

-0.07 ± 0.01 

 

 -0.04 ± 0.04 

0.29 ± 0.02 

-0.13 ± 0.03 

-0.17 ± 0.03 

-0.12 ± 0.05 

-0.12 ± 0.03 

-0.64 ± 0.15 

-0.16 ± 0.08 

 

0.00 ± 0.02 

0.15 ± 0.08 

-0.03 ± 0.08 

-0.08 ± 0.07 

-0.06 ± 0.03 

-0.07 ± 0.09 

-0.32 ± 0.08 

-0.13 ± 0.02 

 

Mean 

SD 

28.7 

5.17 

-0.14 

0.27 

-0.06 

0.14 

 -0.13 

0.25 

-0.07 

0.13 
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± 0.16‰ and ± 0.10‰ using the ultra-sensitive and conventional method, respectively. By bringing 

the amount of CSF required for high-precision isotopic analysis down to 5 µL only, this novel 

method allows Mg isotopic analysis of CSF in the context of studies on neurological disorders. 
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6.8 SUPPLEMENTARY INFORMATION  

 

Experimental  

Chemicals 

The synthetic CSF was prepared using single-element standard stock solutions of Na from Merck 

(Darmstadt, Germany), of Al, Ca, Mg, Mn and Zn from Inorganic Ventures (Christiansburg, VA, 

USA), of Cu, Fe and Si from Chem-Lab NV (Zedelgem, Belgium) and of K from SPEX CertiPrep 

(Metuchen, NJ, USA). The Mg standard solution from Inorganic Ventures used for preparing the 

synthetic CSF had K2-MG650434 as lot number and was also used as in-house isotopic standard 

for quality assurance/quality control (QA/QC) of the isotope ratio measurements. The Mg ERM-

AE143 (BAM, Berlin, Germany) isotopic reference material was used for QA/QC as well. The Mg 

isotopic composition of both the in-house standard and the ERM-AE 143 reference material has 

been exhaustedly characterized and the results reported in previous works (references 11, 12, 30 of 

the manuscript). 

The Mg isotopic reference material DSM3 was used for correction for the mass bias caused by 

instrumental mass discrimination in MC-ICP-MS and was measured in a sample-standard 

bracketing (SSB) approach. 

1 mL of the AG50W-X8 strong cation exchange resin (hydrogen form, 8% cross-linkage, 100–200 

mesh size, Bio-Rad, Nazareth, Belgium) loaded into 2 mL polypropylene columns (Eichrom 

Technologies, Saint Jacques de la Lande, France) was used for the chromatographic isolation of Mg 

from the sample matrix. 

Gallium, used as an internal standard in the context of Mg quantification, was acquired from 

Inorganic Ventures. 

Trace metal analysis grade PrimarPlus 14 M nitric acid and 12 M hydrochloric acid (Fisher 

Chemicals, Leicestershire, UK) were further purified by a sub-boiling distillation in a 

perfluoroalcoxy (PFA) purification system (DST-4000, Savillex Corporation, Eden Prairie, MN, 

USA). Ultrapure TraceSELECT® 9.8 M hydrogen peroxide and ACS grade acetone (≥ 99.5 %) 

were purchased from Sigma Aldrich (Overijse, Belgium) and used as such. Ultrapure water 

(resistivity > 18.2 MΩ cm) was obtained from a Milli-Q Element water purification system (Merck 

Millipore, Bedford, MA, USA). 
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Elemental composition of the synthetic CSF 

The synthetic CSF sample used for method development was prepared with a similar elemental 

composition than that of an actual human CSF sample (ref. 5, 24, 25 of the manuscript), i.e. 2040 

mg L-1 of Na, 30 mg L-1 of Mg, 2 × 10-3 mg L-1 of Al, 0.1 mg L-1 of Si, 127 mg L-1 of K, 23 mg L-1 

of Ca, 1 × 10-3  mg L-1 of Mn, 3.5 × 10-2  mg L-1 of Fe, 2× 10-2  mg L-1 of Cu, 3× 10-2  mg L-1 of Zn. 

The Mg standard solution (lot number K2-MG650434) used for preparing the synthetic CSF sample 

has been characterized isotopically in previous works (ref. 11, 12, 30 of the manuscript). 

 

Chromatographic separation of Mg  

1 mL of the AG50W-X8 strong cation exchange resin was used for Mg purification as described in 

ref. 12 of the manuscript. Then, the pure Mg fractions obtained were evaporated into dryness and 

re-dissolved in 1 mL of 14 M HNO3 + 0.25 mL of 9.8 M H2O2 for the micro-samples and in 2 mL 

of 14 M HNO3 + 0.5 mL of 9.8 M H2O2 for the larger aliquots. All pure Mg fractions were heated 

to dryness at 110 oC for 18 h twice for removal of the organic material released during the 

chromatographic separation and the final residues were re-dissolved in 1 mL of 0.28 M HNO3 for 

elemental quantification and isotope ratio measurements. 

 

Internal error on the Mg isotope ratios as obtained using different Faraday cup / resistor set-

ups 

The contribution of counting statistics (σcounting statistics) to the relative standard error (RSE) on the 

isotope ratio was calculated using equation (S6.1), 

 

σcounting statistics =  √
𝑛24+ 𝑛26

𝑛24× 𝑛26
       (S6.1)18 

 

where n24 and n26 are the total number of ions collected for each Mg isotope during a given period 

of time, which were calculated using equation (S6.2),  

 

𝑛2𝑥 =  
𝑉2𝑥

(𝑅∗𝐺𝑎𝑖𝑛)
× 𝑡 × 6.241 × 1018      (S6.2)18  
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where R is the electric resistance (1011 Ω or 1013 Ω), ‘gain’ is the gain value set to 0.01 for 1013 Ω 

amplifier, V2x is the signal for the 24Mg or 26Mg isotope, ‘t’ is the total integration time of the 

measurement (35 cycles of 8.389 s) and 6.241×1018 is the conversion factor to convert the current 

expressed in Ampère into the number of ions. 

 

The Johnson–Nyquist noise, which is thermal noise generated by random motions of electrons 

within a resistor, was calculated with equation (S6.3), 

 

𝑉𝐽𝑜ℎ𝑛𝑠𝑜𝑛 𝑛𝑜𝑖𝑠𝑒 = √
4×𝑘×𝑅×𝑇

𝑡
        (S6.3)18  

 

where k is the Boltzmann constant (1.380649 × 10−23 J⋅K−1), R is the electrical resistance value, T 

is the amplifier temperature in Kelvin (319 K) and t is the total integration time (35 cycles of 8.389 

s). The Johnson noise error (σJohnson noise) was calculated according to equation (S6.4). 

 

σ𝐽𝑜ℎ𝑛𝑠𝑜𝑛 𝑛𝑜𝑖𝑠𝑒 =  √(
𝑉𝐽𝑜ℎ𝑛𝑠𝑜𝑛 𝑛𝑜𝑖𝑠𝑒×Gain

𝑉24
)

2

+ (
𝑉𝐽𝑜ℎ𝑛𝑠𝑜𝑛 𝑛𝑜𝑖𝑠𝑒×Gain

𝑉26
)

2

  (S6.4)18  

 

Tau correction 

Tau correction was applied to address possible differences in response time using equation (S6.5) 

 

𝐼𝑡 = 𝐼𝑚 +
𝐼𝑚+1−𝐼𝑚−1

𝑡𝑚+1−𝑡𝑚−1
×  𝜏        (S6.5)23 

 

where It and Im are true and measured signal intensities, respectively, and τ is the tau constant. 
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Table S6.1 Instrument settings and data acquisition parameters for the Neptune MC-ICP-MS 

instrument. 

 

*1st, 2nd and 3rd Faraday cup/resistor set-ups evaluated. The 2nd set-up (in bold) was used for ultra-

sensitive Mg isotope ratio measurements.  

  

Mg isotope ratios 
 

 

Reference method 
 

Ultra-sensitive method 

 

RF power, W 1200 1200 
Gas flow rates, L min-1   

Cool 
Auxiliary 
Nebulizer 

15 15 
0.70-0.90 0.70-0.80 
1.05-1.08 1.05-1.06 

Sampling cone 
Ni, Jet-type: 

1.1 mm orifice diameter 
Ni, Jet-type: 

1.1 mm orifice diameter 

Skimmer 
Ni, X-type: 

0.8 mm orifice diameter 

Ni, X-type: 

0.8 mm orifice diameter 

Sample uptake rate 0.1 mL min -1 0.1 mL min -1 
Mass resolution mode Medium Medium 

Data acquisition parameters 
 

Mode Static, multi-collection Static, multi-collection 
Integration time, s 4.194 8.389 

Number of integrations 3 3 
Number of blocks 1 1 

Number of cycles per 

block 50 35 

Cup configuration 
 

Faraday cup L3: 24Mg C: 25Mg H3: 26Mg L3: 24Mg C: 25Mg H3: 26Mg 

Resistor 1011Ω 1011Ω 1011Ω 1011Ω 1013Ω 
1013Ω 

(2nd)* 

    1011Ω 1011Ω 1011Ω (1st)* 

    1013Ω 1011Ω 1013Ω (3rd)* 
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Table S6.2 δMg values for the in-house standard with and without blank correction using different acquisition 

parameters. A 1011 Ω resistor was used for 24Mg, and 1013 Ω resistors for 25Mg and 26Mg. Mg values are 

expressed relative to the DSM3 isotopic reference material. N is the number of measurement replicates. The 

Mg isotopic composition of the in-house standard, characterized using the conventional method (Table S6.1), 

was δ26Mg = -0.65 ± 0.06 ‰ and δ25Mg = -0.34 ± 0.03 ‰ (2SD, n=236).12 

 

 

 

 

  

Method 

δ26Mg ± 2SD δ25Mg ± 2SD δ26Mg ± 2SD δ25Mg ± 2SD N 

without blank correction with blank correction  

Integration time – 4.194s, Idle time - 3s, Cycles 50 -0.63 ± 0.24 -0.27 ± 0.35 -0.64 ± 0.28 -0.31 ± 0.30 6 

Integration time – 8.389s, Idle time - 3s, Cycles 25 -0.71 ± 0.23 -0.36 ± 0.16 -0.71 ± 0.25 -0.38 ± 0.11 6 

Integration time – 8.389s, Idle time - 3s, Cycles 35 -0.66 ± 0.11 -0.28 ± 0.10 -0.63 ± 0.10 -0.30 ± 0.04 6 

Integration time – 4.194s, Idle time -10s, Cycles 35 -0.53 ± 0.24 -0.38 ± 0.24 -0.63 ± 0.22 -0.35 ± 0.22 6 

Integration time – 8.389s, Idle time -10s, Cycles 25 -0.46 ± 0.28 -0.28 ± 0.28 -0.49 ± 0.22 -0.30 ± 0.21 6 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The first goal of this PhD was focused on the development and validation of reliable analytical 

methods for isotopic analysis of Mg and Ca via multi-collector inductively coupled plasma-mass 

spectrometry (MC-ICP-MS) for biomedical applications. The second goal of this PhD was the 

application of the analytical methods developed for high-precision isotopic analysis of Mg in human 

serum and cerebrospinal fluid (CSF), as well as in biofluids and tissues of a mouse model for 

endotoxemia. 

 

As described in the Chapter 2, both a sequential method for chromatographic isolation of Mg and 

Ca from a single sample aliquot and protocols for accurate and precise isotope ratio measurements 

of Mg and Ca by MC-ICP-MS were successfully developed and validated. The sequential 

chromatographic separation of Mg and Ca from the matrix elements was accomplished using 1 mL 

of AG50W-X8 (100–200 mesh size) strong cation exchange resin. The chromatographic Ca 

purification was carried out twice to ensure complete removal of Fe. As doubly charged Sr2+ ions 

interfere with the signals from all the Ca isotopes of interest, an additional purification of the Ca 

fraction from Sr was carried out using Sr-specific resin (Triskem Sr-SPEC). In order to avoid on-

column fractionation from affecting the isotope ratio results, quantitative Mg recovery, evaluated 

using single-collector sector-field inductively coupled plasma-mass spectrometry (SF-ICP-MS), 

was ensured for all samples. 

 

The Ca and Mg isotope ratio measurements were performed at medium (pseudo) mass resolution at 

4 mg L-1 and 150 µg L-1 concentration levels, respectively. The procedures for Mg and Ca isotopic 

analysis were validated using commercially available 17 reference materials for Mg and 13 for Ca,  

and were demonstrated to be suited for a wide variety of biological samples. The Ca isotope ratio 

data were further validated by comparing MC-ICP-MS isotope ratio data to those obtained via 

double-spike thermal ionization mass spectrometry (DS-TIMS) at the State Key Laboratory of 
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Geological Processes and Mineral Resources, School of Earth Sciences, Wuhan, China, for the same 

samples.  

 

The first dataset for the body distribution of Mg and Ca isotopes in mice has been obtained, showing 

as isotopic variability of about 1.5 ‰ for Mg and 1.0 ‰ for Ca in the mouse body, respectively. The 

lightest Mg and Ca isotopic compositions were observed in the “storage” compartments, whereas 

the liver showed the heaviest isotopic compositions for both elements.  

 

The use of primary reference materials is essential for calibrating and validating analytical 

procedures used for the determination of isotope amount ratios. As a primary reference material was 

not available for Mg isotope ratio measurements, ERM-AE143 was proposed as a primary isotopic 

reference material. The characterization of this primary isotope reference material is presented in 

the Chapter 3. Reference materials with a wide range of complex matrices and from geological and 

biological origin were analyzed for this study and measured relative to both the conventional 

(DSM3) and new isotopic reference standard. The Mg isotopic composition of ERM-AE143 

reference standard (δ26MgDSM3 = -3.295 ± 0.040 ‰, δ25MgDSM3 = -1.666 ± 0.043 ‰, 2SD) is close 

to that of a wide range of terrestrial materials, which gives it additional biogeochemical significance. 

Thus, ERM-AE143 is recommended to be used as primary isotopic reference material, but for 

comparison purposes, data can still be reported relative to DSM3 by using the conversion factors 

determined in this work. 

 

As mentioned above, the second part of this PhD consisted of application of the methods developed 

to human serum samples in a biomedical context. Chapter 4 reports on the results for Mg isotopic 

analysis of serum from 15 diabetes type I (T1D) patients and a second serum sample, taken 1 year 

later, for 11 of these patients. These results were compared to those for serum of 14 healthy 

individuals. Serum samples were collected at the Ghent University Hospital. There was no 

significant difference in serum Mg concentration between the reference and the T1D populations. 

However, the serum Mg isotopic composition of T1D patients was significantly lighter than that of 

the age-matched reference population. On average, the serum 26Mg values for diabetic patients 

were about 0.65 ‰ (original set) and 0.75 ‰ (1 year later) lower than that of the reference 

population. However, for some T1D patients, a substantial difference was observed between the 
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serum Mg isotopic composition for the two samples (taken 1 year apart) from the same patient, 

which may be due to a temporary effect of administered insulin on the transcellular kinetics of Mg.  

 

Chapter 5 focused on potential alterations of the Mg isotopic composition and concentrations of 

minor elements in a murine model of lipopolysaccharide (LPS)-induced endotoxemia. Biofluids and 

tissues of wild type young and aged male mice were investigated. The blood plasma of LPS-injected 

mice showed a significant alteration in the Mg isotopic composition and its concentration. The 

plasma Mg isotopic composition of the LPS-injected mice was enriched in the heavier Mg isotopes 

compared to that from controls for both age groups. The plasma Mg and P concentrations of the 

LPS-injected mice were significantly higher than these in the plasma from the controls for both age 

groups while the plasma S concentration was significantly higher for the aged mice than for the 

young mice. 

 

The Mg isotopic composition and concentrations of the minor elements in body tissues and urine 

were investigated for the aged mice. The isotopic composition of the Mg in the liver and urine were 

significantly altered in the LPS-injected mice. The Mg concentration in the intestine and the P 

concentration in the colon content of the LPS-injected mice was significantly higher than that of 

controls. The concentrations of Ca, Mg and Na in urine were reduced in the LPS-injected mice. 

Alterations in the isotopic composition of Mg and/or the concentration of the target elements were 

also assessed for the brain regions brain stem, cerebellum, cerebrum, cortex and hippocampus. The 

brain stem of the LPS-injected mice showed an altered Mg isotopic composition and elemental 

concentrations. An age effect was observed in the Mg isotopic composition and elemental 

concentrations in different brain regions. High-precision isotopic analysis of Mg revealed the 

disruption of the Mg homeostasis during LPS-induced endotoxemia with measurable effects in 

blood plasma, urine, liver and brain stem. 

 

 

Small sample volume can be a limitation for Mg isotopic analysis in a biomedical context. A new 

approach for the ultra-sensitive Mg isotopic analysis of micro-samples via MC-ICP-MS was 

developed and validated, as presented in Chapter 6. For this purpose, the high-gain resistance 1013 

Ω amplifiers were used, which improved the intermediate and internal errors on the δ26Mg value up 



 

179 

 

 

 

to 4-fold compared to 1011 Ω amplifiers. It was demonstrated that Mg isotope ratio measurement 

can be performed at a concentration level of 7-10 µg L-1 using 5 µL of human CSF only. As for the 

proof-of-concept study, CSF samples from hydrocephalus patients were analyzed, larger volumes 

were available, such that the Mg isotope ratios were also measured at a 150 µg L-1 concentration 

level for method validation purposes. The data obtained for the micro-samples using the 1013 Ω 

amplifiers were in good agreement with the results obtained using standard volume samples and the 

1011 Ω amplifiers. 

 

The results obtained in this PhD demonstrate that Mg isotope ratios do hold a message that is 

relevant in a biomedical context. The first data of the Mg and Ca isotopic composition for a wide 

range of biological reference materials, isotopic reference materials/standards, human and mice 

biofluids and tissues were presented. High-precision isotopic analysis of Mg via MC-ICP-MS has 

been shown to be a promising approach for further biomedical research. 

  

As the serum Mg isotopic composition was altered in T1D patients, further research is required to 

investigate the potential role of administered insulin on the serum Mg isotopic composition. Such a 

study was planned in the context of this work and approval was obtained from Ghent University 

Hospital’s ethical committee, but the covid-19 pandemic and the large number of covid-19 patients 

taken care of at the Ghent University Hospital interfered with its execution. For this evaluation, 

blood serum samples needs to be collected in a fasting state from T1D patients, before and after 

insulin injection. Control samples will come from people accompanying the T1D patients, but who 

will self-evidently not receive an insulin injection. Both the patient and the accompanying person 

will be given a ‘standardized meal’. Blood/serum samples will be taken at different intervals after 

insulin administration and possible relationships between the serum Mg isotopic composition and 

relevant clinical parameters used for T1D diagnosis need to be evaluated. 

 

The combination of in vivo (patients samples, animal experiments) and in vitro (with cell cultures) 

experimental research will help to obtain a more profound insight into Mg metabolism. The isotope 

ratio results of in vivo studies need to be combined with medical clinical parameters as this could 

help to identify the factors governing the isotopic signature in samples from the diseased population 
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and a control group composed of healthy individuals. In vitro studies can elucidate the source of 

isotopic fractionation on a cellular level.  

 

Accurate and precise Mg isotope ratios in micro-samples (volume down to 5 µL) was achieved by 

using high-gain 1013 Ω Faraday cups at 7-10 µg L-1 concentration level and using wet plasma 

conditions. Mg isotope ratio measurements using dry plasma conditions (e.g., by using an aerosol 

desolvation unit) should allow reaching adequate sensitivity at even lower levels, as required for 

even more demanding applications, such as protein-specific isotopic analysis. This challenge will 

need to be addressed in further work. Additionally, next to a continuation of Mg isotopic analysis 

in the context of diabetes, application of Mg isotopic analysis in the context of neurological 

disorders for assessment of the status of neuronal Mg2+ is also evaluated as promising and is already 

discussed with neurologists from the Ghent University Hospital. 

 

Currently, Mg isotopic analysis is time- and labor-consuming. In order to implement MC-ICP-MS 

in routine clinical research, the sample throughout needs to be increased and the sample preparation 

time needs to be reduced. This could be realized by online hyphenating bio-inert liquid 

chromatography systems with MC-ICP-MS. Such approach also opens the way to Mg isotopic 

analysis of specific biomolecules.  
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