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Abstract
Natural variability in stable isotope ratios provides critical constraints on elemental cycling in nature without the need for the 
introduction of artificial tracers. While such data are widely used in environmental studies, they are not as widely employed 
in biomedical research, despite vast potential. One critical hurdle to the adoption of such techniques in biomedical studies 
is sample throughput. Elemental purification via ion-exchange chromatography and isotopic analysis via multiple collector 
inductively coupled plasma mass spectrometry (MC-ICP-MS) are time-consuming, requiring long hours from experienced 
researchers to generate datasets. Here we present new methods to improve the throughput of both elemental purification 
and sample introduction to mass spectrometers. We use an automated, low-pressure ion exchange chromatography system 
to isolate purified fractions of potassium, magnesium, and calcium from one sample in a single sequence with high yields 
(80–100%) and low blanks (<0.5% carryover). Modification of flow rates and column volumes also enables recovery of puri-
fied strontium, lithium, and sodium in the same routine. Solutions are introduced to the MC-ICP-MS via syringe injection 
and with automated removal of vial caps to minimize evaporation. We find that syringe injection from capped vials gives 
a >10 × more stable signal (0.7% RSD) over a 9-h sequence than self-aspirated, uncapped solutions (8.0% RSD). Syringe 
injection also enables modification of signal intensity by changing the injection rate, with a linear response of signal to flow 
rate. We demonstrate the potential of these methods by analyzing calcium, magnesium, and potassium isotope ratios at high 
precision (<0.1 ‰) from single 0.5 mL aliquots of urine samples from individuals with chronic kidney disease. These data 
show a change in calcium reabsorption, highlighting avenues for further research as well as the value of these multi-isotopic 
analysis methods.
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Introduction

The relative abundance of stable isotopes provides infor-
mation about the sources and chemical transformations 
of elements in nature [1]. Isotope ratio analyses have thus 

been leveraged to constrain elemental fluxes at scales rang-
ing from the Earth and Moon [2, 3] to the critical zone [4], 
biological tissues [5, 6] and even individual molecules [7, 
8]. Despite the broad utility of isotope ratio analysis, appli-
cations of this technique remain hindered by slow sample 
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throughput. This is particularly pronounced for so-called 
non-traditional stable isotope analysis (i.e., all elements 
except for H, O, C, N, S), which require tedious chromato-
graphic purification prior to isotopic analysis. The rate of 
sample throughput thus limits the statistical power of non-
traditional isotope reconstructions of element cycling in the 
environment, and furthermore stifles the exploration of iso-
tope ratio analysis in other disciplines, such as medicine.

Since the advent of non-traditional isotope analysis by 
multiple collector inductively coupled plasma mass spec-
trometry (MC-ICP-MS) in the  1990 s, several studies have 
aimed to improve analytical throughput. These include 
efforts to scale up sample digestion [9, 10], automate 
ion-exchange chromatography [11], and optimize sample 
introduction to the mass spectrometer [12]. While these 
approaches have considerably diminished the time and effort 
required for isotope analyses via MC-ICP-MS, at present it 
is still the norm to conduct single-element studies due to 
the need to individually tailor purification and measurement 
techniques on a per-element basis. This leaves the field with 
a narrow view of the drivers of isotopic variability since 
inter-element correlations are rarely explored in detail.

Here we present new methods that overcome some of 
these obstacles. We developed an ion-exchange chromatog-
raphy method that enables purification of multiple elements 
(lithium, sodium, potassium, magnesium, strontium, cal-
cium) in a single 3-h sequence. This method is potentially 
applicable to a wide range of sample matrices (e.g., urine, 
seawater, mineral digests). We furthermore improved the 
precision of isotopic analysis via MC-ICP-MS by using a 
syringe injection system to introduce sample solutions to the 
plasma. This has the benefit of superior stability compared 
to self-aspirating nebulization, and also allows modification 
of syringe injection rates to achieve precise sample-standard 
intensity matching. Collectively, these improvements make 
it much more feasible to obtain large, high-precision, multi-
isotopic datasets.

We demonstrate the potential of these new methods by 
analyzing the Ca, Mg, and K isotopic composition of urine 
samples from individuals with a unique form of chronic 
kidney disease (CKD) associated with environmental 
causes termed CKD of unknown etiology (CKDu). Prior 
work has identified isotopic fractionation during renal 
reabsorption of Ca [13]. Such data do not exist for Mg 
and K in human urine, though animal models suggest mod-
erate and small isotopic effects for Mg [14] and K [15], 
respectively. In theory, changes in fractional ion reabsorp-
tion in the nephron should result in detectable isotopic 
variations in urine. In the best case, multi-element (Ca, 
Mg, K) isotopic datasets could identify site-specific renal 
dysfunction, since the relative reabsorption of each ion 
varies throughout the nephron [16]. Our data reveal sys-
tematic changes in ion reabsorption and calcium isotope 

fractionation between healthy and CKDu populations, 
highlighting the potential of these analyses to quantify 
renal ion reabsorption, with possible applications for dis-
tinguishing the progression of CKDu versus CKD from 
traditional causes such as diabetes and hypertension.

Experimental

Reagents and materials

All lab work was conducted in GAIA Lab (Geoscience 
Applications of Isotopic Analysis) in the Division of Earth 
and Climate Sciences at Duke University and the Duke Uni-
versity Shared Materials Instrumentation Facility (SMIF).

Ultrapure water with 18.2 MΩ cm resistivity obtained 
from a Milli-Q IQ7000 water purification system (Millipore 
Sigma) was used throughout this study. Unless otherwise 
specified, all acids were twice-distilled from ACS reagent 
grade acid using Analab CleanAcids sub-boiling purification 
systems (ESI, Omaha, NE) or purchased as Optima grade 
(Fisher Chemical). Optima grade hydrogen peroxide (31%) 
was obtained from Fisher Chemical. Perfluoro alkoxy (PFA) 
polymer vials were obtained from Savillex and Elemental 
Scientific.

Ca SPEX CertiPrep (lot # CL15-24CAY), Mg SPEX 
CertiPrep (lot # 27-194MGY), and NIST 999c potassium 
chloride were used as bracketing standards for calcium, 
magnesium, and potassium isotope ratio measurements, 
respectively. NIST SRM 1486 Bone meal, ERM AR-143, 
IAPSO seawater (SW) (batch # P168), human pooled urine 
(Innovative Research Inc., batch # 53979) standards were 
used as secondary reference materials for quality control.

Urine samples for the present study were collected from 
Matara, a CKDu nonendemic region, where CKDu has not 
been reported, and Padaviya, a CKDu endemic region in Sri 
Lanka. Samples were collected from CKDu patients from 
the endemic region without a diagnosis of hypertension and 
diabetes and registered at a government clinic for CKDu 
treatment. Healthy individuals who were not diagnosed with 
any form of kidney disease from the non-endemic region 
served as the control group. Demographic data, medical 
history, lifestyle habits, family history of diseases, current 
health status, water source, and occupational/farming char-
acteristics were obtained from an interviewer-administered 
structured questionnaire as previously described [17]. Each 
individual provided a midstream first void (morning) urine 
sample in a 50-mL urine collection tube containing Norgen 
urine preservative (Norgen Biotek, Thorold, ON, Canada). 
Samples were kept at room temperature according to the 
manufacturer’s instructions and were stored at Duke Uni-
versity until analysis.
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Sample purification

Sample preparation was carried out in a metal-free clean lab 
environment. Urine samples containing visible red blood 
cells were excluded due to differences in the Ca isotopic 
signature of urine and blood [18]. Urine samples (300–500 
µL) were digested twice using 1 mL concentrated HNO3 
and 1 mL 31% H2O2 (v/v) in capped PFA vials at 120 °C 
overnight. The sample digests were evaporated to dryness 
and redissolved in 2 mL 0.5 M HNO3 for elemental quanti-
fication (1 mL) and chemical purification (1 mL).

Sequential K, Mg, and Ca separations from the matrix 
were performed using two inline columns (C1 and C2; 
Fig. 1) on a prepFAST MC (ESI, Omaha, NE, USA) auto-
mated low-pressure chromatographic system. K and Mg 
were purified using column 1 (C1), loaded with 3 mL of 
AG50W-X8 resin (100–200 mesh, Bio-Rad), followed by Ca 
purification with column 2 (C2), loaded with 1 mL of DGA 
resin (50–100 µm, Eichrom). To monitor analyte recovery 
and sample-to-sample carryover, the IAPSO seawater refer-
ence material and procedural blanks were run at the begin-
ning and end of each sequence. During the course of this 
method testing, both resins were successfully reused up to 
100 times. A description of the separation protocol is pre-
sented in Table 1.

After both columns are cleaned and conditioned for 
the entire purification process, the sample is loaded onto 
C1 in 0.5 M HNO3 (Fig. 1B). The first step is to remove 
Na, Li, and B from C1 using 0.5 M HNO3. Following the 
removal of these elements, K is isolated with an addi-
tional 0.5 M HNO3. This is followed by 1 M HNO3 in 
order to fully elute Mg. With Sr and Ca still bonded to 
C1, C2 becomes an active column in the flow path. Both 
analytes are transferred to C2 via 2 M HNO3 (Fig. 1D). C1 

is deactivated, and Sr is eluted from C2 with 6 M HNO3 
(Fig. 1C). Finally, 0.1 M HCl is eluted through C2 to iso-
late Ca. An elution curve was established using a synthetic 
inorganic urine solution mimicking the major ion content 
of Seronorm urine standard (Table 2). This curve was gen-
erated via a column calibration performed at Elemental 
Scientific (described in Mass spectrometry).

Purified K, Mg, and Ca fractions were evaporated to 
dryness and redissolved in concentrated HNO3 (1 mL) and 
31% H2O2 (0.5 mL). The solutions were heated in closed 
vials at 120 °C overnight to remove organic compounds 
from the resin. This procedure was performed twice, fol-
lowed by drying at 90 °C and redissolution in 1 mL 2% 
HNO3 (v/v) for isotope ratio measurements.

Fig. 1   Schematic of two-column plumbing. Four operational modes are available: A loading solution into the loop, B dispensing solution 
through column 1, C dispensing solution through column 2, D dispensing solution through both columns

Table 1   Multi-element purification method

Method Step Reagent Volume (mL) Flow Rate 
(mL/min)

Clean C1 + C2 6 M HNO3 15 5
Clean C1 MQ H2O 15 5
Condition C1 0.5 M HNO3 6 5
Sample Load C1 0.5 M HNO3 1 1
Wash matrix C1 (Li, Na) 0.5 M HNO3 25 1
Elute K C1 0.5 M HNO3 18 1
Wash matrix C1 0.5 M HNO3 15 1
Wash matrix C1 1 M HNO3 10 1
Elute Mg C1 1 M HNO3 28 1
Transfer Wash C2 2 M HNO3 20 3
Elute Sr C2 6 M HNO3 8 1
Elute Ca C2 0.1 M HCl 6 3
Wash matrix C2 0.1 M HCl 3 4
Wash matrix C2 MQ H2O 3 1
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Sample introduction

The microFAST isotope 2 is a dual-loop, syringe-driven, 
valve injection system for plasma-based mass spectrometers. 
The system uses software control to automatically syringe 
load and syringe inject Loop 1 at user-defined flow rates 
(10–300 μL/min) while rinsing the sample probe and Loop 
2 in preparation for the next sample. The valve can select 
from two discrete parallel flow paths (loop 1 or loop 2), 
allowing for rapid switching between samples with minimal 
dead volume [19]. To maintain sample/standard/blank integ-
rity, the isotope 2 is equipped with a fluoropolymer-coated 
autosampler arm attachment. This attachment is pneumati-
cally operated and automatically removes and replaces cov-
ers on sample containers at the time of analysis, minimizing 
contamination and evaporation of samples during extended 
analytical sessions.

Mass spectrometry

Column calibration was performed via ICP-MS (Agilent 
7900) and ICP-OES (Thermo Fisher iCAP PRO) analysis at 
Elemental Scientific. Acid increments of 1 mL were passed 
through the prepFAST and subsequently diluted with MQ 
H2O to a volume of 10 mL before being administered via an 
autosampler to the ICP-MS and ICP-OES. The Agilent 7900 
ICP-MS was operated at an RF Power of 1550 W with plati-
num skimmer and sample cones and a quartz torch and spray 
chamber. The iCAP PRO ICP-OES was operated at an RF 
Power of 1250 W with EMT DUO quartz torch. Each ICP-
MS run monitored 7Li, 24Mg, and 88Sr, and each ICP-OES 
run monitored Ca, Na, and K to quantify elemental abun-
dances. Reproducibility, assessed as the variance of replicate 
analyses of 1 mL 0.5 M HNO3 passed through the column, 
was < 5% RSD for ICP-MS and < 3% RSD for ICP-OES.

Major element concentrations (Mg, Ca, K, Na) in urine 
samples were measured via inductively coupled plasma 
mass spectrometry (ICP-MS, Thermo Fisher X-Series II) 
at Duke University following published protocols [20]. 
Aliquots of bulk digests were diluted in 0.3 M HNO3 and 

bracketed by multi-element ICP standard solutions. We 
note that to avoid interferences that would compromise 
calculations of Ca concentrations using the 48Ca signal, 
P and Ti were omitted from the multi-element standard. 
Reproducibility and instrument drift were monitored via 
replicate analyses of multi-element standards through an 
analytical sequence as well as repeat preparations and 
analyses of standard materials. External reproducibility 
for all analytes was < 10% RSD.

Mg, K, and Ca isotopic compositions were measured 
using a Nu Sapphire dual path collision/reaction cell-
equipped multi-collector inductively coupled plasma mass 
spectrometer (CRC-MC-ICP-MS, Nu Instruments, UK). 
This instrument houses one ion-counting detector and six-
teen Faraday cups with optional switchable resistors: one 
1010 Ω, sixteen 1011 Ω, and fifteen 1012 Ω. It features a dual 
ion path—high energy (HE) and low energy (LE)—with 
acceleration voltages of 6 kV and 4 kV, respectively. The 
LE path houses a hexapole collision/reaction cell which 
allows removal of interfering species. A combination of Ni 
dry plasma cones and a desolvating nebulizer (Apex Ω HF; 
ESI, Omaha, NE, USA) was used to ensure high sensitivity. 
Typical instrument tuning settings are provided in Table 3.

Mg isotope ratios were measured in the HE path at 
medium (pseudo) mass resolution using four Faraday col-
lectors connected to 1011 Ω amplifiers to monitor masses 23 
through 26. Mg was measured at the left side of the peak 
center to ensure an interference-free signal from isobaric 
polyatomic ions, such as C2

+, C2H+, C2H2
+, CN+, and 

NaH+. Mg isotope ratio measurements were performed 
on 100 µg L−1 solutions with a typical signal intensity of 
37 V for total Mg. For all analyses performed here, on-peak 
zeroes were observed and either subtracted from sample and 
standard beam intensities or neglected if contributions were 
negligible.

Ca isotope ratios were measured in the HE path at 
medium (pseudo) mass resolution using four Faraday col-
lectors connected to 1011 Ω amplifiers to monitor masses 
42, 43, and 44, and a 1012 Ω amplifier for monitoring mass 
43.5 (87Sr2+). Ca was measured in 2 mg L−1 solutions on 
the left side of the interference-free peak plateau to resolve 
polyatomic interferences (ArH2

+, CO2
+, N3

+, N2O+). A first-
order correction was performed by subtracting on-peak zero 
intensities, followed by a doubly charged Sr correction using 
the exponential law for instrumental mass bias.

K isotope measurements were conducted using the LE 
path at low mass resolution using three Faraday collectors 
all connected to 1011 Ω amplifiers to monitor masses 39, 
40, and 41. The Ar+ and ArH+ species were removed via 
charge exchange reactions using H2 gas and He buffer gas 
for collisional focusing [21]. Purified K was introduced into 
plasma in 30–40 µg L−1 solutions (yielding sensitivity of 
1000 V ppm−1).

Table 2   Multi-element 
synthetic urine solution 
composition. Single-element 
ICP solutions were used to 
produce an inorganic synthetic 
urine solution to calibrate the 
column yields

Element Urine

Ca 71 mg L−1

Cu 31 µg L−1

Fe 13.7 µg L−1

Li 7 µg L−1

K 1495 mg L−1

Na 2287 mg L−1

Sr 89 µg L−1

Zn 334 µg L−1

Mg 64 mg L−1
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Data reduction

All isotopic ratios are reported in delta notation (per 
mil, ‰) using standard-sample bracketing (SSB) for 

instrumental mass bias correction. The Mg isotopic com-
position was measured against Mg SPEX and determined 
using the equation:

ERM AE-143 was measured against the Mg 
SPEX solut ion dur ing mult iple sessions over 
a period of 6 months and has an identical iso-
topic composition (δ26MgMg SPEX = 0.00 ± 0.02 ‰, 
δ25MgMg SPEX = 0.00 ± 0.02 ‰, 2SE, N = 9). The measured 
data are therefore reported relative to ERM AE-143 for 
comparison with literature data.

(1)�
26Mg (‰) = [(26Mg∕24Mg)sample∕(

26Mg∕24Mg)standard − 1] × 1000

Potassium isotopic ratios were measured and reported 
against the NIST SRM 999c primary standard, which is iso-
topically indistinguishable from NIST SRM 3141a [22, 23]:

Calcium isotope ratios were measured against the Ca 
SPEX CertiPrep elemental standard:

(2)
�
41K (‰) = [(41K∕39K)sample∕(

41K∕39K)SRM 999c − 1] × 1000

(3)�
44∕42Ca (‰) = [(44Ca∕42Ca)sample∕(

44Ca∕42Ca)standard − 1] × 1000

Two replicates of IAPSO seawater standard were 
included in each batch of purification chemistry and iso-
tope ratio measurements. Following prior work [24], the 
sample δ44/42Ca data were normalized to seawater using 
those replicate analyses of the IAPSO standard. The final 
values were then reported as δ44/40CaSW assuming kinetic 
mass-dependent isotopic fractionation [25]:

We note that if equilibrium rather than kinetic isotope 
fractionation is assumed, a conversion factor of 2.10 would 
apply rather than 2.05; considering that our average exter-
nal reproducibility on δ44/40Ca measurements is 0.09 ‰ 
and we are studying effects of > 1 ‰, the error from the 
incorrect choice of fractionation law will not significantly 
affect our conclusions. We favor the reporting of Ca iso-
tope data relative to seawater because (i) certified refer-
ence materials NIST SRM 915a and 915b are not read-
ily available, (ii) seawater is isotopically homogenous, 
abundant and affordable, and (iii) processing the refer-
ence material through each batch of chemical purification 
removes the potential for systematic matrix effects when 
normalizing samples to matrix-free standards.

Results and discussion

Multi‑element purification

One goal of this study was the development and validation of 
an efficient purification procedure for target elements (Mg, 

(4)�
44∕40Ca = �

44∕42Ca × 2.05

K, and Ca) in urine samples while maintaining low pro-
cedural blanks and obtaining accurate isotope ratio values. 
While prior work has successfully implemented automated 
chromatography systems for generating large isotopic data-
sets [11, 18, 26, 27], such approaches have not been adapted 
to strategic multi-element combinations that would enable 
greater scientific insight with less sample processing time. 
Multi-element purification was achieved here by using a 
dual-column method in the prepFAST MC. Mg and K puri-
fications were performed using 3 mL AG 50W-X8 resin fol-
lowed by sequential purification of Ca from matrix with 1 
mL DGA resin. Figure 2 shows the elution profile obtained 
for synthetic urine samples. Li (96.9%) and Na (99.8%) were 
efficiently removed using 25 mL 0.5 M HNO3 (Table 1). K 
was collected with 18 mL 0.5 M HNO3, followed by matrix 
washes with 18 mL 0.5 M HNO3 and 10 mL 1 M HNO3. Mg 
was collected with 28 mL 1 M HNO3, followed by transfer 
of analytes to the second column by 2 M HNO3. Sr was then 
removed with 8 mL 6 M HNO3 and Ca was collected using 
6 mL 0.1 M HCl, followed by column washes with 3 mL 0.1 
M HCl and 3 mL MQ water. We note that in our method, 
Cu, Fe, and Zn will co-elute (> 99%) with the Mg fraction; 
however, the Cu/Mg, Fe/Mg, and Zn/Mg elemental ratios 
in urine samples are < 0.006. At these levels, δ26Mg values 
are not impacted by matrix effects and do not exhibit any 
measurable bias [14].

Each batch of chemical purification included two proce-
dural blanks (quantified via MC-ICP-MS) and two standards 
(one IAPSO SW in the beginning and another at the end of 
the sequence). NIST SRM 1486 RM was purified only for 
the Ca fraction. Procedural blanks ranged from 0.6–11 ng for 
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Mg, 4–28 ng for K, and 42–108 ng for Ca, which are negli-
gible compared to the amounts of these analytes recovered 
from typical urine samples (~ 30 μg, ~ 750 μg, and ~ 35 μg, 
respectively).

Table 4 presents the isotopic composition data for potas-
sium (δ41K), magnesium (δ26Mg), and calcium (δ44Ca) 
across three different standards: IAPSO seawater (SW), 
NIST SRM 1486 bone meal, and pooled human urine. The 
δ41K value for IAPSO seawater measured against NIST 
999c was + 0.05 ± 0.05 ‰ (2SE, N = 10, where 2SE is 
the two times the standard error of the mean, 2*SD/

√

n ), 
which is in good agreement with the range reported in 
the literature (+ 0.03 to + 0.14 ‰) [e.g., 16]. The δ26Mg 
value of IAPSO seawater measured against ERM AE 143 
was + 2.39 ± 0.06‰ (2SE, N = 11), or − 0.91‰ when con-
verted to the DSM3 scale, which is within the error margins 
reported in the literature (− 0.83 ± 0.11‰ [28]). The differ-
ence in δ44/42Ca values between IAPSO SW and NIST SRM 
1486 was − 1.45 ± 0.09‰ (2SE), which is in agreement with 
the literature value − 1.41 ± 0.05‰ [29]. Although δ44/42Ca 
values were measured against the Ca SPEX elemental 
standard, the data are reported relative to IAPSO SW and 
expressed as δ44/40Ca to allow better comparability with pub-
lished Ca isotope data.

Reproducibility of Ca, K, and Mg purification was 
evaluated by purifying 10 replicates of a pooled human 
urine standard acquired from Innovative Research Inc., 
with sample volumes ranging from 0.3 to 1 mL. Urine 

Ca, K, and Mg concentrations were 87.2 ± 1.9 µg  mL−1 
(RSD = 2.2%), 1025 ± 42  µg  mL−1, (RSD = 4.1%), and 
49.5 ± 1.4 µg mL−1 (RSD = 2.8%), respectively. Column 
yields were 97.4 ± 2.2%, 95.9 ± 2.6%, and 92.6 ± 3.8% (SD) 
for Ca, Mg, and K, respectively. The average δ41KSRM 999c 
value for 10 replicates was − 0.48 ± 0.03‰ (2SE, N = 10), 
with individual uncertainty of the sample measurement 
ranging from 0.01 to 0.06‰ (SD) (Fig. 3A). The average 
δ26MgERM AE-143 value was + 3.10 ± 0.05‰ (2SE, N = 10), 
with individual errors ranging from 0.01 to 0.05‰ (SD) 
(Fig. 3B). The δ44/40CaSW value for the urine standard was 
− 1.10 ± 0.09‰ (2SE, N = 10; Fig. 3C). Each urine standard 
was measured 2 to 4 times and has a similar isotopic compo-
sition to other urine samples, making it an ideal secondary 
standard for evaluating long-term reproducibility.

Isotopic analysis via CRC‑MC‑ICP‑MS with syringe 
injection

High precision potassium isotope measurement in the col-
lision cell mode has been shown to exhibit a pronounced 
effect from ion intensity mismatch between the sample and 
standard. This results in inaccurate δ41K values when ion 
intensity matching falls outside of ± 1–5% [19, 23, 29], 
and the effect is highly dependent on daily tuning settings. 
To correct for this mismatch, Zheng et al. [29] proposed 
a mathematical correction method based on a single cali-
bration curve, which allows for correction of ion intensity 

Fig. 2   Elution curve. Relative 
elemental recoveries are shown 
for a synthetic urine solution

Table 4   Isotopic standard data. 
Uncertainties are two times the 
standard error of the mean. N 
refers to the number of separate 
isolation replicates

Standard δ41/39KSRM 999c (‰) δ26/24MgERM AE-143 (‰) δ44/40CaSW (‰)

IAPSO SW 0.05 ± 0.05 (2SE, N = 10) 2.39 ± 0.06 (2SE, N = 11) 0.00 ± 0.08 (2SE, N = 9)
NIST SRM 1486 - - − 3.06 ± 0.13 (2SE, N = 7)
Urine − 0.48 ± 0.03 (2SE, N = 10) 3.10 ± 0.05 (2SE, N = 10) − 1.10 ± 0.09 (2SE, N = 10)
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mismatches up to 10%, resulting in intermediate precision 
of ≤ 0.05‰ (2SD) for δ41K values.

Here, we present K isotope ratio measurements using 
syringe injection. This allows modification of syringe injec-
tion rates by ± 50% (50–150 µL min−1) to achieve precise 
sample-standard intensity matching. A consistent injection 
profile of signal stability was maintained over a 9-h meas-
urement sequence at flow rates of 75 µL min−1, 100 µL 
min−1, and 135 µL min−1 for K isotope ratio measurements, 
with an average RSD of 0.70% (Fig. 4A), when using the 
automated uncapping method to prevent sample evapora-
tion during the sequence. For uncapped vials, the signal 
increased due to evaporation by more than 25% by the end 
of the sequence, resulting in an RSD of 8.0% (Fig. 4A). 
We note that this steady, large increase in signal intensity 
is observed for all analyses of uncapped beakers in our 
lab, regardless of autosampler model. The effect is most 
pronounced in solutions with high surface area-to-volume 

ratio. The uncapped run plotted in Fig. 4 is representa-
tive of typical conditions for an analytical sequence of 
uncapped PFA vials. The δ41K values obtained via brack-
eting remained stable throughout the 9-h sequence for both 
capped and uncapped vials; however, uncapped samples 
exhibited 2–3 times higher variance (SDuncapped = 0.12‰ 
vs. SDcapped = 0.04 to 0.06‰; Fig. 4B). Linear relation-
ships were observed between total K intensity and flow rate 
(R2 = 0.999; Fig. 5A), and between measured (unbracketed) 
δ41K values and flow rate (R2 = 0.998; Fig. 5B).

To closely match sample and standard intensities, quan-
tification is performed with the isotope 2 software using an 
injection rate of 100 µL min−1 for all samples. Afterwards, 
the injection rate is defined by the user for each sample via 
the software to match the signal intensity of the bracketing 
standard. As mentioned above, the K isotopic composition 
of IAPSO SW measured against NIST 999c is in good agree-
ment with the literature values (Table 4).

Fig. 3   Reproducibility of urine standard for K (A), Mg (B), and Ca 
(C) isotope ratios expressed as δ-values. Error bars correspond to 
1SD of measurement replicates (n = 2–4). Gray area represents 2SE 
of the mean

Fig. 4   Signal stability (A) and bracketed δ41K values (B) at different 
flow rates. Uncapped solutions introduced via self-aspiration show 
drift to higher signal intensity with evaporation, as well as greater 
variance between analyses in intensity and isotope ratios. Syringe 
injection at different flow rates is consistently more reproducible in 
terms of signal intensity and isotope ratios.  Note that greater initial 
signal intensity in self-aspiration data likely derives from higher-than-
nominal nebulizer flow rate (>100 µL/min), not heightened sensitiv-
ity of self-aspiration relative to syringe injection.
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Application to CKDu

Individuals with CKDu had significantly lower urine 
major ion concentrations than healthy individuals (21.7 vs. 
81.0 mg Ca/L, p = 0.008; 42.3 vs. 67.9 mg Mg/L, p = 0.05; 
462.0 vs. 626.0 mg K/L, p = 0.035) (Fig. 6). Calcium iso-
tope ratios were significantly higher in the urine of CKDu 
patients (p = 0.027), whereas no significant differences were 
observed for Mg (p = 0.36) or K (p = 0.47) isotope ratios 
(Fig. 6). The Ca isotopic composition of all urine samples is 
negatively correlated with the Ca/Na ratio (Fig. 7), consist-
ent with preferential reabsorption of lighter Ca isotopes via 
passive paracellular transport in the nephron driving urine 
Ca isotopic fractionation. Urine Ca/Na was also significantly 
lower in the CKDu group than the healthy group (p = 0.015), 
whereas Mg/Na (p = 0.13) and K/Na (p = 0.26) showed no 
significant difference (Fig. 6).

The trend of lower ion content in urine from individu-
als with CKDu is consistent with previous findings of ion 
imbalance in CKD [22]. Clinically, CKDu often presents 
with mild to severe hypokalemia, hypomagnesemia, hypona-
tremia, and hypophosphatemia, which are typically sugges-
tive of urinary electrolyte wasting [30–32]. This wasting 
reflects proximal tubular dysfunction. Under normal condi-
tions, this nephron segment reabsorbs the majority of filtered 
electrolytes back into circulation. When tubular cells are 
damaged by toxins, heat stress, drugs, or inflammation, this 
reabsorptive capacity declines [33]. Mechanistically, tubular 
epithelial cells may develop mitochondrial dysfunction from 
repeated exogenous insults and shift from fatty acid oxida-
tion toward glycolysis. This could result in reduced ATP 
levels, limiting the function of energy-dependent transport-
ers, disrupting the osmotic and electrochemical gradients 
that usually drive passive reabsorption [17, 34].

The observation of heavier δ44Ca values in CKDu urine 
samples alongside lower Ca excretion is consistent with renal 
reabsorption as the primary driver of isotopic variability. In 

this model, lower Ca excretion rates imply greater fractional 
Ca reabsorption, and the lower yield of residual, excreted Ca 
gives urine a correspondingly heavier isotopic composition. 
However, this observation is opposite in direction to previ-
ous work on pediatric CKD, which showed lighter δ44Ca 
values in CKD patients than age-matched healthy controls 
[26]. In that study, lower δ44Ca values converging toward 
the serum δ44Ca composition were taken as evidence of 
bone resorption, which releases lighter Ca isotopes into 
serum and urine. The difference of trend in those pediat-
ric CKD patients and our CKDu patients could thus reflect 
the difference in baseline bone mineral balance of children 
versus adult subjects, or possibly also a difference in renal 
physiology. In any case, because CKDu is characterized 
by predominant tubulointerstitial damage, electrolyte and 
ion imbalance may appear earlier and serve as a marker of 
disease progression before albuminuria or large declines in 
glomerular filtration rate (GFR).

Here we briefly consider possible explanations for the 
high urine δ44Ca values observed in CKDu individuals. 
First, we note that short-term (days to months) intra-indi-
vidual variation in urine δ44Ca is typically much smaller 
than inter-individual δ44Ca [27], suggesting that our data 
are indeed representative of a real physiological difference 
between groups. This is further supported by the fact that 
these urine samples are first morning void, which are most 
representative of whole-day average values [27].

We next consider isotopic effects not arising in the kidney. 
Bone is by far the largest Ca reservoir in the body (> 99%), 
and thus changes in bone mineral balance (BMB) are prone 
to cause large deviations in urine δ44Ca values. Bones are 
isotopically lighter than soft tissue, meaning that times of net 
bone formation push urine δ44Ca more positive while bone 
loss will push urine δ44Ca values more negative [6, 18, 35, 
36]. Renal dysfunction in CKD is associated with changes in 
BMB, with calcium wasting and phosphate retention leading 
to hyperparathyroidism and eventual bone loss [37, 38]. As 

Fig. 5   Signal (A) and measured 
delta value (B) vs. syringe flow 
rate
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noted above, bone resorption tends to push serum and urine 
δ44Ca values more negative, counter to what is observed 
here. Thus, we infer that BMB disruption is likely not the 
explanation for the observed high urine δ44Ca values.

We also consider vascular calcification, which is com-
mon in CKD due to ion imbalance. One study noted a cor-
relation between serum δ44Ca values and markers of vascu-
lar calcification, with serum becoming isotopically heavier, 
supposedly due to mineral deposition of isotopically light 
Ca [39]. This could in theory push urine δ44Ca values more 
positive, as observed in our data. However, we find this 
unlikely because (1) that study observed no such trend in 

urine samples (only serum) [39], and (2) the amount of Ca 
deposited in arteries and veins would be much smaller than 
the amount present in bone and the amount filtered by the 
kidney.

This leaves us to consider possible renal explanations for 
the 44Ca enrichment in urine of individuals with CKDu. As 
noted before, preferential reabsorption of lighter Ca isotopes 
in the nephron pushes urine to isotopically heavier values. 
Changes in fractional Ca reabsorption thus are expected 
to result in urine δ44Ca variability, following a Rayleigh 
distillation pattern [13]. Lower Ca concentrations coupled 
to higher δ44Ca values are consistent with fractional Ca 

Fig. 6   Violin plots of elemental concentrations and isotopic ratios in healthy (blue, n = 10) and CKDu (red, n = 20) urine samples. P values 
denote significance of pairwise comparisons determined by t test or Wilcoxon rank sum test, depending on data normality
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reabsorption in the kidney driving the observed trends, but 
imply greater Ca reabsorption in CKDu individuals than 
healthy controls, although serum Ca data are needed to val-
idate this hypothesis. While this seems at odds with tubu-
lointerstitial damage known to be prevalent in CKDu, we 
consider one potential reason for this observation: a change 
in the balance of passive versus active Ca reabsorption.

In healthy individuals, most Ca (up to ~ 90%) is reab-
sorbed via passive paracellular transport in the proximal 
convoluted tubule and thick ascending limb [16]. Passive 
transport is typically associated with isotopic fractiona-
tion in favor of the lighter isotope being more readily 
transported [40, 41], consistent with the observation that 
urine samples are isotopically heavy relative to serum 
[13, 18]. The remaining ~ 10% of Ca reabsorption occurs 
via active transport, in part modulated by parathyroid hor-
mone (PTH). Active transport, in contrast, does not typi-
cally result in large isotopic fractionation [6, 41]—which 
is consistent with our lack of observed trend in δ41K 
(Fig. 6), since K reabsorption is predominantly controlled 
by active transport in Na/K pumps [16] – meaning this 
portion of Ca reabsorption does not elevate urine δ44Ca. 
Increased serum Ca due to diminished urinary Ca excre-
tion tends to disfavor active Ca reabsorption via dimin-
ished PTH secretion [42]. Thus, individuals with CKDu 
could progress toward a ~ 100% passive Ca reabsorption 
regime in which the urine-serum isotopic fractionation 
is stronger than in healthy individuals. Such a scenario 
would imply not only higher δ44Ca values in CKDu urine 
samples, but also a steeper δ44Ca vs. Ca/Na slope due to 
a larger fractionation factor. This is potentially consist-
ent with our data (Fig. 7A, B), but due to our small sam-
ple size, it is difficult to assess whether the CKDu and 

healthy control populations fall on a single fractionation 
line or distinct trends.

Further exploration of Ca elemental and isotopic trends 
in chronic kidney disease is needed to tease apart these 
potential mechanisms. Paired serum–urine isotopic analy-
ses would be particularly powerful for quantifying iso-
topic effects of renal reabsorption. There is furthermore a 
need for coupling of novel isotopic tracers with traditional 
biomarkers to verify potential mechanistic explanations 
of isotope fractionation.

Conclusions

We have presented new methods for the efficient purifica-
tion and isotopic analysis of major cations from biological 
samples. Using AG-50W-X8 and DGA resins in the prep-
FAST MC, we isolated purified K, Mg, Sr, and Ca fractions 
from synthetic and real urine solutions. This method enables 
automated four-element purification from a sample in ~ 3 h, 
which is comparable to many manual single-element chem-
istry approaches. With further optimization, Li can also be 
isolated from Na using the same method, but with a longer 
total runtime. Analysis of these solutions with a Nu Sapphire 
(CRC-)MC-ICP-MS was more efficient and stable when 
employing syringe injection using the microFAST isotope 2 
system. By modulating syringe injection rates, sample and 
standard solution intensities could be matched routinely to 
within 1–2%. Collectively, these methods enable much faster 
multi-isotopic analyses from single samples, lowering the 
barrier to multi-proxy studies and larger (even clinical-scale) 
datasets. We have demonstrated this potential with pilot 
analyses of urine from individuals diagnosed with chronic 

Fig. 7   Calcium isotope ratio versus Ca/Na in urine samples. Error 
bars are 2SD. Across both groups (healthy and CKDu), a correlation 
is observed between calcium isotope ratios and Ca/Na, with heavier 
isotopic compositions associated with lower relative Ca levels. This 
is consistent with isotopic fractionation imparted via passive paracel-

lular reabsorption of Ca in the nephron, suggesting that the differ-
ence in the average isotopic composition between groups is driven by 
changes in ion reabsorption rates. Panels show single linear regres-
sion for all samples (A) and individual regression for healthy and 
CKDu individuals (B)
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kidney disease of unknown etiology (CKDu). These data 
suggest a change in Ca reabsorption for individuals with 
CKDu. Further work can compare these results to individu-
als with clinical CKD of various stages to assess differences 
in disease mechanism.
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