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a SEC-ICP-MS platform for
multielement metallobiomolecule profiling and
quantitation using a blood serum reference
material

Georgia Panagou, a Nikos Lydakis-Simantiris b and Spiros A. Pergantis *a

The characterization of metallobiomolecules in biological fluids is essential for understanding metal

homeostasis, biomarker discovery, as well as toxicity assessment. In this work, we present a size-

exclusion chromatography inductively coupled plasma mass spectrometry (SEC-ICP-MS) platform for

the comprehensive profiling of metallobiomolecules in human serum. This method enables the

simultaneous detection and quantitation of ten metals and metalloids (Co, Mg, Ca, Cu, Zn, Fe, Mn, Pb,

Se, Hg) within a single sample. The integration of post-column flow injection allows for element

calibration, using ionic standards containing EDTA, total element determination following the injection of

an acid-diluted blood serum sample, and instrument sensitivity monitoring and correction. Method

validation was performed using the certified total element concentration in a human reference material

(Seronorm Trace Elements Level 2). Element recoveries exceeded 80% for most analytes, both following

total element determination and column elution, confirming the robustness and accuracy of the

approach. An on-column EDTA injection strategy effectively mitigated metal/metalloid interactions with

the stationary phase, enhancing column recoveries of Co and Zn while preventing cross-contamination
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between samples. This platform expands the number of elements that can be simultaneously monitored

and quantified, and maximizes the information obtained for the analysis of each sample, providing an

improved assessment of metal/metalloid distributions in human blood serum. The analysis of Seronorm

Trace Elements Level 2 material provided novel insights into the element distribution across different

relative molecular mass metallobiomolecules. Detected metallobiomolecule bands aligned with

biomolecules known to be present in human serum and previous studies of this reference material, yet

discrepancies in element distribution suggest possible element addition during reference material

preparation. Its ability to provide detailed elemental distributions across biomolecular bands enhances its

potential for applications in biomarker discovery, disease monitoring, and environmental exposure

assessments.
1. Introduction

Metallobiomolecules, a diverse group of biomolecules that
include metals or metalloids, are essential to numerous bio-
logical processes.1 It is estimated that at least one-third of all
known proteins require a metal ion for their proper function.2

These molecules, including metalloproteins, metallopeptides,
and metal-binding cofactors, play indispensable roles in enzy-
matic catalysis, structural stabilization, electron transport, and
signal transduction.3 Essential metals, such as magnesium
(Mg), calcium (Ca), iron (Fe), zinc (Zn), copper (Cu), manganese
(Mn), cobalt (Co), nickel (Ni), molybdenum (Mo), and selenium
(Se) are integral to these processes.4 For instance, Fe enables
oxygen transport in hemoglobin,5 Zn supports enzymatic
activity and immune function,6 and Se provides antioxidant
defense through selenoproteins.7 However, the balance of these
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metal–biomolecule interactions is crucial, as dysregulation can
lead to pathological states. In contrast to essential metals, toxic
metals and metalloids such as arsenic (As), cadmium (Cd), and
lead (Pb) disrupt biological systems, oen interfering with
essential metal pathways and inducing oxidative stress or
carcinogenesis. For example, As exposure is linked to cancer
and cardiovascular diseases,8 Pb impairs neural development,9

and Cd adversely affects kidney function and bone health.10

Consequently, studying metallobiomolecules is critical for
understanding the role of essential and toxic metals in biolog-
ical systems and their implications for health and disease.11

Analyzing metallobiomolecules presents signicant analyt-
ical challenges.12 A key difficulty lies in preserving the native
metal–protein interactions throughout all the analytical steps,
since these interactions are oen non-covalent and inuenced
by factors such as pH and ionic strength.13 This may lead to
metal ions dissociating from their corresponding meta-
llobiomolecules, as well as their replacement by other metal
ions present in the sample, e.g. during sample preparation.14

Furthermore, the absence of well-characterized meta-
llobiomolecule standards further complicates quantitative and
qualitative analyses.15

A variety of analytical methods are used for the detection,
and quantitation of metallobiomolecules or/and the character-
ization of metal–protein interactions.16Hyphenated techniques,
such as liquid chromatography (size-exclusion, anion-exchange,
reversed-phase) coupled with inductively coupled plasma mass
spectrometry (ICP-MS),17 or atomic emission spectrometry (ICP-
AES),18 enable the separation and sensitive detection of meta-
lloproteins by their metal content. Similarly, capillary electro-
phoresis (CE) coupled with ICP-MS is also used, for
metalloprotein analysis, due to the high-resolution separation it
offers, but with several other limitations.19 Gel electrophoresis,
including native and denaturing approaches, like SDS-PAGE, is
employed to separate proteins based on size or charge, oen
followed by metal-specic staining or detection using laser
ablation ICP-MS.20,21 MS techniques, such as MALDI-MS and
ESI-MS, as well as tandem MS techniques and top-down pro-
teomics approaches are useful for identifying metalloproteins,
providing information about their structure, and characterizing
metal–protein interactions and metal binding sites.22,23 Other
methods like immobilized metal affinity chromatography
(IMAC) target proteins with metal-binding properties,24 while
non-destructive techniques such as X-ray absorption spectros-
copy (XAS) provide insights into the oxidation state and
J. Anal. At. Spectrom., 2025, 40, 2582–2598 | 2583
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coordination environment of metals.25 In addition, chemo-
proteomic techniques utilize functionalized probes that cova-
lently bind biomolecules interacting with metals, allowing for
enhanced separation, identication, and imaging of metal–
protein interactions.26 Computational tools for metal-binding
site prediction further complement experimental approaches.27

Size-exclusion chromatography (SEC) coupled with ICP-MS
has emerged as a powerful analytical approach for studying
metallobiomolecules. SEC is a gentle separation technique
where molecules are separated based on their hydrodynamic
size, in the absence of direct interaction with the stationary
phase, whilst preserving the native state of biomolecules, and
therefore metal–protein interactions.28 SEC is considered
a robust technique that enables the direct analysis of biological
samples with complex matrices.17 When coupled with ICP-MS, it
allows for sensitive and multi-elemental analysis, enabling the
determination of relative molecular mass distributions and
associated metal content in a single run.29,30 SEC-ICP-MS, while
valuable for metallobiomolecule analysis, has limitations. Low
salt concentrations required for compatibility with the mass
spectrometers can cause nonspecic protein or/and metal-
column interactions. Its relatively poor resolution limits use
to biomolecule fractionation or screening, and reliance on
elution volumes and external standards puts limitations on
accurate molar mass matching or denitive protein
identication.1,14

The SEC-ICP-MS method counts numerous applications for
metallobiomolecule analysis in blood plasma28,31,32 and
serum,33–36 as well as in other biological samples, such as
cerebrospinal uid,37 tissue extracts,17,38 and cell cultures.39,40

However, the majority of the studies utilizing SEC-ICP-MS focus
on a limited number of elements per analysis (typically 1 to 5),
leaving essential and toxic elements underexplored. These
restrictions underscore the need for methodological advance-
ments to enhance the capabilities of SEC-ICP-MS, maximizing
the information gained from single sample analysis and
expanding its applications in metallobiomolecule research.

The sample of interest in this study is blood serum, as it is
a potentially informative and convenient sample for meta-
llobiomolecule proling. It serves as a dynamic interface
between the external environment and internal organs, and
thus can potentially provide critical insights into health status,
exposure to environmental toxins, and metal homeostasis.16,41

Moreover, blood serum offers advantages from the analytical
methodology aspect as it does not require pretreatment.

Therefore, the objective of the present study was the devel-
opment of an SEC-ICP-MS platform that enables, in a single
analytical run: (1) the simultaneous detection of meta-
llobiomolecules containing one or more of 13 elements (Co, Mg,
Ca, Cu, Zn, Fe, Mn, Pb, Se, Hg, S, P, and I), (2) the quantitation
of elements in each detected metallobiomolecule band, and (3)
the determination of total element concentrations in blood
serum samples, along with instrument stability monitoring,
aiming to advance the eld of metallomics (metalloproteomics)
by addressing current analytical challenges. Moreover, the
proposed platform was used for the multielement meta-
llobiomolecule analysis of Seronorm™ Trace Elements Serum
2584 | J. Anal. At. Spectrom., 2025, 40, 2582–2598
Level 2 (Seronorm-L2), a human blood serum reference material
well-established for its total metal/metalloid concentrations.
However, to our knowledge, studies on its metallobiomolecule
prole remain limited.35,42 Understanding the metal distribu-
tion within biomolecules in this reference material is essential
for its effective use in method validation, quality control, and
interlaboratory comparisons, particularly in metalloproteomics
and clinical research.
2. Methods and materials
2.1 Reagents, chemicals, and reference material

Ammonium acetate (CH3COONH4, $98%), ethylene-
diaminetetraacetic acid (EDTA, $99%), nitric acid (HNO3,
$69%), t-octylphenoxypolyethoxyethanol (Triton X-100), thyro-
globulin from bovine thyroid (670 kDa, $90%), apo-transferrin
(77.8 kDa, $98%), bovine serum albumin (monomer 66.4 kDa,
dimer 132.8 kDa, $96%), beta-casein from bovine milk (24.0
kDa, $98%), a-lactalbumin from bovine milk (14.2 kDa,
$85%), cytochrome-c from equine heart (12.4 kDa, $98%),
methylcobalamin (1344 Da, $97%), and Met-Arg-Phe-Ala
acetate salt (524 Da, $90%) were obtained from Sigma-
Aldrich (Massachusetts, USA).

Single-element standards for Co, Ca, Mg, Cu, Zn, Fe, Mn, Se,
Hg, Pb, As, Ni, Cd, and Cr of 10 000 mg L−1 in 4% HNO3 were
purchased from CPI International (California, USA).
Seronorm™ Trace Element Level 2 blood serum reference
material was purchased from SERO AS (Hvalstad, Norway). For
the preparation of all solutions, ultrapure water of 18.2
MU cm−1 was used (PURELAB Option-S, Elga Labwater, UK).
2.2 Instrumentation and operating parameters

The chromatography system used consisted of a LC-AD-20
pump (SHIMADZU, Kyoto, Japan) delivering mobile phase
(100 mM CH3COONH4, pH 7.2) to the size exclusion column
Discovery® BIO GFC 150 (30 cm × 4.6 mm, SUPELCO, Seelze,
Germany), at a ow rate of 0.7 mL min−1. The system includes
a switching valve (EV700-100, Rheodyne, California, USA) posi-
tioned before the size-exclusion column (SEC) and a manual
sample injector (Model 7010, Rheodyne, California, USA)
located immediately aer. Both injectors are equipped with
a 100 mL loop. The post column injector is coupled with a peri-
staltic pump (Spetec GmbH, Erding, Germany), for loop
loading, and with a NexION 350X inductively coupled plasma
mass spectrometer (ICP-MS) equipped with Syngistix soware
(PerkinElmer, Massachusetts, USA). The ICP-MS was operated
in kinetic energy discrimination mode by supplying the colli-
sion cell with 2 mL min−1 He. Each acquisition was carried out
in time-resolved analysis mode, for 34 isotopes and for a total of
35 min per analytical run. All SEC-ICP-MS instrumental
parameters are listed in Table S.1.
2.3 Standard solutions and samples preparation

2.3.1 Blood serum preparation for total metal concentra-
tion determination. Seronorm-L2 was reconstituted by adding
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 SEC-ICP-MS chromatogram for 59Co obtained from the anal-
ysis of Seronorm-L2, using the developed approach. The on-column
or post-column injection time of blood serum ( ), 8 mM EDTA
( ), diluted blood serum sample ( ), and sensitivity control
( ) are indicated with an arrow below the x-axis. Peaks are assigned
to the corresponding solution and indicated using their corresponding
colour.
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3 mL of ultrapure water to the lyophilized human blood serum
material, according to the manufacturer's instructions.

For total metal concentration determination, a 0.05% Triton
X-100 solution in 0.5% HNO3 (Triton X-100 solution) and an
8 mM EDTA solution in 100 mM CH3COONH4 (pH 7.2, EDTA
solution) were prepared. A volume of 100 mL Seronorm-L2 was
diluted with 900 mL of 0.05% Triton X-100, and aer 30 min the
sample was further diluted with the appropriate volume of
mobile phase and EDTA solution, so the total dilution factor
was 20 and the nal EDTA concentration was 80 mM. Samples
were stored in an ice bath until analysis.

2.3.2 Standard solutions. Elements were divided into four
groups, based on the typical element concentration in human
blood serum, under normal conditions.43,44 The higher abun-
dance metals: Mg, Ca, Zn, Cu, and Fe, (group 1) the medium
abundance elements: Se (group 2) and Co, Ni, Mn (group 3), and
low abundance elements: Hg, Pb, As, Cd, and Cr (group 4). For
each group, a standard stock solution was prepared by using
single-element standard solutions. These were combined and
further diluted in the mobile phase. An appropriate volume of
EDTA solution was added to all standard solutions, to achieve
a nal concentration of 80 mM EDTA. The nal element concen-
trations in the standard solutions were 50, 250, and 500 mg L−1 for
group 1 elements; 4, 20, and 40 mg L−1 for Se; 1, 5, and 10 mg L−1

for group 3, and 0.5, 2.5, and 5 mg L−1 for group 4. An additional
multielement standard solution containing all elements was
made, and used as a sensitivity control during the analysis. This
control contains 50 mg L−1 of elements in group 1; 0.5 mg L−1 of
group 2; 3 mg L−1 Se, and 1 mg L−1 of group 4 elements.

2.4 Detailed injection protocol for sample analysis

The proposed SEC-ICP-MS approach includes 4 injections per-
formed at specic intervals. An initial on-column injection of
the blood serum sample is made at the beginning (0 s) of the
analysis. Two post-column injections of the sample and the
sensitivity control standard are conducted before the chroma-
tography dead time (400 s). More specically, the diluted blood
serum is injected at 200 s, for total element concentration
determination, and the sensitivity control standard is injected
at 300 s, for instrumental stability monitoring. Biomolecule
elution takes place within the 460–1200 s time window. Finally,
on-column injection of the 8 mM EDTA solution is made at
550 s, and themetal–EDTA complexes formed in the column are
eluted, aer the end of the chromatographic analysis (1400–
1600 s) (Fig. 1). The injection protocol and observed elution
times are also listed in detail in Table S.2.

2.5 Quantitation method validation

Quantitation of total element concentrations in diluted blood
serum and element concentration corresponding to each detected
chromatographic peak is performed using an external calibration
curve. The calibration curve is generated through post-column
injection of a series of multielement standard solutions at the
start of each experimental day. The calibration procedure for total
element concentration determination was validated in terms of
linearity, sensitivity, precision, and accuracy.
This journal is © The Royal Society of Chemistry 2025
2.5.1 Linearity and range. The linearity and dynamic range
of the quantitation method were validated to ensure accurate
quantitation of metals in blood serum samples. Linearity was
assessed using standards containing elements at concentra-
tions expected in typical blood serum samples, ensuring the
method's applicability to real-world analyses. To further vali-
date the method's robustness, linearity was also evaluated
across a broader concentration range from 1 to 500 mg L−1 for all
elements under study (except Hg and Cr). Post-column injection
peaks from standard solutions were integrated using OriginPro
2018 (OriginLab, Massachusetts, USA), and calibration curves
were generated based on peak areas. The correlation coefficient
(R2) was used to assess the linearity between element concen-
tration and signal response.

2.5.2 Limit of detection and limit of quantitation. To
ensure that the analytical method is capable of detecting and
accurately quantifying each element at the specied levels, the
limits of detection (LOD) and limits of quantitation (LOQ) were
determined from the respective calibration curve data, made
aer triplicate analysis of each multielement standard. To
calculate the LOD and LOQ, the residual standard deviation (Sy)
and the slope (s) of each regression line were used (eqn (1) and
(2), respectively).45

LOD ¼ 3:0� Sy

s
(1)

LOQ ¼ 10� Sy

s
(2)

2.5.3 Quantitation correction. Instrumental sensitivity
dri is one of the two main contributors to the measurement
uncertainty of elements by ICP-MS.46 As the probability of
instrumental dri increases with the time of analysis, and the
sample analysis is 35 minutes, it was important to take sensi-
tivity dri into consideration.
J. Anal. At. Spectrom., 2025, 40, 2582–2598 | 2585
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To account for potential instrumental sensitivity dris
between samples, a multielement calibration standard solution
(sensitivity control) was injected post-column, as a part of each
sample analysis. If the intensity difference between the latest
and the initial calibration standard measurement, for a given
element, exceeded 20%, the latest measurement was used to
perform a new single-point calibration. In this case, the element
concentration was calculated directly by relating the measured
chromatographic peak area (Areaelement) of the element to the
peak area (AreaS.C.) and known concentration (CS.C.) of the
sensitivity control standard (eqn (3)).

Celement ¼ Areaelement � CS:C:

AreaS:C:
(3)

2.5.4 Accuracy and precision. Reference material
Seronorm-L2 was analyzed in triplicate to assess the accuracy
and precision of the analytical method.

The post-column ow injection peak obtained for diluted
Seronorm-L2 (Fig. 1, diluted blood serum), for each element,
was integrated, and the total element concentration was deter-
mined using an external calibration curve. The recovery of each
element and the standard deviation of the three replicates were
calculated (eqn (4)).

Recovery% ¼ measured total concentration of element

certified total element concentration
� 100%

(4)

Seronorm-L2 is not certied for the presence of individual
metallobiomolecules, therefore column recovery was calculated
in two ways. The sum of element concentration across all
detected chromatographic peaks (400–1200 s) was compared to
(a) the certied (indicative) concentration value provided for
Seronorm-L2 and (b) the total element as determined by the pc-
FI of the diluted blood serum (eqn (5)).
Column recovery% ¼ sum of element concentration in all detected chromatographic peaks

ðaÞ certified=indicative or ðbÞ determined total element concentration
� 100% (5)
3. Results and discussion
3.1 Development of a multielement metallobiomolecule
speciation platform

As the objective of this study was to size-fractionate and quan-
titate the metallobiomolecules present in blood serum, an
advanced SEC-ICP-MS speciation platform was developed. First
of all, the SEC component allowed for the size fractionation of
each element, revealing each element's distribution amongst
biomolecules of different sizes, with multielement detection
being conducted using on-line ICP-MS. Chromatographic
recoveries were also determined for each element by using the
platform's post-column ow injection (pc-FI) component. This
2586 | J. Anal. At. Spectrom., 2025, 40, 2582–2598
allowed for total metal concentration determination by
analyzing an additional volume of the serum sample in pc-FI
mode within the chromatography's dead time (Fig. 2). To
monitor for instrument dri a multielement standard was also
injected in the dead time in the pc-FI mode for each sample
analyzed. Injecting within the chromatographic dead time
prevents overlapping with chromatographically eluting meta-
llobiomolecules. Finally, an EDTA solution was injected on-
column at a retention time that did not allow for it to affect
the elution of the sample metallobiomolecues, but provided
column ushing of retained metal ions. Overall, the meta-
llobiomolecule speciation platform developed here allows for
metal-containing biomolecule size fractionation, quantitation
of total metal/metalloid, quantitation of each metal/metalloid
size band, determining column recoveries and improving
them, and nally being able to achieve improved mass balances
for each metal/metalloid.

3.1.1 Metallobiomolecule size fractionation and multiele-
ment detection by on-line SEC-ICP-MS. The Discovery® BIO
GFC 150 column, with a fractionation range of 0.5 to 150 kDa,
was used to screen a broad range of metallobiomolecule sizes.
Ammonium acetate was selected as the mobile phase for its
compatibility with both ICP-MS and ESI-MS, enabling metal
detection and providing further potential for biomolecule
identication in a single chromatographic setup, providing the
basis for a comprehensive approach to metallobiomolecule
determinations.

The separation of metallobiomolecules by SEC was evaluated
by using a protein mixture containing thyroglobulin (670 kDa),
bovine serum albumin (monomer 66.4 kDa, dimer 132.8 kDa),
beta-casein (24.0 kDa), cytochrome-c (12.4 kDa), methyl-
cobalamin (1.3 kDa) and Met-Arg-Phe-Ala acetate salt (0.5 kDa).
Separation efficiency and time of analysis were monitored as
a function of ow rate, which was increased from 0.5 to 1
mL min−1, with 50 mM or 100 mM of CH3COONH4 as the
mobile phase. Proteins were detected by their S content using
ICP-MS with a dynamic reaction cell (DRC), containing O2 gas,
while thyroglobulin and cytochrome-c, were also observed by
their I and Fe content, respectively (Table S.3).32 Methyl-
cobalamine was detected by its P and Co content. The best
separation efficiency in the lowest time of analysis was achieved
with 100 mM of CH3COONH4 as the mobile phase, at a ow rate
of 0.7 mL min−1. The applied chromatography operation
parameters are listed in Table S.1. The SEC column was cali-
brated using the same proteinmixture, with the addition of apo-
transferrin and a-lactalbumin (bovine milk) to provide addi-
tional reference points for more precise size calibration and
performance monitoring (Fig. S.1). Both of these added proteins
were also detected by their S content.
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Metal–biomolecule profiles of Seronorm-L2 obtained by using the proposed SEC-ICP-MS method. Post-column injections of diluted
Seronorm-L2 (50 s) and sensitivity control standard (S.C., 180 s), metal–biomolecule chromatogram (450–1200 s) and metal–EDTA complex
elution after the 8 mM EDTA on-column injection (1300–1600 s) for cobalt (a), magnesium (b), calcium (c), copper (d), zinc (e), iron (f),
manganese (g), and lead (h). Data in the Mg (b) and Ca (c) chromatogram sections indicated by vertical dashed lines (150–800 s) were magnified
by a factor for clarity purposes. (h) Blue graph: post-column injection of dilution process blank [0.025% Triton-X, 0.25% HNO3, 80 mM EDTA,
100 mM CH3COONH4 (50 s), S.C. (180 s), Pb–biomolecule chromatogram of mobile phase on-column injection] (450–1200 s), and Pb–EDTA
complex elution (1300–1600 s).
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While DRC mode was applied for monitoring protein stan-
dards during method development, for metallobiomolecule
detection via the presence of a metal, metalloid, or other
heteroatom in serum samples Kinetic Energy Discrimination
This journal is © The Royal Society of Chemistry 2025
(KED) mode with He gas was used. KED mode offers signicant
advantages as it reduces polyatomic interferences while allow-
ing for the monitoring of metallobiomolecules by their S
content.47 Monitoring S provides complementary insights into
J. Anal. At. Spectrom., 2025, 40, 2582–2598 | 2587
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the composition of metallobiomolecule bands and supports the
identication of sulfur-rich biomolecules, such as
metallothioneins.

The He gas ow rate was optimized during the analysis of
a blood serum sample with online SEC-ICP-MS in the range
from 2.0 to 3.0 mLmin−1. The use of blood serum is expected to
efficiently assess matrix effects and the behavior of the meta-
llobiomolecules under KED mode, ensuring optimal detection
of metal/metalloids without compromising sensitivity. The He
ow rate increase from 2 to 2.5 mL min−1 caused a signicant
reduction in the intensities of all elements, without a corre-
sponding proportional background reduction. Further KED gas
ow rate increase, led to lower background levels for Fe, Ca, Mg,
Mn, S, and P, but caused a 2 to 3 times intensity reduction,
compared to 2.0 mLmin−1, which counteracted the background
reduction benets. As a result, 2.0 mL min−1 was chosen as the
optimal He gas ow rate for this type of multielemental speci-
ation analysis, providing reduced polyatomic interferences and
a better signal-to-noise ratio for all elements under study,
compared to standard mode analysis.

3.1.2 Detection and quantitation of low relative molecular
mass ionic species. Despite the suitability of SEC for the frac-
tionation of metallobiomolecules in complex matrices, there is
a concern regarding secondary interactions that may occur
between the metal ionic species and the stationary phase. Such
interactions can affect the elution time of metal species or even
cause their adsorption to the stationary phase.29

To study the presence of secondary interactions in the SEC
column and their effects on the element ionic species elution
time, a multielement standard solution containing 10 mg L−1 of
each metal or metalloid in the form of Co2+, Mg2+, Ni2+, Cu2+,
Zn2+, Mn2+, Pb2+, Ca2+, Fe3+, Cd2+, Cr6+, HAsO4

2−, and SeO4
2− in

100 mM CH3COONH4 was injected on-column. From the ob-
tained chromatograms it was observed that none of the injected
ionic metal/metalloid species were eluted within the expected
time based on their relative molecular mass (Mr), approximately
1060 s, conrming the presence of secondary interactions,
which impact the chromatographic procedure. Inorganic
species of Mg, Ca, As, Hg, and Cr eluted between 870–900 s,
whereas Se and Mn eluted slightly later at 900–920 s and 950–
1050 s, respectively (Fig. S.2 and S.3). Small amounts of Co (0.5
mg L−1) and Cu (1.3 mg L−1) were also detected at 870–890 s,
suggesting that, in addition to secondary interactions that may
shi elution earlier, signicant adsorption to the stationary
phase occurs. The effect was even stronger for Zn, Ni, Pb, and
Fe, as they were not detected within the main elution window
(400–1200 s) or in the extended range (1200–1600 s), even at
higher injection concentrations (20–50 mg L−1; Fig. S.4).

The observed premature elution of small ions suggests that
these species may inefficiently access the stationary phase
pores, potentially due to electrostatic repulsion between the
charges they may carry and exposed silanol groups on the
stationary phase or metal ions and other cationic species
already retained on the column as part of the stationary phase-
mobile phase equilibrium. Differences in elution times and
adsorption levels indicate that the impact of secondary inter-
actions varies depending on the specic ion, likely due to
2588 | J. Anal. At. Spectrom., 2025, 40, 2582–2598
differences in charge, coordination chemistry, and affinity
towards the stationary phase.

To recover the metal ions that do not elute from the column,
a high-concentration EDTA solution was injected. Specically,
an 8 mM EDTA solution in 100 mM CH3COONH4 was intro-
duced aer analyzing the 10 mg L−1 standard of ionic species,
leading to the elution of Co, Cu, Zn, Ni, Pb, and Fe as metal–
EDTA complexes. The concentration of eluted Co matched the
estimated total adsorbed amount (9.7 mg L−1). However, accu-
rate quantitation of Cu, Zn, Ni, Pb, and Fe in the metal–EDTA
band was challenging due to high background signals in the
blank, introducing signicant uncertainty. A higher concen-
tration of 10 mM EDTA was also tested, but it did not result in
improved metal recoveries.

While secondary interactions affect the detection and
quantitation of Zn, Ni, Pb, and Fe free ions, they are less con-
cerning in blood serum analysis, where these elements are not
expected in their free ionic form. Nonetheless, monitoring
metal–EDTA complex bands remains a useful approach,
particularly when the free ionic fraction in a sample is high.
These ndings highlight the importance of accounting for
secondary interactions when interpreting results and imple-
ment measures that maximize column recoveries while pre-
venting cross-contamination during analysis.

The EDTA injection time was optimized to avoid interaction
with eluting metallobiomolecules and to minimize overall
analysis time. Since EDTA–metal complex detection begins
approximately 800 s aer injection, a 550 s delay between
sample and EDTA injections was sufficient to prevent overlap
with the metallobiomolecule elution window. Accordingly,
EDTA was injected at 550 s, allowing full elution of EDTA–metal
complexes within a total run time of 35 minutes. Subsequent
samples were injected immediately aer.

3.1.3 Multielement quantitation by post-column calibra-
tion. The quantitation of metallobiomolecules by using ionic
standards faces several difficulties, as metal ions may be
retained on the column as already discussed. Moreover, the use
of metallobiomolecule standards is not applicable for many
elements, due to their limited commercial availability. To
enable the determination of element concentration in blood
serum, as well as in all detected metallobiomolecule bands, by
using multielement ionic standards, a post-column ow injec-
tion (pc-FI) procedure was utilized. By using pc-FI, direct
interaction of metal ions with the SEC stationary phase and
therefore loss of analytes is avoided.

For the calibration procedure optimization, multielement
ionic standards containing 1 to 500 mg L−1 of all elements under
study, in 100 mM CH3COONH4, were analyzed by consecutive
pc-FI. Linear regression of the resulting areas as a function of
element concentration revealed a poor linearity for Ca, Zn, Cu,
Pb, and Cd, due to metal loss during the analysis. To address
this issue, EDTA was added to the standard solutions to chelate
the metal ions and therefore minimize their interaction with
the introduction system. Two EDTA concentrations were tested
across all standards in triplicate: 80 mM, as it is comparable to
the total metal ion concentration of the highest concentration
standard (105.3 mM), and 160 mM EDTA, to provide an excess of
This journal is © The Royal Society of Chemistry 2025
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Table 1 Correlation coefficient R2 for 1–500 mg L−1 range and calibration range. Limit of detection (LOD) and limit of quantitation (LOQ) values
of elements under study as calculated from their corresponding calibration curves obtained by post-column standards injection procedure

Element
Concentration
range (mg L−1) R2 value

R2 value
(1–500 mg L−1)

LOD
(mg L−1)

LOQ
(mg L−1)

Co 0–10 0.9999 0.9993 0.13 0.43
Mg 0–1000 0.9999 1.0000 17.05 56.82
Ca 0–1000 0.9992 0.9998 60.93 203.10
Cu 0–1000 0.9999 0.9996 15.33 51.10
Zn 0–500 0.9999 1.0000 6.54 21.80
Fe 0–500 0.9998 1.0000 22.11 73.71
Mn 0–10 0.9996 0.9990 0.43 1.42
Pb 0–5 0.9984 0.9995 0.33 1.11
Se 0–40 0.9995 1.0000 1.56 5.21
Hg 0–5 0.9995 — 0.19 0.62
As 0–5 0.9994 0.9996 0.20 0.68
Ni 0–10 0.9991 1.0000 0.49 1.64
Cd 0–5 0.9898 1.0000 0.05 0.17
Cr 0–5 0.9993 — 0.31 1.02
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EDTA relative to the metal ions in the multielement standards.
The presence of EDTA (80 mM) enhanced linearity and recovery
for all metal ions across the 1–500 mg L−1 concentration range
(Table 1). Increasing EDTA concentration to 160 mM showed no
additional benets, so 80 mM EDTA in all multielement stan-
dards was chosen as the optimal condition for post-column ow
injection calibration.

3.1.4 Total element determination procedure. For total
element concentration determination in blood samples by ICP-
MS, acid decomposition and direct sample dilution with various
reagents are the most widely used methods for sample prepa-
ration.48 In the proposed approach, the direct sample dilution
method was employed for total element concentration deter-
mination by pc-FI, as it is simple, rapid, effective, and has
a minimal risk of metal and metalloid contamination.49

Specically, a ten-fold dilution in a non-ionic surfactant Triton
X-100 (0.05%) and diluted HNO3 (0.5%) (referred to as Triton-
X100 solution) was selected to reduce possible matrix effects
by increasing protein and lipid membrane solubilization and
reducing the sample's viscosity.50,51

As Triton X-100 may affect the signal intensity of elements,
due to its carbon content, and the nebulization efficiency as
a surfactant,52 a further dilution of the sample in 100 mM
CH3COONH4 was included. To optimize the second dilution
factor, Seronorm-L2 diluted in Triton X-100 solution was further
diluted two, ve, and ten-fold and was analyzed by using pc-FI.
To avoid any metal loss during the analysis, 80 mM EDTA was
also added to the diluted samples. Comparison of recoveries
across these conditions revealed that the ten-fold dilution
resulted in lower recoveries for all elements. For the two-fold
and ve-fold dilutions, recoveries of all elements differed by
less than 10% from the certied or indicative values, indicating
minimal effect of dilution factor within this range. Given the
negligible difference between the two- and ve-fold dilutions,
the two-fold dilution was selected to ensure that trace elements
concentration in real blood serum samples will not be below
LODs. Following this optimization a ten-fold dilution of blood
serum samples with the Triton X-100, followed by a two-fold
This journal is © The Royal Society of Chemistry 2025
dilution with 100 mM CH3COONH4 and 80 mM EDTA was
chosen as the dilution method for the total element
determination.
3.2 Multielement quantitation method validation and
Seronorm-L2 analysis

3.2.1 Correlation coefficients, LOD and LOQ.Multielement
standards were made, as described in Section 2.3, to include the
expected element concentration ranges in human blood serum.
The regression equation and correlation coefficient values (R2)
were calculated using linear regression analysis. For all
elements the R2 values were greater than 0.9984, indicating
satisfactory linearity not only within the concentration range
used for Seronorm-L2 analysis but also within 1 to 500 mg L−1 of
multielement ionic standards, conrming the method's capa-
bility to accurately determine metal concentrations both within
and beyond the expected physiological levels (Table 1). The
method's sensitivity was determined by calculating the LOD
and LOQ of all the elements (Table 1). The low LOQ ensures that
even trace amounts of the metal can be accurately quantied,
making the method highly suitable for monitoring the low-level
concentrations of some elements present in blood serum
samples.

3.2.2 Recovery assessment and metallobiomolecule
proling of Seronorm-L2. To further evaluate the performance
of the SEC-ICP-MS platform, total and column recovery studies
were conducted using a certied human serum reference
material, providing insights into the accuracy and precision of
quantitation across all target elements (Table S.4).

Given the need for well-characterized reference materials in
metallobiomolecule analysis, Seronorm-L2 was selected for
quantitation method validation and to explore its meta-
llobiomolecule prole using the developed SEC-ICP-MS plat-
form. Previous studies have examined Se speciation
(selenoproteins and selenoamino acids)35 and monitored its Fe,
Zn, Cu, and Se speciation differences with Seronorm Trace
Elements Serum Level 1 by strong anion exchange
J. Anal. At. Spectrom., 2025, 40, 2582–2598 | 2589
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chromatography.42 However, to our knowledge, its multiele-
ment metallobiomolecule prole has not been systematically
studied by using SEC. In the following sections we describe the
chromatographic behavior of each element, and provide the
concentrations of their elution bands in Table 2. The assigned
relative molecular mass ranges are approximate, as the elution
time of metallobiomolecules depends on their hydrodynamic
size and can be affected by secondary interactions with the
stationary phase.

3.2.2.1 Cobalt. The total Co concentration in Seronorm-L2
reference material was determined to be 2.6 ± 0.2 mg L−1

using the pc-FI capability of the SEC-ICP-MS method. The
resulting 59Co+ peak can be seen in Fig. 2a at approximately 50–
60 s. Based on the Seronorm-L2 certied value (2.7 mg L−1), the
recovery of total Co concentration was determined to be 94.9%
± 9.8%.

The second peak at approximately 180–200 s corresponds to
a 0.5 mg L−1 Co-containing multielement standard also injected
in pc-FI. When signal intensity did not change by more than
20% no corrections were made for instrument dri.

Column recovery, another key parameter determined using
this method, was calculated from the sum of Co concentrations
corresponding to all the chromatographic peaks detected from
400–1200 s (2.3 ± 0.2 mg L−1) and comparing them to the total
Co determined as described previously. Thus, column recovery
for Co was determined to be 88.7% ± 12.7%. When the refer-
ence material's certied Co concentration was used, column
recovery was determined to be 83.4% ± 7.2%. These slightly
lower recoveries indicate strong adsorption of small amounts of
Co onto the SEC column. This occurrence was conrmed when
injecting an 8 mM EDTA solution at 550 s gave an expected Co–
EDTA peak at approximately 1400 s. The inclusion of this Co–
EDTA peak in the column recovery calculations gave an
enhanced recovery of 104.6% ± 3.4% (2.7 ± 0.3 mg L−1).

In the Co–biomolecule elution prole section of the SEC-ICP-
MS chromatogram (400–1200 s), Co was mainly detected in
biomolecule bands with a Mr greater than 24 kDa. This nding
is consistent with previous studies on human serum, where the
majority (94.3%) of Co was associated with high Mr biomole-
cules (>50 kDa).53 Specically, four partially resolved Co-
containing bands were observed in the range from 24 kDa to
the upper exclusion limit of 150 kDa, with the highest concen-
tration peak corresponding to the 24–66 kDa band, likely
resulting from the elution of albumin, which is a major Co
carrier in the blood.54,55 The second band in this range may be
attributed to transcobalamin II (43 kDa), a B12-vitamin trans-
porter.56 Another band in the 66.4–132.8 kDa range could
correspond to haptocorrin (∼120 kDa), which binds approxi-
mately 80% of B12-vitamin in serum. The band observed above
132.8 kDa may include albumin dimers55,57 and other B12-
dependent enzymes, such as methionine synthase (∼140
kDa).58 These enzymes are present in whole blood, but they can
be released into the serum due to cell lysis during the prepa-
ration of the reference material. Additionally, a signicant
amount of Co was detected in two bands within the 1.3–12.4
kDa range, which may include free vitamin B12. This is likely
the result of its dissociation from the aforementioned
2590 | J. Anal. At. Spectrom., 2025, 40, 2582–2598 This journal is © The Royal Society of Chemistry 2025
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transporter proteins, as free vitamin B12 is not typically present
in signicant amounts in blood.59

3.2.2.2 Magnesium. The total Mg concentration determined
by pc-FI of the diluted Seronorm-L2 was 36.0 ± 1.4 mg L−1, in
line with the certied value (35.7 mg L−1), giving a recovery of
100.8% ± 3.9%. The concentration of Mg eluted from the
column was 31.2 ± 1.0 mg L−1, corresponding to a column
recovery of 86.9% ± 1.1% relative to the determined total, and
87.5% ± 2.8% using the certied value. The injection of 8 mM
EDTA resulted in an insignicant (∼0.1%) recovery.

In the Mg–biomolecule prole of the SEC-ICP-MS chro-
matogram (400–1200 s; Fig. 2b), the majority of Mg was detected
in the form of low Mr species (900–1200 s). In this elution time,
low Mr neutral species and Mg ions are co-eluting, as shown
from the analysis of 10 mg L−1 Mg2+ standard solution (Fig. S.2).
Smaller amounts of Mg were associated with higher Mr

biomolecules in three bands, one around 66.4 kDa and two
bands within the 134.8 to 150 kDa range. These ndings are in
agreement with the literature, which reports that most Mg in
human blood serum exists in its free ionic form (∼65%) and is
complexed with small anions (∼15%), such as phosphates, and
a smaller portion (∼20%) is bound to proteins.60 Protein-bound
Mg is mainly found in albumin (∼70%), and smaller amounts
are found interacting with globulins.61,62

3.2.2.3 Calcium. By pc-FI, the total Ca concentration was
determined to be 92.8 ± 3.5 mg L−1, giving a total recovery of
82.4%± 5.2% relative to the certied value (138mg L−1). The Ca
concentration eluted from the column was 75.9 ± 2.9 mg L−1,
which corresponds to a column recovery of 81.8%± 3.1% based
on the determined total, and 67.3% ± 2.5% relative to the
certied value. EDTA injection resulted in a slight increase
(∼1%) in recovery.

In the Ca-biomolecule prole of the SEC-ICP-MS chromato-
gram (400–1200 s; Fig. 2c), the majority of Ca was detected as
low Mr species (900–1200 s), consistent with its well-
documented presence as a free ion in blood serum. Co-elution
studies using a 10 mg L−1 Ca2+ standard solution (Section
3.1.1) conrm that these lowMr species primarily consist of free
Ca2+ ions and/or small Ca-containing complexes. Additionally,
lower amounts of Ca were also associated with higher Mr

biomolecules in two or possibly three bands: two in the 66.4 and
22.4 (minor) kDa range, and a third one in the higher than 150
kDa range. These ndings align with literature reports indi-
cating that the majority of Ca in blood serum exists in its free
ionic form, with 10% of it being complexed with small anions,
such as phosphates and bicarbonates. While smaller amounts
of Ca are bound to albumin and globulins, such as immuno-
globulin G.63,64 These proteins may be included in the 24.0–66.4
kDa band and >150 kDa band observed in the Ca–biomolecule
prole, respectively.

The amount of Ca detected in high-Mr biomolecules (2%)
was signicantly lower than what is expected for serum samples
(40%). While the exact cause of this discrepancy remains
unclear, several factors could contribute to this observation.
Potential explanations include differences in the formulation of
the reference material, such as variations in total protein
concentration, or the presence of stabilizing agents that may
This journal is © The Royal Society of Chemistry 2025
alter Ca binding to proteins. Also, it has been suggested that the
concentrations of Cu, Fe, and Se in Seronorm-L2 may result
from the external addition of these elements in their ionic
forms.35,42 If ionic Ca was also added during preparation, this
could explain the higher proportion of non-bound Ca2+ detec-
ted. However, further investigation would be needed to deter-
mine the exact cause of the observed shi in Ca-bound ratios.

3.2.2.4 Copper. The total Cu concentration determined via
pc-FI was 1.83 ± 0.03 mg L−1, corresponding to 84.0% ± 1.5%
recovery relative to the certied Seronorm-L2 value
(2.18 mg L−1). The concentration of Cu eluted was 1.95 ±

0.11 mg L−1, giving a column recovery of 106.6% ± 3.9% when
compared to the determined total, and 89.7%± 5.0% relative to
the certied value. The post-elution injection of the EDTA
solution did not affect Cu recovery.

SEC-ICP-MS chromatographic proling (400–1200 s; Fig. 2d)
revealed the presence of four main Cu-containing bands in
Seronorm-L2. Specically, one band was detected to be associ-
ated with biomolecules with Mr higher than 150 kDa, one band
within the 132.8–150 kDa range, and two bands between the
24.0–66.4 kDa range. Lower amounts of Cu were detected to be
present with lower Mr species (<12.4 kDa).

The high-Mr band at 460–520 s may include transcuprein
(∼270 kDa), which binds 7–15% of serum Cu,65 and smaller
amounts of extracellular Cu/Zn-SOD3 (135 kDa).66 The band
within 66.4–132.8 kDa can be attributed to ceruloplasmin (∼132
kDa), the primary Cu transporter in the blood (∼60% of total
serum Cu).36,67 The peak retention times at approx. 620 s and
660 s (24.0–66.4 kDa) may correspond to Cu-bound albumin
(10–15% of serum Cu) and intracellular Cu/Zn-SOD1 (32 kDa),
respectively.68 Cu/Zn-SOD1 is mainly present intracellularly, but
low levels can be found in the serum due to cell lysis.69 Low Cu
concentration (<0.5%) was detected in the <12.3 kDa range,
possibly as Cu–amino acid complexes.70,71 The overall Cu
distribution is consistent with prior serum speciation
studies.68,72

However, its distribution pattern amongst biomolecules is
altered, as the Cu concentration associated with biomolecules
with Mr lower than 66.4 kDa is higher than the measured band
that is attributed to ceruloplasmin. Such an alteration could be
reasonable in the case of Cu ion addition during the reference
material preparation, shiing Cu binding dynamics among
serum biomolecules. The external addition of Cu ions could
lead to non-specic binding with other serum components that,
under physiological conditions, participate in the exchangeable
Cu2+ regulation in the blood, such as albumin.71 This is sup-
ported by the notably higher total Cu concentration in
Seronorm-L2 (2.18 mg L−1) compared to typical serum Cu levels
in healthy individuals (620–1070 mg L−1) or patients with certain
pathological conditions, such as cancer (up to ∼1700 mg
L−1).68,72

3.2.2.5 Zinc. The total Zn concentration determined via pc-
FI was 1.27 ± 0.04 mg L−1, corresponding to 60.7% ± 1.7%
recovery relative to the certied value (2.09 mg L−1). The eluted
Zn concentration was 0.24 ± 0.01 mg L−1, resulting in a column
recovery of 19.2% ± 0.4% based on the determined total, and
11.6% ± 0.6% relative to the certied value. The on-column
J. Anal. At. Spectrom., 2025, 40, 2582–2598 | 2591
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injection of EDTA solution released 1.14 ± 0.06 mg L−1 of
retained Zn, improving column recovery to 89.4% ± 3.5% and
54.3% ± 3.0%, respectively. These results indicate that
a substantial portion of Zn was retained by the column and
subsequently eluted with EDTA, suggesting signicant
secondary interactions between Zn species and the stationary
phase. Such interactions have also been reported for Zn on
anion exchange columns, oen resulting in poor reproducibility
and elevated background signals.42 However, in the proposed
SEC-ICP-MS method, the on-column injection of 8 mM EDTA
not only improved recovery but also maintained reproducible
results and stable background levels, even aer seven consec-
utive serum analyses (data not shown).

The SEC-ICP-MS prole (400–1200 s, Fig. 2e) revealed Zn
associated with ve Mr bands: one above 150 kDa (450–500 s),
one around 132.8 kDa (500–560 s), two within 24.0–132.8 kDa
(560–750 s), and one in the 1.3–12.4 kDa range (850–950 s). The
high-Mr band at 450–500 s likely corresponds to a2-macro-
globulin (∼720 kDa), a protease inhibitor that strongly binds Zn
in blood.73 The 132.8 kDa band is consistent with SOD3, which
incorporates both Cu and Zn as cofactors (4 Cu and 4 Zn
atoms).66 The main Zn transporter in serum is albumin, which
can be present in the 24.0–66.4 kDa range.74,75 The second peak
detected in that range aligns with Cu/Zn-SOD1 (∼32 kDa), and
other Zn-binding proteins such as haptoglobin (38.7 kDa) and
the heavy chain of immunoglobulins (42.4 kDa).76 The low-Mr

band likely corresponds to Zn-containing metallopeptides,
including metallothioneins, as reported in previous serum
studies.77

The observed Zn distribution in the Zn–biomolecule chro-
matographic prole deviates from previously reported patterns
in human blood serum, where Zn is primarily bound to albumin
(∼80%), with smaller bands associated with a2-macroglobulin
(∼10–20%).78 However, Zn exhibits weak interaction with
albumin, making it the greater part of the loosely bound or
exchangeable Zn pool in circulation. As a result, a signicant
portion of albumin-bound Zn may have dissociated from the
protein during the chromatographic separation, becoming
retained by the column's stationary phase and subsequently
being eluted as a Zn–EDTA complex. Zn–biomolecule analysis
could be improved by employing an alternative SEC column or
by changing the mobile phase composition in order to mini-
mize interactions between labile Zn-complexes and the
stationary phase, and thus prevent or minimize their dissocia-
tion. However, when optimizing for Zn, when performing
multielement speciation analysis, the affinity of the stationary
phase for the other elements must also be considered in order
to maintain good overall method performance. Some examples
of Zn–biomolecule complex proles using alternative SEC
columns have been published.79,80

3.2.2.6 Iron. The total Fe concentration determined via pc-
FI was 2.08 ± 0.16 mg L−1, corresponding to a recovery of
100.8% ± 7.7% based on the certied value (2.07 mg L−1). The
amount of Fe eluted from the column between 400 and 1200 s
was 2.30± 0.13 mg L−1, yielding a column recovery of 108.0% ±

4.5% relative to the determined total, and 111.3% ± 3.9%
relative to the certied value. No signicant Fe elution was
2592 | J. Anal. At. Spectrom., 2025, 40, 2582–2598
observed aer EDTA injection, relative to the blank, indicating
negligible retention of Fe on the column.

The obtained Fe–biomolecule chromatographic prole
revealed the presence of Fe in multiple Mr ranges, specically
a wide band within the 132.8–150 kDa range, two in the 24.0–
132.8 kDa, and one in the 1.3–12.3 kDa (400–1200 s, Fig. 2f). The
majority of Fe was detected in the 24.0–132.8 kDa, in the band
corresponding to biomolecules of Mr around 66.4 kDa (peak
height max∼600 s), which likely includes transferrin (∼75 kDa),
the primary Fe-transport protein in blood serum.81 The second
band observed within the same range, with a lower Fe concen-
tration, is likely associated with non-transferrin proteins such
as albumin (66.4 kDa) and hemoglobin (64.5 kDa), which are
found at lower concentrations in blood serum, under physio-
logical conditions.82 In the Mr range above 132.8 kDa, Fe
detection in the band (450–560 s) suggests its association with
serum ferritin (∼480 kDa), the main iron-storage protein.83

Small amounts of Fe were also detected in the 1.3 kDa range,
likely corresponding to Fe complexes with citrate ions, which
represent a minor band of total serum Fe.82

3.2.2.7 Manganese. With pc-FI, the total Mn concentration
in Seronorm-L2 was determined to be 15.0 ± 1.3 mg L−1, cor-
responding to a recovery of 105.5% ± 9.5% compared to the Mn
certied value (14.2 mg L−1). A total of 12.1 ± 0.1 mg L−1 Mn was
eluted from the column, between 400–1200 s, resulting in
a column recovery of 81.5% ± 7.4% relative to the determined
value and 85.5% ± 0.8% relative to the certied concentration.
Compared to the blank, no additional Mn amounts were
detected as a result of the post-elution EDTA injection.

In Mn–biomolecule prole (400–1200 s; Fig. 2g) six Mn-
associated bands were observed. Two bands were detected in
the higher than 132.8 kDa range, likely corresponding to Mn-
containing enzymes, such as a2-macroglobulin (450–490 s)
and oxalate oxidase (∼140 kDa) (490–550 s).37,84 A signicant
amount of Mn was also detected in the 24.0–66.4 kDa range
(550–700 s), where two partially overlapping bands are
observed. This elution time ts well with the presence of
transferrin (∼78 kDa)85 and albumin (∼66 kDa), which are the
main Mn transport proteins in blood serum.37,86,87 The majority
of Mn was detected in the low-Mr range, with two primary bands
eluting within the 0.5–12.4 kDa range (peak height max ∼920 s
and ∼980 s, respectively). Previous studies on blood serum Mn
speciation have suggested that low-Mr Mn species correspond to
Mn complexes with citrate (up to∼700 Da) and amino acids.88,89

The lowest Mr Mn band eluted at a similar time as the ionic Mn
standard, indicating the presence of ionic Mn and/or small Mn
complexes. Mn species around ∼1.3 kDa likely result from
interactions between free Mn ions or Mn–citrate complexes and
small peptides, as Mn binds peptides containing metal-
coordinating residues.90 However, further investigation is
needed to conrm the presence of such interactions in blood
serum.

The Mn distribution observed in Seronorm-L2 differs
signicantly from previous reports on Mn speciation in human
serum, where∼88% of the total 1.7± 0.8 mg L−1 Mn detected (as
compared to the 14.2 mg L−1 in Seronorm-L2) was associated
with transferrin and albumin, followed by Mn-enzymes (∼10%),
This journal is © The Royal Society of Chemistry 2025
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with only 2% present in low-Mr species.37 These discrepancies
could indicate the intentional or unintentional addition of Mn
or other metal ions to the reference material, which may lead to
the formation of the previously mentionedMn complexes or the
displacement of Mn ions from their native biomolecule carriers.

3.2.2.8 Lead. Pb in the 20-fold diluted Seronorm-L2 sample
was below the LOD (0.33 mg L−1), as expected from the
Seronorm-L2 indicative concentration (1.29 mg L−1). To evaluate
method performance, the diluted sample was spiked with 10
mg L−1 Pb, giving a total 11.29 mg L−1 Pb. This spike concen-
tration level aligns with the range of total serum Pb concen-
trations reported for healthy individuals (up to 60 mg L−1) and
well below levels observed in certain medical conditions (up to
220 mg L−1).91,92 Triplicate analysis of the spiked diluted sample
yielded a mean of 10.2± 0.1 mg L−1, corresponding to a recovery
of 90.5% ± 1.2%.

Total Pb recovery during the chromatographic SEC-ICP-MS
analysis of the non-diluted, non-spiked, Seronorm-L2 (400–
1200 s; 0.68 ± 0.04 mg L−1) gave column recoveries of 52.5% ±

3.2%, relative to the Seronorm-L2 indicative Pb concentration
value. This indicates that a signicant amount of Pb remained
adsorbed to the stationary phase, however, the injection of
EDTA did not result in additional Pb being eluted compared to
the blanks (Fig. 2h), possibly due to either the stronger inter-
action of Pb with the stationary phase compared to EDTA, or the
inability to determine such a low concentration of Pb present in
the Pb–EDTA peak (approximately 0.61 mg L−1). Pb recovery,
similarly to that of Zn, could be improved by using a SEC
column with lower affinity towards Pb ions, although all
method changes should also take into account the all other
elements being analysed.

The SEC-ICP-MS chromatographic prole (400–1200 s;
Fig. 2h) showed that Pb was primarily associated with biomol-
ecules within the 24.0–132.8 kDa range. Pb in blood is
predominantly protein-bound, with up to 40% complexed with
Fig. 3 Metal–biomolecule profiles of Seronorm-L2 obtained by the pro
norm-L2 (50 s) and sensitivity control standard (S.C., 180 s), and metal–b
(b). The Hg–biomolecule chromatogram depicts the sum of 201Hg and

This journal is © The Royal Society of Chemistry 2025
albumin, while the remaining is associated with thiol-
containing ligands.93 Study of Pb-binding proteins reveals
a signicant hemoglobin binding capacity, which could also be
present, alongside albumin, in the detected band (530–650 s).94

Thus this analysis conrms the binding of Pb to large serum
proteins, such as hemoglobin and/or albumin.

3.2.2.9 Selenium. The total Se concentration in Seronorm-
L2, determined via pc-FI, was 128.3 ± 6.5 mg L−1, correspond-
ing to 92.3% ± 4.7% recovery relative to the certied value (139
mg L−1, 111–167 mg L−1). The concentration of Se eluted from
the column (400–1200 s; Fig. 3a) was 118.2 ± 4.3 mg L−1,
resulting in a column recovery of 92.3% ± 5.3% and 85.0% ±

3.1% compared to the pc-FI determined and the certied
concentration, respectively. The injection of 8mMEDTA did not
affect Se recovery, as the inorganic oxo-Se species present in the
sample do not form stable complexes with EDTA.

In the Se–biomolecule prole chromatogram, Se was detec-
ted in ve bands. The presence of multiple Se-containing
biomolecules in human serum has been well-documented,
with Se primarily incorporated into Selenoprotein P (SelP, ∼61
kDa),95 glutathione peroxidase (GPx, ∼92 kDa),96 and albumin
(SeAlb), with progressively lower associated concentrations.97–99

Additionally, a separate study has reported the presence of
other Se-containing proteins, such as an isoform of SelP (47
kDa) and a 41.1 kDa Se-containing protein.100

Based on the literature, the Se band detected in the 66.4–
132.8 kDa can be attributed to GPx, and the two bands in the
24.0–66.4 kDa to SeAlb and SelP. The Se concentration for each
band is listed in Table 3. A previous study on Se speciation in
Seronorm-L2, using two-dimensional affinity chromatography
coupled with ICP-MS, identied SelP, GPx, and SeAlb with the
last two having similar concentrations, as shown in Table 3.35

Additionally, this study reported a high concentration of inor-
ganic Se (iSe), suggesting that the total Se concentration in this
reference material was achieved through the external addition
posed SEC-ICP-MS method. Post-column injections of diluted Sero-
iomolecule chromatogram (450–1200 s) for selenium (a) and mercury
200Hg intensities for clarity purposes.

J. Anal. At. Spectrom., 2025, 40, 2582–2598 | 2593
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Table 3 Se concentrations in Se-containing albumin (SeAlb), glutathione peroxidase (GPx), selenoprotein P (SelP), and inorganic Se species (iSe)
of Seronorm L-2, analyzed using the proposed SEC-ICP-MS platform (present study) and double affinity column coupled to ICP-MS (Jitaru et al.,
2010).35 The Mr range corresponding to the elution time of each Se-species in SEC-ICP-MS and the respective fraction eluted in dcAF-ICP-MS
are also provided

Method SEC-ICP-MS (present study) dcAF-ICP-MSa (Jitaru et al.)35

Species Mr band range (elution time) Se concentration (mg L−1) Fraction

High Mr (SelP) >150 28.4 � 2.7 — —
GPx 66.4–132.8 6.6 � 2.6 — Void volume
SeAlb 24.0–66.4 (580–620 s) 13.2 � 1.9 16 � 1 Blue-sepharose
SelP 24.0–66.4 (620–700 s) 12.7 � 1.2 47 � 1 Heparin-sepharose
iSe 1.3–12.4 57.3 � 1.5 — Void volume
GPx + iSe 63.9 � 4.1b 72 � 1
SelP + high Mr 41.1 � 3.9b 47 � 1

a Double affinity columns: Hitrap Heparin-Sepharose and Hitrap Blue-Sepharose. b Calculated values for comparison purposes.
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of iSe to blood serum. The Se detected in the band at 900–1000 s
aligns with the elution time of a selenate standard solution
(Fig. S.2), and its concentration aligns with the previously
proposed inorganic Se addition.

While these two studies show agreement in the speciation
and Se concentrations of GPx, SeAlb, and iSe, a notable
discrepancy is observed in the Se concentration associated with
the SelP band. Jitaru et al.35 reported that 47 ± 1 mg L−1 of Se,
identied as SelP, eluted from a Heparin-Sepharose (HS)
column, however, in the present study, the Se concentration
associated with the Mr of SelP is signicantly lower (12.7 ± 1.2
mg L−1).

Moreover, signicant Se levels were also detected at 450–
500 s corresponding to Mr of higher than 150 kDa. Previous
analyses of human serum and heparin-isolated SelP fraction
analyzed by SEC-ICP-MS, have also reported the elution of SelP
before GPx or albumin despite its lower Mr.101,102 The reason for
this discrepancy is not explicitly addressed, however, it is
plausible that SelP multiple cysteine and selenocysteine resi-
dues allow it to form disulde or selenodisulde bridges with
other proteins, which could result in higher Mr complexes.95,103

Additionally, deviations from the expected elution time may
occur in SEC, as separation is based on hydrodynamic size
rather than exact Mr. To conrm the heparin affinity of the Se-
containing biomolecule detected at 460–500 s, selenoproteins
in Seronorm-L2 were fractionated using a HiTrap Heparin-
Sepharose column (7 mm (i.d.) × 25 mm, GE Healthcare,
Uppsala, Sweden). For this purpose, 250 mL of Seronorm-L2 was
injected into the column using 50 mM CH3COONH4 (pH 7) as
a binding buffer. Aer 5 min, bound proteins were eluted using
1.5 M CH3COONH4 (pH 7), as the elution buffer, for 5 min.
Fractions of 0.5 mL were collected in microtubes for the span of
5 min. The ow rate of binding and elution buffer was 1
mL min−1. Se levels of each fraction were monitored by FI
analysis and 100 mL of the fraction with the highest Se
concentration was injected into the SEC-ICP-MS system. The Se-
containing biomolecule was again detected at 460–500 s, con-
rming its affinity with heparin.

The presence of two peaks corresponding to SelP may be
explained by the twomain isoforms found in human plasma (61
2594 | J. Anal. At. Spectrom., 2025, 40, 2582–2598
kDa and 51 kDa).103,104 The 51 kDa isoform includes signicantly
lower Se content, which could reduce its ability to cross-link
with other proteins and contribute to the observed Mr differ-
ences. However, further investigation is needed. The combined
Se concentration eluted at 460–500 s and 620–700 s (41.1 ± 3.9
mg L−1) closely matches the Se concentration in the heparin-
bound fraction (SelP) reported by Jitaru et al.,35 further sup-
porting this interpretation.

3.2.2.10 Mercury. The total Hg concentration of Seronorm-
L2 was determined to be 2.19 ± 0.46 mg L−1, via pc-FI, align-
ing well with the indicative value of 2.27 mg L−1 and yielding
a recovery of 96.6% ± 20.6%. Hg detected in chromatographic
peaks was 1.79 ± 0.17 mg L−1 (400–1200 s; Fig. 3b), giving
a column recovery of 84.8% ± 24.0% relative to the measured
value, and 78.8% ± 7.4% when compared to the indicative
concentration.

In SEC-ICP-MS chromatographic proling, three distinct Hg-
associated bands were detected. Due to the high affinity of Hg
species with thiol- and seleno-groups, it can be found primarily
in S-rich and Se-containing biomolecules.105 The 132.8 kDa
band and the 24–66.4 kDa band are likely associated with the
selenoproteins GPx, and SelP, respectively, consistent with
previous studies.106,107 Additionally, in the 66.4 kDa band,
albuminmay also be included, as it is known to interact with Hg
through its thiol-containing residues.108 The high-Mr band
(>150 kDa) could correspond to the Se-containing biomolecule,
having the same elution time (attributed to SelP), or other high-
Mr molecules with signicant S content, such as a2-macro-
globulin.48 The absence of signicant low-Mr Hg species indi-
cates that Hg in Seronorm-L2 is predominantly protein-bound,
with minimal presence as free ions or small complexes.

3.2.2.11 Arsenic, nickel, cadmium, and chromium. Attempts
to quantify total concentrations of As, Ni, Cd, and Cr in
Seronorm-L2 using pc-FI revealed several analytical challenges,
primarily related to low element concentrations and spectral
interferences. The concentrations of all four elements in the 20-
fold diluted Seronorm-L2 fell below their respective LOD (0.20
mg L−1 As, 0.49 mg L−1 Ni, 0.05 mg L−1 Cd, and 0.31 mg L−1 Cr),
making element spiking necessary to assess recovery and
method performance. In spiked Seronorm-L2 containing a total
This journal is © The Royal Society of Chemistry 2025
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of 10.38 mg L−1 As, 29.5 mg L−1 Ni, 10.12 mg L−1 Cd, and 13.91
mg L−1 Cr, concentration recoveries ranged from 111% to 148%.
These elevated values indicate a signicant signal enhance-
ment, likely due to the formation of polyatomic species caused
by the complex blood serum matrix containing multiple
elements at high concentrations.

SEC-ICP-MS analysis of undiluted Seronorm-L2, also
revealed substantial overestimations in the concentrations of
As, Ni, Cd, and Cr (Fig. S.5). For As, elevated column recovery
(159% ± 10%) was attributed to polyatomic species, such as
43Ca16O2

+ and 40Ca35Cl+, formed due to high Ca2+ (approx.
138 mg L−1 Ca) and Cl− (3.4–3.7 mg L−1 Cl in serum samples
under normal conditions)109 concentrations, which co-eluted
with As between 950 and 1010 s (Fig. S.6). Even aer
excluding this As band, the recovery remained above 100%,
indicating residual interferences likely associated with other
polyatomic ions like 40Ar35Cl+ and 36Ar39K+. For Cr, similar
issues were encountered, with evidence pointing towards Cl and
S-based polyatomic interferences affecting Cr isotopes and
leading to overestimated concentrations. Ni concentrations
eluting from the column exceeded the certied value (289% ±

12%), which may also be correlated to spectral interferences
involving calcium-based ions (44Ca16O+, 43Ca16O1H+).110 Addi-
tionally, the displacement of Ni ions from the stationary phase
by serum biomolecules may contribute to higher Ni concen-
trations detected across multiple elution bands (Fig. S.5b). Cd
concentration eluted from the column was an order of magni-
tude higher than the Seronorm-L2 certied value (0.12 mg L−1).
The unaltered 114Cd/112Cd ratios for all Cd detected bands
(Fig. S.5c) suggest that similarly to Ni2+, Cd2+ present in the
stationary phase may bind to serum proteins, resulting in co-
elution and therefore detection of higher Cd quantities.

Collectively, these ndings emphasize the limitations of
both pc-FI and SEC-ICP-MS for accurate quantitation of As, Ni,
Cd, and Cr in complex biological matrices like serum. Sample
preparation strategies to remove high-concentration elements
before the analysis and/or method modications, such as using
higher He ow rates in the ICP-MS collision cell, could poten-
tially reduce interferences and improve the analysis of these
elements.

4. Conclusions

The proposed SEC-ICP-MS platform enables the efficient
metallobiomolecule proling of nine metals (Co, Mg, Ca, Cu,
Zn, Fe, Mn, Pb, and Hg) and one metalloid (Se) in human blood
serum. The integration of a post-column ow injection setup
enhances the method's capabilities by enabling element quan-
titation within each metallobiomolecule band using ionic
standards. Additionally, the injection of acid-diluted serum
samples and a multielement standard during chromatography
dead time (0–450 s) allows for total element determination and
sensitivity dri monitoring.

The method's wide dynamic range and low LOD and LOQ
ensure its applicability to serum samples with both physiolog-
ical and altered element concentrations, making it a valuable
tool for metallobiomolecule studies in pathological conditions
This journal is © The Royal Society of Chemistry 2025
and metal toxicity assessments. Analysis of the Seronorm Trace
Elements Level 2 reference material conrmed element recov-
eries exceeding 80% for most metals, demonstrating the
method's robustness and accuracy in both total element
determination and metallobiomolecule fractionation. The on-
column EDTA injection strategy signicantly improved
column recovery for Co and Zn, effectively eluting metal ions
adsorbed onto the stationary phase and preventing cross-
contamination between samples. Future work could explore
the use of alternative SEC stationary phases with reduced metal
ion affinity in order to enhance the recovery of labile metal–
biomolecule complexes.

The analysis of Seronorm-L2 by using the SEC-ICP-MS plat-
form provided valuable insights into the Mr distribution of
metallobiomolecules and elemental distribution among them.
The Mr ranges of detected metallobiomolecules aligned with
previous studies of this reference material (Se, Cu, Zn, Fe) and
known metallobiomolecules present in human serum (Co, Mg,
Ca, Mn, Pb, Hg). However, discrepancies in the element distri-
bution compared to healthy human serum and the detection of
signicant concentrations of free ionic species support previous
speculations of certain elements having been added in their
ionic forms (e.g., Se, Fe, Cu, Mn) during reference material
preparation.

Overall, in the present study, it was demonstrated that the
proposed SEC-ICP-MS platform is a reliable tool for quantitative
metallobiomolecule analysis in human serum, offering new
opportunities for clinical research, biomarker discovery, and
trace element studies in health and disease. The meta-
llobiomolecule proling of Seronorm-L2 represents a step
forward in establishing well-characterized reference materials
for metallobiomolecule studies, enhancing the reliability and
comparability of future research. Compared to previous SEC-
ICP-MS approaches, this platform allows for the simultaneous
detection and quantitation of more elements, offering a more
comprehensive assessment of metal and metalloid distribu-
tions in serum. Its application can be extended to other bi-
ouids, such as blood plasma and urine, as well as other
biological samples, with proper sample preparation to ensure
compatibility and accuracy.
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T. Garćıa-Barrera and J. Gailer, Metallomics, 2011, 3, 566–
577.

18 N. Jakubowski, R. Lobinski and L. Moens, J. Anal. At.
Spectrom., 2004, 19, 1–4.
2596 | J. Anal. At. Spectrom., 2025, 40, 2582–2598
19 D. Pröfrock and A. Prange, Appl. Spectrosc., 2012, 66, 843–
868.

20 A. Sussulini and J. S. Becker, Metallomics, 2011, 3, 1271–
1279.

21 A. B. Nowakowski, W. J. Wobig and D. H. Petering,
Metallomics, 2014, 6, 1068–1078.

22 O. O. Ajayi, J. Prog. Eng. Phys. Sci., 2024, 3, 23–31.
23 Y. Lin and M. L. Gross, Biomolecules, 2022, 12, 135.
24 Y. Y. Chang, H. Li and H. Sun, Inorg. Organomet. Transition

Met. Complexes Biol. Mol. Living Cells, 2017, 329–353.
25 J. Ward, E. Ollmann, E. Maxey and L. A. Finney, Methods

Mol. Biol., 2014, 1876, 171–187.
26 I. I. Fedorov, V. I. Lineva, I. A. Tarasova and M. V. Gorshkov,

Biochemistry, 2022, 87, 983–994.
27 N. Ye, F. Zhou, X. Liang, H. Chai, J. Fan, B. Li and J. Zhang,

Biomed Res. Int., 2022, 1, 8965712.
28 S. A. Manley, S. Byrns, A. W. Lyon, P. Brown and J. Gailer, J.

Biol. Inorg. Chem., 2009, 14, 61–74.
29 J. Szpunar, Analyst, 2005, 130, 442.
30 S. Mounicou, J. Szpunar and R. Lobinski, Eur. J. Mass

Spectrom., 2010, 16, 243–253.
31 Y. Tang, L. Liu, Q. Zhou, D. Wang, H. Guo, N. Liu, X. Yan,

Z. Wang, B. He, L. Hu and G. Jiang, J. Chromatogr. B:
Anal. Technol. Biomed. Life Sci., 2024, 1243, 124235.

32 S. El Balkhi, J. Poupon, J. M. Trocello, F. Massicot,
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W. Bal, J. Inorg. Biochem., 2009, 103, 1005–1013.

55 A. K. N. Nandedkar, M. S. Hong and F. Friedberg, Biochem.
Med., 1974, 9, 177–183.

56 U. H. Stenman, K. Simons and R. Gräsbeck, Scand. J. Clin.
Lab. Invest., 1968, 21, 202–210.

57 S. Al-Harthi, J. I. Lachowicz, M. E. Nowakowski, M. Jaremko
and Ł. Jaremko, J. Inorg. Biochem., 2019, 198, 110716.

58 M. Odaka, M. Kobayashi and L. Science, Encycl. Met., 2013,
pp. 670–678.
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