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INTRODUCTION
Metallomics is a research field focusing on the systematic study
of the interactions and functional connections of metallome with
genes, proteins, metabolites, and other biomolecules within
organisms.1-5 The field provides a global and systematic
understanding of the metal uptake, trafficking, role and excretion
in biological systems, and potentially to be able to predict all of
these in silico using bioinformatics.6,7
The term “metallomics” was coined by Haraguchi2 in 2002 as
“integrated biometal science” while the term “metallome” was
used by RJP Williams3 in 2001, referring to “an element
distribution or a free element content in a cellular compartment
or a whole cell.” Metallomics has also gained increasing attention
among scientists working outside of the biological fields, such as
in nanoscience, environmental science, agriculture science,
biomedical science, food science, geoscience, toxicological
science, materials science, and analytical science.6, 8-14

Fig. 1 The branches of metallomics and analytical techniques.
Nanometallomics,
environmetallomics,
agrometallomics,
metrometallomics, clinimetallomics, medimetallomics, radiometallomics,
matermetallomics,
archaeometallomics,
geometallomics,
and
astrometallomics are proposed as new fields. Large scientific facilities like
synchrotron radiation and neutron and muon sources provide cutting-edge
techniques for metallomics together with commercially available
instruments like (MC)-ICP-MS.

METALLOMICS IN
MULTIDISCIPLINARY RESEARCH

role in nanotoxicology.18 Recently, nanometallomics was further
expanded to include non-metallic nanomaterials such as carbonand silicon-based nanomaterials for elemental homeostasis in
biological systems.19

The convergence of metallomics with other research fields has
led to new research directions (Fig. 1). Nanometallomics was
initiated as a branch of metallomics in nanoscience in 201015. It
involves the global study of the biological effects of metal-related
nanomaterials.16,17 The study of the effects of metal(loid)-based
nanomaterials on the homeostasis of essential elements is also
considered nanometallomics, and this research plays a central

www.at-spectrosc.com/as/article/pdf/2021108

In environmental science, understanding the roles of
environmental pollutants, such as metal(loid)s, on human health
is highly desirable.20 In 2006, “environmental metallomics” was
proposed to monitor metal pollution using metalloproteins.21
227
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Environmetallomics was first proposed as an environmental
branch of metallomics in 2016.22 It was defined as the study on
“(i) the entirety of metal and metalloid species that can induce
toxic effects on living organisms at an environmentally relevant
concentration range; (ii) all metals and metalloids within a
biological system which homeostasis could be directly or
indirectly interfered and regulated to induce potential adverse
effects.23” However, studies on the effects of other environmental
pollutants, such as persistent organic pollutants, on elemental
homeostasis are also desired to be included in
environmetallomics.

focusing on the study of the distribution, species, and
concentration of metal elements in micro and macro structures.
This is the first attempt to apply metallomics outside the
life-related sciences.
Cultural relics are leftovers from ancient human activities, and
are important for archeological research. Feng et al.29 proposed
archaeometallomics as a tool to systematically study the role of
trace elements in cultural relics. They studied the origin, dating,
color mechanism, and firing technology of ancient ceramics
through archaeometallomics.
In addition to their role in the above-mentioned branches of
metallomics, metal(loid)s play an interesting role in the study of
evolution and the origin of life, which involves the examination
of geological samples such as fossils.31 In this case,
geometallomics, which combines metallomics with geological
science, can be utilized. One example is a study on the elemental
signatures in teeth from the extinct Australopithecus africanus,
which found that dietary stress contributed to the disappearance
of this genus.32 Furthermore, the exploration of extraterrestrial
life combined with metallomics is called astrometallomics. It is
an innovative combination of metallomics and astronomy that
aids in the search for extraterrestrial life, including the increasing
cosmic explorations to the Moon and Mars.33

In agriculture science, it is necessary to understand the roles of
metal(loid)s in ensuring the yield and quality of agricultural
products and food safety for humans. Agrometallomics was
recently proposed as an interdisciplinary area between agriculture
science and metallomics to fulfill this purpose.24
In this issue, we are very pleased to see more branches of
metallomics such as metrometallomics,25 clinimetallomics,26
radiometallomics,27
matermetallomics,28
and
29
archaeometallomics
have been proposed, reflecting the
prosperity of the metallomics field.
Metrometallomics, coined by Feng et al.25, is the qualitative
and quantitative measurement of metallic analytes in
metrological science, including the establishment of reference
methods with uncertainty evaluation and the development of
certified reference materials. In their review, the authors
discussed the application of ICP-MS for the development of
certified reference materials of metalloproteins, suggesting that
metrometallomics can be a useful tool in metrological science.

THE ANALYTICAL ADVANCES IN
METALLOMICS
High-throughput analytical methods for quantification, speciation,
distribution, and structure analysis are required in metallomics
studies.34 Isotopic analysis is attracting increasing attention in
metallomics.35 In this issue, Yuan et al.36 reported an accurate
method for analyzing iron isotopes in iron-dominated minerals
using excimer laser ablation MC-ICP-MS. Beauchemin et al.37
applied a continuous on-line leaching method with ICP-MS
using a 206Pb/207Pb isotopic ratio for source identification of the
bio-accessible lead.

Li et al.26 proposed the application of clinimetallomics for
disease diagnosis using clinical samples such as urine, blood, and
tissue. In their research article, Li et al. established an
HPLC-ICP-MS method for the determination of arsenic species
in urine samples from patients with arsenism. The arsenic species
in urine were monitored after clinical treatment, revealing that
As(III) was excreted.
Radioactive metallic elements can cause radiation damage and
heavy-metal pollution, posing health risks to humans. Zhao et
al.27 used radiometallomics to unravel the ecological and
biological metabolism and behaviors of radioactive metal
elements. In their review, Zhao et al. studied uranium in
environmental matrices using conventional and synchrotron
radiation-based radiometallomics methods. However, systematic
studies on the biological effects of radio-medicines and
radio-tracers can also be regarded as radiometallomics.

In addition to the commercially available instruments
showcased by contributors in this issue25,26,28,36,37, large scientific
facilities also play a vital role in providing cutting-edge
techniques for metallomics.8,38 For example, in this issue,
synchrotron radiation-based radiometallomics was covered by
Zhao et al.27 and archaeometallomics by Feng et al.29. The
application of nuclear analytical techniques, including
synchrotron radiation, neutron sources, and radioactive nuclides,
has been summarized in reports on nanometallomics for
nanotoxicological study.39,40 Muonic X-rays produced in muon
facilities have also been used for elemental and imaging analysis.
Their merits include being nondestructive and sensitive to light
elements and depth analysis, and they have been used to detect Li
in Li-ion batteries.41

Materials are important for societal development, and novel
materials are always desired for various applications. Materials
genomics is a useful tool for the development of new materials.30
In this issue, Wang et al.28 proposed matermetallomics as a tool
to clarify the role and function of metal elements in materials,
www.at-spectrosc.com/as/article/pdf/2021108
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Cells are the basic structural and functional units of living
organisms. Owing to the heterogeneity and diversity of
individual cells, single-cell analysis is of great importance. Wang
et al.42 quantified gold nanoparticles in single cells with
time-resolved ICP-MS, a process which can be regarded as
single-cell metallomics.43 Single-cell-based mass cytometry
represents a breakthrough technique for the biomedical sciences
and precision medicine. Furthermore, the study of the spatial
distribution (the 2D, 3D, and even 4D) of metallomes is called
spatial metallomics, and this has been applied in
nanotoxicological research.44
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ABSTRACT: The COVID-19 pandemic has led to severe threat globally. As a result, scientists are increasing their efforts in
developing testing methods, antiviral drugs, and vaccines, to diagnose, treat, and defend against COVID-19 respectively. Although
RT-PCR and antigen tests are used for the screening of COVID-19, there are many disadvantages including high cost, long processing
time, and false-negative results. With the exception of supportive care, no specific treatment for COVID-19 has been established.
Metallomics focuses on the systematic study of the interactions and functional
connections of metallic/metalloid ions and their species with genes, proteins,
metabolites, and other biomolecules within organisms and ecosystems. It has been
applied in the screening of various cancers, neurodegenerative diseases, and viral
infections and metallodrug development with the advantages of high throughput,
low risk of cross-infection, low cost, and ready availability. Therefore, we
proposed the use of metallomics for the screening and metallodrug development
of COVID-19. An operational work scheme is also presented.

INTRODUCTION

negative results have been reported.4 In addition, RT-PCR-based
detection methods require high manpower and long processing
time, which may lead to delayed reporting, potentially increasing
further transmission of the virus. Antigen tests detect certain
proteins in SARS-CoV-2 which can provide results in minutes and
are less expensive than RT-PCR tests. A positive antigen test result
is considered very accurate, but there are increased chances of
false-negative results, which require confirmation from a RT-PCR
test.5 Therefore, more timely and reliable diagnostic methods are
required to combat COVID-19.

The ongoing coronavirus disease 2019 (COVID-19) pandemic
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has presented a severe global health crisis.1
Governments have implemented measures including self-isolation,
social distancing, and the use of personal protective equipment, to
prevent the transmission of the virus. Substantial research on the
development of testing methods, antiviral drugs, and vaccines, to
diagnose, treat, and defend against COVID-19 have also been
reported.2

There are no established specific treatment for COVID-19
infections, with the exception of supportive care.6 The efficacy of
some promising antivirals,7,8 convalescent plasma transfusion,9,10
neutralizing antibodies,11-13 immunotherapeutics,14,15 and
traditional Chinese medicine,16-18 still require further validation.1,5
Therefore, new treatments for COVID-19 are still highly desirable.

Timely and reliable diagnosis is one of the foremost priorities
for COVID-19 prevention and control. Reverse transcription
polymerase chain reaction (RT-PCR) is the gold standard for the
diagnosis of COVID-19 through the detection of SARS-CoV-2
using samples from respiratory secretions.3 However, a single
negative PCR result does not rule out the infection, since falsewww.at-spectrosc.com/as/article/pdf/2021805
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Elements, including metals and metalloids, play a vital role in
life processes. For example, selenium plays a key role in host
oxidative defense through selenoenzymes and selenoproteins,
while copper serves as a cofactor in many redox enzymes
including cytochrome c oxidase, which influences the respiratory
electron transport chain of mitochondria.19 To address the vital role
of metals/metalloids, a new research field, metallomics, was
developed. This focused on the systematic study of the interactions
and functional connections of metallic/metalloid ions and their
species, with genes, proteins, metabolites, and other biomolecules
within various organisms and ecosystems.20,21 Metallomics has
been applied to various sciences including medical, environmental,
biological, agricultural, nano, geological, archaeological,
radiological, and material science.19,22-26 The application of
metallomics on dyshomeostasis in the host, which occurs after
invasion of SARS-CoV-2, may offer insight into the screening of
COVID-19 Moreover, the restoration of elemental homeostasis in
the host using metallodrugs may also shed light on the
development of novel treatment methods for COVID-19.

between these elements and carcinogenesis. Furthermore, a 61%
reduction of Zn in prostate cancer samples was observed when
compared with normal tissues, indicating the potential of Zn as a
biomarker for prostate cancer.33
Lung cancer is the most prevalent cancer, and has the highest
mortality rate of all the cancers.31 A cross-sectional study was
conducted on 48 lung cancer patients and 39 controls, and 11
elements (V, Cr, Mn, Fe, Co, Cu, Zn, Se, Mo, Cd, and Pb) in serum,
urine, and bronchoalveolar lavage fluid (BALF).34 Elemental
ratios (in serum: V/Mn, V/Pb, V/Zn, Cr/Pb, urine: Cr/Cd, Mn/Cd,
V/Cd, Co/Cd, Cd/Pb, and BALF: V/Cu) were found to be
important biomarkers for lung cancer. Additionally, the presence
of V and Cr in high molecular mass species and Cu in low
molecular mass species in serum, urine, and BALF could be used
to distinguish healthy people from lung cancer patients. The study
revealed that in addition to elemental concentration, elemental
species could also be used for cancer screening. This broadened
the concepts of comparative metallomics.
In women, breast cancer is the most common cause of cancerrelated deaths.31 A comparative metallomics study in different
human breast tissues (normal, normal adjacent to the tumor,
benign, and malignant) found that the concentrations of Ca, Cu,
and Zn were lower in malignant tissues than in normal and normal
adjacent tissues.35 It was also observed that malignant tissues had
a higher concentration of Fe than benign neoplastic tissues.35 More
importantly, a further multivariate discriminant analysis identified
the elemental differences between normal and malignant tissues
with an overall accuracy of 80% and 87% for benign and
malignant tissues, respectively. The high predictive accuracy
indicated that comparative metallomics could be used for the rapid
diagnosis or prognosis of patients with breast cancer.

In this paper, we discussed the contributions of metallomics to
the screening of different diseases including cancer,
neurodegenerative diseases, and viral diseases. We also
highlighted the contribution of metallomics to the development of
metallodrugs to treat different diseases, particularly viral infections.
A proposal for the use of metallomics as a tool for the screening of
COVID-19 and the development of metallodrugs as a treatment is
also presented.

METALLOMICS FOR DISEASE
SCREENING AND METALLODRUG
DEVELOPMENT

The
screening
of
neurodegenerative
diseases.
Neurodegenerative diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS),
and Huntington’s disease (HD) are progressive and fatal brain
diseases characterized by the progressive degeneration of the
structure and function of the central or peripheral nervous
system.36

An excess or deficiency in elements can lead to elemental
dyshomeostasis, resulting in diseases including cancers.27
Comparative metallomics can provide hints on the prediction of
diseases, comparing the difference in metallome between the
normal and pathological groups.21,28-30
The screening of cancer. Cancer is the leading cause of death
before the age of 70 in many countries.31 Early detection and
timely treatment is the most effective method for managing
cancer.32 Comparative metallomics plays a unique role in the
screening and diagnosing of various cancers including prostate,
lung, and breast cancer.

AD is characterized by the presence of amyloid-beta-containing
plaques and hyperphosphorylated tau-containing neurofibrillary
tangles in the pathological brain.37 In addition, mitochondrial
function impairment,36 insulin resistance38 and metal
dyshomeostasis39,40 were also found to be involved in the
pathogenesis of AD. Zheng et al.41 studied 15 elements in the
cerebrum of Se-treated AD mice, AD mice, and wild-type (WT)
mice. Differentially changed elements were identified between the
groups at specific time points. Elevated concentrations of Fe, Zn,
Cu, Cd, Hg, and Bi were observed, while concentrations of Mn
and Se decreased in AD mice compared to WT mice. There was
an increase in the concentrations of Se, As, Cr, and Mg in AD mice
treated with Se, whereas a decrease in levels of Fe, Zn, Mn, Cd, V,

Prostate cancer is the second most prevalent cancer in men after
lung cancer.31 A comparative metallomics study on samples of
human prostate tissues with cancer and benign prostate
hyperplasia, as well as normal tissues, showed a reduction in the
concentrations of S, K, Ca, Fe, Zn, and Rb in the two pathological
tissues (cancer and benign prostate hyperplasia) compared with
the concentrations in normal tissues. This revealed an association
www.at-spectrosc.com/as/article/pdf/2021805
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and Bi was reported. It was also found that the largest numbers of
differentially changed elements were observed at the time point of
8 months.

evaluated. Marked decreases in both plasma and erythrocyte Se
levels (11%, both) were reported. Decreases in the activities of
Glutathione peroxidase 1(GPx1) (45%), GPx3 (16%), and TrxR
(30%) in H1N1-infected children compared to the control group
were also observed.52

PD is the second most prevalent neurodegenerative disorder
after AD. Exposure to metals has been implicated in the
pathogenesis of PD.42 Examination of the levels of heavy metals
in the blood and urine of PD patients revealed that whole-blood
Mn, serum Fe levels, and urine Fe and Cu levels were significantly
higher than that of non-PD patients.43,44 This indicated that
excessive intake of Fe and Cu as well as the accumulation of Mn
might be involved in the etiology of PD44. A significant correlation
between serum and urinary Fe was also observed in PD patients.
In addition, ferroptosis was believed to elicit apoptosis in cell death
caused by iron overload in PD.45 Another study investigated the
levels of Pb in the bone and blood of PD patients and found that
the risk of PD was elevated by over 2-fold for individuals with a
longer lifetime of Pb exposure.46

Hemorrhagic fever with renal syndrome (HFRS) caused by
hantaviruses and transmitted by rodents is a significant public
health issue.53 It was found that the incidence of HFRS in humans
was approximately 6 folds and 2 folds in severely Se-deficient and
moderately Se-deficient areas respectively, compared to nondeficient areas in China.54 This revealed the potential role of Se
deficiency in the increased incidences of hantavirus infections in
both humans and rodents, which may be used for the screening of
HFRS.
Metallodrugs for the treatment of human viral diseases. A
comparative metallomics study on the differences in metallome in
diseases can result in the development of the corresponding
metallodrug. Metallodrugs such as cisplatin, arsenite, silver, gold
complexes, sodium vanadate, and lithium carbonate have been
approved for the medical treatment of various diseases such as
cancers, leukemia, rheumatoid arthritis, diabetes, cardiovascular
disorders, and gastrointestinal disorders.21,55-57

The screening of viral diseases. Infectious viral diseases
including acquired immune deficiency syndrome (AIDS), severe
acute respiratory syndrome (SARS), Middle East respiratory
syndrome (MERS), viral hepatitis, and avian influenza all have the
potential for rapid, global transmission with high morbidity and
mortality.47

Metallodrugs are also used for the treatment of human viral
diseases. Rozenbaum et al. showed that HPA-23 (ammonium-21tungsto-9-antimonate) could decrease the levels of HIV in AIDS
patients.58 The introduction of various transition metals (V, W, Mo,
and Nb) into polyoxometalates, resulted in a reduction in the
activities of SARS coronavirus (SCV), influenza virus, herpes
simplex virus, and HBV in vivo.59 The cobalt chelate complex, bis
(2-methylimidazole)[(bis(acetylacetone)(ethylenediimine)]cobalt(III),
completed phase II clinical trials for the treatment of herpes
simplex labialis and phase I clinical trials for the treatment of
ophthalmic herpetic keratitis and adenoviral conjunctivitis.60

In 2019, it was reported that there were approximately 38
million people living with HIV and about 0.69 million people who
died
from
AIDS-related
complications
(https://www.unaids.org/en/resources/fact-sheet). Comparative
metallomics was applied to determine the role of trace elements in
HIV infection, and its progression to AIDS.48 Serum Cu levels
increased considerably in HIV infections, which subsequently led
to the development of anemia due to chronic HIV infections. In
addition, low serum Fe and transferrin levels, as well as an increase
in serum ferritin levels were observed. Se deficiency in HIVinfected subjects was also associated with a more rapid disease
progression and an increase in the rate of mortality. A correlation
between declining serum Zn levels and the progression of AIDS
was also reported.48,49

Al and Hg compounds have been used as adjuvants in vaccines.
Al(OH)3, AlPO4, and potassium alum (KAl(SO4)2·12H2O),
stimulated the immune response while displaying an excellent
safety profile.61,62 Sodium-2-ethylmercurithio-benzoate has been
used as a preservative in several vaccines.63 The ethylmercurithio
cation of thiomersal binds readily to thiol groups in protein
structures, blocking enzymatic activity. However, the toxicity of
Hg compounds raised concerns regarding the safety of these
vaccines.

Viral hepatitis is a major global concern, accounting for 1.34
million deaths in 2015.50 Many of these deaths were due to longterm complications of the hepatitis B virus (HBV) and hepatitis C
virus (HCV) infections. An increase in the levels of Cu, Fe, Mn,
and Cd, and a decrease in the levels of Zn, Ni, and Co, were
reported in patients with hepatitis B and C.51 In addition, viral load
and serum levels of Cu, Mn, Fe, and Cd showed a positive
correlation, while viral load and serum metal levels of Zn, Ni, and
Co showed a negative correlation.

SARS, a life-threatening viral pneumonia first recognized in
late 2002, was reported as the cause of SCV. Metallodrugs have
been proposed for the treatment of SARS. For example, Bi and
related compounds exhibited excellent antiviral activity against
SCV through the inhibition of SCV helicase.64,65 Zn compounds
such as zinc pyrithione and ZnOAc2, inhibited SCV replication in
Vero E6 cells by targeting the RNA-dependent RNA polymerase
(Nsp 12).66,67

The H1N1 virus is a subtype of the influenza A virus and was
responsible for a pandemic in 2009 to 2010. Plasma and
erythrocyte Se levels, selenoenzyme activities, and other
oxidant/antioxidant parameters in H1N1-infected children were
www.at-spectrosc.com/as/article/pdf/2021805
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Fig. 1 Working scheme for the screening of COVID-19 and the development of metallodrugs using comparative metallomics

Metallodrugs also showed excellent antiviral activity against
COVID-19. A recent study found that ranitidine bismuth citrate
(RBC), suppressed SARS-CoV-2 replication in Syrian hamsters
by disrupting the functions of helicase and other essential
enzymes.68 Since RBC is a commonly used drug with a safe and
comprehensive pharmacological profile, its clinical use against
COVID-19 can be facilitated. Zinc supplementation in
combination with hydroxychloroquine (HCQ) in hospitalized
COVID-19 patients resulted in higher rates of hospital discharge,
and a reduction in the rate of mortality or hospice transfers.69-71
Other minerals such as selenium have been found to have antiviral
effects against COVID-19.72,73

for model construction and data mining, to screen for COVID-19
in the blind samples. These identified metallome differences
between COVID-19 patients and healthy controls could also
contribute to the development of new metallodrugs COVID-19
patients.
Compared to RT-PCR and antigen tests in the screening of
COVID-19, our proposed protocol has the following merits. First,
metallomics methods have high throughput,74,75 which can be used
for a highly efficient screening of potential COVID-19 infections.
Second, metallomics methods have a lower risk of SARS-CoV-2
infection for the laboratory clinicians and related medical workers
who are performing the laboratory tests. All the collected biofluids
and/or biosolid samples may be completely disinfected through
acid digestion or other harsh pretreatment measures before being
sent to clinical laboratories. Third, metallomics methods are less
expensive since they do not require specific test kits. This is
important since the production capacity of specific test kits may be
the limiting factor, as observed in the COVID-19 pandemic.
Fourth, metallomics methods are more readily available in
different clinical laboratories globally, while many regions may
have limited resources for RT-PCR and antigen testing for SARSCoV-2.

USING METALLOMICS TO SCREEN
COVID-19 AND DEVELOP NEW
METALLODRUGS?
Despite the application of comparative metallomics to various
diseases, no comparative metallomics studies of COVID-19
patients have been reported. As such, a proposal to conduct a
comparative metallomics study on COVID-19 patients to establish
a new method of screening, and to provide insight into the
development of new metallodrugs is presented. The working
scheme is illustrated in Fig. 1.

As for the development of metallodrugs, comparative
metallomics can reveal elemental dyshomeostasis in COVID-19
patients. This will, in turn, provide insight into the development of
metallodrugs against COVID-19.

According to our proposed working scheme, blood, urine, or
feces would be collected from the COVID-19 patients and the
healthy controls. A comparative metallomics study would then be
performed to identify the differences of the metallome (metallome
signature) between COVID-19 patients and the controls.
Subsequently, a machine learning-based method would be used
www.at-spectrosc.com/as/article/pdf/2021805

Considering the advantages and successful application of
metallomics in disease screening and drug development, we
propose the use of metallomics for the screening of COVID-19
and metallodrug development.
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ABSTRACT: The emerging field of matermetallomics refers to all research activities
aimed at the clarification of the role and function of metallic elements in materials. This paper
discusses the concept of matermetallomics and the related analytical techniques used for
probing the interactions between structure-activity relationships. The main object of
matermetallomics research is metallic elements in materials, and includes the significance
and contributions to materials science. This paper also introduces the analytical approaches
used in matermetallomics, which includes the techniques of imaging, spectroscopic, X-raybased, ion beam, MS-based and atomic spectrometry.

INTRODUCTION

of processing, structure, properties, and performance, which is
worthy of attention and discussion.

Materials and their use are a part of all aspects of people's lives,
they are very important for the development of human economic
society and the continuous innovations developed through science
and technology. They have been successfully synthesized and
contain mechanical, physical, chemical properties or
machinabilities, and more new materials continue to be
synthesized to meet additional applications scenarios. As is known,
the “Materials Genome Initiative” was proposed 10 years ago with
the aim to shorten the research and development cycle of new
materials from discovery to application in industry and to support
rapid economic development. It combines big data and highthroughput screening to achieve efficient materials discovery and
parameter optimizations, and greatly reduces the developmental
costs for new materials. Thus, the quantitative relationships
between composition, structure, process, properties, and
performance are of great significance for research and
development of new materials, which is also an important content
of materials genomics.1

Materials can be divided into metallic materials, inorganic
nonmetallic materials, polymer materials and composite materials
depending on their chemical composition (Fig. 1). Metallic
materials mainly include two types: metallic simple substances
and alloys. In the periodic table, about 50 kinds of metallic
elements are labelled as metallic simple substances, and almost all
metallic elements and some non-metallic elements have been
prepared into alloys. These are important materials used in the
fields of aerospace, energy, mechatronics and automobile because
of their good thermal conductivity, strength, hardness, and ductility.
Studies also show that these properties are directly related to the
type and proportion of metals. Besides, inorganic nonmetallic
materials, polymer materials and composite materials involve
metallic elements, such as rare earth doped laser crystals, metal
organic frameworks (MOF), Mxenes, and so on. MOFs are
organic-inorganic hybrid materials with intramolecular pores
formed by self-assembly of organic ligands and metal ions or
clusters through coordination bonds.8 MXenes, a large family of
transition metal carbides, nitrides, and carbonitrides, received
considerable attention in recent years because they showed
enhanced optical, thermal, mechanical, and electrical properties
compared to their bulk counterparts.9 The different valence and
coordination abilities of different metals results in a diversity of

Recently, this technology has been successfully applied to some
novel materials, such as energy materials, gas separation materials,
alloy materials, catalytic materials, polymer materials and others
for specific applications.2-7 Studies have shown that the
composition as genes of materials is an important link in the chain
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Fig. 1 Metallic elements play an important role in materials. Composition as genes of materials is an important link in the chain of processing, structure,
properties, and performance. Metallic elements are used in all kinds of materials as matrix, dopants, impurities or crosslinkers.

Fig. 2 Elements have been used for doping. Almost all metallic and semi-metallic elements have been used for doping in the periodic table.

structures and functions. In summary, metallic elements are
essential elements of materials composition. They can be used as
matrix, dopant, crosslinkers and impurities in the preparation
process, which covers almost all the metallic elements in the
www.at-spectrosc.com/as/article/pdf/2021101

periodic table. In this paper, metallic elements as matrix are not
discussed in detail, such as metallic simple substances, alloys, etc.,
since it is obvious that metals play an important role in such
materials.
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METALLIC ELEMENTS AS DOPANTS

phase of Bi2VO5.5 is an interesting oxide ion conductor.16 The
electrolyte ceramic membrane doped with Cu2+ and Sb5+ has the
highest oxygen ion conductivity, reaching the 10-3-10-1 s/cm level
in the working temperature range of 300-600 C. When doped
with Sb5+, Nb5+, and Ta5+, it has a stable structure and a low thermal
expansion coefficient and does not easily undergo phase transition.
GaN-based magnetic semiconductor materials incorporated with
metallic elements have been extensively studied for their potential
applications in opto-electronics and spintronics. It was found that
different metallic elements changed different degrees of magnetic
performance. The non-magnetic dopant Cu has a 0.70 μB/atom,
and the magnetic moment of Ag doped GaN was larger than that
of Pd doped because the N sites contribute 0.42 μB, which is much
greater than any other 4d metal doped GaN. In addition, there was
a unique observation reported as a colossal magnetic moment in
Re doped GaN.17 Atomically precise noble metal (mainly silver
and gold) nanoclusters are an emerging category of promising
functional materials. Without doping, the magnetic response of
noble metal clusters is generally weak. Doping with ferromagnetic
metals, such as Fe, Co, and Ni, is a promising pathway to introduce
magnetic properties into such clusters.18

Doping is the purposeful incorporation of a small number of other
elements or compounds into the material to change its composition,
and making materials possess specific electrical, magnetic, and
optical properties. At present, almost all the discovered metallic
elements have been used in doped materials, such as crystals,
ceramics, organic compounds, and other substances, which adds
up to more than the non-metal elements. Table 1 lists the doping
metallic elements in typical materials and related properties.
The doped elements cover almost all the metallic elements in
the periodic table of elements and semi-metallic elements, such as
B, Si, As, Se, Te etc., as shown in Fig. 2. The introduction of
different metals into the same material can improve the
performance of different aspects and broaden the application
direction. Metallic element doping can effectively change the
photoluminescence (PL) characteristics of the metal halide
perovskite (the general structure is ABX3).10 Intriguingly, Mndoping and lanthanide-doping both demonstrate multi-peak
emission with PL peaks related to transitions from energy levels of
the dopant ions.11,12 Spinel ferrite materials containing dopants
have good electrical and magnetic properties and are used in
various fields. It has been reported that CoFe2O4 nanoparticles
have been doped with more than 20 kinds of metal elements to
achieve applications in different fields.13 According to UV-Vis
analysis, a blue shift was shown with Ni doping,14 while Zn doping
produced particles with a similar shape, size (5 nm), and structure
while possessing various magnetic anisotropies.15 The Aurivillius

In addition to the type of doped metal elements, closely related
to the properties of the materials, the content of the doped elements
also greatly affects the properties of the materials. Shobana et al.19
found that the increase in Y3+ content in yttrium doped cobalt
ferrite prepared by sol-gel combustion can increase the crystallite
size and decrease the conductivity of the nanoparticles. Yang 20
synthesized the Bi2V1-xMnxO5.5-δ electrolyte from MnO2.

Table 1 Doping and Properties of Some Representative Materials
Material

Doping metal elements

Related performance

Metal halide perovskites

Sb, Bi, Sn, Pb, transition metals (e.g. V, Ni, Cu, Zn),
lanthanide metals (e.g. Sm, Dy, Er, Yb), and alkali metals
(e.g. Li, Na, K, Rb)

Ceramic-magnetic nanoparticles

Mg, Al, In, 3d metals (e.g. Ti, V, Cr, Mn), 4d metals (e.g.
Y, Ag, Cd), rare-earth metals (e.g. La, Ce, Pr, Nd)

Nitride ceramic phosphor
Zinc oxide semiconductor

Rare-earth metals (e.g. Eu, Ce, Tb, Er, Gd)
Transition metals (e.g. Mn, Cu, Fe)
Noble metals (e.g. Au, Ag, Pd, Pt)

Optoelectronic properties (e.g., absorption band gap,
PL emission, and quantum yield (QY)) and stabilities
Power conversion efficiency (PCE), the
reproducibility and stability
Electrical
Structural
Optical characteristics
Optical characteristics
Photocatalytic properties (energy levels mobility,
conductivity, and optical and magnetic properties.
Gas sensing properties

Graphite carbon nitride
Silicon Carbide Ceramics

Alkali metals (e.g. Na, K), transition metals (e.g. Fe, Cd,
Co, Mo), rare-earth metals (e.g. Ce, Eu, Se, Y)
Transition metals (e.g. Fe, Ti)

Electrolyte ceramics
Noble metal nanoclusters
GaN based magnetic
semiconductor materials
Structural ceramics

Cu, Sb, Nb, Ta, Mn
Fe, Co, Ni
3d metals (e.g. Fe, Co, Ni, Cu), 4d metals (e.g. Ag, Pd),
rare-earth metals (e.g. Eu, Gd, Ce)
Rare-earth metals (e.g. La, Y, Ce)

Conductive polymer

Transition metals (e.g. Fe, Co, Ni)

www.at-spectrosc.com/as/article/pdf/2021101

240

Photocatalytic properties (band gap, interlayer
resistance)
Band diagram
Conduction
Spin-related-features
Oxygen ion conductivity
Ferromagnetic properties
Ferromagnetic properties
Compactness properties
Thermal conductivity
Mechanical properties
Electrical properties
Electrochemical activity
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unattainable for mono-doped materials.29 Moreover, such systems
often demonstrate the sensitization effect which allows a
considerable enhancement of the luminescence intensity and thus
avoids the limitations imposed by the concentration quenching
effect. Experimental and theoretical studies have proven that
incorporation of co-dopants advances the photocatalytic properties
of graphite gallium nitride (g-C3N4) photocatalyst more
efficiently.30 Fan et al.31 first obtained ZnO nanorods by the
hydrothermal method and then fabricated Pt and Au co-doped
ZnO nanorods with the response of this bimetallic semiconductor
hydrogen sensor much higher than those made of pure ZnO or
single noble metal doped ZnO.

The electrolyte was the γ phase in the range of 0.1 ≤x≤0.25. The
doped Mn4+ was reduced to Mn3+, and when the temperature was
higher than 650 C, it was reduced to Mn2+, which was due to the
release of O2. Alga 21 believed that the solute was the γ phase in
the range of 0.075 ≤x≤0.25, Mn3+ in the range of 0.075≤x≤0.10,
and Mn3+/Mn4+ in the range of 0.15≤x≤0.25. Mn4+ increased with
an increase in MnO2, and the highest oxygen ion conductivity was
obtained when the doping amount of MnO2 was x = 0.1.
The dopants are mainly in the form of species (ion, atom,
isotope) nanoparticles and compounds. For example, when adding
metal halide salts (e.g. SbCl3, BiCl3, VCl3, NiCl2, ZnCl2, SnCl2,
SnCl4, PbCl2 and CuCl2) as dopants to CsPbCl3 nanocrystals, the
difference in the photoluminescence quantum yield (PLQY)
enhancements was not due to the doping of these different doping
metallic ions, but because of the varied ability of these metal
compounds to release active chloride ions for surface
passivation.22,23 Recently, single-atom electrocatalysts (SACs),
which comprise singly isolated metal atoms immobilized onto a
heterogeneous support, have attracted attention as a robust
analogue of organometallics.24 SACs are the ultimate form of size
reduction of metal electrodes and maximize the efficiency of metal
atom use. Different from Pt nanoparticle (Ptnano) doping, single Pt
atom doping can reduce Pt atom usage on the one hand, and
selectively catalyze the hydrogen oxidation reaction
(HOR)/hydrogen evolution reaction (HER) over oxygen reduction
reaction (ORR) on the other hand. The temperature-frequency
behavior of the dielectric permittivity (9–300 K; 100 Hz–1 MHz,
and at 100 GHz) of K0.984Li0.016TaO3, containing the natural ratio
of the Li isotopes (7.56% of 6Li and 92.44% of 7Li, KLT-7) and
only the 6Li isotope (KLT-6), was studied.25 The results revealed
that the activation energy for 6Li+ relaxation appeared to be smaller
and the relaxation time pre-exponent was larger than for the 7Li+
centers. The optical and photocatalytic properties of materials
were usually related to the valence states of the elements, which
should be paid attention to when doping. For ferric chloride doped
polyvinyl alcohol (Fe: PVA) polymer films, the decrease of the
refractive index in the visible range induced by UV exposure was
related to the reduced oxidation state of the doping metal
(Fe3+→Fe2+).26 Structural ceramics are widely used in daily life,
and have been extended to aerospace, integrated circuit, energy,
and the environmental protection fields, such as alumina, silicon
nitride, silicon carbide, and so on. In order to improve the
compactness, thermal conduction and reduced sintering
temperature, rare earth oxides are often doping, such as La/YAl2O3.27,28

In summary, doping improves the properties of materials by
changing their composition or structure and is widely used in
materials science. It was found that advanced materials with
different properties of optical, magnetic, and electrical properties
have been obtained by doping metallic elements. The doped
elements include almost all metallic elements and semi-metallic
elements, and the forms of doping involves ions, atoms, isotopes,
valence states, nanoparticles, bimetallic/polymetallic doping. At
the same time, the doping of non-metallic elements has been rarely
reported.

METALLIC ELEMENTS AS IMPURITIES
In addition to doping by introducing metal elements into the
material, the impurities of the raw materials and the contamination
accompanying the process (such as the diffusion from crucible
material and matrix material) will also affect the final quality and
performance of the materials. Appropriate impurity species and
contents are very helpful for the improvement of material
properties. Cobalt and copper oxides have shown more important
contribution to the observed electroactivity, and their presence as
impurities in carbon nanotubes (CNTs) should be considered in the
evaluation of their electrochemical response.32 It is considered that
the ferromagnetism of some fullerene polymers and graphite, such
as hard carbon phase samples, is not related to fullerene at all.33
Most of the works published previously as evidence of
ferromagnetism in fullerene polymers synthesized at high pressure
high temperature (HPHT) conditions can be explained by
contamination with magnetic impurities. Formation of iron
carbide (Fe3C) due to the reaction of metallic iron with fullerene
molecules explains the observed Curie temperature of close to 500
K and the levels of magnetization reported for ''magnetic carbon."
However, the existence of some impurities with the content
exceeding a certain limit often causes adverse effects and the
impurity removal process usually should be carried out. Metallic
impurities such as iron, chromium and titanium can reduce the
carrier diffusion length in polysilicon. In polysilicon cells, copper
affected not only the composition of the substrate, but also the
composition of the emitter and, more importantly, it affected the

Bimetallic/polymetallic doping has been tried because single
metal doping sometimes cannot achieve satisfactory results. The
Ni and Mn co-doping influence on electrical, structural, and
optical characteristics of CoFe2O4 nanoparticles prepared via the
co-precipitation route was reported.14 Bimetallic doping caused
shifts of the absorption and emission band maxima in the
luminescence spectra and the appearance of optical properties
www.at-spectrosc.com/as/article/pdf/2021101
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performance of the cell.34 Pumera et al.35 investigated the
electrochemical response of carbon nanotubes containing different
amounts of impurities towards the reduction of an important
biomarker, hydrogen peroxide, and the oxidation of an important
impurity marker. They found that the borderline between being
redox active/inactive for iron-based impurities was in the middleppm range.

distribution, species, and content of doping, crosslinking or
impurity elements, and the effects on the resulting properties of the
materials. Therefore, the "concept of matermetallomics" is defined
as a structure-activity relationship of materials between their
components and their properties and performance. Furthermore,
the techniques for characterizing the distribution, species, and
content of metallic elements in materials are discussed detailed in
section "Analytical approaches for matermetallomics". Although
many related studies have been published recently, only
representative work is cited here.

METALLIC ELEMENTS AS
CROSSLINKERS

METARMETALLOMIC AND RELATED
TERMS

Metal coordination is a special non-covalent interaction with both
high bond energy and dynamic characteristics, for which metal
ions are widely used as crosslinkers to assemble and regulate
materials 36 and to broaden the properties and applications
prospects of materials. For example, crosslinking can fix the
structure of polymer micelles and improve the stability of polymer
micelles, and the use of some chemicals can be avoided in the
formation of non-covalent crosslinking with metal ions (e.g. Eu3+,
Ru2+ and Zn2+), which has been applied in the fabrication of metal
coordination crosslinked polymer micelles.37 Alginate is known to
form a hydrogel in the presence of divalent cations, such as
calcium, which acts as crosslinker between the functional groups
of alginate chains.38 In recent years, various kinds of metal ions
(e.g. Ni2+, Co2+ and Mg2+) were utilized to crosslink the alginate to
prepare the flame-retardant films and fibers.39 In principle, metal–
ligand interactions can be utilized for intrinsic self-healing, as the
reformation of coordinative bonds does not require demanding
conditions, such as high pressure or harsh chemical environment,
but it can occur in situ for polymers in a suitable environment. It
has been reported that the hexabrachial star copolymer system
crosslinked by ferric (II) salt shows good self-healing performance
at the medium temperature of 80-120 C and the time interval of
6-8 h, which was better than for the linear polymer system.40 Based
on the unique advantages of metal ion crosslinking, such as
forming a reversible network and simply tuning material
properties, it has also been applied to polyethylene glycol (PEG)based links, crosslinked with metal ions (e.g. V3+, Fe3+, and Al3+)
as materials for 3D extrusion printing, thus facilitating the
adaptation of the system to the requirements of the printing process
broad range of the printing parameters and application with
remarkable flexibility.41 All in all, metal crosslinking is a good way
to adjust and assemble materials, which has been successfully
applied in many fields.

In the study of metallomics, it refers to the study of a metallome,
interactions and functional connections of metal ions and their
species with genes, proteins, metabolites and other biomolecules
within organisms and ecosystems. The most important research
target of metallomics is to elucidate the physiological roles and
functions of the biomolecules binding with metallic ions in the
biological systems.42 Similarly, metallomics of materials should
clarify the role and function of metallic elements in materials,
named as Matermetallomics. It is therefore important to specify
that a metallomics study implies:
(i) A focus on metallic or semi-metallic elements (e.g. As, Se, Sb)
in the context of materials science. It is not recommended to
extend the term extended to non-metals, such as sulfur or
phosphorous.
(ii) A correlation of the element concentration mapping or element
speciation with materials. This correlation may be statistical (the
distribution, content and species of elements coincides with the
presence of a particular property or character), structural (the
interaction between the elements and microstructure) or
functional (the presence of elements is the result of process
adjustment).
(iii) A systematic, comprehensive, or global approach. If a metal
species does not explain its significance and contribution to
materials science, it is not matermetallomics!
Matermetallome is defined as the distribution, species, and
concentration of metal elements in micro and macro structures.
From the above consideration, a matermetallome refers to the
metallic matrix, dopants, impurities or crosslinkers in inorganic
nonmetal materials, polymer materials and composite materials.

The specific mechanisms of the relationship between doping,
crosslinking or impurity elements and properties are still unclear
and worthy of further study, especially regarding the Materials
Genome Initiative. The composition and microstructure, just like
"genes" which determine the properties of materials, of the
metallic elements are essential components of various gene
sequences. Thus, it is important to materials science that the
www.at-spectrosc.com/as/article/pdf/2021101

ANALYTICAL APPROACHES FOR
MATERMETALLOMICS
In the study on the subjects in matermetallomics, many existing
analytical techniques have been widely used, more advanced
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Table 2 Representative Analysis Methods in Material Analysis
Analyte

Analysis Method

Cr, Co, Ni, and Cu

LA-ICP-MS

ratio of Fe (II)/Fe (III)
Cr, Fe, Ni
Th and U
Sc, Y, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu, Th
Cd, Cr, Mn, Mo, Pb, V, and
Zn
Cr, Mn, Fe, Co, Ni, Cu, Zn,
As and Pb at trace level

XPS
SIMS
ICP-MS

sulfur and iron valence
state

Wavelength dispersion
(WD)-XRF

lithium isotopic

MC-ICP-MS

C, H, Ni, S and V

LIBS&LA-ICP-AES

Cr, Hg and Pb

LIBS

the 137Cs and 40K radio
isotopes
Pd, Pt and Rh

Glow discharge mass
spectrometry (GD-MS)
Electrothermal vaporization
(ETV)-ICP-AES
Total reflection-XRF

High purity germanium
gamma spectrometry
(HPGe)
High resolution continuum
source graphite furnace
(HR-CS)-GFAAS

Comments

Ref.

Quantitative analysis of Cr, Co, Ni and Cu in metallic materials without
complex processing.
Analyze the ratio of Fe (II)/Fe (III) in 1045 steel and J55 steel.
Depth-profiling analysis of Cr, Fe, Ni in oxidized steel samples.
Detect ultra-trace Th and U in copper
Qualitative analysis of 72 impurity elements in high-purity copper powder.
Determination of Cd, Cr, Mn, Mo, Pb, V and Zn in 2.0–2.5 mg aliquots of
nickel foam samples without pretreatment.
Quantify trace elements in light and middle distillates (gasoline, racing and
jet fuel).
Determine the content of ferrous iron and to estimate sulfur valence state in
coal concentrates and ashes from the pressed pellet without additional
sample preparation.
Determination of lithium isotopes in coal to help to track atmospheric haze
and polluted water in the environment.
LIBS and LA-ICP-AES were used simultaneously for the elemental
analysis of asphaltene samples using minimum sample pretreatment.
Quantitative analysis of plastics by LIBS was used to measure Cr, Hg and
Pb.

43
44
45
46
47
48
49
50
51
52
53

The HPGe method was used to detect the concentration of 137Cs and 40K
isotope in edible salt.

54

HR-CS-GFAAS detected the Pd, Pt and Rh (PGMs) in spent automobile
catalysts without chemical separation.

55

gas concentrations below a
tungsten surface

LIBS-LAMS

235

NanoSIMS

two Cm isotopic ratios

AMS

Cu, Zr, Ag, W

FIB-TOF-SIMS

Cu, Se, In, Ga

GD-OES

Mn, Cu, Fe

Electron probe micro
analyzer (EPMA)

LIBS-LAMS was used to measure the depth-dependent concentration of
gaseous substances under the surface of tungsten.
The micro-scale isotopic heterogeneity of nuclear fuel pellets was
characterization by nano-scale secondary ion mass spectrometry
(NanoSIMS).
Two Cm isotopic ratios (244Cm/246Cm and 245Cm/246Cm) was determined to
date irradiated in nuclear fuels.
High spatial resolution of elemental distribution was determined.
GD-OES was used for quantitative depth-profiling of copper indium
gallium sulfur selenide (CIGS) thin films.
EPMA was used to measure the partial substitution of iron in the TiFesystem.

Al, Si, K, Ca, Ti, Mn, Fe,
Cu, Zn and Sr

PIXE

Multi-elements and non-destructive analysis on the young leaves of Neem.

Na, Mg, Al

PIGE

Sc

NMR

Complexation of
terpolymer and Ga ions

HPLC

Na

MALDI-TOF-MS

Microstructure of
La2CaB10O19 crystal

Raman spectrometer

In situ Raman spectroscopy was applied to obtain the microstructure
information on La2CaB10O19 crystal and its growth solution.

67

Titanate

FTIR

FTIR measured the typical stretching vibrations band of Ti–O, explained
the molecular structure of titanate nanofibers.

68

U/238U ratio

In-situ quantitative analysis of four main elements (silicon, sodium,
magnesium, and aluminum) in the soda lime glass sample.
Solid-state NMR (45Sc MAS NMR) was used to measure the
intramolecular charge transfers, which confirmed clearly the increase of
electron density around the Sc3+ species after Sc-EBTC interacted with the
analytes.
HPLC was used to characterize the complexation of the terpolymer and Ga
ions.
MALDI-TOF MS spectra showed the ionization with H+ and Na+ were
almost the same to the theoretical calculated values, confirmed chemical
structure of octa carboxyl polyhedral oligomeric silsesquioxane.

analytical techniques are also needed to explore the new research
fields. Some representative analysis methods in materials analysis
www.at-spectrosc.com/as/article/pdf/2021101

56
57
58
59
60
61
62
63

64

65
66

are listed in Table 2. The analytical techniques were split into five
main sections based on the research subject.
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1. Imaging techniques mainly refer to element imaging, includes
microscope and traditional spectroscopic techniques. Electron
microscopes combined with energy dispersion X-ray analysis
(EM-EDS) are the instruments specifically developed to
acquire images of target materials at high magnification and
analyze the elements on surface or cross-sections of materials,
but its disadvantage is that it cannot analyze elements with an
atomic number less than 5, in addition, the elemental
sensitivity is poor. The new methods based on laser plasma
technology are also gradually used in the imaging of elements
in materials, such as laser-induced breakdown spectroscopy
(LIBS) and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). LIBS is an imaging technology
developed in recent years. Its advantages are that it can realize
micro-area and fast elemental analysis without complicated
preparation. Its disadvantages are poor stability, high
sensitivity (up to μg/g level). In addition, the LIBS method can
be applied to qualitative and quantitative analysis of elements,
as well as in situ and remote real-time analysis such as iron
and steel smelting.

sensitivity is low, 0.1 % of detection limit, and data acquisition
is slower.
4. Ion beam techniques can quantify trace elements with high
sensitivity. Particle-induced X-ray emission (PIXE) and
proton-induced gamma-ray emission (PIGE) have the
advantages of high sensitivity, micro loss, and micro area
analysis, but elements can be analyzed Z>12.
5. MS-based techniques are most widely used for identification
of unknown species, content determination and distribution
imaging. Gas/liquid chromatography-MS is mainly applied to
identify unknown organic substances containing metallic
elements, but the analysis time is generally longer than with
other MS-based techniques. Secondary ion mass spectroscopy
(SIMS) is a very sensitive method for surface composition
analysis, which can analyze all elements or isotopes including
hydrogen, and depth analysis can be performed on samples
with a depth resolution of less than 1 nanometer. However, it
is very difficult to quantitative analysis because of the great
difference between the secondary ion difference values of
various elements. The secondary ion transmission efficiency
of the mass analyzer is low and the measurement accuracy is
insufficient. Matrix-assisted laser desorption ionization timeof-flight mass spectrometry (MALDI-TOF-MS) is a mass
spectrometry technique developed in the late 1980s, which is
widely used in protein sequencing and microbial identification.
It has the advantages of fast analysis speed, high resolution
(μm), high sensitivity (f mol), high flux and high precision. It
cannot analyze non-covalent bond interactions because of the
soft ionization mode. ICP-MS is also a sensitive element
analysis technology, which can realize micro area analysis of
solid samples combined with laser ablation.

2. Spectroscopic techniques, such as infrared, Raman
spectroscopies and nuclear magnetic resonance (NMR), are
frequently used to characterize the molecular structure in
inorganic and organic compounds. The FTIR method is a nondestructive analysis and free from the restriction of the
sample's physical state, but it is suitable for qualitative analysis,
rarely for quantitative analysis. Raman spectroscopy can
obtain the microstructure information of materials, such as
bond length, coordination number information, cluster
information with different coordination numbers, and
quantitatively obtain the corresponding content of the
microstructure types. What's more, it can be used for in situ
detection at high temperature. High temperature in situ
analysis technology also includes XRD, NMR. NMR is the
most frequently used method for molecular structure
characterization, which can obtain sample structure,
composition, and kinetic information under non-destructive
conditions with highly specific and good repeatability, but its
low sensitivity limits its application in low doped materials.

6. Atomic spectrometry technology includes atomic absorption
spectrometry (AAS), atomic emission spectrometry (AES)
and atomic fluorescence spectrometry (AFS), and so on,
which are common elemental quantitative techniques in
materials analysis. So far, many techniques, such as XRF, ICPAES, ICP-MS as mature techniques, have been developed as
the analytical methods for chemical speciation of trace metals
in materials.

3. X-ray-based technologies have a wide range of applications.
X-ray fluorescence (XRF) is one of the most frequently used
techniques for elemental analysis because of the advantages of
fast analysis speed and no complex preprocessing. Its
disadvantages are that the sensitivity to low atomic number
elements is lower and it is easily affected by mutual element
interference and overlapping peaks. X-ray diffraction (XRD)
is often used for phase structure analysis, but it can also be
used for component analysis of materials. X-ray photoelectron
spectroscopy (XPS) is applied to quantify the valence and
electronic levels of specific elements at the micro-area surface,
which can analyze all elements, except H and He, and the
qualitative identification of elements is strong. But elemental
www.at-spectrosc.com/as/article/pdf/2021101

CONCLUSIONS
To meet the needs of human beings for materials, systematic and
in-depth research of the quantitative relationship among
composition, structure, process, properties, and performance is the
most possible solution to solve the problem. In this context,
matermetallomics is proposed to study the relationship between
metallic components and materials. This includes the systematic
study of the distribution, content and species of the metallic
elements, and the interaction between the metallic elements and
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structure, process, properties, and performance. Further, it
includes analytical approaches to matermetallomics and can be
divided into six main categories: the imaging techniques,
spectroscopic techniques, X-ray based techniques, ion beam
techniques, MS-based techniques, and atomic spectrometry
techniques. The emerging field of matermetallomics as an
interdisciplinary field addresses the systematic view of the
analytical methodology, role, and function of metallic elements in
materials, across several disciplines including science and
engineering of metallic materials, inorganic nonmetallic materials,
polymer materials and composite materials, and materials
characterization.

7.

C. E. Wilmer, M. Leaf, C. Y. Lee, O. K. Farha, B. G. Hauser,
J. T. Hupp, and R. Q. Snurr, Nat. Chem., 2012, 4, 83-89.
https://doi.org/10.1038/nchem.1192

8.

S. R. Batten, N. R. Champness, X.-M. Chen, J. Garcia-Martinez,
S. Kitagawa, L. Ohrstrom, M. O'Keeffe, M. P. Suh, and J. Reedijk,
Pure Appl. Chem., 2013, 85, 1715-1724.
https://doi.org/10.1351/pac-rec-12-11-20

9.

K. V. Mahesh, R. Rashada, M. Kiran, A. P. Mohamed, and
S. Ananthakumar, RSC Adv., 2015, 5, 51242-51247.
https://doi.org/10.1039/c5ra07756g

10. C. H. Lu, G. V. Biesold, Y. J. Liu, Z. T. Kang, and Z. Q. Lin,
Chem. Soc. Rev., 2020, 49, 4953-5007.
https://doi.org/10.1039/c9cs00790c
11. G. C. Pan, X. Bai, D. W. Yang, X. Chen, P. T. Jing, S. N. Qu,
L. J. Zhang, D. L. Zhou, J. Y. Zhu, W. Xu, B. Dong, and
H. W. Song, Nano Lett., 2017, 17, 8005-8011.
https://doi.org/10.1021/acs.nanolett.7b04575

AUTHOR INFORMATION

12. G. G. Huang, C. L. Wang, S. H. Xu, S. F. Zong, J. Lu, Z. Y. Wang,
C. G. Lu, and Y. P. Cui, Adv.Mater., 2017, 29. 1700095.
https://doi.org/10.1002/adma.201700095

Corresponding Author

Notes

13. F. Sharifianjazi, M. Moradi, N. Parvin, A. Nemati, A. J. Rad,
N. Sheysi, A. Abouchenari, A. Mohammadi, S. Karbasi, Z. Ahmadi,
A. Esmaeilkhanian, M. Irani, A. Pakseresht, S. Sahmani, and
M. S. Asl, Ceram. Int., 2020, 46, 18391-18412.
https://doi.org/10.1016/j.ceramint.2020.04.202

The authors declare no competing financial interest.

14. S. Chakrabarty, A. Dutta, and M. Pal, Electrochim. Acta., 2015, 184,
70-79. https://doi.org/10.1016/j.electacta.2015.10.027

ACKNOWLEDGMENTS

15. G. Muscas, S. Jovanovic, M. Vukomanovic, M. Spreitzer, and
D. Peddis, J. Alloy. Compd., 2019, 796, 203-209.
https://doi.org/10.1016/j.jallcom.2019.04.308

*Z. Wang

Email address: wangzheng@mail.sic.ac.cn

16. H. Li, X. Hao, C. Wang, R. Zhang, H. Liu, and S. Wang,
Chin. Ceram., 2016, 52, 1-7.
http://doi.org/10.16521/j.cnki.issn.1001-9642.2016.08.001

This work was supported by the National Consortium for
Excellence in Metallomics and the Shanghai Platform for
Metallomics, Science and Technology Innovation Project of
Shanghai Institute of Ceramics, and Shanghai Technical Platform
for Testing and Characterization on Inorganic Materials
(19DZ2290700).

17. M. Shakil, A. Hussain, M. Zafar, S. Ahmad, M. I. Khan,
M. K. Masood, and A. Majid, Chin. J. Phys., 2018, 56, 1570-1577.
https://doi.org/10.1016/j.cjph.2018.05.018
18. A. Ghosh, O. F. Mohammed, and O. M. Bake,
Accounts Chem. Res., 2018, 51, 3094-3103.
https://doi.org/10.1021/acs.accounts.8b00412
19. M. K. Shobana, W. Nam, and H. Choe, J. Nanosci. Nanotechnol.,
2013, 13, 3535-3538. https://doi.org/10.1166/jnn.2013.7250

REFERENCES
1.

Y. Li, L. Liu, W. Chen, and L. An, Sci. Sin. Chim., 2018, 48,
243-255. https://doi.org/10.1360/n032017-00182

2.

C. M. Breneman, L. C. Brinson, L. S. Schadler, B. Natarajan,
M. Krein, K. Wu, L. Morkowchuk, Y. Li, H. Deng, and H. Y. Xu,
Adv. Funct. Mater., 2013, 23, 5746-5752.
https://doi.org/10.1002/adfm.201301744

3.

4.

20. Y. M. L. Yang, L. B. Qiu, W. T. A. Harrison, R. Christoffersen, and
A. J. Jacobson, J. Mater. Chem., 1997, 7, 243-248.
https://doi.org/10.1039/a604694k
21. M. Alga, M. Wahbi, A. Ammar, B. Tanouti, J. C. Grenier, and
J. M. Reau, J. Alloy. Compd., 1997, 256, 234-243.
https://doi.org/10.1016/s0925-8388(96)03106-4
22. R. K. Behera, S. Das Adhikari, S. K. Dutta, A. Dutta, and
N. Pradhan, J. Phys. Chem. Lett., 2018, 9, 6884-6891.
https://doi.org/10.1021/acs.jpclett.8b03047

M. W. Gaultois, T. D. Sparks, C. K. H. Borg, R. Seshadri,
W. D. Bonificio, and D. R. Clarke, Chem. Mat., 2013, 25,
2911-2920. https://doi.org/10.1021/cm400893e

23. J. K. Chen, J. P. Ma, S. Q. Guo, Y. M. Chen, Q. Zhao, B. B. Zhang,
Z. Y. Li, Y. Zhou, J. S. Hou, Y. Kuroiwa, C. Moriyoshi, O. M. Bakr,
J. Y. Zhang, and H. T. Sun, Chem. Mat., 2019, 31, 3974-3983.
https://doi.org/10.1021/acs.chemmater.9b00442

R. Olivares-Amaya, C. Amador-Bedolla, J. Hachmann,
S. Atahan-Evrenk, R. S. Sanchez-Carrera, L. Vogt, and
A. Aspuru-Guzik, Energy Environ. Sci., 2011, 4, 4849-4861.
https://doi.org/10.1039/c1ee02056k

5.

B. B. Wang, L. L. Zhou, K. L. Xu, and Q. S. Wang,
Ind. Eng. Chem. Res., 2017, 56, 47-51.
https://doi.org/10.1021/acs.iecr.6b04347

6.

M. A. Kuenemann, and D. Fourches, Mol. Inf., 2017, 36. 1600143.
https://doi.org/10.1002/minf.201600143

www.at-spectrosc.com/as/article/pdf/2021101

24. K. Kamiya, Chem. Sci., 2020, 11, 8339-8349.
https://doi.org/10.1039/d0sc03328f
25. V. Trepakov, M. Savinov, S. Prosandeev, P. Syrnikov, A. Pashkin,
J. Petzelt, S. Kapphan, and L. Jastrabik, Ferroelectrics, 2004, 302,
449-452. https://doi.org/10.1080/00150190490453711
26. M. Bulinski, V. Kuncser, C. Plapcianu, S. Krautwald, H. Franke,
245

At. Spectrosc. 2021, 42(5), 238-246

P. Rotaru, and G. Filoti, J. Phys. D-Appl. Phys., 2004, 37,
2437-2441. https://doi.org/10.1088/0022-3727/37/17/015

47. J. Zhang, T. Zhou, Y. Cui, Y. Tang, and B. Wu,
J. Anal. At. Spectrom., 2020, 35, 2712-2722.
https://doi.org/10.1039/d0ja00327a

27. J. X. Fang, A. M. Thompson, M. P. Harmer, and H. M. Chan,
J. Am. Ceram. Soc., 1997, 80, 2005-2012.
https://doi.org/10.1111/j.1151-2916.1997.tb03084.x

48. K. Harrington, A. Al Hejami, and D. Beauchemin,
J. Anal. At. Spectrom., 2020, 35, 461-466.
https://doi.org/10.1039/c9ja00400a

28. S. Yang, X. Xing, J. Zhang, H. Wang, L. Sima, and
H. Wang, J. Funct. Mater., 2018, 49, 6190-6195.
http://doi.org/10.3969/j.issn.1001-9731.2018.06.032

49. A. Cinosi, G. Siviero, D. Monticelli, and R. Furian,
Spectrochim. Acta, Part B, 2020, 164. 105749.
https://doi.org/10.1016/j.sab.2019.105749

29. N. S. Akhmadullin, O. N. Shishilov, and Y. F. Kargin,
Russ. Chem. Bull., 2020, 69, 825-837.
https://doi.org/10.1007/s11172-020-2841-4

50. V. M. Chubarov, A. A. Amosova, and A. L. Finkelshtein,
Spectrochim. Acta, Part B, 2020, 163. 105745.
https://doi.org/10.1016/j.sab.2019.105745

30. V. Hasija, P. Raizada, A. Sudhaik, K. Sharma, A. Kumar, P. Singh,
S. B. Jonnalagadda, and V. K. Thakur, Appl. Mater. Today., 2019, 15,
494-524. https://doi.org/10.1016/j.apmt.2019.04.003

51. M.-Y. He, C.-g. Luo, H. Lu, Z. d. Jin, and L. Deng, J. Anal. At.
Spectrom., 2019, 34, 1773-1778. https://doi.org/10.1039/c9ja00204a

31. F. Y. Fan, J. J. Zhang, J. Li, N. Zhang, R. R. Hong, X. C. Deng,
P. G. Tang, and D. Q. Li, Sens. Actuator B-Chem., 2017, 241,
895-903. https://doi.org/10.1016/j.snb.2016.11.025

52. D. Oropeza, J. González, J. Chirinos, V. Zorba, E. Rogel, C. Ovalles,
and F. López-Linares, Appl. Spectrosc., 2019, 73, 540-549.
https://doi.org/10.1177/0003702818819497

32. A. Sanchez Arribas, M. Moreno, M. Martinez-Fernandez, E.
Bermejo, A. Zapardiel, and M. Chicharro, Sens. Actuator B-Chem.,
2013, 182, 31-39. https://doi.org/10.1016/j.snb.2013.02.083

53. K. Liu, D. Tian, H. Xu, H. Wang, and G. Yang, Anal. Methods.,
2019, 11, 4769-4774. https://doi.org/10.1039/c9ay01796h
54. F. Caridi, M. Messina, A. Belvedere, M. D’Agostino, S. Marguccio,
L. Settineri, and G. Belmusto, Appl. Sci., 2019, 9. 2882.
https://doi.org/10.3390/app9142882

33. A. V. Talyzin, and A. Dzwilewski, J. Nanosci. Nanotechnol., 2007,
7, 1151-1161. https://doi.org/10.1166/jnn.2007.304
34. V. Kveder, M. Kittler, and W. Schroter, Phys. Rev. B., 2001, 63,
115208. https://doi.org/10.1103/PhysRevB.63.115208

55. V. V. Eskina, O. A. Dalnova, D. G. Filatova, V. B. Baranovskaya,
and Y. A. Karpov, Spectrochim. Acta, Part B, 2020, 165. 105784.
https://doi.org/10.1016/j.sab.2020.105784

35. M. Pumera, and Y. Miyahara, Nanoscale, 2009, 1, 260-265.
https://doi.org/10.1039/b9nr00071b

56. G. Shaw, W. Garcia, X. Hu, and B. D. Wirth, Phys. Scr., 2020, T171,
014029. https://doi.org/10.1088/1402-4896/ab47c7

36. Z. Liu, W. He, and Z. Guo, Chem. Soc. Rev., 2013, 42, 1568-1600.
https://doi.org/10.1039/c2cs35363f
37. M. Lin, Y. Dai, F. Xia, and X. Zhang, Mat. Sci. Eng. C-Mater., 2021,
119. 111626. https://doi.org/10.1016/j.msec.2020.111626

57. R. Kips, P. K. Weber, M. J. Kristo, B. Jacobsen, and E. C. Ramon,
Anal. Chem., 2019, 91, 11598-11605.
https://doi.org/10.1021/acs.analchem.9b01737

38. H. T. Bu, A. L. Kjoniksen, K. D. Knudsen, and B. Nystrom,
Biomacromolecules, 2004, 5, 1470-1479.
https://doi.org/10.1021/bm049947+

58. M. Christl, N. Guérin, M. Totland, A. Gagné, Z. Kazi, S. Burrell,
and H.-A. Synal, J. Radioanal. Nucl. Chem., 2019, 322, 1611-1620.
https://doi.org/10.1007/s10967-019-06767-4

39. Y. Pan, W. Wang, L. X. Liu, H. Ge, L. Song, and Y. Hu,
Carbohydr. Polym., 2017, 170, 133-139.
https://doi.org/10.1016/j.carbpol.2017.04.065

59. A. Priebe, I. Utke, L. Pethö, and J. Michler, Anal. Chem., 2019, 91,
11712-11722. https://doi.org/10.1021/acs.analchem.9b02287
60. T. Kodalle, D. Greiner, V. Brackmann, K. Prietzel, A. Scheu,
T. Bertram, P. Reyes-Figueroa, T. Unold, D. Abou-Ras,
R. Schlatmann, C. A. Kaufmann, and V. Hoffmann,
J. Anal. At. Spectrom., 2019, 34, 1233-1241.
https://doi.org/10.1039/c9ja00075e

40. J. Handique, J. Gogoi, and S. K. Dolui, J. Appl. Polym. Sci., 2020,
137. 48527. https://doi.org/10.1002/app.48527
41. M. K. Wlodarczyk-Biegun, J. I. Paez, M. Villiou, J. Feng, and
A. del Campo, Biofabrication, 2020, 12. 035009.
https://doi.org/10.1088/1758-5090/ab673a

61. E. M. Dematteis, F. Cuevas, and M. Latroche,
J. Alloy. Compd., 2021, 851. 156075.
https://doi.org/10.1016/j.jallcom.2020.156075

42. H. Haraguchi, J. Anal. At. Spectrom., 2004, 19, 5-14.
https://doi.org/10.1039/b308213j

62. V. Sharma, R. Acharya, S. K. Samanta, M. Goswami, H. K. Bagla,
and P. K. Pujari, J. Radioanal. Nucl. Chem., 2019, 323, 1451-1457.
https://doi.org/10.1007/s10967-019-06926-7

43. Y. Makino, Y. Kuroki, and T. Hirata, J. Anal. At. Spectrom., 2019,
34, 1794-1799. https://doi.org/10.1039/c9ja00181f
44. P. Wongpanya, Y. Saramas, C. Chumkratoke, and A. Wannakomol,
J. Pet. Sci. Eng., 2020, 189. 106965.
https://doi.org/10.1016/j.petrol.2020.106965

63. M. Elayaperumal, Y. Vedachalam, D. Loganathan,
T. A. Kumaravelu, G. S. Anusuya, and J. Kennedy,
Biol. Trace. Elem. Res., 2020.
https://doi.org/10.1007/s12011-020-02443-x

45. M. Miśnik, P. Konarski, A. Zawada, and J. Ażgin,
Nucl. Instrum. Meth. B., 2019, 450, 153-156.
https://doi.org/10.1016/j.nimb.2018.05.017

64. D. Zhan, A. Saeed, Z. Li, C. Wang, Z. Yu, J. Wang, N. Zhao, W. Xu,
and J. Liu, Dalton. Trans., 2020, 49, 17737-17744.
https://doi.org/10.1039/d0dt03781h

46. I. J. Arnquist, M. L. di Vacri, and E. W. Hoppe,
Nucl. Instrum. Meth. A., 2020, 965. 163761.
https://doi.org/10.1016/j.nima.2020.163761

www.at-spectrosc.com/as/article/pdf/2021101

246

At. Spectrosc. 2021, 42(5), 238-246

Archaeometallomics as a Tool for Studying Ancient Ceramics
Li Li,a Lingtong Yan, a Heyang Sun, a Yue Zhou, a,b and Xiangqian Feng a,*
a

CAS-HKU Joint Laboratory of Metallomics on Health and Environment, & Beijing Metallomics Facility, Institute of High Energy Physics, Chinese
Academy of Sciences, Beijing 100049, P.R. China
b

University of Chinese Academy of Sciences, Beijing 100049, P.R. China

Received: June 10, 2021; Revised: July 20, 2021; Accepted: July 20, 2021; Available online: August 15, 2021.
DOI: 10.46770/AS.2021.107

ABSTRACT: In this paper, the concept of archaeometallomics is put forward to study the role of metal elements in cultural
relics. An example is the influence of metal elements in the identification of their origin, dating,
authenticity and the technology used for the production of ancient ceramics. This analysis also
provides the social and cultural connotations of the development process of that time and shows
that there is a close relationship between the rich glaze varieties and the metal elements in
porcelain. The application of different analytical techniques in studying metallic elements in
ancient ceramics is also briefly summarized. The construction of a metal element composition
database and the related questions in the glaze color-forming mechanism of ancient relics
should be considered an important research direction for future works.

INTRODUCTION

the processing technology used, and to verify the authenticity or
falsification of cultural relics such as for ancient paintings, ancient
stone tools, ancient jade wares, ancient bronzes, and ancient
ceramics, etc. In this paper, as an example, we will showcase the
application of archaeometallomics in studying ancient ceramics.

For obtaining archaeological research data，relics from ancient
human activities are the materials that help to condense and reflect
on the developmental process of ancient history. China is an
ancient civilization with a long history and rich in relics such as
ancient paintings, stone tools, wooden and jade wares, bronzes,
ceramics, etc. Using scientific techniques to extract the
information contained in cultural relics has enhanced the research
in archaeology and achieved valuable results. Because of the rarity
of the samples, various means of nondestructive analysis are
widely used to obtain the respective physical and chemical
information.

Ancient ceramics are among the most outstanding and
important historical and cultural heritage of the Chinese nation.
They are not only the special carrier of human society and culture
but also the crystallization of science and technology of ancient
craftsmen. The developmental process used in ancient ceramics
contains very rich scientific technology and social and cultural
connotations. Tracing the origin, identifying the authenticity or
falsification, understanding the development and evolution of
porcelain technology are important topics.4-6 Ancient ceramics are
made of clay, porcelain clay, and mineral raw materials and
encompass multiple processing procedures. The main components
of a ceramic are bodies, glazes, and colors containing elements
such as Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe, etc., but there are
other trace components that also determine the source, the
reflection process, etc.

Metallomics is a research field that can provide a systematic
understanding of the metal uptake, source of origin, role, and
excretion in biological systems.1,2 Although metallomics was
originally focused on the essential roles of metal and metalloids in
biological systems, the concept of metallomics has been extended
to the study of metals and metalloids in material sciences, such as
matermetallomics.3
In this study, we propose the concept of archaeometallomics as
a tool to systematically study the role of trace elements in cultural
relics and clarify the role and function of the metal elements.
Archaeometallomics can facilitate the understanding of the origin,
www.at-spectrosc.com/as/article/pdf/2021107

The proportions of metal elements in the raw materials of the
body, the glaze and the color of the ancient ceramics are different,
which is determined by the geological conditions of the raw
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materials. They carry the characteristic information of local origin
and age, so the study of the content of metal elements in the body,
glaze and color of the vessel, can provide important reference
information for source and age dating. In the process of hightemperature firing and because of the inherent law of metal
elements at different temperatures and different firing atmospheres,
rich and colorful glazes are produced. By researching the structure
of a metal's color elements, the ceramic firing technology can be
deduced, which provides a scientific basis for the restoration of the
original in the traditional manufacturing technology. For example,
Mn, Fe, Cu, and Co in the glaze at different temperatures and
different firing atmospheres contribute to the colorful glaze of
ancient Chinese ceramics. The distribution of metal elements and
their adjacent atomic structures are closely related to the
provenance, dating, and processing technology.7 It was found that
green glaze and red glaze contained Cu as the coloring agent;
celadon, white and black porcelain used Fe as the coloring agent,
while blue and white porcelain used Co as the coloring agent, etc.810 However, the same coloring element in the ceramic glaze color
can show different colors and depends on the relationship with the
content of the ceramic formula and the firing process.11 Thus, the
composition of the metal element content in the body and glaze of
ancient ceramics provides important reference information for
provenance and dating identification. Furthermore, the valence
state of the metal atoms and the structure can play an important
role in establishing the firing technology.

synchrotron radiation source in the 1970s, XAFS has gradually
become a practical method of structural analysis on ancient
ceramics and can provide the internal physical and chemical
information.22
NAA. NAA uses neutrons, charged particles and high-energy
photons with certain energy to bombard the sample. Radioactive
nuclides are generated, which can be used for the quantitative
analysis of elements in the sample.23 Compared with other
elemental analysis methods, it has many advantages: first, high
sensitivity, high accuracy and precision; second, multi-element
analysis, which can give the contents of dozens of elements,
especially trace elements; third, the sample size is small, not easy
to stain and not affected by reagent blank. The disadvantage is that
this method cannot detect elements that cannot be activated by
neutrons, nor can the elements with short half-life be measured.
XRF. According to the different excitation sources, the X-ray
fluorescence analysis technology is available as X-ray
fluorescence (using X-ray tube as the excitation source),
synchrotron radiation X-ray fluorescence (SRXRF), and protoninduced X-ray fluorescence (PIXE), etc.24 As a non-destructive
analysis techniques, XRF has been widely used and plays an
important role in the study of ancient ceramics.25,26 The sample is
bombarded with photons, electrons, protons, particles, or other
ions at a certain energy in which the inner shell (K, L, or M shell)
electrons are excited, causing electron transitions in the shell and
emitting characteristic X-rays (or auger electrons) of the element.
By determining the wavelength (or energy) of characteristic Xrays, it can determine the elements in the sample. The percentage
content of an element in the sample can be obtained by measuring
the intensity of the characteristic X-ray and adopting the
appropriate method for calibration and correction.27

ANALYTICAL TECHNIQUES IN
ARCHAEOMETALLOMICS
Due to the particularity of cultural relics like ancient ceramics,
nondestructive analysis techniques or micro-damage analysis are
always desired. Neutron activation analysis (NAA), X-ray
fluorescence analysis (XRF), X-ray absorption fine structure
spectroscopy (XAFS), Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS), Laser-induced
Breakdown Spectroscopy (LIBS) and Atomic Absorption
Spectroscopy (AAS) are often used to analyze the content, valence,
and structure of metallic elements in ancient ceramics.12-14 The
earliest application of the neutron activation method to ceramic
archaeology was in 1954, when Sayre and Dodson at Brookhaven
Laboratory of Princeton University, USA,15 first studied the origin
of ancient ceramics. For more than half a century, experts at home
and abroad have used neutron activation analysis to carry out a
large number of studies on the origin, age and production process
of ancient ceramics.16,17 Neutron activation has gradually become
a widely accepted method for trace element analysis in Chinese
ceramic archaeology.

XAS. When X-rays pass through an object, they are absorbed by
the object and their intensity is changed. This strength decay obeys
exponential law. On the high energy side near the absorption limit,
the absorption curve presents a fine structure of up and down
fluctuations. By measuring, analyzing and calculating this fine
structure, much information can be obtained about the
arrangement of atoms around the absorption atoms.28 XAFS is
usually divided into two parts: Extended X-ray Absorption Fine
Structure (EXAFS) and X-ray Absorption Near Side Structure
(XANES).29 The characteristics of the EXAFS spectrum reflect
the near-range coordination conditions around the absorption
atoms, while the XANES spectrum is basically compared with the
standard reference, and the valence state and coordination
environment are qualitatively determined according to the
deviation of the absorption edge position, the height and position
of the edge front peak. As a non-destructive structural analysis
method, XAFS is very suitable for studying the content and state
of the coloring elements in ancient ceramics.30-32

XRF was first used in the 1950s to study cultural relics.18 It has
been used more and more widely in the study of ancient ceramics
and plays an irreplaceable role.19-21 With the development of
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Fig. 1 Binary diagrams, using normalized data, of (a) CaO vs MgO and (b) V vs Cr for the amphora samples analyzed. An indication of the kiln site for each
individual is given.36

of solid samples.33 The principle of LA-ICP-MS is to focus the
laser beam on the surface of the sample to melt and vaporize it.
The carrier gas (He or Ar) will send the sample particles (aerosols)
to the plasma for ionization, and then mass filtration through the
mass spectrometry system. Finally, the receiver will be used to
detect ions with different mass charge ratios. In recent years, the
micro-elemental and isotope ratio analysis technology of LA-ICPMS has been further developed and is widely used in geology,
metallurgy, environment, biology, chemistry, materials,
archaeology and other fields.

Archaeometallomics in studying the origin and dating of
ancient ceramics. Ancient ceramics were generally made with
local materials, so their production and raw material of origin are
the same. In the same region, the clay used to make the body and
glaze for the ceramic has certain trace metallic elements in
common, and these trace elements are different from other regions,
referred to as "fingerprint elements." Fingerprint elements in clay
do not change when they are made and fired, and the fingerprint
information is retained in the ceramic. The composition and
content of chemical elements in ancient ceramics are used to find
the common points and differences, and then the origin of ancient
ceramics can be identified. Fantuzzi et al. 36 analyzed Late Roman
amphorae from four kiln sites located in the Guadalquivir River
basin (Spain) by using a combination of instrumental analytical
techniques, including thin-section optical microscopy, X-ray
diffraction (XRD) and XRF. The contents of some metallic
elements (Ca, Al, V, Cr, etc.) established the origin characteristics
(Fig. 1). The results not only contribute to new evidence on the
study of oil amphora production in this region, but also serves as a
basis for the identification and sourcing of these amphorae and,
consequently, for a better understanding of the trade networks
during the Late Roman period.

LIBS. In LIBS, a high-energy laser is applied to the sample to
form a laser spot on the surface of the sample, which causes the
sample to excite and glow. The light is then analyzed by the
spectral and the monitoring systems, and the elemental
composition and the content of the sample are obtained. In recent
years, great progress has been made in the theory and application
of laser-induced breakdown spectroscopy, especially in the fields
of materials, soil, biology, environment, metallurgy, medicine,
ancient art and painted cultural relics.34
AAS. AAS is based on a sample of measured elemental vapor
phase ground state atoms by narrowband characteristic of the
atoms of the radiation of the light source to produce resonance
absorption. Its absorbance within a certain range and the vapor
phase is proportional to the measured element of the ground state
of atomic concentration. So, the element content in the sample is
measured.35 AAS has been widely used in various fields, such as
geology, metallurgy, machinery, chemical industry, agriculture,
food, light industry, biological medicine, environmental protection,
material science and so on.

Prinsloo et al.37 re-dated the Chinese celadon shards excavated
on Mapungubwe Hill, a 13th century Iron Age site in South Africa,
using Raman spectroscopy, XRF, and XRD. According to the ratio
of alkaline earth metals to alkali metals, the date of the Chinese
celadon shards was possibly the period of the Yuan (1279–1368
AD) or even the early Ming (1368–1644 AD) dynasty (Fig.2).
These results have an impact on the chronology of the history of
the region and therefore calls for further research of a comparative
nature for other Chinese celadon shards excavated at
archaeological sites in Africa, in addition to additional carbon
dating of the Mapungubwe hill area.

ARCHAEOMETALLOMICS IN THE
STUDY OF ANCIENT CERAMICS
www.at-spectrosc.com/as/article/pdf/2021107
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Fig. 3 Distribution of TiO2, MnO, and ZnO for Tang Sancai bodied
specimens from Huangbu Kiln and Xing Kiln.39

Fig. 2 Comparison of the CaO:K2O ratio of Chinese celadon glazes from
the Five Dynasties to the Ming Dynasty.37

composition to identify the origin of ancient pottery.
The folk celadon and the Kuan celadon from the Ru kiln were
analyzed by Zhang et al.38 using PIXE. The metal elements (Al, K,
Ca, Ti, Mn, Fe) and Si found in the glaze were used to differentiate
between the Ru Kuan celadons and Ru folk celadons.

It can be seen from the works of the above researchers that the
metal element content plays an important role in the origin and
date of ancient ceramics. Due to further development of the
fluorescence analysis technology, especially the development of
energy dispersive X-ray fluorescence analysis (ED-XRF), the
analysis range of metal elements in ancient ceramics has been
further expanded, the detection limit further reduced, and the
accuracy of nondestructive analysis significantly improved.43
However, in the quantitative process, a series of standard samples
close to the matrix of the unknown sample should be used to
establish calibration curves.44 Therefore, it is necessary to prepare
standard samples of ancient ceramics, establish calibration curves
for a series of standard samples close to the ancient ceramic matrix,
and carry out quantitative analysis of unknown ancient ceramics.

Energy Dispersive X-ray Fluorescence (EDXRF) was used by
Ma et al.39 to analyze the characteristics of the different kilns used
for the production of Tang Sancai wares. Some metal elements
became the fingerprint elements of different Tang Sancai kiln sites
(Fig.3). The fingerprint elements provide valuable scientific
criteria for provenance identification for Tang Sancai pottery of
unknown origin.
Blagoev et al. 40 analyzed excavated ceramic fragments to
obtain their chemical composition by using ns-LIBS and XRF.
Combining different methods and comparing the obtained results,
it provided complementary information regarding white-clay
ceramic production and the complete chemical characterization of
the examined artefacts.

Scientific researchers have carried out the development of an
ancient ceramic test standard. The Shanghai Institute of
Ceramics45 started the related research in 1999, using geological
reference materials as raw materials, and a set of 13 sintered
reference materials was preliminary designed and prepared.
According to the requirements of solid chemical composition
standard samples and the actual need for nondestructive
quantitative analysis of ancient ceramics, the Institute of High
Energy Physics (IHEP)46,47 developed a set of standard samples for
nondestructive quantitative analysis of ancient ceramics by
collecting traditional ceramic raw materials and referring to the
content data of principal components in ancient porcelain body of
famous kilns. At present, Chinese researchers have accumulated
much data on metallic elements in the body and glaze of ancient
ceramics, and some institutions have also established specimen
databases for comparative analysis. Based on the existing ancient

The lead and strontium isotopic composition in pottery is an
important feature for identifying the origin of ancient pottery, in
addition to the analysis of the main and trace elemental content of
the body and the glaze. Zhang et al.41,42 used MS to analyze the
lead isotopic composition of ancient pottery samples from the
neolithic sites of Jiahu and Xishan in the Henan province. Their
study showed that the lead isotopic composition can be used to
identify the origin of some ancient pottery samples. The Pb
isotopic composition of the ancient pottery from Xishan and
Hualing was found similar to the Liangzhu culture, but the Sr
isotopic composition was significantly different. Strontium
isotope analysis significantly enhances the ability of using isotope
www.at-spectrosc.com/as/article/pdf/2021107
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plays an important role in the study of the coloring materials used
for painted porcelain. Coutinho et al.48 used ED-XRF to analyze
the elemental composition of blue and white porcelain fragments
unearthed in a monastery in Portugal but from the late Ming
Dynasty, and found that the element (Mn, Fe, Co) content ratio of
the blue and dark blue regions in blue and white porcelain was
different. In the dark blue region, the ratio of Mn/Co is higher and
the ratio of Fe/Co is lower. It suggested that ancient potters
probably used both Co pigments as shown in Fig. 4(A) and (B).
The Chinese underglaze-red porcelain made in the Yuan Dynasty
was studied by Cheng et al.49 using the PIXE facility of a 3 MeV
tandem accelerator. The results showed that copper was an
underglaze-red pigment from the red-colored area on the glazed
surface. The obtained CuO content in the red glaze lies in the range
0.2％~6.0％, varying with the degree of red color. The red, yellow,
and green colors in three enamel samples were analyzed by Zhao
et al.50 The results showed that the main coloring element of red
enamel is Au, the yellow enamel contains Pb and Sn, and the green
enamel is mainly colored with Cu.
XAFS is suitable for the study of the fine structure of metal
elements in ancient ceramic-colored materials and the state of
colored metal elements, to discuss the color mechanism and firing
technology. XAFS research was carried out by Matsunaga et al.51
on a pottery billet in Turkey where the clay of the vessel was from
the vicinity of the dig site. It was found that the absorption edge
energy of the Fe element spectrum increased gradually with the
color of the unearthed pottery changing from gray to brown to
orange. Gray pottery is mainly fired in a reductive atmosphere or
a weak oxidizing atmosphere, while yellow pottery is fired in an
oxidizing atmosphere.

Fig. 4 (A) Detail of samples SCP4 showing an example of the analyzed
areas: (g) glaze, (b) blue and (db) dark blue; (B) Bar chart with the ratio of
Fe/Co and Mn/Co oxides for blue (b) and dark blue (db) area.48

By using the confocal micro X-ray absorption fine structure
(Micro-XAFS) experiments at BL15U in the Shanghai
Synchrotron Radiation Facility (SSRF), Zi et al.52 qualitatively
analyzed the painting samples of the Palace Museum. It was found
that the chemical information of Fe in the painting materials at
different depths is similar to that of the natural red soil standard
samples. Barilaro et al.53 collected a series of painted pottery
fragments excavated in Sicily, Italy, which were identified as
products of different historical periods based on the morphological
samples, ranging from the 18th century BC to the 16th century AD.
Through comprehensive analysis of the K-edge near the edge and
extended edge structure of Cu in the sample, and comparison with
the fine structure spectrum of CuO and Cu2O in the standard
sample, it was confirmed that the composition of the green
pigment in the painted pottery is CuO (Fig. 5).

Fig. 5 Cu K-edge XANES spectra of the samples CLT1 (—●—) and CLT5
(—o—). CuO (cupric oxide) (- - -) and Cu2O (cuprous oxide) (⋅⋅⋅)
compounds, used as standards, are also reported.53

ceramic composition database, various statistical methods, such as
cluster analysis and principal component analysis, can be used to
trace the origin and identify the authenticity of samples from
unknown sources.

The coloring mechanism of blue and white porcelain in
Jingdezhen was studied by Zhu et al.54 using the X-ray absorption
spectrum. Analysis of Mn and Fe in the ceramic glaze and pigment
showed that the Mn K-edge X-ray absorption near-edge structure
is almost the same, while the Fe K-edge X-ray absorption nearedge structure is different. The results show that the oxidation state

Archaeometallomics in studying the color mechanism and
firing technology of ancient ceramics. Archaeometallomics also
www.at-spectrosc.com/as/article/pdf/2021107
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XX-XX. https://doi.org/10.46770/AS.2021.101

of Fe has a clear correlation with the change in pigment color. The
origin of the red color glazes decorated on the ancient Jun
porcelain has been attributed to the presence of copper clusters and
copper oxide or copper oxide alone. Tian et al.8 studied Jun
porcelain with a red glaze from the Yuan Dynasty with XAFS. It
was found that there was 37% monovalent copper and 63% zerovalent copper in the red glaze layer, and the zero-valent copper
mainly exists in the form of metal clusters or polymers. On the
surface of the red glaze, it is mainly monovalent copper. The
monovalent copper is isolated in the vitreous mesh structure.
These special forms of copper lead to the unique optical properties
of the Jun glaze.
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ABSTRACT: Uranium (U) is one of the most concerned radioactive metals on earth. Thus, to unravel the transportation and
transformation of U in the food webs, and tracing its ecological and health risks are of utmost and timely importance.
Radiometallomics, in conjunction with the research methods, mainly focus on establishing the ecological and biological metabolisms
and behaviors of radiometals/metalloids. In particular, synchrotron radiation (SR) has many advanced properties, e.g., high brightness
and collimation, and a wide energy spectrum, which make it a unique
technique in the study of metal distribution and speciation analysis.
To date, SR-based techniques are widely applied in the
environmental sciences; however, a systematic summary of its
application in radiometallomics is still lacking. This review
assembled and compared the conventional and advanced techniques,
especially SR-based radiometallomics used in studying U in
environmental matrixes, with the aim that this information will help
to develop further combined metallomics approaches in the U
analysis and risk assessment of contaminated areas.

INTRODUCTION

can cause cell damage and chromosomal variation, which leads to
changes in the genetic structure.3 As the decay products of 238U,
high concentrations of 210Pb and 210Po were found in the local
vegetables grown in a U mining area in Cameroon.4 Besides, high
activity of 40K, which was more than 2-fold the world average, was
also found in the soil, bringing about 5.2 mSv of total radiation to
the residents per year.4

Uranium (U) is widely distributed in the environment, usually coexisting with other metal compounds or oxides in soils, oceans,
rivers and lakes, and various animals and plants. In the earth's crust,
the abundance of U is 2.3 μg/g, and the natural content of U is
usually related to the properties of the rocks and the soil types in
the environment. As one of the three important natural
radionuclides, U has three isotopes, 234U, 235U, and 238U, with a
natural abundance of roughly 0.0055%, 0.7200%, and 99.2745%,
respectively.1

The half-lives of the three U isotopes are 2.455×105, 7.038×108,
and 4.468×109 years, respectively.5 This extremely long half-life
makes it difficult to eliminate its radioactive hazards naturally.
Compared with its radioactive dangers, however, the heavy metal
toxicity induced by U is more important and detrimental to the
ecology and human health.6 For instance, chronic intake of Ucontaining water significantly affects the kidney’s reabsorption

Uranium is of global concern due to its ecological and human
health risks. The hazards of U come from both its radioactivity and
heavy metal properties.2 Long-term chronic radiation exposure
www.at-spectrosc.com/as/article/pdf/2021105
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function.7 In addition, the calcium ions in the bones are prone to
be substituted by U,8 and thus the content of U in bones can be
used as an important indicator of long-term U exposure, especially
in drinking water.9 Given the high toxicity of U and its derivatives,
the U.S. Environmental Protection Agency (EPA) recommends
that the U concentration in drinking water should not exceed 20
μg/L.10

techniques usually used in U analysis, and summarizes the
advantages and disadvantages of both the traditional and the SRbased technologies in studying the ecological and biological
behaviors of U in different environments (Fig. 1). The study will
also show the importance of applying and developing combined
radiometallomics approaches for U analysis and risk assessment
in contaminated areas.

Thus far, the urgent need to alleviate the ecological and
biological impact of U has been recognized, and many studies
have been carried out aiming to reduce U pollution in water and
soil. However, studies on the translocation, transformation, and
accumulation of U in the food chains are rarely reported. Moreover,
a systematic summary of the analytical methods commonly used
in U analysis to reveal its migration and accumulation under
different environmental conditions is still lacking.

ANALYTICAL METHODS FOR U
ANALYSIS IN ENVIRONMENTAL AND
BIOLOGICAL MATRICES
The concentration, distribution, speciation, and bonding forms
with ligands of U are closely associated with its toxicity. To
establish the ecological and biological impact of U and its
derivatives, many researchers studied the environmental behavior
of U by applying conventional and advanced technologies.

Metallomics approaches related to the conventional (e.g. ICPMS, AFS) and advanced elemental analysis technologies (e.g.,
synchrotron radiation-based techniques) are powerful in revealing
the interactions and functional connections of metallic/metalloid
elements with regard to the genes, proteins, metabolites, and many
other biomolecules within the organisms.11,12 SR-based techniques,
one of the most important metallomics approaches, are of high
significance in studying in situ distribution and speciation of
various elements, including U. The SR source with a wide
frequency range, high brightness, and pulse emission, is superior
to traditional light sources. Besides, the SR light is highly
polarized, adjustable, and collimated, and can be focused on micro
areas.13 This article mainly reviews the conventional and advanced

Conventional analytical techniques
The dose-effect is crucial for almost all hazardous materials in
their toxicity. A variety of qualitative and quantitative methods for
U analysis have been established to date. Spectroscopy,
chromatography, and mass spectrometry are the most popular
approaches for the determination of U in environmental samples.
In addition, spectrophotometry as a simple and convenient method
is also commonly used. According to the linear relationship
between the different concentrations of U and the absorbance, the

Fig. 1 Analytical approaches in the analysis of U in different environmental matrices.
www.at-spectrosc.com/as/article/pdf/2021105
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quantification of U can be roughly estimated. However, high
enrichment of the elements is always necessary to obtain valid data
for complex samples, which is time-consuming and often a waste
of samples.14,15

qualitative, quantitative, and chemical state analysis of elements
with high sensitivity, conventional XPS can only reach the mm2
level to obtain average analytical data. Moreover, the energy
resolution of XPS is poor due to a non-monochromatic X-ray
excitation source.

Based on the color changes between U and the different
substances by adding complexing agents, some researchers
established a relatively high-resolution spectrophotometric
method making the detection limit at ppm levels. For instance, the
use of phosphoric acid realizes the determination of U in the
lithium chloride-potassium chloride salt matrix, reaching a
detection limit of 25 ppm.16 Moreover ， the use of 3aminomethylalizarn-N-N diacetic acid chromogenic dye
(AMADA) achieves a detection limit of 0.16 μg/L for U in water.17
The principle of the fluorescence method is to detect U through
different fluorescence intensities. Similar to spectrophotometry,
impurity ions in a complex matrix will affect the fluorescence
intensities. Therefore, enhancing the fluorescence reaction is of
importance for U detection, such as the reaction of NH4HF2 with
boric acid or the use of aluminum nitrate as a salting-out agent.18,19

Electrochemistry is an alternative method in measuring the
valence state of elements. Cyclic voltammetry (CV) can be used
to study the electrochemical properties of U and investigate the
change of the U valence state during electrodeposition.31 This
approach can also study the single-electron reduction process of
U(VI) to U(V) by the electrochemical spectrum.32 The
electrochemical method is relatively simple and convenient.
However, it should be noted that it is based on the principle of
electrochemistry with relatively more restrictions on sample
preparation.
The periodically arranged atomic structure can be an X-ray
diffraction grating, that is why X-Ray diffraction (XRD) can be
used in phase analysis and crystallinity determination to study the
microstructure of matter. XRD was used to obtain the phase
properties of the samples, such as UC2 and U2C3 whose spectrum
shows a tetragonal structure, and indicated that the synthesis
method can directly influence the single-phase U dicarbide in the
composition area.33 XRD measurements confirmed the singlephase formation of U-doped alkaline-earth borophosphate
samples when preparing them through conventional solid-state
reaction routes.34

High-performance liquid chromatography (HPLC) with a highpressure infusion system has the advantages of fast analytical
speed and low detection limits (μg/L levels). Researchers achieved
a one-minute separation of U-Th and a 4-minute separation of UPu using HPLC. The high efficiency of a chromatographic column
is crucial for chromatography, but the certain "extra-column
effects" will lower the column efficiency.20 Besides, appropriate
chelating agents and elution parameters are also necessary. U in
seawater was determined after optimizing the elution parameters,
and α-hydroxyisobutyric acid was used as a chelator instead of
mandelic acid to avoid column blockage due to the high iron
content, with a linear range of 0.5 ppb to 500 ppb.21

The Raman and IR (Infrared) spectra are also commonly used
for U-containing compound structure analysis. Different
substances, such as various crystal forms of UO3, have their own
unique infrared absorption spectra.35 The structure of the glass was
found to be significantly changed with introducing a high content
of UO3 when studied by IR and Raman spectroscopy.36 In
comparison, infrared spectroscopy is more sensitive to polar
groups by detecting changes in the dipole moment caused by
molecular vibrations, while Raman spectroscopy is more sensitive
to molecular morphology and often corresponds to non-polar
groups. The combination of these approaches is more effective for
determining the structure.

ICP-MS is an effective and the most commonly used method
for U analysis with high sensitivity and low detection limits, and
is widely used in the quantitative analysis of U in rock,22 soil,23 and
biological samples,24 with the detection limit of 0.1 ng/kg.25 ICPMS can also be used to determine the relative ratios of U
isotopes.26 However, ICP-MS is not suitable for high salinity
sample analysis, because excessive salt deposition will shorten the
instrument's life and reduce the sensitivity.27

In short, there have been a variety of analytical methods for the
detection and analysis of U in environmental samples.
Considering the requirements for high accuracy, the application of
these conventional techniques in U analysis in complex specimens
is quite limited. Meanwhile, due to the complex matrices in the
actual ecosystems, pretreatment processes such as separation and
enrichment of U in samples before detection are challenging to
obtain high precision and accuracy. Fortunately, new research
ideas and advanced techniques are constantly emerging and play
important roles for the analysis of U in the environment, such as
synchrotron radiation (SR)-based technology.

The toxicity of U is closely associated with its valence state. Xray photoelectron spectroscopy (XPS) based on the photoelectric
effect cannot only detect the chemical composition of the surface
of a sample but also determine the chemical valence state of the
element,28 which makes it an important approach for U valence
analysis. Numerous experiments have proved the feasibility of
XPS to study the chemical valence state of U. For example,
measurement of mixed-valence U germanate synthesized at high
temperature and high pressure by XPS showed the exact peak area
ratio of U(IV) to U(VI).29 Another experiment verified that the
valence state in the synthesized pyrochlore glass-ceramics was a
mixture of U(IV) and U(VI).30 Although XPS can perform
www.at-spectrosc.com/as/article/pdf/2021105
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of U into the environment. It is distributed in various
environmental media through migration and transformation,
causing ecological and human health risks. Understanding the
concentration, valence state, and distribution of U in an
environmental or biological sample is of benefit for subsequent
risk assessment and remediation.46 SR-based technology can
execute the above analysis for U detection in specimens and avoid
sample destruction as otherwise would be required by
conventional methods.

X-rays can be focused to the submicron or even nanometer level,
thus having microscopic analysis ability and providing twodimensional information makes it an ideal method for studying the
spatial distribution and relative concentration of trace elements.37
In situ nondestructive analysis is another advantage with the SRbased technology.38 In particular, based on the synchrotron
radiation facility, a high-resolution spectrum is expected due to the
high brightness, wide wave band, narrow pulse, and high purity
light source. Synchrotron radiation X-ray absorption spectroscopy
(SR-XAS), synchrotron radiation X-ray fluorescence
spectroscopy (SR-XRF), and scanning transmission X-ray
microscopy (STXM) are the most commonly used SR techniques
for heavy metals analysis. Different electronic structures have
variable atomic absorption and transition energies, which can be
used for the characterization of the target elements.39 The XAS
spectrum can be divided into X-ray absorption near edge structure
(XANES) and extended x-ray absorption fine structure (EXAFS).
XANES gives information on the microstructure and valence state
of the surrounding atoms of the target element in crystalline,
amorphous, liquid, solid, or even gas materials.40,41 EXAFS can
provide information including the coordination number, bond
length, and bond angle of the target atom with the coordination
atoms. In contrast, SR-XRF can perform in situ, microarea, and
trace analysis, and realize the simultaneous measurement of
multiple elements in one test.42 STXM is a microscopic analysis
technology with nanometer-level spatial resolution, which has
been widely applied in physics, materials, biology, and
environmental science.43-45 Due to the difference of elements on
the absorption edge, the microarea imaging, molecular
morphology, and microstructure of the target element in samples
can be obtained.

SR-XAS
SR-XANES has been widely used in the analysis of the
microstructure and valence states of U. When studying U silicate
with a mixed valence, researchers determine the valence state of
U and distinguish the major substances in the mixture with the
application of SR-XANES (Fig. 2).47 Some researchers used SRXANES to judge the valence state of U in fuel fragments which
indicated that the oxidation state of U in CrUO4 and (Fex,
Cr1−x)UO4 was pentavalent.48 The frequent use of large amounts
of depleted U munitions in some conflict areas has resulted in the
presence of U at a certain level in the local environment. Therefore,
U-containing particles should be considered in assessing the local
environmental and health risks. Researchers analyzed the U in the
soil of the Kosovo Sega Mountains using XANES, half of which
was in the form of UO2, and the others were U3O8 or a mixture of
the two species. This finding provided information for further
assessing the environmental risks induced by U.49
In addition, the change in the valence state of U is also related
to microorganisms. For instance, the life activities of
microorganisms can reduce soluble U(VI) to insoluble U(IV),
which is generally used as a remediation method for U(VI)containing groundwater. Researches mixed U-contaminated

At present, waste discharged from smelting is the main source

Fig. 2 Application of SR-XAS in the study of the valence and structure of U containing specimens. (a) U L3-edge XANES spectra of several U substances.
The dotted line at the absorption coefficient value of 0.5 is included to elucidate the chemical shift;47 (b) EXAFS spectra in k space for pure Sr2P2O7 and U
doped Sr2P2O7.54
www.at-spectrosc.com/as/article/pdf/2021105
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sediment with water and added nutrients to stimulate the growth
of indigenous microorganisms. The concentration of U in
groundwater dropped from 20 ppm to 0.3 ppm within one month.
XANES results showed that most of the U is reduced to U(IV).50

whether the presence of U in soils is correlated with other elements.
The SR-XRF spectrum showed that there was no obvious
adsorption or co-precipitation between U and iron, titanium,
manganese, and silicon, suggesting no obvious correlation among
them. However, U was expected to be coordinated with organic
matter, similar to other heavy metals.58 SR (micro) μ-XRF was
also used to image the distribution of U in limestone (Fig. 3a). The
selected U concentrated sites were then scanned with XANES for
the species analysis of U. Meanwhile, SR μ-XRF mapping
confirmed the coexistence of U with organic matter in the same
part of the specimen. The researchers believed that there should be
a positive correlation between U and phosphorus. The U was
identified mainly as the oxidation state of U(IV). Data from
XANES indicated the presence of U(IV) associated with apatitelike minerals and/or organics.59

Apart from the determination of valence state, qualitative
analysis of U has also been executed by SR-XANES in some cases.
Martin et al.51 confirmed and semi-quantified U being present in
the surface soils from 35 kilometers northwest of the nuclear
power plant by XANES. By comparing the size of U material, it
is inferred that U may come from the Fukushima nuclear power
plant.
In contrast to SR-XANES, SR-EXAFS has the advantages of
revealing the atomic morphology and regional structure, which
can be combined with XRD33 and IR52 to observe the
microstructure of matter. U-containing compounds with different
valences, including U4+, U5+, and U6+, have different chemical
shifts at the L3 edge of U. The measurements carried out at the
energy-dispersive EXAFS beamline uncovered that the U L3
edges in the compounds were shifted by 2–3 eV compared to that
of elemental U. Moreover, the U L3 edge energy was found to be
shifted by different amounts in many compounds due to the
various chemical environments around the U cation.53 When
studying the morphology and structure of the U atoms in strontium
pyrophosphate, U existed in two different positions in the form of
uranyl. The EXAFS spectrum revealed that on doping with U, the
average Sr–O and Sr–P bond lengths increased (Fig. 2).54 Based
on the study of luminescence lifetime and EXAFS data, it was
inferred that uranyl is stable on 9- and 10-coordinated strontium
polyhedral. 9-coordinated strontium sites are relatively
asymmetric and the position is occupied by mostly uranyl.55

The SR-XRF technology can also be used to trace the source and
predict environmental changes by unraveling the distribution of
elements. Studying U in aerosols is an ideal approach to trace the
pollution sources in soil and water. Researchers60 analyzed the
elemental distribution of aerosols in the snow of Novosibirsk using
SR-XRF and established that U was discharged into the
surrounding area in a dispersed form from the local chemical
factories, mainly in the form of particles of a mixture with U oxide,
iron, and copper. The adsorption of U by aero-aluminosilicate
particles may cause long-distance migration of U. This study also
revealed that only a small amount of aerosol U was discharged
from the surrounding thermal power plants.60 SR-based highresolution scanning X-ray fluorescence technology was used to
map the distribution of U and its isotopes in Lake Baikal and Lake
Tretzkoye, establishing the physical models of river runoff to
predict future climate change and reproduce the past water and
heat conditions of typical regions.61 Compared with
environmental samples, U in organisms is more likely to attract
people’s attention. Exploring the distribution of U in biological
samples is of great significance to understand the hazards of U. In
this regard, SR-XRF has broad application prospects. In order to
better evaluate the toxic effects of U on human bodies, a large
number of animal research has been carried out. Kidneys are
critical targets for U exposure. The impact of U on the health of
animals and human beings is mainly reflected in the
nephrotoxicity.62 U accumulation in the proximal tubule and
damage of site-specific tissue are two typical characteristics of U
nephrotoxicity.63 In comparison to the traditional analytical
methods, SR-based technology plays an important role in
obtaining information of the U species and their in situ microdistribution in the tissues and organs. Researchers64 analyzed U in
the kidneys of adult mice pre-exposed to uranyl acetate with the
help of SR-XRF method. After subcutaneous injection of 2 mg/kg
of uranyl acetate, the U in the kidney peaked after one day and
then decreased. The renal distribution of U is site-selective and
site-specific renal damage is caused. After 3 hours of exposure, U
mainly distributed in the proximal tubules of the inner cortex and

Tracing the migration of U in a contaminated area is of great
significance to control pollution. The presence of phosphate has a
certain effect on the reduction of U. Some studies used EXAFS to
prove that the environment with high phosphate and low pH can
inhibit the reduction of U(VI) to U(IV), and uranyl phosphate can
form by co-precipitation under the condition of high phosphate.56
The presence of soluble silicate can affect the adsorption of U(VI)
on other substances. It is confirmed by batch experiments and
EXAFS that the presence of silicate enhanced the adsorption of
U(VI) on γ-Al2O3, which contributed to the formation of ternary
inner-sphere surface complex and acted as a bridge between both
matters.57
SR-XRF
SR-XRF is an advanced elemental analysis method with high
spatial resolution and sensitivity, and has certain applications in
analyzing the composition of matter and studying the basic
properties of atoms. U exists in contaminated soils in many forms,
commonly as U(VI) and U(IV) and varies with different
distributions. Some researchers58 analyzed the element species and
their spatial distributions in four soils by SR-XRF to determine
www.at-spectrosc.com/as/article/pdf/2021105
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Fig. 3 SR-XRF applications in U measurement in environmental and biological specimens. (a) Optical image of the polished section of the U-bearing
limestone (upper left) and qualitative SR μ-XRF elemental maps. The dark side corresponds to the organic-rich component, where (U and P) is mostly
accumulated, while the bright site to Ca-carbonate;59 (b) High-resolution (1×1 μm2) elemental distribution of Ca (light gray) and U (yellow) at the edge of the
cortical bone and around blood vessel canals of rats (transversal 8-μm-thick section) by SR-XRF;67 (c) Bitmap representation of a quarter of the full cross
section of a hair shaft with SR confocal μ-XRF. The U Lα intensity map (yellow/blue scale) is superimposed on the zinc Kα map (gray scale) with white and
blue indicating higher signals. The hair shaft was unwashed and was sampled from the worker at a nuclear fuel fabrication plant.68

the outer medulla, absorbed by the epithelium of the proximal
tubule. Apoptosis of the epithelial cells of the proximal tubule
occurred within 3 days, and U was mainly detected in the outer
medulla after 15 days.64 Besides, the biotransformation of U
mainly occurred in the epithelium of the proximal tubule
determined by two-dimensional XAFS, and it was independent of
the U level.62 Some studies suggested that oxidative stress should
be a key response to U-induced kidney damage.65,66

STXM
STXM has the capability of elemental identification, chemical
states and micro-distribution analysis of elements with low
resolution up to 30 nm.69 When studying the adsorption of U(IV)
in sediments using STXM, researchers observed the formation of
carbon-combined species in the U-rich region. Meanwhile, with
the help of EXAFS and nanosecondary ion mass spectrometry, it
showed that under sulfate reduction conditions, U(IV) was
adsorbed to particulate organic carbon (POC) and organic mattercoated clays in U contaminated areas.70 By comparing the ability
of three humic acids to co-transport U(VI) in the water-saturated
sand column, the distribution pattern of carbon and U presented by
STXM measurement indicated the heterogeneity in microscopic
distribution of U in the samples. It provided direct evidence that
hydrophobic organic matter plays a key role in the binding and
migration of HAs and U in the natural environment.71

Age and exposure level are important parameters of U toxicity.
Low-level U exposure can cause long-term U existence, and more
obvious nephrotoxicity was found occurring in adult rats.63 In
addition, damage to animal bones induced by U cannot be ignored.
However, it is really hard to detect U in bones using traditional
methods because of the generally low content of U in bones. SRXRF is an ideal approach which is successfully applied to U
analysis in animal bones. The experiments of U exposure in rats
showed that U preferentially concentrated in the calcified areas of
the bones, and accumulated rapidly in the femoral metaphysis and
newly formed trabecular bone tissue (Fig. 3b).67 Moreover, U can
accumulate and be stored in hair, which makes it a biological
indicator for U exposure. SR-XRF can detect U at the fg level and
show its distribution in a single hair. For instance, Fig 3c shows
that U can been seen mainly distributed in the 10-15 μm outer layer
of the hair.68
www.at-spectrosc.com/as/article/pdf/2021105

CONCLUSIONS AND PERSPECTIVES
The transportation and accumulation of radioactive metallic
elements in food webs can raise radiation damage and heavy metal
pollution in the environment, posing health risks to human beings.
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ABSTRACT:

The emerging field of metrometallomics refers to the qualitative and quantitative measurement of metallic
analytes in the metrological sciences. Inductively coupled plasma mass
spectrometry (ICP-MS) has the merits of multi-elemental quantification with very
low detection limits. It has been applied for the quantification of peptides and
proteins by measuring the concentration of certain elements, which is a very
important applications area in metrometallomics. This review showcases the
application of ICP-MS on the quantification of metalloproteins through the
quantification of protein-bound metal/metalloid elements, intrinsic
metal/metalloid elements, or labeled metal/metalloid elements. The results of
study also suggest that metrometallomics can be a useful tool in the development
of certified reference materials of metalloproteins.

INTRODUCTION

the amino acid residue on the polypeptide chain. Metalloenzymes
contain metal cofactors that catalyze basic chemical reactions, and
an imbalance of metalloenzymes can lead to many diseases. As
metalloproteins represent around 30% of the whole proteome,
they have become increasingly significant in clinical diagnostics.5
Therefore, their quantification is absolutely critical in order to
access the capacity of biomarkers in clinical applications, which
involves determination of the amount of substance of the target
analyte in a given sample. However, since there is a great risk of
exchange, acquisition or loss of the metal during separation of the
proteins,6 the analytical strategies of absolute quantification of the
metalloproteins are essential and technically challenging.

Metallomics aims to provide a systematic understanding of the
metal uptake, trafficking, and the role of and excretion in the
biological systems.1,2 It focuses on the systematic study of the
metallome and the interactions and functional connections of
metal ions and their species with genes, proteins, metabolites and
other biomolecules within the organisms.3,4 Here we propose
"metrometallomics" as a branch of metallomics, which is defined
as the measurement activities involved for metallic analytes with
metrological strategies, including the establishment of reference
methods with uncertainty evaluation, certified reference material
(CRM) development, and their application in the life sciences,
environmental sciences, etc. In the life science area, the current
trend of metrometallomics research is towards the development of
absolute quantitative strategies for the determination of the metaltransport protein and the metalloenzymes. The metal-transport
protein delivers the metal ions directly to the target protein via
specific protein-protein interactions, and the metal ions are
generally coordinated with the oxygen, nitrogen or sulfur atoms of
www.at-spectrosc.com/as/article/pdf/2021104

Mass spectrometry (MS)-based quantitative strategies mainly
include molecular MS (e.g., ESI-MS) and elemental MS (e.g.,
ICP-MS). Molecular MS (such as ESI-MS, MALDI-MS) using
multiple-reaction monitoring (MRM) for peptide or protein
quantification has been considered a promising high-throughput
targeting protein quantification technology (common strategies
are based on bottom-up and top-down) in many instances.7 The
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Fig. 1 Protein quantification strategies based on ICP-MS.

mass analyzer based on their mass-to-charge ratio (m/z) and are
finally measured without significant spectral interference. This is
particularly advantageous for quantitative purposes because of the
excellent analytical features, such as low detection limits, wide
linear dynamic range, high sensitivity, matrix-independent
ionization and multi-elemental analysis.9,10 Because of its hard
ionization source, ICP-MS is a powerful technique which is able
to provide absolute amounts of biomolecules in complex samples
without the need for specifically targeted standards.11-12 Moreover,
the use of stable isotopes, as non-radioactive tags for biomarker
and for accurate biomolecule quantification with isotope-dilution
analysis (IDA), is a great bonus of ICP-MS in tackling the longstanding problem of the absolute determination of proteins.13

MRM technology selects the specific parent ion and product ion
pair of the target protein to perform mass spectrometry analysis in
order to eliminate the influence of the interfering ions to the
greatest extent and thus, significantly improves the signal-to-noise
ratio of the target peptide. This technology has the advantages of
high sensitivity, good accuracy, and strong specificity. It is known
as the "gold standard" for mass spectrometry quantification and is
especially suitable for high-throughput verification of labeled
proteins. The MRM technology can be combined with a variety of
quantitative strategies. Proteomics experiments usually include a
large number of separation and enrichment steps. Therefore, the
earlier the internal standard is added, the less experimental error
occurs. In addition, MRM is suitable for a variety of mass
spectrometers, such as high-resolution mass spectrometers (QTOF, orbitrap, FT-ICR, which can distinguish mass differences in
ppm) and low-resolution mass spectrometers, such as triple
quadrupole mass spectrometers.8 However, some limitations of
the MRM technology must be taken into account. Because of the
signal intensity they provide, it is strongly affected by the sample
matrix and the solvent used, and the ion sources used in MS are
not inherently quantitative. On the other hand, it is well known that
there is no linear relationship between the target peptide/protein
concentration and the measured soft ion source signal intensity.
Therefore, a specific standard (usually manually synthesized) of
the target peptide/protein is required in order to obtain absolute
quantification results.7

IDA is an analytical technique based on the measurement of
isotope ratios after the mixture of the spike (i.e. a known amount
of an enriched isotope).14 For an IDA study, the equilibration of the
spike with the analyte is a prerequisite. Isotope dilution mass
spectrometry (IDMS) has many unique advantages. First, the final
results obtained by IDMS are independent of the drift of the
instrumental signals and the matrix effects of the samples.
Secondly, the results can provide definable uncertainty values and
can achieve very high accuracy and precision with a mass
spectrometer. Last but not least, once the complete isotope
equilibration is achieved between sample and spike (e.g. full
equilibration for solid samples can be reached after an appropriate
digestion), any possible loss of the isotope-diluted analyte has no
influence on the final results, because any fraction in the isotopediluted sample contains the same isotope ratio. Therefore, IDMS
is regarded as one of the highly qualified primary methods.15 The
detected heteroatoms may be naturally occurring, such as S, Se, P

ICP-MS as an elemental analysis tool uses a hard ionization
source that dissociates proteins into elemental ions or molecular
ions under ~10,000 K in inductively coupled plasma (ICP). These
elemental and molecular ions are introduced and filtered by the
www.at-spectrosc.com/as/article/pdf/2021104
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Table 1. Applications of Biomolecule Analysis by Using ICP-MS
Elements
Mn, Co, Cu,
Se,

Fe, Cu, Zn, I

S

S
S
S

Ca
S
Fe

Fe

Sample/
Analyte
Human milk

Human milk

Technique

Analytical Performance

SEC-ICP-MS

Mn: LOD: 2.81 μg L−1
Linear range: 8.51~100 μg L−1
Co: LOD: 3.39 μg L−1
Linear range: 10.27~100 μg L−1
Cu: LOD: 1.46 μg L−1
Linear range: 4.43~100 μg L−1
Se: LOD: 5.86 μg L−1
Linear range: 17.75~100 μg L−1
Mothers of pre-term (Fe: 0.997, Cu: 0.506, Zn: 4.15 and
I: 0.458 mg L−1)
Mothers of full-term (Fe: 0.733, Cu: 0.234, Zn: 2.91 and
I: 0.255 mg L-1)
Aβ: 0.763 ± 0.0044 g g-1
LOD: 140 pg g-1
Linear range:5~60 μg g-1

RP-HPLC-ICP-QQQ MS

βamyloid Peptide
(Aβ42)

SEC-ID-ICP-MS

Proteomics in Snake
venoms
hGh
Transferrin and
albumin in human
serum
Serum
SOD, BSA, MT-II
Haemoglobin (HGB)

RP-HPLC-ID-ICP-QQQ MS
SEC-ID-ICP-MS
GE-LA-ID-ICP-MS

hGH: 18.86 ± 0.77 mg kg .
Linear range: 1 ~ 400 μg g-1
Albumin:36.9±1.55 mg mL-1
Transferrin:2.45±0.06 mg mL-1

ID-ICP-MS
SEC-ICP-CC-MS
ID-ICP-MS

17

18

23
19,20

LOD for BSA, SOD, and MT-II are 8, 31, and 15 pmol
HGB: 115.3±2.4 mg g-1
LOD: 1.0×10‒7 mg g-1
RSD<3%
HGB:122.1±1.8mg g-1

and metals in proteins, selenoproteins, phosphoproteins and
metalloproteins, respectively, or be intentionally bioconjugated as
an elemental tag. However, those assets of ICP-MS as a reference
technique also have their limitations for quantitative proteomic
analysis. Due to the loss of structural information or identification
from an atomized peptide or protein taking place in ICP, reliable
analysis of the target proteins depends on the separation process in
advance, such as liquid chromatography (LC),11 gel
electrophoresis (GE),16,17 etc., in order to isolate the different
compounds containing a detectable heteroatom before final
measurement.

16

22
-1

Haemoglobin (HGB)

24
25
26
27

At present, protein quantification by molecular MS is greatly
limited because of the need for specific standards. Such standards
must first be synthesized, then they have to be characterized and
finally accurately certified, which leads to severe quantitative
limitations. However, ICP-MS may achieve absolute protein
quantification without the need of such specific standards due to
its robust species-independent signal. There are some ICP-MS
detectable heteroatoms (S, P, Se and metals) naturally present in
metalloproteins. All species in a sample need to be separated first
since ICP-MS cannot distinguish the molecules of origin of the
detectable element. Among the methods, the coupling of HPLC to
ICP-MS appears to be one of the most common methods for
protein analysis because of its ease of sample preparation and the
simplicity of the interface.15-18 However, the hyphenated
techniques incur some problems when a liquid chromatography
column is coupled to ICP-MS with a nebulizer. GE-LA-ICP-MS
has been increasingly employed for the quantification and
characterization of metal-containing (e.g. Zn and Fe) proteins, for
example in brain or human serum.19-21 Due to the lack of suitable
matrix-matched standard reference materials for GE-LA-ICP-MS,
the accurate quantification of metal-containing proteins still poses
important challenges. Some relevant applications of macro
biomolecules analysis by using ICP-MS as the detector are given
in Table 1.

This article reviews the protein quantification techniques
developed in ICP-MS (Fig. 1) in recent years and focuses on
several techniques and methods for quantitative protein research
using ICP-MS detectable heteroatoms, particularly metal-coded
affinity tags (MECAT) and nanoparticles (NPs) immunoassay.
What’s more, because of the growing potential of direct analysis
via laser ablation (LA) ICP-MS for metalloprotein quantification,
the progress made with this methodology is also discussed.

ABSOLUTE QUANTIFICATION OF
METALLOPROTEINS BY USING ICP-MS
Naturally present elements (P, S, Se, and metals)

www.at-spectrosc.com/as/article/pdf/2021104

Reference

In the ICP-MS determination of heteroatoms naturally
occurring in proteins and peptides for protein quantification, the
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radicals.35 Because of the strong affinity of mercury and sulfur,
organic mercury compounds are the most specific and sensitive
reagents reacting with the sulfhydryl groups in peptides and
proteins. The advantage of using monofunctional organic mercury
ion (R-Hg) as a label is that it can react with a sulfhydryl group to
provide a definite mass shift, especially a stable and characteristic
non-radioactive isotope distribution. Guo et al.36 studied the
interaction between methylmercury and the -SH of peptides or
proteins at room temperature and provided an alternative strategy
to calculate the number of -SH and -S-S- involved. Compared with
non-metallic elements, the method using mercury labeling has no
spectral interference. However, since mercury has high ionization
energy, only about 20% of the mercury is ionized in the plasma.
In addition, mercury is highly toxic, which limits the practical
application of mercury in quantitative protein analysis in ICP-MS.
Although 96.6% of the proteins contain cysteine residues or
disulfide bonds with the -SH groups, the reactivity of the -SH
groups may vary depending on their location and the surrounding
microstructure.37

quality and reliability of the quantification results are less affected
by isotope or chemical labeling of the proteins and the peptides.
However, there are still many limitations in using heteroatoms to
quantify proteins.22,23 Metals are not covalently bonded to the
protein’s moiety. It is not maintaining the integrity of the
metalloproteins during the separation, which may result in loss of
metal. Buffers and solutions for gel staining may be sources of
metal contamination, and metal loss also occurs during the
decolorization process. Such loss will result in crucial errors in
protein quantification. Due to the low ionization efficiency of
heteroatoms (such as phosphorus and sulfur which are covalently
bonded to the protein's primary structure) and its susceptibility to
severe spectral line interference,24,25 it is difficult to measure the
heteroatoms by ICP-MS directly, and the measurement of
heteroatoms is also interfered by polyatomic ions.26,27 In fact, the
use of the collision reaction cells and high-resolution ICP-MS
instrumentation to remove polyatomic interferences may hinder
the applicability of ICP-MS quantification in biological
applications, usually requiring low limits of detection (LOD). 28,29
In this sense, the introduction of tandem configurations into ICPMS instrumentation (ICP-QQQ) provided an efficient way for the
elimination of polyatomic interferences and so for highly sensitive
detection of non-metallic heteroatoms.30 As a matter of fact, today,
tandem ICP-MS enables highly sensitive quantification of S- and
P-containing peptides and proteins.31

Halogen, as a label for protein quantification, can be conjugated
with the organic part of a protein. But currently, due to the high
ionization energy, only iodine has been developed in the
quantitative analysis of proteins. The principle is that a simple
reagent (NaI) can be oxidized to I + and react with the aromatic ring
of the amino acid residues. Each tyrosine residue introduces two
iodine atoms and each histidine residue introduces one iodine
atom. Since iodination may be specific to more than one functional
group of a protein, the non-specific iodination of tyrosine and
histidine residues must be considered.38 More complex iodination
reagents (such as pyridine) were used to iodide tetrafluoroborate,
and the results showed that only the tyrosine residues in standard
peptides are completely and specifically derivatized.39 The general
disadvantage of iodine labeling is that the sensitivity of iodine in
ICP-MS is not as good as that of metals (3-4 orders of magnitude
lower than lanthanides), but it is more sensitive than non-metals
naturally present in proteins (such as P or S). In addition, biological
samples may contain a significant amount of natural iodine
background. Waentig et al.40 examined the iodination of proteins,
the entire proteome, and antibodies to analyze Western Blot
membranes by LA-ICP-MS. Iodinated antibodies have been
applied for the sensitive determination of transferrin in breast
cancer cell lines using a novel immunoassay coupled to the ICPMS detection of iodine. Alonso-Garcí
a41 revealed an iodine on the
antibody iodination efficiency, the transferrin molar ratio was 27:1
which corresponds to the iodination of all the tyrosine residue
present in the antibody.

Elemental labeling
The sensitivity of ICP-MS for the detection of heteroatoms
naturally present in proteins, even using tandem MS
configurations, might not be sufficient for certain quantitative
applications in biomedical research. In this sense, the trend for
elemental labelling is to achieve higher selectivity and sensitivity
in spite of the laborious and time-consuming labeling process.
Usually, the label is easily ionized and has low background, which
results in better sensitivity than for S, P, and Se.32 By element
labeling, peptides and proteins without heteroatoms can be
detected and quantified by ICP-MS, which expands the analysis
of proteins.33 Protein labeling can be done directly on the target
protein or indirectly through its corresponding antibody
(immunological strategy). The main limitations of the two
strategies are dealing with excessive reagents, stoichiometric
determination, and the possibility of generating undesirable
products or fragments during the labeling process. Therefore, the
labeling procedure must be properly characterized, and separation
techniques are often employed to resolve potential interfering
compounds in most proteomics applications.32-34

So far, many commercially available reagents have been widely
used in real samples. However, these methods are limited to the
derivatization of one or two functional groups with a single
element (Hg or I). In contrast, metal chelating tags show greater
versatility because they potentially provide a combination of
different metals and the functional groups. By using coordination

Direct Protein Tagging (I, Hg, and Chelate complexes)
As one of the most active functional groups in proteins, the
sulfhydryl group (-SH) has unique physiological characteristics
and plays an important role in protein stabilization, enzyme
catalysis, heavy metal detoxification, and reactivity of the
www.at-spectrosc.com/as/article/pdf/2021104
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ligands or dual-functional ligands containing detectable
heteroatoms, metals detectable by ICP-MS can be introduced into
proteins. Tetraazacyclododecane tetraacetic acid (DOTA) is a
commonly used ligand. Lanthanide chelating tags containing
reactive groups that allow binding to functional groups on
biomolecules can be used to achieve specific lanthanide labeling
(bio-binding) of biomolecules, which forms a covalent bond
between the biomolecule and the chelating tag. In addition, the
lanthanide-chelate label has very high thermodynamic stability.
The use of lanthanide tags for protein labeling has many
advantages. Compared with stable isotope reagents, lanthanide
tags are cheaper, and there are more lanthanide elements available,
which expands the selection range of protein metal labels. In
addition, the lanthanide elements have high detection sensitivity,
higher ionization efficiency, low background, and a large
quantitative dynamic range, which makes lanthanide ideal tags for
the quantitative analysis of protein by ICP-MS.

method could reach 97.9%.
This method further verifies that the ICP-MS binding element
labeling can well be applied to the absolute quantitative analysis
of proteins. In order to improve the efficiency and specificity of
protein metal labeling, Rappel and Schaumloffel37 optimized the
acid anhydride bifunctional reagent (diethylenetriamine
pentaacetic anhydride, Lu-DTPA) to label proteins, and the
peptide reaction steps and reaction buffers were investigated to
improve the labeling efficiency37. The specificity of the labeling
reaction was verified by ESI-MS detection, and the recovery of the
labeled peptide was 100% with a precision of 4.9%. The LOD of
the Lu-DTPA-labeled peptides can reach 179 pmol g-1, which is 4
orders of magnitude more sensitive than ICP-MS quantification
by detecting sulfur and phosphorus atoms in proteins.
Immunological Tagging
Antibody-based immunoassay is another main tool for quantifying
protein due to its good sensitivity, selectivity and throughput,
especially the method based on enzyme-linked immuno sorbent
assay (ELISA). In essence, suitable heteroatom-labeled antibodies
can specifically recognize and bind to the target antigen protein or
analyte even in complex matrices. However, traditional tags such
as colorimetric tags and fluorescent tags are greatly affected with
a complex biological matrix and poor dynamic range. Because of
its good stability and great potential in multiplex analysis, elementtagged immunoassay may be a good choice for immunoassay. In
2001, Zhang et al.45 published an ICP-MS-based method for
detecting proteins with lanthanide-labeled antibodies. The antigen
is immunoreacted with a biotin-labeled antibody, which then binds
to Eu-labeled streptavidin. Research over the next few years
further demonstrated the potential of lanthanide-labeled antibodies
for multiple protein analysis using ICP-MS.46 Due to the success
of these experiments, various bioconjugation technologies and
lanthanide chelation tags have been developed and verified to
improve the sensitivity and multiplexing capabilities of these
assays.

Despite the excellent features of lanthanides as labels for ICPMS detection, this method also has some disadvantages. First, the
sensitivity is still limited by the number of metal ions that can be
loaded into such chelates. Moreover, relatively high polarity of
these derivatives makes their separation in reverse phase columns
difficult in peptide/protein separations. In addition, metal atoms
may be exchanged during the pretreatment process. The most
important thing is that the quantified peptide must be able to
achieve baseline separation. At the same time, other MS methods,
such as ESI-MS, MALDI-TOF, must be used to identify their
sequences, and the structure of proteins and peptides must be
determined to achieve quantification. Whetstone et al. 42 proposed
a lanthanide-DOTA based element coded affinity tags (ECAT)
method by avoiding the use of stable isotopes as mass labels, and
a specific peptide containing a thiol group was labeled through the
specific reaction with the thiol group. Jakubowski et al.43 used the
bifunctional
reagent
2-(4-isothiocyanophenyl)-1,4,7,10tetraazacyclododecane-1,4,7,10-tetraacetic acid (p-SCN-BnDOTA) as a label and measured two different proteins (bovine
serum albumin and chicken egg white lysozyme). The proteins
were labeled with elements, such as Eu, Tb, and Ho, and the
proteins were separated by sodium dodecyl sulfonate (SDS)PAGE. After the target protein was transferred to nitrocellulose,
LA-ICP-MS was used for protein quantification. The obtained
linear range of BSA was 0.015- 15 pmol g-1 and the detection limit
can be as low as 15 fmol g-1. Yan et al.44 established a specific and
efficient method for labeling intact proteins and achieved absolute
quantification of the proteins with isotope dilution ICP-MS. 1, 4,
7,
10-tetraazacyclododecane-1,
4,
7-trisaceticacid-10maleimidoethylacetamide- europium (MMA-DOTA-Eu) was
used as the marker to label lysozyme (lysozyme), insulin (insulin)
and ribonuclease A (Rnase A). After the labeling conditions were
optimized by ESI-MS, they were quantified by isotope dilution
ICP-MS. The LODs of the three proteins obtained were 0.819,
1.638 and 0.819 fmol g-1, respectively, and the recovery rate of this
www.at-spectrosc.com/as/article/pdf/2021104

However, element-tagged immunoassay requires specific
antibody design, and the sensitivity of the method of labeling
antibodies with lanthanide-chelate complexes is affected by the
reduction in the number of detectable heteroatoms of labeled
antibodies. Tanner et al.47 solved this problem by using polymerbased metal tags to label antibodies. These polymer tags bind up
to 60~120 lanthanides per antibody and increased the final ICPMS sensitivity. Perez et al.48 labeled specific monoclonal
antibodies against four cancer biomarkers (CEA, sErbB2, CA 15.3
and CA 125) with different polymer-based lanthanides and
separated, by size exclusion chromatography followed by ICP-MS
detection, the antigen-antibody complex. The lanthanide loading
in the polymer tag may be 30 times that of lanthanide-DOTA to
improve the sensitivity and detection limit. This labeling method
has a recovery rate ranging from 95% to 110% for all biomarkers
studied, and the inter-assay and intra-assay accuracy is less than
266

At. Spectrosc. 2021, 42(5), 262-270

ionization. The elements on the surface of solid samples can be
analyzed directly without sample pretreatment. Moreover, LAICP-MS can offer bioimaging with high spatial resolution in the
low micrometer range, excellent LOD and the possibility of
quantitative data. One of the main drawbacks of quantitative
analysis by LA-ICP-MS, however, are sample-related “matrix
effects” due to the difference in the interactions (e.g. absorptivity,
reflectivity and thermal conductivity) between the laser beam and
the different sample matrices. This brings noticeable changes in
the mass of the analytes ablated per laser pulse in each case. An
extensive overview about overcoming such limitations via internal
standardization for LA-ICP-MS quantification has been published
in several recent reviews.54,57,58

8%. However, polymer preparation is complicated, and the
antibody cognitive ability is liable to be affected by a large number
of polymer chains introduced. In fact, the concentrations of some
target analytes in a real sample are extremely low, requiring the
development of new signal amplification techniques for highly
sensitive detection.
A recent alternative strategy was developed by using metalcontaining nanoparticles (NPs) as ICP-MS tags. In this strategy, if
the exact number of metal atoms per nanoparticle and the
stoichiometric number of the nanoparticle per antibody are known,
the protein/peptide can be quantified without specific standards.
However, the surface of nanoparticles is compatible with a large
number of surface sealants and cleaning steps to prevent nonspecific adsorption. Yang et al.49 reported a protocol for the
detection of tumor cells by using ICP-MS with lead sulfide
nanoparticles (PbS NPs) as the elemental tag. Under the optimized
conditions, the linear range of 800~40,000 was obtained, and the
relative standard deviation was 5.0%. The proposed method has
several advantages, including easy sample preparation, high
sensitivity and selectivity. More importantly, this methodology
could be extended to the detection of other cells based on their
cellular biomarkers.

In the separation process of metalloproteins, such as
chromatography and electrophoresis, the metal may be lost. In
order to maintain the metal-protein binding, a non-denaturing gel
separation method (natural PAGE) is recommended. The PAGE
and LA-ICP-MS detection can be combined with elemental
labeling after the tissue is incubated with an antibody that holds an
elemental label. Among the external calibration strategies, the
most commonly used one is the protein standard for
electrophoretic separation or hydration of gels and the standard
solutions for external calibration methods for the analysis of
selenoproteins, phosphoprotein and metalloprotein.59 In order to
overcome the problems caused by the incomplete or changeable
ablation and/or ionization behavior of the analytes, the 13C signal
is generally used as the internal standard.60 It has also been
reported to use the isotope dilution method to absolutely quantify
protein by GE-LA-ICP-MS. Konz et al.19 reported for the first time
the absolute quantification of natural transferrin (Tf) in human
serum samples, separated by GE-LA-ICP-MS in combination
with species-specific isotope dilution mass spectrometry (SSIDMS). However, isotopically enriched spikes are not available
and metal losses in GE separation are the main limitations for SSisotope dilution GE-LA-ICP-MS. To overcome this problem,
Feng et al.61 reported the determination of Fe transferrin and
albumin in human serum by GE-LA-ICP-MS combined with
species-unspecific isotope dilution. Compared with the alternative
quantification methodologies, no calibration curves or speciesspecific spikes are necessary. The use of the LA-ICP-MS analysis
approach based on such species-unspecific isotope dilution offers
an important potential to achieve reliable, direct and simultaneous
quantification of proteins after conventional 1D and 2D gel
electrophoretic separations. The combination of immunoassay
with LA-ICP-MS has also been reported. Gao et al.62 established
a method using antibody-conjugated gold nanoparticles (AuNPs)
to quantitatively image β-amyloid peptide (Aβ) in the brains of AD
mice by LA-ICP-MS. The Aβ antibody (anti-Aβ) was labeled with
AuNPs to form the conjugate AuNPs-Anti-Aβ that
immunoreacted with Aβ in mouse brain slices. Homogeneous
brain slice matrix matching standards were used as the external
calibrators for quantitative imaging of Au.

Gold nanoparticles (AuNPs) are most widely used due to their
high sensitivity, good biocompatibility and low background in
biological samples. Xiao et al.50 proposed a simple, sensitive and
specific assay for DNA by ICP-MS detection with AuNPs
amplification and isothermal circular strand-displacement
polymerization reaction (ICSDPR). Under the optimized
condition, the proposed method could detect target DNA as low as
45 zmol (8.9 fM in 5 μL) in a relatively short time (about 4.5 h)
with good specificity, and the linear range of this method is
0.1~10,000 pmol. Li et al.51 developed a high-sensitive detection
of alpha-fetoprotein (AFP) by immunoassay ICP-MS strategy,
which was based on tyramide signal amplification (TSA) and
AuNPs labeling. Under the optimized conditions, the LOD of the
developed method was 1.85 pg mL-1 with a linear range of
0.005~2 ng mL-1. The relative standard deviation (RSD) of seven
replicates was 5.2%. This strategy is highly sensitive and easy to
operate and can be extended to the sensitive detection of other
biomolecules in human serum. Ko et al.52 synthesized three
different metal/dye-doped silica nanoparticles (SNPs) as probes
for multiple detection of several clinical biomarkers. In the
quantification, the doped metal of the SNP conjugate was
measured by ICP-MS and the LOD was 0.35~77 ng mL-1 of
different biomarkers.
Direct quantification of proteins by LA-ICP-MS
Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) has already been established as a powerful tool for
the direct analysis of a wide variety of solid samples in life
sciences.53-56 In LA-ICP-MS, sample aerosol is generated by LA
and introduced into the plasma for vaporization, atomization and
www.at-spectrosc.com/as/article/pdf/2021104
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In recent years, great interest has been shown in studying the
combined elemental and molecular distribution in biological
tissues since LA-ICP-MS has emerged as one of the popular and
powerful elemental imaging methodology for heteroatomcontaining proteins.63, 64 However, because the use of LA-ICP-MS
to detect biological tissues may have matrix effects during ablation,
appropriate calibrations must be designed to compensate or
mitigate this possible difference between samples and standards in
order to obtain reliable quantitative data.65,66 The use of internal
standards can help to correct the changes in the signal intensity of
ectopic atoms for imaging and analyzing the matrix composition
of the sample. Alternatively, an external appropriate internal
standard can be used as a dry thin-layer aerosol or applied by
depositing a uniform gold film on the surface of the tissue.63 In
addition, an attempt was made to perform spatially resolved
imaging of actual proteins by using exogenous tags for protein
labeling and final LA-ICP-MS measurement. Different labeling
reagents have been used for this exogenous immunoimaging,
including metals (e.g. lanthanides), conventional dual-functional
ligands, isotope-enriched polymer tags, and/or nanoparticles.
Hutchinson et al.67 first reported the use of LA-ICP-MS for
imaging of Eu and Ni coupled antibodies against the amyloid
precursor protein and Aβ in histological sections of a transgenic
mouse model for Alzheimer's disease.

add stable isotopes of the relevant metal after the column. This
post-column isotope dilution technique cannot only compensate
for the influence of the gradient, but also improve the precision
and accuracy of the ICP-MS measurement because only the
isotope ratio is determined instead of the absolute intensity.
Therefore, the ability of ICP-MS to measure isotopes can combine
ICP-MS element detection with isotope dilution procedures to
quantify the elements with multiple stable isotopes. The method
involves adding the isotope-enriched species of known
concentration and the isotopic composition to the sample, so that
the analyte can be quantified by measuring the isotope ratio. The
added standard substance can be an isotope-enriched analogue of
the target analyte (i.e. species-specific ID species), which can be
added before chromatographic analysis to correct for sample loss
or matrix effects. Alternatively, non-specific (universal)
compounds (i.e. species-nonspecific ID speciation) containing
enriched isotopes of the detected heteroatoms can be added online
to the chromatographic eluent. Of course, the species-nonspecific
ID method cannot correct the sample loss or incomplete recovery.
However, it can quantify all the element species containing the
target element using only quantitative analysis, because after
adding spikes online and measuring the light/heavy isotope ratio,
any possible signal changes during the chromatographic gradient
can be corrected.
Another strategy is to combine the internal standard (IS)
containing common elements with species non-specific ID
quantification. As a result, the complexity of the isotope dilution
calculation is reduced and the injection error is compensated. On
the one hand, immunoassay quantification of element labeling is
usually performed according to a typical immunoassay calibration
curve. If the stoichiometric element is labeled and the antibody is
known and controlled, no specific standards are needed to achieve
quantification of the biomolecules.

Calibration for metalloprotein quantification by ICP-MS
One of the attractions of quantification by elemental labeling is the
simple calibration using only universal elemental standards.
Conventional external calibration methods using such elemental
standards can provide absolute protein quality by directly
measuring the target heteroatoms. However, this method will be
hindered by contamination, because in addition to the target
protein, any substance that contains the detected element would
contribute to the final heteroatom signal detected by ICP-MS. This
is the main reason why this method is mainly applied to pure or
highly purified samples.68 In most cases, two or more proteins
need to be quantified in the same sample. In this case, if an ICPMS-based method is used, a reliable platform is required to ensure
the pre-MS separation of each protein. It can be quantified by
adding standards containing heteroatoms to the sample before
chromatographic or electrophoresis separation. This method can
determine the element response factor (peak area of the injected
element per ng) of the instrument, which can be used to quantify
the element content of other chromatographic peaks (i.e., certain
element-containing proteins in the sample mixture). However,
when using online reversed-phase LC-ICP-MS coupling, the
influence of the change in the amount of organic solvent
introduced during the gradient elution process on the sensitivity of
the considered metal must be considered. At each time point of the
gradient, the system should be calibrated. In fact, internal
standards that show similar ionization behavior in plasma can be
used to balance gradient effects. The most elegant solution is to
www.at-spectrosc.com/as/article/pdf/2021104

The use of a certified reference material (CRM) is a very
important calibration strategy for protein analysis. In the protein
CRM development, although the ICP-MS approach was
successfully demonstrated in the method development of protein
quantification, its application on CRM certification has just been
reported recently. Feng et al.18 first reported that the isotope
dilution high-performance liquid chromatography mass
spectrometry (ID-LC-MS) and high-performance liquid
chromatography isotope dilution inductively coupled plasma mass
spectrometry (HPLC-ID-ICP-MS) strategies were employed to
certify the candidate Aβ solution CRMs. These CRMs are
primarily intended to be used for value assignment to secondary
calibrators or CRMs with a clinical matrix, which will help in early
diagnosis of AD.

CONCLUSIONS
In this review, we proposed metrometallomics as a branch of
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J. Feldmann, Anal. Chem., 2007, 79, 8381-8390.
https://doi.org/10.1021/ac071397t

metallomics and showcased the application of ICP-MS in the
quantification of metalloproteins as an example for the
development of CRMs. The multiplicity of protein determination
by ICP-MS is predictable and may constitute a valuable
supplementary technique in the near future. In addition, the isotope
dilution strategy can expand the multiplexing capabilities of ICPMS with high accuracy and small uncertainty. At present, basic
research on the characterization of metal proteome in cells, tissues
and organisms (such as microbial proteome) is also a clear field
for ICP-MS guided proteomics. Therefore, we can imagine that
further research will lead to using multiple quantitative analyses of
proteins in the microarray, resorting to bioassays, and finally
detection by LA-ICP-MS (and quantitative imaging work). By
using ICP-MS certified peptides for the absolute quantification of
the target protein, perhaps the application of ICP-MS in a wide
range of molecular MS proteomics may become a common
procedure. From an instrumental point of view, the recently
introduced flow cytometer based on ICP-MS (which may allow
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ABSTRACT: In this study, sources of Pb are investigated using the 206Pb/207Pb isotopic ratio measured by inductively coupled
plasma quadrupole mass spectrometry in the bio-accessible fractions from wheat, Miswak toothbrush (also used as chewing stick)
and Miswak fruit. These samples were obtained for the in vitro batch and on-line leaching methods that mimic the human
gastrointestinal tract by sequentially using artificial saliva, gastric juice and intestinal fluid for extraction. The two methods provided
similar results according to a Student’s t-test at the 95% confidence level. Significant (p < 0.05) differences in 206Pb/207Pb were noted
at the 95% confidence level in different artificial body fluids. Except for unpolluted Miswak toothbrush and Miswak fruit, which
only contained geogenic Pb, the samples contained a mixture of geogenic and anthropogenic Pb, with bio-accessible Pb in saliva
being mainly from a geogenic source, whereas bio-accessible Pb in the stomach
and intestinal fluids was mainly from anthropogenic sources. Despite the fact
that leaded petrol was phased out in Saudi Arabia in 2001, a Miswak toothbrush
collected on the side of a busy road after exposure for only a few days and
Safeer wheat were still being contaminated with Pb and had an isotopic
composition matching that of Pb added to petrol. The 208Pb/206Pb isotopic ratio
for gastric bio-accessible Pb also matched that reported in tetraethyllead. The
206Pb/207Pb isotopic ratios of intestinal bio-accessible Pb from Qassim wheat
and Safeer wheat point to coal combustion as the source. Overall, these results
highlight the need for continued Pb monitoring and the value of examining bioaccessible fractions periodically to identify Pb sources.

INTRODUCTION

Pb as anti-knock agent. As a result, Pb accumulates in plants and
eventually enters the gastrointestinal tract via ingestion and
inhalation, where the bio-accessible portion (released in the
gastrointestinal tract) may become bio-available (enter the
circulatory system) and cause toxic effects.2-5

Lead contamination of the environment as a result of human
activities is a pervasive and serious problem.1 The wide range of
anthropogenic activities involving the release of this metal often
makes source identification of Pb necessary in order to plan
effective abatement strategies for contaminated sites.1

In nature, Pb has four stable isotopes: 204Pb (1%), 206Pb (24%),
(23%) and 208Pb (52%). The latter three are formed from the
radioactive decay of U and Th. Indigenous variation in stable
isotope composition can thus be used to identify the Pb sources.6-7
The isotopic composition of Pb in environmental samples can
reflect and help discriminate the Pb source.8 This fingerprinting

207Pb

Lead is naturally ubiquitous in water, air and soil. However,
additional sources of Pb in the atmosphere are caused due to
mining activities, burning of coal, smelting, non-ferrous metal
refining, waste incineration and combustion of gasoline containing
www.at-spectrosc.com/as/article/pdf/2021708
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approach is a valuable tool for tracing Pb in the environment.9

temporal profile, where one peak showed a Pb isotopic
composition matching that of tetraethyllead (TEL) previously
added to gasoline as the anti-knock agent.25

Over the years, there has been a significant improvement in
controlling Pb concentrations in the environment, such as phasing
out leaded gasoline in accordance with the ruling of the World
Health Organization (WHO).10 Yet, Pb is still classified as the
second most hazardous substance, after only As, as reported by the
Agency for Toxic Substances and Disease Registry.11 In Saudi
Arabia, despite phasing out leaded gasoline in 2001, Pb continues
to accumulate in the environment11 and still exceeds the 0.2-0.3
mg Pb kg-1 food regulation in the region.12-16

Given the problematic Pb levels in Saudi Arabia, in addition to
Pb up to 100% bio-accessible from wheat,15 Miswak natural
toothbrush (also used as a chewing stick)26 and Miswak fruit,26
source apportionment would be useful. For instance, if most of
the Pb is anthropogenic, actions can then be taken to reduce
contamination. The aim of this research was to investigate the
isotopic composition of bio-accessible Pb from these samples.
The results obtained by a conventional batch method to measure
bio-accessibility were compared to those obtained by the on-line
leaching method previously developed.24 The resulting Pb isotopic
composition was then compared to that reported in the literature to
identify the most probable source(s) of Pb in wheat, Miswak
toothbrush and Miswak fruit from Saudi Arabia. To the best
knowledge of the authors, Pb source apportionment has never
been conducted on such samples.

Lead isotope ratios are commonly measured using thermal
ionization mass spectrometry, multi-collector inductively coupled
plasma mass spectrometry (MC-ICP-MS) and inductively
coupled plasma quadrupole mass spectrometry (ICP-QMS).
Whereas TIMS and MC-ICP-MS are preferred methods for
geological dating applications, ICP-QMS is widely used for
environmental source studies. In contrast to TIMS and MC-ICPMS, it is relatively inexpensive and requires minimal sample
preparation while allowing sufficiently precise Pb isotope ratio
measurements. 5,17-19

EXPERIMENTAL

To assess and identify the Pb exposure pathways, Pb isotope
ratios can be measured in blood samples. For example, the Pb
isotope ratios in children’s blood were reported to match those in
soil and house dust, suggesting their ingestion as the source of Pb
in blood.20 Similarly, the Pb isotopic composition in children’s
blood in China corresponded to that found in the ash of coal
combustion and particulate matter. This suggests that the
inhalation of these air particulates from coal ash, contaminated
during coal combustion, was a significant contributor to Pb in their
blood.21 In another case, the Pb isotope ratios in children’s blood
agreed with those found in the vegetables, wheat, drinking water,
and air particulates from the local areas, suggesting that dietary
and inhalation pathways were the most likely sources for these
children’s Pb in blood.22

Instrumentation. Lead isotope ratio measurement was performed
using a Varian 820MS ICP-QMS (Varian Inc., Mulgrave, Victoria,
Australia), with Bruker Quantum software. The instrument was
equipped with a Burgener Mira Mist nebulizer (Burgener
Research, Mississauga, ON, Canada) inserted into a Scott doublepass spray chamber (SCP Science, Baie d’Urfé, QC, Canada) and
a collision-reaction interface (CRI). To maintain CeO+/Ce+<2%
and Ba++/Ba+<2%, the instrument was tuned daily using 5 µg L-1
Be, Mg, Co, In, Ce, Pb and Ba in 2% (v/v) HNO3. The operating
conditions are summarized in Table 1. Data acquisition was
performed in the steady-state mode with 10 s integration for the
batch method and in time-resolved mode for the on-line leaching
method, with three points per peak, one scan per replicate, a dwell
time of 80 ms and 0.025 a.m.u. spacing.

An alternative to measuring bio-available Pb isotope ratios is to
determine Pb isotope ratios in the bio-accessible fraction, which
circumvents the above difficulties. Given that the bio-accessible
fraction24 is equal to the bio-available fraction in the worst-case
scenario, Pb isotope ratios may thus be measured in the bioaccessible fraction of environmental samples to realistically
estimate the main Pb contamination sources.

Samples. Saudi Arabia is located in Western Asia and is
geographically the largest state in the Middle East. Wheat samples
in this study were purchased from grocery stores in the Western
province of Saudi Arabia. As shown in Fig. 1, they originated from
Table 1. ICP-QMS (Varian 820MS) Operating Conditions

The continuous on-line leaching method, where gastrointestinal reagents are sequentially pumped through a minicolumn of sample while the effluent is continuously monitored by
ICP-QMS, allows bio-accessibility measurements in a fraction of
the time required for batch methods because continuous exposure
of the sample to fresh reagents shifts the dissolution equilibrium to
the right.24 In addition, it provides real-time information that can
help discriminate different sources.24 It revealed two sources of Pb
being released in gastric juice from corn bran, i.e., two peaks in the
www.at-spectrosc.com/as/article/pdf/2021708
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Parameter

Setting

Ar plasma gas flow rate

18.0 L min-1

Ar auxiliary gas flow rate

1.80 L min-1

Ar nebulizer flow rate

1.05 L min-1

Sample uptake rate

0.8 mL min-1

Sampling position

6.2 mm

Ar sheath gas flow rate

0.06 L min-1

Radio-frequency Power

1.40 kW

CRI skimmer H2 gas flow rate

85 mL min-1

Monitored signals

206

Pb+, 207Pb+, 208Pb+

At. Spectrosc. 2021, 42(5), 271-277

All acids were purified using a DST-1000 sub-boiling
distillation system (Savillex, Minnetonka, MN, USA).
Batch method. Approximately 1 g of sample was placed in a 50
mL falcon tube with artificial saliva. The test tube was then placed
in a shaker for 10 min at 37°C to mimic human body temperature.
Then, the tube was centrifuged for 15 min at 4100 rpm and 3°C.
The supernatant was decanted, filtered, and collected in a clean
bottle (high-density polyethylene). The same procedure was
repeated with artificial gastric juice and finally intestinal juice,
each shaken for 2 h.
On-line leaching method. An amount of 0.4 g of ground sample
was rolled in glass wool and then inserted into a mini-column (5cm long polytetrafluoroethylene tube with 5/16-in outer diameter
and 1/4-in inner diameter). A clean glass wool plug was placed at
each end of the mini-column to trap the sample, maximize the flow
and minimize clogging. The ICP-QMS instrument’s peristaltic
pump controlled the flow rate of the artificial body fluids that were
sequentially pumped through the mini-column to the nebulizer. A
thermostatically controlled water bath (Haake, Berlin, Germany)
maintained the mini-column and gastro-intestinal reagents at 37°C.

Fig. 1 Map of Saudi Arabia with sample sources in red. Industry signs indicate
sites of major industries.27

different regions: Northern (Dubai), Western (Nakleeh), SouthWestern (Najran) and Central Arabia (Noqrah, Qassim and Safeer).
All-natural toothbrush and Miswak’s fruits were collected from
one Miswak tree (Salvadora persica) in Al Lith city, located on the
coast of the Red Sea (Western province).

Data processing. For the batch method, the Pb isotope ratios were
readily obtained by dividing the average steady-state signal of
206Pb+ by that of 207Pb+. For the transient signal resulting from the
on-line method, the point-by-point signal intensity of 206Pb+ was
plotted versus 207Pb+ using Microsoft Office Excel 2016. This
yielded a straight line whose slope was the 206Pb/207Pb isotope ratio.
This approach was reported to provide more accurate ratios than a
ratio of peak areas or the average point-by-point ratio.28 The same
approach was used to obtain the 208Pb/206Pb isotope ratio to
confirm TEL as a source.

The Miswak toothbrushes were 30-cm long, with a 1-cm
diameter. Unpolluted Miswak toothbrushes and Miswak fruits
were collected from one Miswak tree and placed directly in
separate polyethylene bags upon collection, whereas polluted
Miswak toothbrushes were sampled from the same Miswak tree
but handled normally and transported for 180 km to Jeddah city to
be sold in an open market on the roadside of a busy street. After a
few days, one Miswak toothbrush was placed in a polyethylene
bag for later analysis. Then, these samples were ground by hand to
a fine powder with a porcelain pestle and mortar and kept in
polyethylene bags at 4°C until analysis.

To compare the results from the on-line and batch methods, an
F test was first performed at the 95% confidence level to determine
if there was a significant difference in variance. The appropriate
Student's t-test was then performed at the 95% confidence level to
establish if there was a significant difference between the results.
To compare leaching of the three gastro-intestinal reagents,
analysis of variance (ANOVA) was conducted: a significant
difference (p < 0.05) between the Pb isotope ratios by the two
methods for a given leaching reagent indicates that there is at least
one source significantly different from the others. Tukey Pairwise
analysis was then conducted to reveal which Pb source in the body
fluids was significantly different.

Reagents. Artificial saliva was prepared by mixing 6.8 g of
KH2PO4 (ACS grade; Fisher Scientific, Ottawa, ON, Canada) and
77 mL of 0.2 mol L-1 NaOH (ACS grade; BioShop, Burlington,
ON, Canada). After adjusting the pH to 6.5 with 0.2 mol L-1 NaOH,
the sample was diluted to 1 L with doubly deionized water (DDW)
(Arium Pro UV|DI, Sartorius Stedim Biotech, Göttingen,
Germany).
For preparation of gastric juice (pH. 1.2), 2.0 g of NaCl (ACS
grade; BioShop), 3.2 g of pepsin (Sigma-Aldrich, Oakville, ON,
Canada) and 7.0 mL of sub-boiled HCl (ACS grade; Fisher
Scientific) were combined, then diluted to 1 L with DDW.

RESULTS AND DISCUSSION
206Pb/207Pb

isotope ratio in bio-accessible fraction from wheat.
Fingerprinting based on the 206Pb/207Pb isotope ratio is commonly
used to distinguish anthropogenic Pb input from that of natural
origin in environmental samples.29 The ratios measured in the bioaccessible fraction from the wheat samples in each artificial

Intestinal fluid was prepared by mixing 6.8 g of KH2PO4, 10 g
of pancreatin (Sigma-Aldrich, St. Louis, MO, USA) and 77 mL of
0.2 mol L-1 NaOH, then diluting to 1 L with DDW after adjusting
the pH to 6.8 with 0.2 mol L-1 NaOH.
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Table 2. 206Pb/207Pb Ratios ± Standard Deviation (% relative standard
deviation (% RSD)) Measured in Saliva, Gastric Juice and Intestinal Fluid
Leachates from Wheat Samples by On-line Continuous Leaching and
Batch Methods, with Student’s t-test at the 95% Confidence level (n=3-5)
Region

Leaching
reagent

Method

Pb ratio (± SD)
(RSD)

Batch

1.14±0.02(2)

On-line

1.12±0.01 (1)

Batch

1.08±0.10 (9)

On-line

1.05±0.03 (3)

Saliva

Dubai

Gastric juice
Batch

1.11±0.03 (3)

On-line

1.06±0.03 (3)

Batch

1.14±0.03 (3)

On-line

1.15±0.02 (2)

Intestinal fluid

Saliva

Nakleeh

Batch

1.06±0.08 (7)

On-line

1.03±0.07 (7)

Batch

1.07±0.08 (7)

On-line

1.05±0.04 (4)

Batch

1.08±0.06 (5)

On-line

1.06±0.02 (2)

Batch

1.19±0.11 (9)

On-line

1.17±0.03 (3)

Batch

1.17±0.20 (17)

On-line

1.16±0.02 (2)

Batch

1.14±0.03 (3)

On-line

1.15±0.03 (3)

Batch

1.05±0.05 (5)

On-line

1.05±0.03 (3)

Batch

1.08±0.04 (4)

On-line

1.04±0.04 (4)

Batch

1.08±0.30 (27)

On-line

1.02±0.07 (7)

Batch

1.03±0.08 (8)

On-line

1.03±0.04 (4)

Gastric juice

Intestinal fluid

Saliva

Qassim

Gastric juice

Intestinal fluid

Saliva

Najran

Gastric juice

Intestinal fluid

Saliva

Noqrah

Gastric juice
Batch

1.09±0.05 (5)

On-line

1.01±0.06 (6)

Batch

1.12±0.02 (2)

On-line

1.13±0.05 (4)

Batch

1.20±0.09 (8)

On-line

1.21±0.02 (2)

Batch

1.16±0.02 (2)

On-line

1.17±0.02 (2)

Intestinal fluid

Saliva

Safeer

Gastric juice

Intestinal fluid

at the 95% confidence level, confirming similar results by the two
methods. However, the precision, expressed as relative standard
deviation (RSD), for the ratios by the on-line method was in
general better than by the batch method. Indeed, the 2-7% range
with the on-line method is clearly narrower than the 2-27% range
with the batch method.

Student’s t
Found

Table

1.54

3.18

0.66

2.36

2.43

2.45

0.23

2.45

0.63

2.36

0.49

2.44

0.74

2.45

0.38

2.36

0.29

2.77

1.25

2.45

0.07

2.31

1.52

2.36

0.98

2.57

0.08

2.45

2.26

2.36

0.25

2.45

0.04

2.57

0.48

2.77

The Pb released from the wheat samples obtained from Dubai,
Nakleeh, Najran and Safeer has an isotopic composition that falls
within the 1.12-1.15 range previously reported for geogenic Pb,
i.e., indigenous Pb ores in Saudi Arabia.30 The 206Pb/207Pb isotope
ratio in saliva was found to be significantly different from those in
gastric juice and intestinal fluid (p < 0.05) at the 95% confidence
level.
China and Indonesia were major providers of coal to Saudi
Arabia during the last three decades of the 20th century, which had
a 206Pb/207Pb isotope ratio in the 1.15-1.18 range.31-32 The Pb
released by intestinal fluid from the wheat from Qassim and Safeer
has an isotopic composition that falls within this range, indicating
that coal burning may be responsible for this more radiogenic Pb.
In each case, the isotopic ratio is significantly different from that
in saliva (p < 0.05) at the 95% confidence level. There is also
evidence of Pb from leaded gasoline (206Pb/207Pb of 1.21)33 in the
gastric juice leachate from Safeer wheat, indicating that the soil
contamination from decades of leaded petrol use in that region is
still reflected in wheat.
The lower isotope ratios in gastric juice and intestinal fluid
leachates of wheat from Dubai, Nakleeh and Najran compared to
geogenic Pb, is likely a result of industrial Pb emissions, e.g., from
copper smelters.34 The different geographical origins of these
samples (North, West and Southern-West, respectively) suggest
atmospheric transport of anthropogenic Pb. Storms are well
known to occur in those regions, which carry large amounts of
particulate matter over long distances.35
The similarity or difference between sources of Pb are also
evident when plotting the temporal leaching profile of Pb versus
that of Cd, which was recently used to help visualize different
sources of these elements in Miswak.16 For example, Fig. 2 shows
very different correlations between the temporal profiles of Pb and
Cd for two wheat samples (from Noqrah and Safeer) that
contained similar concentrations of Pb (2000±520 µg kg-1 and
2000±400 µg kg-1 respectively).15 The less bio-accessible Pb in
Noqrah wheat15 seems to be from a single source, supporting the
similar 206Pb/207Pb isotopic ratio in saliva, gastric juice and
intestinal fluid. In contrast, three different sources are clearly
indicated by the three different correlations between Pb and Cd for
Safeer wheat (Fig. 2), in agreement with the significantly different
isotopic ratios in each of the three gastro-intestinal reagents.
206Pb/207Pb

isotope ratio in bio-accessible fraction from
Miswak toothbrush and Miswak fruit. Table 3 shows the
206Pb/207Pb isotopic ratios obtained in the saliva, gastric juice and

leaching reagent by the conventional batch method were
compared to those with the on-line leaching method, as listed in
Table 2. The results are in agreement based on the Student’s t-test
www.at-spectrosc.com/as/article/pdf/2021708
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Table 3. 206Pb/207Pb isotopic ratio ± standard deviation (% RSD) measured
in saliva, gastric juice and intestinal fluid leachates from natural toothbrush
samples by on-line continuous leaching and the batch method, with
Student’s t-test at the 95% confidence level (n=3-5)
Miswak
Samples

Reagent

Method

Table

0.22

2.45

0.40

2.36

0.09

2.57

0.37

2.57

0.04

2.31

0.06

2.45

0.46

2.77

1.26

2.77

1.21

2.57

On-line

1.15±0.02 (2)

Batch

1.11±0.08 (7)

On-line

1.12±0.02 (2)

Intestinal

Batch

1.15±0.04 (4)

fluid

On-line

1.15±0.06 (5)

Batch

1.16±0.03 (3)

On-line

1.15±0.02 (2)

Batch

1.21±0.22 (18)

On-line

1.22±0.04 (3)

Intestinal

Batch

1.14±0.08 (7)

fluid

On-line

1.14±0.02 (2)

Batch

1.14±0.02 (2)

On-line

1.14±0.01 (1)

Batch

1.13±0.01 (1)

On-line

1.12±0.02 (2)

Intestinal

Batch

1.11±0.01 (1)

fluid

On-line 1.12±0.02 (2)

Gastric juice

Gastric juice

Saliva

Fruit

Found

1.15±0.02 (2)

Saliva

Polluted

Student’s t

(RSD)

Batch

Saliva

Unpolluted

Pb ratio (± SD)

Gastric juice

Table 4. 208Pb/206Pb ratio ± standard deviation (% RSD) measured in gastric
juice leachates from Safeer wheat and polluted Miswak samples by on-line
continuous leaching and batch methods, with Student’s t-test at the 95%
confidence level (n=3-5).
Fig. 2 Correlation between the leaching profiles of Pb and Cd with artificial
saliva (blue triangles), gastric juice (red circles) and intestinal fluid (green squares)
in Noqrah wheat (top) and Safeer wheat (bottom).

Sample

Method

Pb ratio (± SD) (RSD)

Batch

2.05±0.07 (3)

On-line

2.07±0.04 (2)

Batch

2.04±0.12 (6)

On-line

2.06±0.04 (2)

Safeer wheat

polluted Miswak toothbrush and Miswak fruit. Again, there is
good agreement between the batch and the on-line leaching
methods according to a Student’s t-test at the 95% confidence
level. The precision of ratios with the on-line method, 1-5 % RSD,
is again in general better than the 1-18% RSD with the batch
method. For unpolluted Miswak toothbrush and Miswak fruit, the
three ratios are similar to those measured in Saudi Arabia's western
Pb ores (1.12-1.15).30 Moreover, 206Pb/207Pb values for unpolluted
Miswak toothbrush and Miswak fruit are not statistically different
from each other, which is commensurate with their being collected
from the same tree. However, the significantly higher 206Pb/207Pb
isotopic ratio for polluted Miswak toothbrush in the gastric phase
indicates an anthropogenic source of Pb that corresponds to leaded
petrol (with a 206Pb/207Pb isotopic ratio of 1.21).33 Although at least
two different sources of Pb were indicated by the correlations
between the Pb and Cd temporal profiles in each leaching
reagent,16 these results were unexpected, given that leaded
gasoline was discontinued in 2001. However, they support reports
of leaded gasoline being mixed with unleaded gasoline.36-37 In any
case, exposing a Miswak toothbrush to emissions from vehicular
traffic for only a few days was clearly sufficient for it to become
contaminated with a different source of Pb.
www.at-spectrosc.com/as/article/pdf/2021708

Polluted Miswak
TEL38-40

Student’s t
Found

Table

0.59

3.18

0.52

2.31

2.05

Confirmation of TEL as a source of Pb in wheat and polluted
Miswak toothbrush. To confirm that TEL was a source of Pb in
Safeer wheat and polluted Miswak toothbrush, and rule out any
potential spectroscopic interference that might have spuriously
increased 206Pb/207Pb, the 208Pb/206Pb isotopic ratio, was also
measured in the gastric juice fraction. The results are summarized
in Table 4 and clearly confirm TEL as a source of Pb. Again, there
was no significant difference between the ratios obtained by the
batch and on-line methods according to a Student’s t-test at the 95%
confidence level. The on-line method again provided more precise
ratios than the batch method. Given that this Pb source appeared
on Miswak toothbrush after only a few days of exposure on the
side of a busy road, it also indicates the continued use of TEL in
gasoline.
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CONCLUSIONS
For the first time, the 206Pb/207Pb isotope ratio was successfully
used as a fingerprinting tool on the bio-accessible fractions from
wheat, Miswak toothbrush and Miswak fruit samples from Saudi
Arabia. In addition to geogenic Pb, anthropogenic Pb from leaded
petrol, coal combustion and other industrial sources were
identified in bio-accessible Pb. Anthropogenic Pb thus remains a
significant pollutant, which may pose a potential risk to human
health. The on-line leaching method affords visual confirmation of
different Pb sources through the significantly different correlations
that then result between the temporal profiles of Pb and Cd. Future
Pb monitoring programs could use this approach to assess whether
Pb mitigation strategies are being effective.
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ABSTRACT: Clinimetallomics is proposed as a branch of metallomics that focuses on the study of the metallome in clinical
samples of urine, blood, and tissues. As the clinical diagnosis of arsenic poisoning is mainly based on the concentration of total
arsenic in urine, the toxicity of arsenic varies greatly in different speciation. Analysis of arsenic speciation with excessive total arsenic
in urine can provide a basis for precise treatment. It can also be used to understand the fate of arsenic in the body of patients with
arsenic poisoning after treatment with sodium dimercaptopropane sulfonate. In this
study, a HPLC-ICP-MS method was established for the determination of arsenic
species in urine samples from patients diagnosed with arsenism. Use the established
method to detect urine samples, which can be directly assayed after simple sample
dilution with 20 mmol/L EDTA-2Na. With the concentration of arsenic speciation
in the range of 1.0~100.0 ng/mL, the linear correlation coefficient was higher than
0.99996. The recoveries were between 91.1 % and 111 %. The precision of the
concentration was less than 5.00 % and the detection limit was between 1.42 ng/mL
and 1.86 ng/mL. This method can be applied to arsenic speciation in the urine of
healthy people, in patients treated for arsenic poisoning, and in patients diagnosed
with arsenism.

INTRODUCTION

The metabolism and transformation in the organism make
arsenic become complex. Many studies have shown that after
arsenic exposure, inorganic arsenic mainly undergoes a
methylation process in vivo. The donor of methyl in vivo is
provided with inorganic arsenic under the action of
methyltransferase to produce the methylation metabolites of
MMA and DMA.2,3 DMA accounts for 60~80%, MMA for
10~20%, and the remaining 10~30% are directly excreted as
inorganic arsenic.4 Generally, speciation of As in human urine has
been reported by using HPLC-ICP-MS, IC-ICP-MS or
complementary chromatography combined with hydride
generation ICP-MS.5-13 There were few studies on the speciation
determination of arsenic in human blood. The research in this area
only includes animal experiments with plasma and red blood cells
of rats and in vitro experiments with human blood samples.14,15

There are more than 60 elements in the human body. The detection
of clinical trace elements has been of wide concern. In modern
clinical studies and research, the concentration of elements in
biological samples is of great significance for the diagnosis and
treatment of diseases. Clinimetallomics is proposed as a branch of
metallomics, which focuses on the study of the metallome in
clinical samples, such as urine, blood, and tissues.
Arsenic (As) can cause skin cancer, bladder cancer, lung cancer,
nervous system disease or cardiovascular system diseases,
especially due to long-term, low-dose exposure. Among the
different arsenic compounds, arsenite [As(Ⅲ)] and arsenate
[As(Ⅴ)] are the more toxic, methyl arsenate (MMA) and dimethyl
arsenate (DMA) are less toxic, and arsenic betaine (AsB),
arsenocholine (AsC) and arsenose are basically non-toxic.1
www.at-spectrosc.com/as/article/pdf/2021103
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Table 1. Gradient Elution Parameters

Urine is an easily available sample and urinary arsenic is an
ideal biomarker to establish current arsenic exposure. In recent
years, the speciation of urinary arsenic has been used to study
occupational arsenism.16,17 Arsenic compounds can also be used
as a therapeutic drug. Some studies have found that arsenic
trioxide can effectively treat acute myeloid leukemia (APL).
However, there are few reports on the speciation analysis of
urinary arsenic in clinical patients receiving arsenic treatment.18

Time（min）
0
5
9
10
25

B Phase（%）
100
0
0
100
100

RESULTS AND DISCUSSION

In this work, a reliable method based on HPLC-ICP-MS was
developed to evaluate the level of As species in urine samples from
patients diagnosed with arsenism. Urine samples can be directly
analyzed by the proposed method after simple sample dilution.

Optimization of Elution Conditions of Arsenic Acid (As(V).
In this work, a gradient separation method with 50 mmol/L
ammonium carbonate aqueous solution (pH = 9) and pure water
as the mobile phase was attempted. The gradient elution
parameters were as follows, time: 0-15 min; A phase (%): 0-100;
B phase (%): 0-100. The chromatogram results were shown in
Fig. 1. The peak shapes of DMA, As (Ⅲ), and MMA were
obtained under above conditions. However, when the ratio of
buffer to water was small, the peak width of As (V) was wide,
which affects the detection sensitivity of As(V). When the
chromatographic conditions were changed into those shown in
Table 1, the peak of As(V) was narrowed (as shown in Fig. 2) and
the sensitivity was improved. Because a steep gradient
significantly could reduce the peak width of the compound
arsenate, (As(V)), thus the detection sensitivity of the compound
was improved.

EXPERIMENTAL
Instruments. LC-20Ai Liquid Chromatography system
(Shimadzu, Japan), ICP-MS-2030 Inductively Coupled Plasma
Mass Spectrometer (Shimadzu, Japan), AY-120 electronic balance
(Shimadzu, Japan), Advantage A10 ultrapure water analyzer
(Milli-q, Switzerland).
Reagents. Arsenic Choline (AsC) reference material (As:
28.0±1.1 μg/g), Arsenic Betaine (AsB) reference material
(38.8±1.1 μg/g), Arsenate (As (V)) reference material (17.5±0.4
μg/g), Arsenite (As(III)) reference material (75.7±1.2 μg/g),
Dimethyl Arsenic (DMA) reference material (52.9±1.8 μg/g), and
Methyl Arsenic (MMA) (25.1±0.8 μg/g) were purchased from the
National Institute of Metrology, P.R. China. Sodium
Ethylenediaminetetraacetate
(EDTA-2Na),
Triton,
and
Ammonium Carbonate are analytically pure and were purchased
from Sinopharm Chemical Reagent Co., Ltd. Methanol is
chromatographic pure and was purchased from Merck Co., Ltd.

Effect of the column equilibrium time. Column equilibrium is
a necessary step in gradient elution. The retention time and peak
shape of four target compounds were studied after column
equilibration for 5 min, 10 min, and 15 min. As shown in Fig. S1,

Chromatographic Conditions. The chromatographic conditions
were as follows, chromatographic column: Dionex IonPacTM
AS19 (4 x 250 mm, 7.5 μm); mobile phase: A phase-50 mmol/L
ammonium carbonate solution (pH=9), B phase-Water; Flow Rate:
1.2 mL/min; column temperature: 30oC; injection volume: 20 μL;
elution procedure: gradient elution. Gradient elution parameters
were shown as Table 1.

a

Standard Curve. A proper amount of the reference stock solution
was put into volumetric flask and 20 mmol/L EDTA-2Na
(containing 0.1% Triton) solution added to make a mixed solution
with a series of concentrations of 1.0 ng, 4.0 ng, 10.0 ng,20.0 ng,
50.0 ng and 100.0 ng (all based on arsenic) per 1 mL, then shaken
well and set aside. The standard curve was drawn with the peak
area (y) as the ordinate and the arsenic concentration (x) as the
abscissa. The Lab solutions ICP-MS version 1.02 workstation
was used for data acquisition and analysis, and an external
standard method was used for quantitative analysis.

b

Fig. 1 The chromatographic peaks for As species under different gradient
elution parameters. a) time: 0-15 min; A phase (%): 0-100; B phase (%): 0100; b) list in Table 1.

Sample preparation. The urine samples were diluted 20 times
with 20 mmol/L EDTA-2Na (containing 0.1% Triton).
www.at-spectrosc.com/as/article/pdf/2021103

A Phase（%）
0
100
100
0
0
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Table 2. The Analytical Performance for this Method
Target
Object
DMA
As(Ⅲ)
MMA
As(Ⅴ)

Instrument
detection limit
（ng/mL）
0.07
0.09
0.09
0.08

Method
detection limit
（ng/mL）
1.42
1.70
1.86
1.56

Table 3. Results of Urinary Arsenic in Patients with Arsenism (ng/mL)

Linear Range
（ng/mL）
1.0-100
1.0-100
1.0-100
1.0-100

when the equilibrium time was 5 min, the half peak width of As
(III) was wide and there was an obvious tailing phenomenon,
which leaded to the low detection sensitivity of As (III). After
extending the column equilibrium time (10 min), the half peak
width of As (III) becomes smaller and the tailing peak becomes
a forward peak. Although the half peak width was small, the peak
width and sensitivity still needed to be improved due to the
stretching peak. After 15 min of equilibrium time, the peak shape
and sensitivity of various forms of arsenic were better. Therefore,
15 min was chosen as the equilibrium time.

Time

AsC+AsB

DMA

As(Ⅲ)

MMA

As(Ⅴ)

Sum species

The 1st day

N.D.

1094

1340

814

270

3518

The 2nd day

N.D.

125

179

99.4

67.0

470

The 3rd day

N.D.

130

56.6

76.4

78.0

340

The 15th day

N.D.

8.36

7.30

13.5

8.38

38.0

The 16th day

N.D.

N.D.

N.D.

10.3

12.4

23.0

The 17th day

N.D.

N.D.

N.D.

N.D.

6.42

6.00

Real samples analysis. The urine arsenic concentrations were
detected in patients who received arsenic poisoning after realgar
powder administration. The samples were diluted 20 times with
20 mmol/L EDTA-2Na (containing 0.1% Triton) and analyzed by
HPLC-ICP-MS. The results of the random urine test showed that
the concentration of arsenic in urine was 6.7 μg/mL. After the
poisoned patients were treated with sodium Dimercapto propane
sulfonate to detoxify, the arsenic concentrations of the urine
samples were determined to evaluate the curative effect. The
results showed that AsC + AsB were not detected in urine, the
concentration of other forms of arsenic gradually decreased
during the treatment. As(III) decreased significantly and cannot
be detected after a 16-day detoxification treatment. On the 15th
day, the total arsenic was less than 0.1 μg/mL, which was lower
than the poisoning limit. In general, the brief metabolic process
of arsenic in the body is as follows: iAs(III) → iAs(V) →
MMA(V) → MMA(III) → DMA(III) → DMA(V) → urine
excretion. The arsenic metabolism after realgar administration
led to the concentration increase of DMA and MMA in the urine
of the patients, and the concentration was significantly higher
than the control group.19 After the detoxification treatment with
sodium Dimercapto propane sulfonate, As(III)) was excreted
from the body, and other forms of arsenic were gradually reduced.
The detailed results are shown in Table 3.

Investigation of specificity. The single standard solution and
mixed standard solution of four forms of arsenic were used to
investigate system interference. The resolutions of four
compounds were achieved to ensure that false positive detection
would not be caused in the actual sample analysis process. The
chromatographic separation diagram is shown in Fig. 2. The
resolution of four toxic species were greater than 1, and there was
no false positive detection.
Analytical performance. The detection limit was investigated
under the condition that the injection volume was 20 μL. The
signal-to-noise ratios of four arsenic species were investigated
for the mixed standard solution with the concentration of 1.0
ng/mL, and the corresponding concentration of three times the
signal-to-noise ratio (3S/N) peak height was taken as the
detection limit. The detection limits of four arsenic species with
a concentration of 1.0 ng/mL were shown in Table 2. According
to the peak area and the standard concentration, the standard
concentration curve was established in the range of 1.0-100.0
ng/mL. The linear correlation coefficients of the four toxic forms
of arsenic were greater than 0.99996. As listed in Table S1, the
recoveries were from 91.1 to 111% with the concentration
precisions (RSD) were less than 5.00%.

CONCLUSIONS
An HPLC-ICP-MS method was developed for the determination
of different arsenic forms in urine samples in patients with
arsenism. Our results shows that the contents of DMA and MMA
in the urine of patients taking realgar powder were higher than
for healthy people. After the detoxification treatment with
sodium mercaptopropanesulfonate, As(III) was excreted from the
body, and other forms of arsenic were gradually reduced.

ASSOCIATED CONTENT
Supporting Information
The Supporting Information (Fig S1, Table S1) is available at
www.at-spectrosc.com/as/home

Fig. 2 The typical chromatogram of arsenic species.
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ABSTRACT: The Fe isotope ratios can be a useful tracer of geochemistry, biogeochemistry, and the environmental redox
state. In this study, we investigated the feasibility of Fe isotopic analysis in Fe-dominated minerals by 193 nm excimer ns laser
ablation combined with Nu Plasma 1700 high resolution MC-ICP-MS without matrix-match calibration. Several important
instrument parameters were investigated, such as the effect of the addition of nitrogen gas and water vapor, the effects of analytical
parameters such as ablation mode, laser fluence, pulse repetition rate, spot size on Fe isotopic mass bias during analysis were
investigated as well. The results showed that the effects of ablation mode, spot size, laser pulse repetition rate, and line scan speed
can be neglected, while laser fluence and matrix effects had significant influence on the Fe isotopic mass bias at dry plasma condition.
These problems can be minimized using consistent lower fluence (1.5‒3.5 J·cm-2), as well as the wet plasma conditions can
significantly reduce the matrix effect in Fe isotopic analysis.
Fortunately, with the water vapor and nitrogen gas addition after the
ablation cell, an accurate and precise Fe isotope in pyrite, manganite,
hematite, and chalcopyrite analysis by ns-LA-MC-ICP-MS can be
achieved with non-matrix-matched calibration. The obtained accuracy
and reproducibility of the in situ determinations of δ56FeIRMM-014 were
both better than ± 0.10‰ (2 SD). This study indicated that there was a
serious matrix effect in the Fe isotopic analysis of Fe-dominated
minerals by ns- LA-MC-ICP-MS, and nitrogen gas mixed with water
vapor-assisted ns- LA-MC-ICP-MS were an appealing option for the
in situ Fe isotope analysis of Fe-dominated minerals with non-matrixmatched calibration.

INTRODUCTION

most thermodynamically stable iron sulfide mineral near the
Earth's surface.20-22 The Fe isotope ratios of pyrite can be a useful
tracer of Fe biogeochemistry20,23 and the environmental redox
state.24,15 However, most studies have been carried out using
solution nebulization multi-collector inductively coupled plasma
mass spectrometry (SN-MC-ICP-MS) after sample dissolution
and chemical purification with chromatography.25-29 However, the
rock minerals that might not reach isotope equilibrium or have
complex structure, so the bulk analysis generally reflect a mixed
signature of various endmembers, which cannot provide valuable
geological information and accurately reflect isotopic changes on
the micron scale.

Iron (Fe) is a transition metal element and has four stable isotopes:
54Fe (5.80% of the total, atomic abundance), 56Fe (91.72%), 57Fe
(2.20%), and 58Fe (0.28%). Iron also has three valence states, Fe0,
Fe2+ and Fe3+, which is the most important parameter controlling
mass fractionation during redox reactions from inorganic and
biotic processes throughout the Earth’s history.1-11 In nature,
variations in the 56Fe/54Fe ratios of ~ 6‰ are observed.8,12 The Fedominated minerals (pyrite, hematite, magnetite, chalcopyrite and
so on), which can be found in many kinds of sedimentary, and
metamorphic rocks and various deposits,12-18 they are robust
minerals associated with the processes of hydrothermal,
mineralization, and metamorphism.19 For example, pyrite is the
www.at-spectrosc.com/as/article/pdf/2021703

Recently, in situ measurements of stable Fe isotopes have been
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performed with two analytical methods: secondary ion mass
spectrometry (SIMS) and laser ablation (LA) MC-ICP-MS. SIMS
analysis of some high symmetry minerals results in a significant
instrumental mass bias that is a function of the angle between the
primary ion beam and the crystal lattice.30-32 For example, Fe
isotopes can be artificially fractionated by ~1‰ in 56Fe/54Fe and is
a function of the crystal orientation of magnetite (Fe3O4) with
respect to the primary ion beam.32 Furthermore, the method is
limited by a large matrix effect.33,34 The precision and
reproducibility of Fe isotopes from various reference materials
measured by SIMS is typically 0.2‰‒0.3‰ (2 SD) ,32,34,35 while
LA-MC-ICP-MS techniques provide a powerful tool for
analyzing geological samples of a small sizes (e.g., mineral grains,
inclusions) or complex texture. Other advantages of LA-MC-ICPMS include minimal of sample preparation and short analytical
time because the sample is at ground potential and is in an inert
gas atmosphere.36 There have been significant advances in Fe
isotope analysis since the pioneering work of Hirata and Ohno37
and Hirata et al.38 when the external precision of the measurements
less than 0.3‰ (2 SD). Hirata and Kon39 used a newly developed
femtosecond (fs, 10-15s) LA-MC-ICP-MS technique, which
allowed in situ measurements of Fe isotopic ratios of pyrite at a
spatial resolution of ~ 40 μm and precision of 56Fe/54Fe ± 0.30‰
(2 SD, n = 10). The obtained reproducibility of δ56FeIRMM-014 was
reduced further to 0.2‰ (2 SD) by Kosler et al.40, Horn et al.41 and
Steinhoefel et al.42 published preliminary studies demonstrating
the feasibility of using fs LA-MC-ICP-MS for the precise and
accurate determination of Fe isotopic compositions of natural
materials; their precision and accuracy of δ56Fe were both better
than ± 0.1‰ (2 SD). Oeser et al.43 demonstrated that the
reproducibility of δ56Fe values determined for a certain sample
relative to a laser ablated reference material (RM) was better than
± 0.12‰ (2 SD) based on a nickel standard dopping technique.

alternative approach to calibrate instrumental mass bias in LAMC-ICP-MS is calibrator –sample -bracketing (CSB), which
requires an appropriately matrix matched standard, particularly for
the ns laser. Commonly employed LA systems require a standard
with a similar matrix to the material under investigation. Hu Z-c et
al.46 indicate that the addition of nitrogen to the central gas flow in
laser ablation MC-ICP-MS not only increase the sensitivity of Hf
but also suppress mass fractionation. Oeser et al.,47 Schuessler and
von Blanckenburg,48 Luo et al.,49 and Lin et al.50 applied wet
plasma conditions to measure the Mg, Fe, Si and Li isotopic ratio
accurately and precisely with non-matrix-matched calibration.
Zheng et al.51 have evaluated the matrix effects during Fe isotope
analysis using a 266 nm fs laser and a 193 nm ns laser coupled to
a MC-ICP-MS, found that the matrix effects during fs-LA analysis
can be almost completely suppressed by introduction of water,
while matrix effects during Fe isotope analysis by ns-LA result
cannot be effectively suppressed by water, matrix-matching is
essential during in situ Fe isotope analysis by ns-LA.

The main difficulties with high precise and accurate
measurements of Fe isotope ratios using LA-MC-ICP-MS are
spectrometric interference, matrix effects, laser induced isotopic
mass fractionation and instrumental mass bias. A major obstacle
arises from the fractionation of elemental or isotopic ratios during
ablation and analysis, such as nanosecond (ns, 10-9 s) Nd: YAG or
excimer laser ablation systems (ns-LA), which directly relate to
thermal ablation generated by the interaction of ns laser pulses
with the sample41 and large particle size distributions that cause
laser ablation induced isotopic fractionation.36 This isotopic
fractionation makes it difficult to achieve the high precision
needed for today’s applications; however, ns-laser systems can
provide stoichiometric sampling under appropriate conditions.
Some strategies have been developed to obtain reliable data using
ns LA-MC-ICP-MS,44 validating the possibility of using a ns-laser
system for in situ stable Fe isotope analysis.36 The technique has
been developed to avoid interference by using high mass
resolution sector field mass spectrometry, where polyatomic ion
interferences can be separated in Fe determination.26,45 An

EXPERIMENTAL

www.at-spectrosc.com/as/article/pdf/2021703

In this study, the small amount water vapor and nitrogen gas will
combined add in aerosol to investigate the matrix effect on the
accuracy the Fe isotope measurement by ns LA-MC-ICP-MS, and
the effects of laser fluence (laser energy/spot area), ablation mode,
pulse repetition rates, spot size on Fe isotopic fractionation were
investigated as well. We propose accuracy in situ determination of
Fe isotopes in Fe-dominated minerals (pyrite, chalcopyrite,
magnetite and hematite) associated with excimer ns laser ablation
coupled to true mass high-resolution MC-ICP-MS at the center of
Fe mass-peaks instead of pseudo high resolution which measured
on the shoulder of that, we optimized the laser ablation and mass
spectrometry parameters to improve performance and to establish
utility method for in situ Fe isotopic analysis.

Instrumentation and analytical procedures. The instruments
used in this study are a large dispersion high-resolution Nu Plasma
1700TM plasma source multi-collector ICP-MS (Nu Instruments,
Wrexham, UK) and an excimer laser ablation system RESOlutionLR (Australia Scientific Instruments, Inc., Australian), set up in the
State Key Laboratory of Continental Dynamics (Northwest
University, China). The Nu Plasma 1700 has a unique geometry
that allows resolutions above 5,000 (true mass resolution (TMR =
M/∆M, 10% valley) while maintaining a flat top peak for high
precision and accurate simultaneous isotopic measurements. Each
of the 16 Faraday cup collectors use 1011 Ω resistors and a fixed
array of 10 Faraday collectors with an additional six adjustable
position Faraday collectors at the low and high mass ends. The
collectors possessing independently variable high-resolution slits,
allowing for different resolutions on individual detectors. The
instrumental resolution can be tuned using three independently
adjustable slits (source slit, alpha / beta slits, and collector slits) to
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Table 1 Instrumental parameters for Fe isotope measurements.

from the interferences, the mass resolution was set above 14,000
resolving power (RP) where RP= M/∆M (5%-95% peak side
width), corresponding to ~3500 TMR (Fig. S1) by adjusting the
source slit, alpha slit and collector slits, so the ion transmission
relative to that at low mass resolution is about 20%. However,
isobaric ions such as 54Cr+ and 58Ni+ could not be separated
because they require an extremely high mass resolution (> 27,000
TMR) that cannot be achieved by MC-ICP-MS at present.

Nu Plasma 1700 MC-ICP-MS work conditions
Coolant gas

13 L·min–1 Ar

Auxiliary gas

0.8 L·min–1 Ar

Nebulizer gas

0.8‒0.9 L·min–1 Ar

RF power

1300 W

Accelerate voltage

6000 V

Sampling cone

Ni orifice, 1.15 mm diameter

Skimmer cone

Ni orifice, 0.6 mm diameter

Amplifier
Faraday cup setup
Integration time
Background

During solution analysis, the mass spectrometer was set in static
mode, and the standard and sample solutions were diluted to 2.5
µg·mL–1 for wet plasma using ultrapure 2% HNO3. The washing
time used prior to each analysis was 140 s (70 s + 70 s for two 2%
HNO3 solutions) with the sampling delay and stability time
totaling 90 s and 10 s the integration time for each measurement.
Data acquisition was performed in three blocks of 10
measurements, and ~10 min was required for one analysis. The
signal of 56Fe+ occurred around 20 V. More details for chemical
separation and solution nebulizer analysis are found in Chen et
al.53

1011 Ω
L5:53Cr, L4:54Fe, Ax:56Fe, H3:57Fe, H5:58Fe
50- 60 s
30 s on peak zero

RESOlution-LR M-50 Laser ablation system
Wavelength

193 nm

pulse-width

20 ns

Fluence
Repetition rate
Spot size
Carrier gas

For laser ablation measurements, the time-resolved analysis
(TRA) mode was used. The data acquisition strategy was 30 s on
mass-peak zero for gas -blank (background) with the laser
switched off, 50‒60 s for the LA signal after the laser was turned
on, and 30 s for washout of the previous ablation aerosols; the total
acquisition time for each analysis was 120 s, and the dwell time
was 0.2 s per datum. Sample aerosols were transferred to the ICPMS by 4 mm OD high-purity Nylon tubing, and high-purity
(99.9995%) He (0.300 L·min-1) mixed with high-purity Ar (0.85‒
0.95 L·min-1) for the carrier gas. The gas blanks of masses on 56
and 54 were ~0.80 mV and ~0.04 mV, respectively. The gas blanks
were corrected by on-peak baseline subtraction. A novel “wave”
signal-smoothing device was used for the LA-MC-ICP-MS
analysis54. The analyzed internal precisions of relative standard
errors (RSEs) were better than 0.004% for 57Fe/54Fe and 0.005%
for 56Fe/54Fe. The TRA data were calculated by the Nu plasma
software. Instrumental mass biases, including laser induced mass
fractionation and drift of the 56Fe/54Fe and 57Fe/54Fe ratios were
corrected by standard-sample-bracketing (SSB) in each LA-MCICP-MS analytical session by regularly analyzing specific pyrites
(LY and Aa018, see below for more details) as RM throughout
each analytical session.

1‒30 J·cm-2
1‒10 Hz
9‒380 μm
0.3 L·min–1 He

achieve different mass resolutions for each collector. The
RESOlution-LR is a 193 nm ArF excimer laser ablation system,
based on the Coherent COMPexPro 193 nm excimer laser with a
pulse width of 20 ns. The system permits a controlled repetition
rate between 1 and 20 Hz, the laser spot size is controlled using a
motorized 20-position aperture wheel with predefined sizes
(diameter 9‒380 μm), and the fluence is adjustable from 1 J·cm-2
to 30 J·cm-2. The system is equipped with a Laurin Technic two
volume sample cell S155 which have 2700mL capacity. The
Faraday cup configurations for Fe isotope analysis and the
instrumental parameters of MC-ICP-MS and laser ablation system
used in this study are presented in Table 1.
During the Fe isotope measurements, the detector array of the
Faraday cups was positioned for the simultaneous detection of 53Cr,
54(Fe+Cr), 56Fe, 57Fe, 58(Fe+Ni) (Table 1). 53Cr was monitored to
correct for trace amount of the possible isobaric interference of
54Cr on 54Fe by assuming a 54Cr/53Cr ratio of 0.2571.52 The
instrumental drift and mass bias were corrected using the standardsample-bracketing (SSB) technique. The dry plasma conditions
achieved by the laser ablation sample introduction technique
results in a smaller contribution of the mass spectrometric
interference of polyatomic ions such as [40Ar14N]+ on 54Fe+,
[40Ar16O]+ on 56Fe+, [40Ar16O1H]+ on 57Fe+ and [40Ar18O]+ on 58Fe+
(Table S1). The Fe ions of interest can be completely separated
from most of the interfering polyatomic ions if the required true
mass resolution (TMR) is lower than 3,000. To separate the Fe ions
www.at-spectrosc.com/as/article/pdf/2021703

Small volume of water vapor and nitrogen gas was added to the
carrier gas before or after ablation cell, the mixed aerosol was
transport with 4mm OD Nylon tube, Ultrapure water produced by
using a Milli-Q water purification system (Millipore, Billerica MA,
USA) was introduced into the ICP with a constant stream of argon
(0.3-0.9 L min-1 flow rate) gas thorough the homemade quartz
glass spray chamber after and before the ablation cell (Fig. 1). The
calculated introduction rate of water was varying with the flow rate
of argon gas. The Fe signal stability is not affected by the addition
of water, but the Fe signal intensity is varying with the flow rate of
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difference between two δ56Fe values, A and B, A represents the LA
result and B represents the solution result, expressed by Δ56FeA–B
in this study:
Δ56FeA–B = δ56FeA − δ56FeB

(Eq. 3)

We selected five pyrite minerals for Fe isotope analysis and
measured their homogeneity: 1308 pyrite (Py1308, 20 g, 10×8×5
mm cubic crystal) from Guangdong Province, CB pyrite (5 g, 200400μm idiomorphic granular) from the Changba Pb-Zn deposit
(Gansu Province), Aa018 pyrite (37 g,15×15×10 mm cubic crystal)
from Navarra (Spanish), Py41 pyrite (80g, 42×31×25 mm cubic
crystal) from Yunnan Province, LY pyrite (80 g, 26×18×34 mm
cubic crystal) from Liyang (Hunan Province), and Py_Bal-413Bt,51 magnetite Mgt08BI-12,51 specularite Spc, hematites 6416
(Hem6416) and 6410 (Hem6410), and chalcopyrite 2656
(Ccp2656). All the samples and standards were mounted in epoxy
resin and polished with 1 μm diamond paste for laser ablation
analysis. Electron microprobe analysis (EMPA) (Table S2) and
Energy Dispersive System (EDS) analysis (Fig. S2) indicated that
most minerals were nearly chemically pure end members and
major element homogenous. Iron isotope homogeneity of each
mineral was confirmed by multiple single-grain analyses using
conventional solution nebulization MC-ICP-MS after
chromatographic purification. The 56Fe/54Fe isotopic ratios were
measured in nine Fe-dominated minerals samples by solution
nebulizer MC-ICP-MS firstly, all Fe isotopic data for pyrites and
other Fe-dominated minerals are summarized in Table 2.

Fig. 1 Schematic diagram of instrument setup. (a) the laser ablation system
RESOlution-LR M-50 with S155 sample chamber, (b) the Nu Plasma 1700
MC-ICPMS for Fe isotope analysis, (c) homemade quartz water vapor
generator, (d) Smoothing device, and (e) homemade quartz homogenizer.
Both He and Ar were controlled by mass flow controllers.

water vapor and nitrogen gas. The uptake rate of water vapor was
calculated by weight consumption of water.
Standard and the Fe isotopic reference minerals. The standard
IRMM-014 is commonly used as an international Fe isotopic
reference; it is a batch of 99.9% pure Fe metal wire distributed by
the Institute for Reference Materials and Measurements of the
European Commission (IRMM). IRMM-014 has a homogeneous
isotopic composition and a 56Fe/54Fe certified ratio of
15.698655.The final Fe isotope ratios are expressed as delta
notation, δ56FeIRMM-014:
56𝐹𝑒

𝛿 56𝐹 𝑒std (‰) = [

( 54 )
𝐹𝑒

56𝐹𝑒

sam

− 1] × 1000

(Eq. 1)

( 54 )
𝐹𝑒

std

Where std and sam represent the standard IRMM-014 and the
sample, respectively.
During the laser ablation analysis, the results represent the Fe
isotope ratios relative to the RM (Aa018 pyrite were used as
calibrator for most measurements, and LY pyrite used RM for
Aa018), while the corrected Fe isotopic ratios relative to IRMM014 can be calculated with equation (1) and expressed as equation
(2):
𝛿 56𝐹 𝑒𝑠𝑎𝑚−𝑠𝑡𝑑 (‰) =
𝛿 56𝐹 𝑒𝑠𝑎𝑚−𝑟𝑚 ×𝛿 56𝐹 𝑒𝑟𝑚−𝑠𝑡𝑑
1000

+ 𝛿 56𝐹 𝑒𝑠𝑎𝑚−𝑟𝑚 + 𝛿 56𝐹 𝑒𝑟𝑚−𝑠𝑡𝑑

(Eq. 2)
Fig. 2 The acquisition 56Fe+ ion beam signals with and without a smoothing
device. (a) 1 Hz repetition rate, without smoothing. (b) 1 Hz repetition rate,
with smoothing. (c) 2 Hz repetition rate, without smoothing. (d) 2 Hz
repetition rate, with smoothing. (e) 3 Hz repetition rate, without smoothing.
(f) 3 Hz repetition rate, with smoothing. Analytical parameters were: laser
fluence of 3.0 J·cm-2, circle spot size of 13 μm, and line scan speed of 2
μm·s-1. The relative standard deviations (RSDs) were calculated by
standard deviations divided as the average ion beam intensities of integrated
net signals (removing the gas blank) with the laser switched on.

where rm represents reference material, δ56Fesam-rm represents
the Fe isotopic ratios of samples relative to the RM by laser
ablation and δ56Ferm-std indicates the Fe isotopic ratios of RM
relative to the standard measured by solution nebulizer MC-ICPMS.
The isotopic mass fractionation and accuracy for in situ laser
ablation analysis can be expressed as Δδ56Fe or Δ56Fe, the
www.at-spectrosc.com/as/article/pdf/2021703
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Table 2. The Fe Isotopic Composition of Fe-rich Samples Measured by Solution nebulization and Laser Ablation MC-ICP-MS
LA result
δ56FeIRMMSample

Material

014

δ57FeIRMMb

2sd

(‰)corra
IRMM-014

Solution result

014

δ56FeIRMM2sd

n

MSWD

(‰)corr

014

δ57FeIRMM2sd

(‰)

Fe-metal

0.00

0.10

0.00

0.17

7

Py1308

pyrite

0.28

0.28

0.42

0.37

115

CB

pyrite

-0.96

0.07

-1.41

Aa018

pyrite

0.49

0.10

Py41

pyrite

-0.35

LY

pyrite

Py_Bal-4-13B

014

2sd

n

Ref.c

(‰)

-0.00

0.05

-0.01

0.06

35

3.6

0.36

0.04

0.52

0.06

6

0.14 140

1.1

-0.89

0.04

-1.28

0.06

7

0.72

0.15 189

1.1

0.52

0.04

0.73

0.05

13

0.48

-0.52

0.51

95

16

-0.16

0.03

-0.26

0.07

6

0.64

0.08

0.94

0.14 266

0.8

0.60

0.05

0.85

0.06

19

pyrite

-1.39

0.11

-2.04

0.14

24

-1.38

0.07

-2.01

0.11

31

specularite

0.07

0.28

0.11

0.38

33

6.6

0.00

0.04

-0.04

0.04

6

Hem6416

hematite

0.21

0.56

0.32

0.80

32

10

0.25

0.03

0.35

0.04

9

Hem6410

hematite

0.41

0.10

0.61

0.18

23

1.1

0.42

0.05

0.60

0.04

6

Ccp2656

chalcopyrite

0.10

0.12

0.13

0.20

39

2.7

0.10

0.04

0.11

0.05

5

Mgt08BI-12

magnetite

0.25

0.06

0.32

0.05

16

0.32

0.05

0.51

0.09

8

AGV-2

Andesite

0.11

0.05

0.16

0.09

6

0.105

0.012

0.146

0.019

7

29

0.096

0.027

0.148

0.039

25

52

0.10

0.03

0.13

0.05

6

0.091

0.032

0.126

0.066

9

29

0.084

0.029

0.130

0.048

17

52

0.15

0.03

0.22

0.07

6

0.159

0.038

0.230

0.047

6

29

0.157

0.025

0.222

0.038

16

52

Spc

BCR-2

GSP-2

Basalt

Granodiorite

51

51

a. The corrected δ56FeIRMM-014 and δ57Fe IRMM-014 relative to IRMM-014.
b. 2 standard deviation.
c. Ref. represent data from the reference articles.

improvement in stability. These findings indicate that the
smoothing device is very useful for low repetition rate (≤ 3 Hz)
laser ablation, which provides better precision and spatial
resolution54. The use of a smoothing device increases the washout
time but remains < 2 s, so it is negligible for 60 s ablating time
during Fe isotope measurements. The smoothing device was thus
used in our experiment hereafter.

RESULTS AND DISCUSSION
The Fe ion beam signal and stability. The stability of Fe ion
beam intensities is defined as the relative standard deviation
(RSD, %) of 50 s integrated sample signals after the laser was
switched on and with a laser fluence of 3.0 J·cm-2, 13 μm spot size
(circle spot), and a line scan speed of 2 μm·s-1 with Aa018. The
stability of Fe ion beam (i.e 56Fe+) intensities for the sample with
and without smoothing device are 0.17% and 2.45%, respectively
(Fig. 2). The stabilities achieved by 2 Hz and 3 Hz without
smoothing were 0.38% and 0.13%, respectively, while the
stabilities achieved with smoothing were 0.15% (2 Hz) and 0.12%
(3 Hz). Using the wave stabilizer improved the signal stability by
more than a factor of 10 and no oscillation of the signal intensity
was observed at a repetition rate of 1 Hz; however, when the laser
repetition rate was greater than 3 Hz, there was no significant
www.at-spectrosc.com/as/article/pdf/2021703

The Fe concentration effect on Fe isotopic analysis. A
concentration effect can be seen in solution nebulizer MC-ICPMS25,45,57. However, in laser ablation measurement, the Fe content
in minerals cannot be changed, so the concentration effect is best
described as an ion signal intensity effect, which can be explored
by the relationship of isotopic mass fractionation with different ion
signal intensities between samples and RM. We investigated
isotopic mass fractionation changes with ion signal intensities by
tuning the laser ablation parameters. During the experiment,
Aa018 pyrite was used as both the RM and sample. The laser
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Fig. 3 Isotopic mass fractionation as a function of ion beam intensities. Here
ISam/IRM = intensity of sample / intensity of reference material (RM) (~24 V
Fe ion intensity). The isotopic mass fractionation Δ56Fe was determined as
the difference between the measured 56Fe/54Fe ratios of various sample
signals and RM signals. All of the Δ56Fe values are relative to the same
analytical parameters (laser fluence 3.0 J·cm-2, line scan spot size 13 μm,
scan speed 2 μm·s-1 and repetition rate 5 Hz). The error bars of Δ56Fe are 2
standard deviations (SD) of three repeat measurements at the same
analytical conditions, the dashed lines denote the typical analytical
uncertainty (± 0.10‰, 2 SD) of the laser ablation analyses.

Fig. 4 The effect of laser spot size on Fe ion beam intensity and Fe isotopic
mass fractionation by line scan ablation. All of the Δ56Fe values were
generated under the same analytical conditions (laser fluence 3.0 J·cm-2,
scan speed of 2 μm·s-1 and repetition rate 3 Hz). The error bars are 2
standard deviations of three repeat measurements, the dashed lines
represent the typical analytical uncertainty (± 0.10‰, 2 SD) of the laser
ablation analyses.

fluence was set to 3.0 J·cm-2, the spot size was13 μm (circle), and
the line scan speed was 2 μm·s-1 for all measurements. The laser
repetition rate over a range from 1 to 11 Hz for the sample was
measured against a laser repetition rate 5 Hz for the RM (the total
ion beam was ~22 V). The isotopic mass fractionation bias Δ56Fe
varied with the intensity ratios ISam/IRM (Fig. 3). There were no
significant isotopic mass fractionations (Δδ56Fe = ~0‰) when the
intensity ratios ISam/IRM ranged from 0.25 to 1.20, but lower
intensity ratios (ISam/IRM < 0.60) produced positive isotopic mass
fractionations, and higher intensity ratios (ISam/IRM > 1.20) gained
negative isotopic mass fractionations. This indicates that a large
difference in ion intensity will cause isotopic mass fractionation,
so signal intensity matching is important for accurate in situ laser
ablation Fe isotopic determination.

The line scan speed effect on Fe isotope analysis. We used the
line scan ablation method with a circle spot size 13 μm, laser
fluence of 3.0 J·cm-2 and laser frequency of 3 Hz while changing
the line scan speed to study its effect on the Fe isotopic ratios
analysis. During the experiments, the line scan speeds were
changed from 1 μm·s-1 to 5 μm·s-1. The results showed that the
average Fe ion beam intensities (variation range 22‒24 V) were
basically consistent with each other over scan speeds range from
1 μm·s-1 to 5 μm·s-1, and iron isotopic compositions are basically
the same (Δδ56Fe closing to 0‰) (Fig. 5). This indicates that there
is no isotopic mass fractionation at different scan speed conditions,

acquired by the larger spot size is better than the smaller spot size
because the larger spot size produced more aerosols and a higher
signal intensity.

The line scan spot size effect on Fe isotope analysis. We used
the line scan ablation method at laser fluence 3.0 J·cm-2, a scan
speed of 2 μm·s-1 and laser frequency of 3 Hz, but we changed the
aperture of the spot size to study the spot size effect on Fe isotopes
in pyrite with laser ablation analysis. During the experiment, the
spot sizes used were 9 μm diameter (circle), 11 μm (square spot),
13 μm (circle), 17 μm (square) and 20 μm (circle). The results
showed that the total Fe ion beam intensities increased from 8 to
28 V with the spot size from 9 to 20 μm and the laser fluence of
3.0 J·cm-2, scan speed of 2 μm·s-1, and a 3 Hz repetition rate (Fig.
4), the larger spot sizes allow for the ablation of more material and
aerosols and thus achieves higher ion intensities. It seems that
there are fewer isotopic mass fractionations (Δδ56Fe closing to 0‰)
at different spot size conditions when the signal intensity is
matched. At the same time, the internal precision of 56Fe/54Fe
www.at-spectrosc.com/as/article/pdf/2021703

Fig. 5 The effect of laser scan speed on Fe ion beam intensity and Fe isotope
ratios. Except for scan speed (1‒5 μm·s-1), all of the Δ56Fe values were
generated under the same analytical conditions (laser fluence 3.0 J·cm-2,
circle spot size 13 μm, and repetition rate 3 Hz). The error bars are 2
standard deviations of three repeat measurements for each data point, the
dashed lines represent the typical analytical uncertainty (± 0.10‰, 2 SD).
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Fig. 7 The effect of laser fluence on Fe ion beam intensity and Fe isotope
ratios. Except for laser fluence (1‒10 J·cm-2), all of the Δ56Fe values were
generated under the same analytical conditions (circle spot size 13 μm, laser
repetition rate 3 Hz and line scan speed 2 μm·s-1). The error bars are 2
standard deviations of three repeat measurements, the dashed lines
represent the typical analytical uncertainty (± 0.10‰, 2 SD).

Fig. 6 The effect of laser repetition rate on Fe ion beam intensity and Fe
isotope ratios. Except for repetition rate (frequency 1‒10 Hz), all of the
Δ56Fe values were generated under the same analytical conditions (circle
spot size 13 μm, laser fluence 3.0 J·cm-2 and line scan speed 2 μm·s-1). The
error bars are 2 standard deviations of three repeat measurements at least,
the dashed lines represent the typical analytical uncertainty (± 0.10‰, 2
SD).

isotope compositions changed with the laser fluence, the Δδ56Fe
are closing to 0‰ in the case of laser fluence from 1.5 to 3.5 J·cm2, while the isotopic bias of Δδ56Fe will had an obvious negative
deviation from 0‰ (more than 0.1‰) when the fluence was lower
than 1.5 J·cm-2 and higher than 3.5 J·cm-2 (Fig. 7). This indicates
that there are no significant isotopic mass fractionations when the
fluence ranges from 1.5 to 3.5 J·cm-2, but there is a distinct Δδ56Fe
bias when the laser fluence is lower than 1.5 J·cm-2 or higher than
3.5 J·cm-2. The laser fluence affects the laser ablating rate, particle
morphology, size distribution, and size-dependent isotope
fractionation36,58. When the laser fluence is lower than 1.5 J·cm-2,
it may be close to or less than the ablation threshold values. In
contrast, when the laser fluence is higher than 3.5 J·cm-2, much
bigger aerosol particle sizes are ablated, which seriously affect the
aerosol transmission and ionization efficiency.

and the spatial resolution can be improved to 13 × 60 μm when the
scan speed is set to 1 μm·s-1 for line scan mode analysis.
The laser repetition rate effect on Fe isotope analysis. We use
the line scan ablation method with a circle spot size of 13 μm, laser
fluence of 3.0 J·cm-2 and line scan speed of 2 μm·s-1 while
changing the laser repetition rate to investigate its effect on Fe
isotope. During the experiments, the laser repetition rate was
varied from 1 Hz to 10 Hz. The Fe ion beam intensities are
increased from 6V to 40 V when the laser repetition rates ranged
from 1Hz to 10 Hz (Fig. 6), suggesting high frequency achieves
high Fe ion beam intensities, and the Fe isotopic compositions are
basically the same (Δδ56Fe approaching 0‰). This indicates no
isotopic mass fractionation at different laser repetition rates
ranging from 1 Hz to10 Hz. However, as the repetition rate
increases, the depth of the ablation crater increases as well, which
means the sample surface will defocus and it becomes more
difficult to extract laser ablation produced aerosols out of the crater
as it deepens.40 This suggests that although Fe isotopes will have
few mass fractionations with different laser repetition rates, we
have higher accuracy and consistent isotopic compositions
(Δδ56Fe less than ± 0.05‰) when the laser repetition rates are
lower than 6 Hz.

The ablation method effect on Fe isotope analysis: line scan
and single spot. To study the laser ablation mode effect on Fe
isotopic analysis, we conducted a single spot and line scan analysis
to study the effect on the Fe isotopic analysis under the same laser
fluence, repetition rate and total ion signal intensity conditions.
During the experiments, a laser fluence of 3.0 J·cm-2, laser
frequency of 3 Hz was used for both line scan and single spot by
in situ ablation. A circle aperture spot size 13 μm and scan speed
of 2 μm·s-1 were used for line scan ablation and achieved ~ 20 V
ion beam intensity for 56Fe+. To obtain the same signal intensity of
the line scan mode for signal intensity matching, the spot size in
single spot mode was tuned to a 17 μm diameter square adapted
for the same Fe ion beam signal intensity. The ablating area was
13 ×120 μm for line scan mode, and 17 ×17 μm for single spot
analysis. The Fe isotopic composition measured by line scan mode
was Δδ56Fe = 0.02 ± 0.06‰ (2 SD, n = 13) which is in good
agreement with the solution result within 2 SD uncertainties, while
the single spot mode result Δδ56Fe = 0.07 ± 0.07‰ (2 SD, n = 13)

The laser fluence effect on Fe isotope analysis. The effect of
laser fluence on the Fe isotopic mass fractionation was
investigated over a range of 1.0‒10.0 J·cm-2 using the excimer
laser ablation systems. We used line scan ablation mode with a
circle spot size of 13 μm, laser repetition rate of 3 Hz and line scan
speed of 2 μm·s-1 while changing the laser fluence. The results
showed that the Fe ion beam intensities increased with laser
fluence; high fluence achieved high ion beam intensities, and Fe
www.at-spectrosc.com/as/article/pdf/2021703
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Fig. 8 The isotopic mass fractionation measured by line scan mode and
single spot laser ablation analysis. The error bars are 2 standard deviations
of three repeat measurements, the solid line represents the value of δ56Fe
measured by solution nebulizer MC-ICP-MS, the dashed line represents
average values of δ56Fe measured by line scan mode (left) and single spot
(right) measurement, and the gray area represents the analytical uncertainty
(2 SD).

is also in good agreement with the solution result in 2 SD
uncertainties (Fig. 8). This indicates that both the internal and
external precision and repeatability of the line scan mode is better
than single spot measurements. This is because the signal and laser
induced mass fractionation by a line scan is more stable, while
those mass fractionation by single spot ablation changes with the
ablation hole.
Matrix effects and accuracy. The solution results yielded a bulk
δ56Fe values of 0.36 ± 0.04‰ (2 SD) for py1308, −0.89 ± 0.04‰
(2 SD) for CB, 0.52 ± 0.04‰ (2 SD) for Aa018, −0.16 ± 0.03‰
(2 SD) for Py41, 0.60 ± 0.05‰ (2 SD) for LY, 0.00 ± 0.04‰ (2
SD) for Spc, 0.25 ± 0.03‰ (2 SD) for Hem6416, 0.42 ± 0.05‰ (2
SD) for Hem6410, and 0.10 ± 0.04‰ (2 SD) for Ccp2656 (Table
2). Where available, the Fe isotope values of the standards BCR2, AGV-2 and GSP-2 obtained in this study by solution nebulizer
MC-ICP-MS were compared with values published previously for
the same reference materials by Craddoock et al.29 and He et al.52
There is good agreement between the Fe isotopic compositions
measured by solution nebulizer MC-ICP-MS from this and the
published studies within 2 SD analytical uncertainties. Threeisotope plots of Fe for the Fe-dominate minerals analyzed by LAMC-ICP-MS are shown in Fig. 9a, data in Table 2 and yielded a
slope of 1.477 ± 0.02 (2 SD, R2 = 0.999) in a plot of δ57Fe and
δ56Fe, which is indistinguishable within error from the equilibrium
(1.475) mass-dependent fractionation law56. This suggests an
insignificant contribution of interfering polyatomic ions to the Fe
peak shoulders. Overall, the agreement between the Fe isotopic
compositions of pyrite CB, Aa018, LY and Py_Bal-4-13B,
hematite Hem6410, chalcopyrite Ccp2656, magnetite Mgt08BI12 measured by LA-MC-ICP-MS and solution nebulizer MCICP-MS was good within 2 SD analytical uncertainty (Fig. 9b),
however pyrite Py1308 and Py41, hematite Hem6416, and
www.at-spectrosc.com/as/article/pdf/2021703

Fig. 9 (a) Three-isotope plots (δ56Fe versus δ57Fe) of Fe for the Fe-rich
minerals analyzed by laser ablation MC-ICP-MS. (b) Comparison of δ56Fe
values obtained by solution nebulization (SN) MC-ICP-MS with LA-MCICP-MS in situ analysis. Error bars are 2 standard deviations of replicate
analyses. Data are from Table 2.

specularite Spc which have an inhomogeneous iron isotopic
composition. The concordance between laser ablation Fe isotopic
ratios and solution nebulizer MC-ICP-MS results suggests that Fe
isotopic ratios can be measured accurately at precisions better than
± 0.08‰ (2 SD uncertainties) when the sample is isotopically
homogeneous.
Matrix effects between different Fe-dominate minerals were
investigated by analyzing pyrite, chalcopyrite, hematite and
magnetite, pyrite LY and Aa018 used as an external standard RM
to correct for instrumental mass bias and isotopic mass
fractionation during measurement with or without addition of
nitrogen and water vapor. All minerals were analyzed with the
same analytical parameters (laser fluence 3.0 J·cm-2, laser
repetition rate 3 Hz and line scan speed 2 μm·s-1) and ion signal
intensity matching by different spot sizes. Laser spot sizes were
selected to give similar 56Fe signal intensities (~20 V) for all
mineral samples: 17 μm for LY, Aa018 and CB (pyrites), 30 μm
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for Ccp2656 (chalcopyrite), and 25 μm for Hem6410 and 6416
(hematite) and Mgt08BI-12 (magnetite)51. Aa018 (LY was used
for Aa018 calibrate) pyrite used as calibrator to correct
instrumental mass bias and isotopic mass fractionation. With
pyrite LY or Aa018 as the calibration standard, the δ56Fe values of
the four iron-dominated minerals were repeatedly analyzed by nsLA-MC-ICP-MS with line scan mode, which yielded good
measurement reproducibility, such as a 2SD of 0.08‰, 0.10‰,
0.07‰，0.12‰，0.10‰ and 0.06‰ for LY, Aa018 and CB,
Ccp2656, Hem6410 and Mgt08BI-12, respectively. The laser
ablation results without addition of nitrogen or water yielded in
situ δ56Fe values of 0.85 ± 0.29‰ (2 SD, n = 39) for Ccp2656,
0.07 ± 0.28‰ (2 SD, n = 33) for Spc, 0.41 ± 0.10‰ (2 SD, n = 23)
for Hem6410, and 0.21 ± 0.56‰ (2 SD, n = 32) for Hem6416 (Fig.
9a). The accuracy of Δδ56Fe (‰), the degree of the matrix effect
was determined as the difference between the laser ablation result
and the solution values (“true values”, measured by solution
nebulizer MC-ICP-MS, Table 2) for the reference mineral (Fig.
9a). The Δδ56Fe for Spc is 0.07‰, the Δδ56Fe for Hem6410 is 0.01‰, the Δδ56Fe for Hem6416 is -0.04‰, and the Δδ56Fe for
Ccp2656 is 0.75‰. The measured Fe isotope ratios, and Hem6410
and Hem6416 showed a small negative deviation relative to the
pyrites (Aa018, LY and CB), while the measured Fe isotope ratios
for Ccp2656 showed a large positive deviation. There are
significant matrix effects for chalcopyrite, but none for the
specularite and hematite with the 193 nm excimer laser ablation,
indicating that the matrix effects are mineral dependent. Ablation
crater SEM images (Fig. S3) show that the IRMM-014 has a
serious melting edge and the amount of ablated material is very
large; the chalcopyrite also has a melting edge, but the pyrite
craters have sharpness of border, and the amount of ablated
material is very small, there is no obvious melting phenomenon.
As reported by previous studies36,44,51, many particle sizes larger
than 0.1 μm are ablated by a ns excimer laser, which have shown
that the particle size distribution varies with the mineral species.
Therefore, the particle size distribution for various minerals will
result in different aerosol transmission and ionization efficiency
and produce different isotopic mass fractionations. Thus, it is
necessary to matrix match during ns laser ablation MC-ICP-MS
analysis without addition of water vapor or nitrogen gas.

Fig. 10 Fe isotope matrix effects of different Fe-rich minerals analyzed by
laser ablation MC-ICP-MS with addation of N2. The Δ56Fe value is the
difference between laser ablation results and solution values. All of the
Δ56Fe values were generated under the same analytical conditions (laser
fluence 3.0 J·cm-2, laser repetition rate 3 Hz and line scan speed 1 μm·s-1)
and ion signal intensity matching. The error bars are 2 standard deviations
of replicate measurements (n ≥10), and the dashed lines represent the
typical analytical uncertainty (± 0.10‰, 2 SD).

rate of N2 is 2-3 mL·min-1. The obtained Δδ56Fe values of hematite
and chalcopyrite are always have small deviations, they are closer
to zero (δ56Fe closer to the solution value) with the increase of
nitrogen flow rate (Fig. 10). So, the addition of nitrogen gas will
significantly reduce the matrix effect of pyrite, magnetite, hematite
and chalcopyrite, and obtained high precision and accuracy Fe
isotopic data without matrix matched calibration except hematite
and chalcopyrite.
After added of water vapor after the sample ablation cell, the
obtained iron isotope ratio Δδ56Fe values varies with the nitrogen
flow rate. The Δδ56Fe values of pyrite is small than ±0.05‰, they
are stable and agreement with solution result when the uptake rate
of water vapor less than 20 μg·min-1(Fig. 11). The Δδ56Fe values
of magnetite have a small deviation (<±0.05‰) when the uptake
rate of water vapor is 5-10 μg·min-1. The obtained Δδ56Fe values
of hematite and chalcopyrite are always have deviations, but they
are closer to zero (closer to the true value) with the uptake rate of
water vapor is 10-20 μg·min-1. So, the addition of water vapor will
significantly reduce the matrix effect of pyrite, magnetite, hematite
and chalcopyrite, and obtained high precision and accuracy Fe
isotopic data without matrix matched calibration except hematite
and chalcopyrite.

After added of nitrogen gas or water vapor before the sample
ablation cell, the achieved Fe signal intensity and isotopic ratios
change with time due to the large volume of the ablation cell (up
to 2700 mL), so we did not do that in the later experiments. After
addition of nitrogen gas after the sample ablation cell, the obtained
iron isotopic Δδ56Fe values varies with the nitrogen flow rate. The
Δδ56Fe values of pyrite is stable and agree with solution result
when the flow rate of N2 is 1-2 mL·min-1, when the flow rate is 3
mL·min-1, the Δδ56Fe values of pyrite have a negative deviation of
-0.85‰. The Δδ56Fe values of magnetite have a negative deviation
when the flow rate of N2 is 0-1 mL·min-1, but they are agreement
with solution result in 2SD uncertainties (0.08%) when the flow
www.at-spectrosc.com/as/article/pdf/2021703

After added of water vapor and nitrogen gas after the sample
ablation cell, the obtained iron isotope ratio Δδ56Fe values varies
with the nitrogen and water vapor flow rate. The Δδ56Fe values of
pyrite is small than ±0.05‰, they are stable and agreement with
solution result after the addition of 1-2 mL·min-1 N2 and 10-20
μg·min-1 water vapor (Fig. 12). The Δδ56Fe values of magnetite
and chalcopyrite have small deviations (<±0.05‰) after addition
of 1 mL·min-1 N2 and 5-15 μg·min-1 water vapor. The obtained
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and obtained high precision and accuracy Fe isotopic data without
matrix matched calibration after addition of 1 mL·min-1 N2 and
10-15 μg·min-1 water vapor. Compare with previous studies,51 the
introduction of water vapor combine with nitrogen gas can
significantly reduce matrix effects, reduced deviation by added of
water vapor and nitrogen after the ablation cell can be regarded as
the reduction of the matrix effect in the ICP ionization process and
transportation process, this discovery extends the scope of excimer
laser ablation analysis in the field of non-traditional stable isotopes.

CONCLUSIONS
In this study, a 193 nm excimer laser ablation system coupled with
a true mass high-resolution Nu Plasma 1700 MC-ICP-MS was
used to determine the Fe isotopic composition in Fe- dominated
minerals. We specifically focused on the matrix effects with or
without additional of water vapor and N2 gas, and the effect of
laser fluence, pulse repetition rate, spot size, and other laser
parameters on the precision and accuracy of Fe isotope ratios were
also systematically investigated by ns excimer laser ablation. The
results showed that the effects of spot size and laser pulse
repetition rate and line scan speed can be neglected, the ion signal
intensity effect is not serious, while laser fluence and matrix effects
have significant influence on the Fe isotopic mass fractionation;
these problems can be minimized using consistently lower laser
fluence (1.5‒3.5 J·cm-2), as well as signal intensity and matrix
matching. These results demonstrate the importance of using
matrix matching reference materials for Fe isotope analyses by ns
LA-MC-ICP-MS with laser fluence ranges of 1.5‒3.5 J·cm-2. The
technique is both sensitive and rapid: spot sizes as small as 13 ×
60 μm for line scan and 17 μm for single spot may be readily
analyzed with accuracy and high precision at a high spatial
resolution. The achieved precision and accuracy are both better
than ± 0.10‰ (2 SD) for δ56FeIRMM-014 after multiple repeat
analyses of a homogeneous sample by LA-MC-ICP-MS using the
instrumental configuration and laser parameters described.

Fig. 11 Fe isotope matrix effects of different Fe-rich minerals analyzed by
laser ablation MC-ICP-MS with addation of water vapor. The Δ56Fe value
is the difference between laser ablation results and solution values. All of
the Δ56Fe values were generated under the same analytical conditions (laser
fluence 3.0 J·cm-2, laser repetition rate 3 Hz and line scan speed 1 μm·s-1)
and ion signal intensity matching. The error bars are 2 standard deviations
of replicate measurements (n ≥10), and the dashed lines represent the
typical analytical uncertainty (± 0.10‰, 2 SD).

For ns-LA-MC-ICPMS if use only one of the water vapor or
nitrogen gas after the ablation cell, the matrix induced deviation
could be reduced to a large extent, but a large deviation still existed.
While, with the addition of water vapor mixed with N2 after the
ablation cell by ns-LA-MC-ICP-MS, the matrix-induced
deviation (1.5%) can be suppressed, the obtained results showed
excellent agreement with the SN values. Hence, for accurate Fe
isotopic ratio measurements of Fe-dominated minerals, the
continuous introduction of water vapor and N2 into the plasma can
support more robust conditions to realize non-matrix-matched
calibration. Thus, the accurate and precise Fe isotopic composition
of Fe-dominated minerals can be analyzed by LA-MC-ICP-MS
with and without matrix matched calibration.

Fig. 12 Fe isotope matrix effects of different Fe-rich minerals analyzed by
laser ablation MC-ICP-MS with addation of mixed N2 and water vapor. The
Δ56Fe value is the difference between laser ablation results and solution
values. All of the Δ56Fe values were generated under the same analytical
conditions (laser fluence 3.0 J·cm-2, laser repetition rate 3 Hz and line scan
speed 1 μm·s-1) and ion signal intensity matching. The error bars are 2
standard deviations of replicate measurements (n ≥10), and the dashed lines
represent the typical analytical uncertainty (± 0.10‰, 2 SD).

Δδ56Fe values of hematite have a small deviation (<±0.05‰) after
addition of 1 mL·min-1 N2 and 10-15 μg·min-1 water vapor. So, the
addition of N2 together with water vapor will significantly reduce
the matrix effect of pyrite, magnetite, hematite and chalcopyrite,
www.at-spectrosc.com/as/article/pdf/2021703
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