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Abstract 

Investigations concerning naturally occurring, mass dependent isotope 
fractionation of transition elements in biological materials have only been 
carried out during a very short period of time. Due to the lack of detailed 
descriptions of the analytical performance in previously reported work, the 
major focus of this study has therefore been to evaluate aspects of sample 
preparation and detection for obtaining precise and accurate isotopic ratios by 
multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) 
using high mass-resolution. Quantitative determinations of elemental 
concentrations were performed by sector field ICP-MS using external 
calibration and internal standardization. Dissolution of whole blood and soft 
tissue reference materials in a micro-wave oven, or on a hot plate, using FIN03  
resulted in concentrations of  Zn,  Fe and a host of other elements in agreement 
with certified values. This, together with high chemical yields of  Zn  and Fe 
(>93%) from the sample purification by anion-exchange chromatography or 
precipitation by NH3, limited the possibility for laboratory-induced isotope 
fractionation. Concentrations of the majority of potentially interfering elements 
were reduced to negligible levels, and most of the residual spectral interferences 
were resolved using medium (in the case of  Zn)  or high (Fe) mass-resolution 
settings of the MC-ICP-MS-instrument. To correct for differences in 
instrumental mass discrimination effects between samples and isotopic 
standards, concentrations were matched to within 10-20%, and Cu and  Ni  were 
employed as elemental spikes, for measurements of  Zn  and Fe, respectively. 
Almost all samples and standards were analysed in duplicate (or triplicate), and 
correction for instrumental mass discrimination was performed by applying an 
exponential model. Both  Zn  and Fe 8-values, relative to a JMC  Zn  standard and 
an IRMM-014 Fe isotopic reference material, respectively, could be determined 
with sub-%0 level precision. For the investigated reference materials, 866/64zn 
ranged from 0.07 ± 0.03%0 in human hair to 0.50 ± 0.03%0 in bovine muscle. 
Concerning Fe, a 85634Fe-value of —2.83 ± 0.06%0 was obtained for a human 
whole blood reference material. Variations in 866/64Zn values, ranging from 
+0.56%0 in human whole blood to —0.60%0 in human hair were found, 
demonstrating fractionation of the  Zn  pool between body compartments. Where 
comparable isotopic determinations exist, the results were in good agreement. 
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Introduction 
For almost a century, the instrumental technique of inorganic mass 
spectrometry, which separates ions based on their motions in magnetic and/or 
electrical fields according to their mass to charge ratios, has been applied in 
stable isotope research.12  Even though considerable time has passed since the 
initial conception of mass spectrometry, there is still a vast development 
occurring concerning the quantification of elemental levels and isotopic ratio 
measurements in biological materials.3-11  

Multi-elemental analysis 
Concentration determinations of elements at major to trace levels in clinical and 
other samples of biological origin have become more and more important, due 
to the increasing interest in their possible harmful effects and essentiality for 
living organisms.I2  Following the commercial introduction of the eminent 
technique of (single collector) sector field inductively coupled plasma - mass 
spectrometry (ICP-SFMS) in 1988, very sensitive methods of analyses have 
been developed, with low limits of detection for almost all elements, with the 
exception of  H,  0,  N  and the noble gases.2'1233  Since 1994, about 200 papers 
have been published on ICP-SFMS applications to different biological matrices, 
which is about 10% of all articles related to the technique. The capability to 
determine the majority of the elements in the periodic table in a concentration 
range of pg  g-I  to mg g-1  in the sample solution in a single measurement, reduces 
the time and cost per analysis, and utilises the total information potential of the 
sample.I2  This is especially important when a small amount of material is 
available, such as biopsies and paediatric specimens. However, so far this 
second generation ICP-SFMS technique has not been widely used in routine 
clinical laboratories, due to high instrumental costs, but as indicated by the 
publication frequency, is to a greater degree applied for research purposes in, for 
instance, biomedicine.4'I2  For isotope ratio measurements, concentration 
determinations are also of vital importance, by providing information about the 
often necessary purification and analyte enrichment efficiencies, and for the 
appropriate dilution of the samples prior to the ratio analyses." 

In Paper I of this thesis, a detailed examination of the performance of ICP-
SFMS for the multi-elemental analysis of soft tissues at concentrations varying 
from a few pg g-1  to the % level is evaluated. Of the 68 elements determined in 
different mammal and fish tissues (muscle, liver, kidney, lung and brain), 58 
were found to be above the corresponding method detection limits in all 
matrices under investigation. Due to a lack of certified and recommended values 
for all elements, accuracy could only be assessed for 34 elements, but for at least 
30 of these, good agreement was obtained. One of the reference materials, 
DORM-2 Dogfish muscle, was observed to contain stainless steel debris, and 
hence, could hardly be recommended as a suitable reference material in 
accuracy assessment for Al, Fe, Cr,  Ni,  Mn  and Co in tissues. 



Spectral interferences 
Analyses of biological samples are often challenging, because of the frequently 
high contents of organic substances and inorganic salts» Ions originating from 
these sources, together with instrumental and sample preparation components 
(dissolution is often mandatory) may interfere spectrally, i.e., generate species 
having the same nominal mass as the analyte of interest and therefore lead to 
incorrect reSUltS.123335  Spectral interferences are particularly frequent and severe 
in the mass region below 80 amu, and can fluctuate within or between 
measurements, hence also contributing to the uncertainty in the measured mass 
to charge ratio. Of major concern are isobaric overlaps, where isotopes of 
different elements coincide at the same nominal mass as the analyte.I3  The small 
difference in mass between the proton and the neutron can not be resolved using 
commercial high resolution ICP-MS instruments. Elements with low ionization 
potentials might exist as multiply charged species in the plasma, due to the 
relative ease with which a second electron may be lost, and will therefore appear 
in the mass spectrum at half-mass position m/z, where m is the mass and z the 
charge. Molecular ions are also important spectral interferences, and are often 
composed of argides or oxides.16  For instance, in the example of iron, the 
magnitude of argon-based polyatomic interferences can be up to 50% of the Fe 
intensity.17  

By avoiding sample dissolution, e.g., applying laser ablation- or electro-
thermal vaporization ICP-MS, certain spectral interferences like hydroxides and 
oxides can be reduced, but this will result in deteriorated precision of the 
isotopic measurements.18  Other approaches to decreasing these interferences, 
although they will not be totally overcome, include reducing the amount of 
liquid entering the instrument (desolvating nebulizer), chemical resolution by 
additional reaction gases (dynamic reaction cells) or decreasing the plasma 
power (cold plasma),I9  Besides incomplete elimination of the spectral 
interferences, some further limitations of these approaches consist of:  (i)  more 
severe matrix effects influencing the level of mass discrimination (collision cell 
and cold plasma); (ii) losses of ionization efficiency that limit the number of 
elements that can be analysed (cold plasma); and (iii) increased formation of 
other molecular ions. 

By using ICP-SFMS, many spectrally interfering species such as molecular 
and multiply charged ions can be resolved in high resolution mode, due to small 
slit widths and the double focusing ability of the instrument, which decreases the 
angular and energy distributions prior to detection of the ions.I2'2°  
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Since the actual level of interference formation depends on the type of 
instrumentation and operating conditions used, even for samples with similar 
matrices, medium resolution spectra were acquired for all major nuclides (or 
isotopes) under consideration in microwave digestion blanks and standard 
reference material digests (SRM 1577a Bovine liver) in Paper I. By this 
assessment, appropriate resolution modes and optimum isotopes were then 
selected to obtain data of high quality. As a result, for example 45Sc, 47Ti and 
69Ga were measured in medium resolution due to spectral interferences arising 
from CO2+  + N202+  + Si0+, PO, and  Ba  ÷+ + C102+, respectively. By using 
chemical resolution provided by reaction cells, multiply charged species like  
Ba  ++ can not to any large degree be resolved,21  which argues in favour of high 
mass resolution instruments. As a rule, only a single peak could be discerned at 
masses above m/z 106, but the absence of resolved interferences is not a 
guarantee for their complete absence at the mass in question. For example, 114Cd 
can be affected by isobaric interferences from 114Sn and polyatomic ions like 
Mo0+. For nuclides acquired in low mass resolution, mathematical correction of 
interferences was only of significance for  Cd  and  Eu,  but as an additional 
measure to decrease the impact from unresolved interferences, data for several 
isotopes (where such exist) were included in the measurement. Major elements, 
like  K,  Na,  P,  S, Mg and Ca, were measured in medium or high resolution 
modes in order to avoid possible detector saturation, even though spectral 
interferences are of no major concern for these elements. Due to the large 
concentration ranges of the 68 investigated elements in the samples, it was 
necessary to use all three mass resolution modes available. 

Isotope ratio measurements 
Isotope ratio measurements are performed to investigate variations in the 
isotopic composition of the elements. These isotopic variations are due to the 
differences in mass among the isotopes, which can lead to a certain degree of 
separation by various physical or chemical reactions influenced by man or 
nature itself (fractionation). Isotope ratio analyses may be divided into two 
groups, to obtain absolute and relative values compared to an isotopic 
standard.22  Absolute determinations of isotope ratios require standards of known 
isotopic composition within calculated limits of error. Achievement of this can 
be done by a double-spiking method, where known quantities of highly enriched 
isotopes are mixed.22  In biological research, isotopic ratio measurements are 
applied both for tracer experiments to study human metabolism and 
concentration determinations of high accuracy by means of the isotope dilution 
technique.6'23  Both applications use highly enriched isotopes, and should not be 
taken as estimates of natural isotopic ratios. Absolute values, but of natural kind, 
are instead obtained in the calculations of isotopic abundances and atomic 
weights of the el ements.1'22  
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During the last two decades, knowledge has expanded concerning processes 
causing natural isotopic variations of light  bio-elements  like  H, C, N,  0 and S, 
which are elements found in large quantities in all biota.24  Data acquired in such 
investigations have traditionally been reported as relative values, referring to 
internationally recognised isotopic standards using delta notation (parts per 103  
or per mil), 8 = (Rsample/Rstandard —1)X  1000%o, where  R  is the heavy to light 
isotope ratio in the sample or standard.25  On the other hand, not until recently 
have natural isotopic fractionation determinations of heavier transition elements 
been performed, in spite their importance in nature and life processes:1-u  The 
reason for this late start is not only the relatively low abundances of these 
elements in biological materials, but also that for a considerable amount of time, 
it was assumed that the isotopic composition of elements heavier than Ca was 
constant (except for radiogenic isotopes, e.g., connected to Sr, Pb and Nd) or, 
that the variation was very small between all terrestrial materials.26'27  This 
thought was due to the poor ability to achieve high quality measurements, and 
the minor, relative mass differences between the isotopes, which should 
theoretically result in a fractionation below 0.1%.27  

The MC-ICP-MS technique 
Obtaining data of high quality is now feasible because, during recent years, the 
precision of isotopic measurements (expressed as relative standard deviation) 
has been improved to better than 0.01% for heavier elements, and is hence 
significantly smaller than the isotopic variations observed in nature.26  For a long 
time, thermal ionization mass spectrometry  (TIMS)  was the dominating 
instrumental technique used to obtain highly precise isotope ratios for elements 
of geological importance, but since 1992 has been challenged by a third 
generation of ICP-MS instruments.15'28'29  The multi-collector (MC)-ICP-MS 
technique produces an outstanding precision compared to the first- (quadrupole-
based) and second generation of instruments, due to flat-topped peak shapes and 
simultaneous detection of the separated ions, which reduces the effects of 
temporal fluctuations originating from the introduction system and the plasma 
source.13 Compared to  TIMS,  two advantages of MC-ICP-MS are the much 
improved ability to ionize elements with a high ionization potentials, like  Zn  
(9.394 eV) and Fe (7.87 eV), and the shorter analysis time per sample, due to the 
direct aqueous transfer into the plasma source. However, both instrumental 
techniques,  TIMS  and MC-ICP-MS, introduce isotopic variations which have to 
be corrected for.3°  This concerns especially instrumentally produced mass 
discrimination (mass bias) and in the case of MC-ICP-MS, spectral 
interferences.13  

Recently, "pseudo" high-resolution multi-collection capability has been 
incorporated into one MC-ICP-MS instrument.31  This instrument, the Neptune 
(Figure 1) as employed in this work, is able to operate in low, medium and high 
mass-resolution modes. 
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Figure 1. A schematic presentation of the MC-ICP-MS instrument Neptune: (1) plasma; (2) 
plasma interface and transfer optics; (3) electrostatic analyser, ESA; (4) magnetic sector; (5) 
zoom optics; (6) multi-collector array including nine Faraday cups and one ion counter; and 
(7) amplifier housing (modified from Gäbler28) 

Ions are first focused with respect to energy (via the electrostatic analyser, 
ESA) and then m/z (magnetic sector). Three switchable entrance slits located 
before the ESA permit selection of the resolving power.3°  When the ions have 
passed the ESA and the magnetic sector in medium- or high-resolution, each 
isotope of interest is measured at the outer (high mass) edge of the 
corresponding Faraday cup, where the interfering species are discriminated and 
do not enter the detector.R3°  A requirement of this method is that all 
interferences appear on the same side of the analyte ion beam.3°  This is true in 
the mass range up to about 90 amu, where all polyatomic ions are heavier than 
the analysed isotopes. A more detailed description of the instrument can be 
found in Malinovsky et al.14  and Weyer and Schwieters.3°  

Operation at higher resolving powers requires switching to narrower 
entrance slits, in turn entailing reduced ion transmission. Consequently, the 
sensitivity is about a factor of 5-7, or a further two times lower during operation 
in medium- and high-mass resolution modes, respectively.30  It is important to 
notice that different definitions of mass resolution  (R  =  ml  Am*) have been 
applied to multi-collector and single collector instruments, a potential source of 
confusion.3I  For the first mentioned, AM* is defined as the mass difference 
between the points where the intensity on the leading edge of the peak changes 
from 5 to 95% of the maximum (Figure 2). The conventional definition gives 
Am* as the full width of the peak at 5% of the maximum, which yields 
numerically smaller values by more than a factor of two. 
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Mass discrimination 
Instrumental mass discrimination is the term applied to the phenomenon where 
(generally) heavier ions are more efficiently transmitted and detected than 
lighter ions. Repulsion between positively charged species in the ion beam 
results in preferential losses of lighter ions by virtue of their greater mobility, 
called the space charge effect, is often cited to explain the occurrence of such 
mass discrimination.2  This will cause larger values of heavy to light isotope 
ratios to be measured than are actually present in the sample. The magnitude of 
this mass bias decreases with increasing masses of the isotopes, and is, for 
example, typically of the order of 2-4% per amu for Fe; this is about ten times 
larger than the reported fractionation in nature.237  By using theoretically or 
empirically derived fractionation laws, which were first intended for  TIMS,  
correction of the bias can be achieved.2  Most often applied is an empirical 
exponential model, where the mass discrimination factor, f, is equal to 
In(RmeasurediRtrue)/111(M2/M1)• Corrected isotope ratios are then calculated as 
Rcorrected—Rmeasured (MI irn2)f• 

The mass discrimination corrected ratios can be obtained by four different 
kinds of measurement protocol: (1) sample-standard bracketing techniques; (2) 
internal normalization; (3) double spiking; and (4) external normalization. The 
last mentioned is, perhaps, most suitable for MC-ICP-MS, requiring less effort 
than the others (when having a high mass resolution capability) for elements like 
zinc and iron. By using external normalization, the mass bias is corrected on-line 
by simultaneously monitoring another element spiked to the sample solution. 
This additional element should be non-interfering, but close in mass to the 
analyte, and preferably behave in the same manner during the measurement.2'17  
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Separation and pre-concentration 
Even though instruments with a high resolution capability can overcome most 
spectral interferences, there is still a need for preliminary separation, and often 
pre-concentration, of the analyte before highly precise isotopic measurements 
can be achieved.14  It is also of importance to ensure that no artificial 
fractionation is introduced during these steps. Anion-exchange chromatography 
is the most frequently used purification method, and can provide a high degree 
of selectivity if the procedure is optimized for the samples. For illustration, an 
early elution session of a 2  ml  whole blood sample by using 7M  Hd,  2 M HC1 
and 0.5M HN039  is presented in Figure 3. 

As an example of the need of purification, the human body consists of more 
than 99% of  H,  0,  C  and  N,  0.7% of seven major mineral elements (Ca,  P, K,  S,  
Na,  Cl  and Mg), and the rest of the elements together account for less than 
0.01% of the total atoms. The huge excess of elements of no interest for the 
isotopic ratio measurements cause non-spectral matrix effects, which lead to 
enhancement or suppression of the analyte signals and the frequently low 
concentrations of the target elements in the samples often requires the 
processing of relatively large sample sizes. 

Of importance is not only to have as purified analyte as possible in the test 
solutions, but also to have a constant concentration level in both standards and 
samples.14  This will reduce both spectral and non-spectral interference effects, 
which is especially vital when using low mass resolution and the sample 
bracketing technique for correction of the instrumentally produced mass 
discrimination.I7  
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(2  ml)  directly taken after purification, fraction 1; 10  ml  per fraction of 7 M HC1, 2-4; 2  ml  
each of 2 M HC1, 5-9; 0.5  ml  each of 0.5 M HNO3, 10-11 and for the rest, 2  ml  fractions of 
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Zinc and iron fractionation 
Zinc and iron are two biologically active elements that are essential for many 
life forms and are also of strong interest in the geosciences.25  Isotopic 
measurements of the two have been performed since the 50's, but not until 1999 
have highly precise isotopic ratio measurements been obtained that clearly 
identified naturally-occurring, mass-dependent isotopic fractionation.9'32'34  The 
fractionation research concerning these elements from the middle part of the 
periodic table, has adopted the relative delta notation from the analyses of light 
isotopes. 

So far, fractionation investigations have indicated a total variability of about 
1.5%0 for  Zn  and 3.5%0 for Fe in nature.9'2535  Only a few investigations related to 
natural isotopic variations of these elements in human samples have been carried 
out, all related to blood using JMC  Zn  or IRMM-014 as isotopic standards. 
Mar&hal et al.9  reported a 866/64Z11 value of — 0.41%0 in a blood sample of 
unspecified origin and Ohno et al.19  obtained a 866/64a value of 0.4%o in red 
blood cells. For Fe, Walczyk and von Blanckenburi noted a significant 
difference in average Fe isotopic fractionation between blood specimens 
collected from male (856/54Fe = _2.75 ± 0.17%o) and female (856/54Fe  = _2.43 ± 
0.20%0) subject groups. Finally, Ohno et al.8  determined Fe isotope ratios in 
human red blood cells, observing a fractionation of-3.4%o. 

In Paper II in this thesis, isotopic variations of  Zn  were determined in human 
whole blood, hair and deciduous teeth, as well as standard reference materials of 
bovine muscle and liver using the Neptune instrument. Prior to the analyses, the 
samples were purified by anion exchange chromatography and spiked with Cu 
to correct for differences in instrumental mass discrimination effects between 
samples and standards. The concentrations of the majority of potentially 
interfering elements were reduced to negligible levels, and residual spectral 
interferences resulting from 35C11602+, 49Ari4N2+  and 40Ar14N16 u could be 
instrumentally resolved from the 67Zn, 68Zn and 70Zn ion beams, respectively, 
during the measurements by MC-ICP-MS. Except from the 64Ni isobar which 
can not be resolved, 35C12+  was the only detected interference in the Cu and  Zn  
mass range that could not be effectively eliminated by the high resolving power. 
As a result, there is a need for elimination of  Cl  from the samples prior to the 
isotopic ratio measurements to allow accurate 79Zn detection. Complete 
duplication of the entire analytical procedure for all investigated sample types 
except teeth, provided an external reproducibility of 0.05 - 0.12%0 (2 s) for 
measured 4566/64Zn, 867/64ZI1 and 868/64Zn-values. Relative to a JMC  Zn  standard, 
results from whole blood reference materials, which comprise pooled samples 
collected in three different batches, suggests an average 866/64Zn-value of 0.32 ± 
0.04%0 (2 s) which can be assigned as a baseline level for  Zn  fractionation in 
human whole blood. The total 866/64Z11 variation of the investigated samples 
ranged from —0.60%0 in human hair to +0.56%o in human whole blood, 
demonstrating that the  Zn  pool is fractionated between body compartments. 
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In Paper II1, anion-exchange and precipitation procedures for Fe separation 
from unspiked human whole blood after microwave digestion and ashing 
decomposition techniques were thoroughly evaluated in terms of Fe recoveries, 
decreases in matrix element concentrations and elimination of interfering 
species for subsequent Fe isotope ratio measurements by MC-ICP-MS. 

During isotope ratio measurements involving 4Fe, 56Fe and 57Fe, on-line 
mass discrimination correction using  Ni  isotopes were applied, significantly 
reducing uncertainties both within and between Fe sample runs. Despite Fe 
recoveries below 100% for all separation procedures studied, no artificial 
isotope fractionation was detected. The degree of Fe fractionation in a 
commercially available, whole blood reference material expressed as 856/54Fe (-
2.83 ± 0.06%0) and 557/54Fe (-4.23 ± 0.08%0) values relative to IRMM-014 Fe 
isotopic reference material, agreed well with previously published data. Of the 
tested separation procedures, precipitation using NH3  was found to be the most 
rapid and cost-effective method, yielding high Fe recovery and low levels of 
concomitant elements. 

Isotopic standards 
There is no internationally-distributed, isotopic reference material for zinc 
available today, even though such a standard is currently under preparation.9  
Until now, a highly purified elemental  Zn  standard (JMC, Johnson Matthey) has 
most often been used, and in one publication an elemental Aldrich standard 
solution." 1 '35  In the case of iron, the IRMM-014 standard from the Institute of 
Reference Materials and Measurements, Gee!, Belgium is applied in the 
majority of the fractionation investigations.7'1 1 '14'17  Even though the standard is 
isotopically certified, the analytical uncertainty of the isotopic composition is 
—1%0 per amu, which is greater than the precision of the following isotopic ratio 
analyses of the samples.17.25  One exception to the rule of using IRMM-014, is 
the research performed by a group at the University of Wisconsin-Madison, 
USA, that relates results to a terrestrial igneous rock baseline, where the 856/54Fe 
value of IRMM-014 relative to igneous Fe is —0.09 ± 0.05%0.25  Several isotopic 
investigations of various elemental standards of zinc and iron have pointed out 
differences in the isotopic composition, which might be caused by industrial 
processing or by natural differences in the sources of these materials.25,30,36-38 As 
an example, for  Zn  the variations between elemental standards is much larger 
than the fractionation observed for ten whole blood samples and five sphalerite 
(ZnS) samples (Figure 4). 
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(open square);  SPEX  Zn  Plasma Standard (diamond); High purity  Zn  standard (open circle) 
and  Romil  ICP-MS  Zn  standard analysed by an Axiom (asterisk) and IsoProbe MC-ICP-MS 
instruments (cross) from Mason et al.38  

Quality control 
Before drawing any conclusions from the isotopic data, it is important not only 
to express the results relative to the same standard, but also to examine critically 
the quality of the measurements. If the wrong conclusions were to be drawn 
from isotope ratio determinations in biomedical research, it could have negative 
effects on, for instance, public health programs.29  

Examination of the quality can be realised by analysing several reference 
standards, and, as a result, checking the reproducibility within the laboratory and 
between research teams.22'29  By applying several standards of different isotopic 
compositions, bias effects that may cancel out when only one standard is used 
can be detected. A more commonly adopted way to check the quality of the data, 
is to represent the results in three-isotope plots.29  This is possible for elements 
that at least have three stable isotopes, where two isotopic ratios are measured 
with a common reference isotope. The delta values should, in most cases (as far 
as current understanding is concerned), lie on a line that is defined by the mass 
differences of the isotopes and the underlying fractionation law.39  Any offsets or 
deviations from the line imply the presence of spectral or non-spectral 
interferences, or, in the case of atmospheric molecules such as 03, CO2, N20, 
CO and S042-  aerosols, may point to non mass-dependent fractionation 
effects.29'4°  

To illustrate this, the existence of residual spectral interferences, affecting 
67Zn measurement in low resolution mode in purified whole blood and bovine 
liver samples analysed, is clearly evident due to the large deviation from the 
theoretical line (Figure 5). This is mainly due to a high and varying  Cl  
concentration in the samples, producing 35C11602  species in addition to a 
secondary contribution of species influencing both 67Zn and 66Zn, probably 
originating from the plasma gas or reagents. 
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Figure 5. Three isotope plot for 8-values measured in low (filled symbols) and medium (open 
symbols) mass resolution for Seronorrn whole blood (circles), SRM 1577a Bovine liver 
(triangles) and SRM 683  NIST  Zn  standard (diamonds). The line through the data points is 
presented in Paper II on page 13. 

Finally, often the variability component contributed by sample preparation is 
considered to be much larger than the instrumental uncertainty from the 
measurement. This is not true in all situations (as shown in Paper II), due to, for 
instance, bias caused by non-corrected spectral and non-spectral interferences 
and instrumentally produced mass discrimination. Hence, more concern should 
be devoted to measurement methods to obtain high quality data. 

Overall conclusions 
Today, it is possible to measure natural isotope ratios of Fe and  Zn  to the sub-%0 
level in materials of biological origin, as demonstrated in Papers II and III. This 
was feasible due to stringent purification of the samples after digestion, and 
using the high resolving power of the MC-ICP-MS instrument during the 
isotope ratio analysis. To accurately correct for instrumentally induced mass 
discrimination, an elemental spike was added and monitored simultaneously 
during the measurements, in combination with analyses of isotopic standards 
after every third sample and mathematical correction using the exponential 
model. 

To assess the accuracy of the measurements, comparisons to analyses of 
similar matrices were performed in addition to high resolution measurements of 
the investigated isotopes and theoretical verification of a single, mass dependent 
fractionation line. Finally, to be able to compare the results of isotopic analyses 
of biological materials in the future, more effort must be put into preparing 
reference materials with very similar compositions to the samples, with respect 
to the matrix and analyte concentrations, as discussed in Paper I. 
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The future of isotopic research 
The research concerning transition elements in biological materials has just 
begun. To be able to interpret isotopic data in the future, more effort needs to be 
placed on the precision and detection limits of the measurements, due to the very 
small natural isotopic variations for these elements and the often low analyte 
concentrations in the samples. Another fundamental aspect is to produce 
internationally accepted standards and decrease the uncertainty in their isotopic 
composition. 

Due to the fact that the various chemical forms of an element can exhibit 
different behaviours with regard to, for example, bioavailability, toxicity and 
mobility in the environment, speciation might constitute essential information 
(in addition to elemental levels) which today is not taken into any great 
consideration in the isotopic biosciences concerning natural variations. This 
information can be obtained by using various separation techniques (often 
chromatography) coupled to MC-ICP-MS. Many transition elements are 
associated to proteins, which today comprise a growing research area in 
medicine and in the future might be a tool of great importance together with the 
investigations of the human genome to design metallopharmaceuticals drugs for 
chemotherapy and further improvements of medical diagnoses. 
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CONTENTS ENTRY: By virtue of its' high mass-resolution capabilities, 
sector-field ICP-MS is directly applicable to the accurate determination of about 
60 elements at physiologically-relevant, normal concentration levels, in HNO3-
digested soft tissues after simple (1 + 99) dilution. 

ABSTRACT 

A detailed examination of the performance of double-focusing, sector-field ICP-
MS (ICP-SFMS) for the  multi-element  analysis of soft tissues was carried out. 
Microwave-assisted digestion with nitric acid was used for sample preparation. 
Factors affecting method limits of detection are discussed. Accuracy and 
precision were assessed by replicate analysis of certified reference materials, the 
latter being better than 5% RSD for the majority of elements.  Cl  was the only 
element for which ICP-SFMS data deviate from certified concentrations. 
Comparison between results obtained by ICP-SFMS and ICP optical emission 
spectrometry shows good agreement for elements present in tissues at 
concentrations above 2 lag 	The concentrations of 68 elements in different 
fish and animal soft tissues (muscle, liver, kidney, lung and brain) are presented, 
and, where possible, compared with previously published data. 



INTRODUCTION 

Accurate and precise analysis of biological samples is of crucial importance for 
clinical, environmental, nutritional, toxicological and forensic sciences. 
Consequently, this branch of analytical chemistry has expanded greatly and 
attracted growing interest during the past decade, with special attention on  
multi-element  studies. Gaining insight into the interactions between trace 
elements in metabolic processes requires collection of data on as many elements 
as possible. Rahil-Khazen et al.' studied the correlations of trace elements levels 
within and between different normal autopsy tissues using inductively coupled 
plasma optical emission spectrometry (ICP-OES). It was noted that, if the 
synergistic or antagonistic relationships between certain minerals in the body are 
disturbed, normal biological functions and metabolic activity can be adversely 
affected. 

Compared to studies involving such biological matrices as blood, serum, 
urine or hair, reports on  multi-element  analysis of soft tissues are less abundant. 
For example, some 50 articles have been published dealing with  multi-element  
trace metal determinations in biological tissues (brain, kidney, liver, lung and 
muscle) during the last six years (1998-2003),2-7  while the publication rate for 
similar investigations involving, e.g., hair analysis is about 100 per annum. 
Since metals are found as constituent components in a considerable number of 
the proteins in mammalian tissues, the significance of the biochemical and 
nutritional roles of trace elements is widely recognized." Certain ions are 
necessary for the complex biocatalytic efficiency of many enzymes,9  even 
though they do not necessarily play an active role in the catalytic process, and 
may only be temporally attached to the protein.8  To obtain a more detailed 
knowledge of the complex functions and interactions in soft tissues like liver, 
kidney, lung, brain and muscle, characterization of trace element concentrations 
is necessary. 

The majority of inorganic analyses in biochemistry still rely on traditional 
analytical techniques, typically flame- and electrothermal atomization-atomic 

- absorption spectrometry.1114  Techniques such as X-ray fluorescence, proton- 
induced X-ray emission and ICP-OES are among most frequently used for  
multi-element  analysis.1,9,12,15-20  However, the need for improved detection 
power is becoming ever more apparent, particularly when the target sample is 
small, or when determining ultra-trace elements.21  The  multi-element  capability, 
high sensitivity, and wide dynamic range make inductively coupled plasma mass 
spectrometry (ICP-MS) an attractive technique for the analysis of biological 

- tissues and body fluids.9,10,17,20,2228  It must be realized though, that ICP-MS 
suffers from several types of non-spectral and spectral interferences, which 
constitute the principal limitations of the technique.28'29  Interferences in the 
analysis of complex matrices, containing high amounts of inorganic and organic 
components, are especially challenging. Collision (reaction) cells or extensive 
sample pretreatment, including separation and pre-concentration techniques, are 
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therefore often required for accurate determination of spectrally interfered 
elements, using conventional quadrupole-based ICP-MS (ICP-QMS) 
instruments. 

Another option is to use ICP-SFMS, which, for many analytes, offers 
sufficient mass resolution to eliminate interferences and has extremely low 
instrumental detection limits.10'3031  In spite on the fact that more than 200 papers 
have been published on ICP-SFMS applications to different biological matrices, 
reports on the  multi-element  analysis of soft tissues are very rare.17

'
25

'
26 

Though the wide dynamic range of ICP-SFMS is frequently mentioned, most 
studies actually focus on applications to trace and ultra-trace analysis, 
employing another complimentary technique (almost exclusively ICP-OES) for 
the determination of major and minor elements, when necessary. Obviously, the 
use of parallel techniques can hardly be advocated in terms of time-efficacy, as 
well as personnel, instrumental and running costs. 

This work was undertaken to evaluate ICP-SFMS applied to the 
determination of 68 elements in biological tissues at concentrations varying 
from a few pg g-1  to the %-level after microwave-assisted sample digestion, with 
special attention to accuracy and detection capabilities. 

INSTRUMENTAL 

Instrumentation 
The ICP-SFMS instrument used was the ELEMENT (ThermoFinnigan, Bremen, 
Germany) equipped with an ASX 500 sample changer (CETAC Technologies, 
Omaha, NE, USA). ICP-OES was performed using the OPTIMA 4300DV 
(Perkin-Elmer, Norwalk, CT, USA). Details of the operating conditions and 
measuring parameters are summarized in Table 1. A microwave  (MW)  digestion 
unit (MARS-5, CEM Microwave Corporation, Matthews, USA) equipped with 
12 perfluoroalkoxy- (PFA) lined vessels (ACV 125) with safety rupture 
membranes (maximum operating pressure 1380 kPa), was used for tissue 
digestion. 

Reagents and samples 
All calibration and internal standard solutions were prepared by serial dilutions 
of single-element stocks (1000 and 10 000 mg rl,  SPEX  Plasma Standards, 
Edison, NJ, USA and Promochem AB,  Ulricehamn,  Sweden). Analytical grade 
nitric acid (Merck, Darmstadt, Germany) was used after additional purification 
by sub-boiling distillation in a quartz still. Analytical grade 
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), Triton-X100 
surfactant, hydrochloric acid and 25% SupraPure grade ammonia solution (all 
from Merck) were used as supplied. 
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Table 1 ICP-SFMS and ICP-OES operating conditions and measurement parameters 
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The three-stage, water purification procedure consists of ion-exchange 
(SeraDest), a Milli-Q  system (Millipore Milli-Q,  Bedford, USA) and finally sub-
boiling distillation in Teflon stills (Savilex Corp., Minnetonka, Minnesota, 
USA). Water produced in this fashion will hereafter be referred to as distilled 
de-ionized water (DDIW), and was used exclusively for the dilution of samples, 
blanks and standards. The following certified reference materials were analyzed: 
SRM 8414 Bovine Muscle Powder, SRM 1577a Bovine Liver (both from the 
National Institute of Standards and Technology, Gaithersburg, MD, USA) and 
DORM-2 Dogfish Muscle (National Research Council of Canada, Ottawa, 
Canada). Seven types of soft tissues from fish (perch muscle and liver), pig 
(porcine muscle) and rabbit (liver, lung, kidney and brain) were studied. All 
these samples were of Swedish origin and were collected in various 
environmental pollution assessment, food control and animal testing programs. 
In total 77 samples (11 per tissue type) were used in the present work. Sample 
masses in the range 1-10  g  were supplied to the laboratory, deep-frozen in 
polyethylene vials, and were stored at -19°C and thawed at 4°C immediately 
prior to digestion. 

Sample preparation 
Among the great variety of sample preparations used for soft tissues over the 
years,  MW-assisted digestion appears to be the method of choice in the majority 
of recent studies.13723-25  While mixtures of HNO3  and hydrogen peroxide (H202) 
have often been successfully applied for  MW-assisted tissue digestion,1 '23'24  it 
was found that some batches of the latter reagent (even of SupraPure quality) 
could be an important source of contamination for some ultra-trace elements. 
Recently, it was demonstrated that the use of  MW-assisted digestion with 
concentrated HNO3  alone is equally effective for muscle, liver and brain 
tissues.17'25  Therefore, this type of digestion was used in present study as 
follows: 

After thawing, samples were rinsed with Milli-Q  water and approximately 1  
g  (range 0.9-1.3  g)  sub-samples were cut off using acid-washed plastic knives. 
Weighed sub-samples and 5  ml  HNO3  were placed in PFA digestion vessels and 
digested at 600W power for 60 min. During preliminary experiments it was 
found that, increasing the wet sample mass above 2  g  while keeping the same 
acid volume, resulted in incomplete digestion; increasing the sample mass and 
preserving the sample-to-acid ratio constant, may result in over-pressurization 
during the  MW  digestion step, accompanied by sample losses. For reference 
materials, sample sizes of only 0.25  g  were digested, in order to partly 
compensate for the significantly higher organic matter content in these 
lyophilized materials. Each digestion batch (12 vessels) contained a  MW  blank 
(5  ml  HNO3) and at least one reference material. After cooling to room 
temperature, sample digests were transferred to autosampler tubes. Lids and 
inner surfaces of digestion vessels were rinsed with approximately 3  ml  of 
DDIW into the autosampler tubes, followed by DDIW addition to 10  ml.  This 
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digestion results in transparent yellow solutions without any visible solid residue 
for all materials tested except for DORM-2. For the latter, undigested residue in 
the form of black particles with diameters <0.5 mm was observed on the bottom 
of the autosampler tubes. To evaluate the elemental contribution from these 
particles, four digests of this reference material were centrifuged at 4000 rev 
min-I  and the residue was separated by transferring the dissolved phase to 
another tube. Recovered particles were dissolved in 500 of  HF  on a water bath 
(60°C for 180 min), and these solutions were recombined with the original 
digests. For ICP-SFMS analysis, digests were additionally diluted 10-fold 
resulting in 0.7  mol  acid concentration and a dilution factor of approximately 
100. For the determination of halogens  (Cl,  I and Br), 0.4  ml  aliquots of sample 
digests were diluted to 10  ml  with basic solution (5% ammonia, 0.005% EDTA 
and 0.005% Triton-X100). Internal standard (In) was added to all solutions at 25  
µg  1-1  concentration. Fivefold dilution of original digests was used for solutions 
intended for ICP-OES measurements. 

Blank control 
In order to reduce the blank contribution from the introduction system, the 
following cleaning protocol was adopted, generally following the 
recommendations of Field et al.32  The torch and spray chamber were washed 
with laboratory detergent, boiled in a mixture of HNO3+HC1 (1+1 v/v) for 30 
min, rinsed with de-ionized water, soaked in 1.4 M HNO3  overnight and finally 
rinsed with Milli-Q  water. Pumping 1.4 M HNO3  overnight cleaned the sample 
changer probe, sample tubing, peristaltic pump tubing and nebulizer off-line. 
Cones were soaked in laboratory detergent overnight, wiped with tissue paper 
and rinsed with Milli-Q  water. After assembling the introduction system and 
lightning the plasma, a 0.2% solution of Si (50 mg pure Si02  powder dissolved 
in 0.4  ml  of HF+HNO3  (1+1 v/v) and diluted to 10  ml  with Milli-Q  water) was 
aspirated for approximately 10 min. Such treatment results in formation of a Si 
layer on the cones, providing significant reductions of blank contributions from 
cone material, as well as other contaminants originating from the cones. Typical  
Ni  blanks of below 10  ng  r' can be obtained routinely. Decreased oxide 
formation (monitored as U0+  to U+  ratio) from approximately 0.025 to below 
0.01 is another important advantage of this procedure. During the instrumental 
warm-up period (45-60 min), the Si signal decreases and stabilizes at the 5-10  
µg 	level. 

Between each digestion batch, safety membranes were changed and  MW  
vessels were cleaned for 30 min with 5  ml  concentrated HNO3  at 300 W  RF  
power followed by rinsing with Milli-Q  water. It is important to note that the 
inner surfaces of new  MW  vessels release significant quantities of  Ni  and Cr 
into the digestion mixture. This contamination probably originates from the 
vessel manufacturing processes, and at least 20-30  MW  digestion cycles are 
required before the vessels can be used for the preparation of materials low in 
these elements. Polypropylene autosampler tubes (12  ml,  Nalge Nunk 
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International, Rochester, NY, USA) were cleaned in a sequence with detergent, 
water, a mixture of FIN03  (1.4  mol  1"1 ) and HC1 (1.1  mol  1-1) acids, followed by 
soaking in HNO3  (0.7  mol  r') and a final rinse with Milli-Q  water. All sampling 
handling and analysis was performed in clean laboratory areas with constant 
supplies of HEPA-filtered air. 

As result of all the aforementioned measures, concentrations detected in  MW  
blanks exceed 1 ptg 1-1  for only Si, S and  Cl.  The majority of elements are 
present in these blanks at low  ng  I-1  or sub-ng  1-1  levels, while low pg 1-1  
concentrations are typically found for heavy elements (m/z>150, except for  Hg  
and Pb isotopes), thus approaching ICP-SFMS instrumental limits of detection. 
Samples were analyzed in sequences containing synthetic blanks (0.7  mol  1- ' 
HNO3), standards, preparation blanks, and samples. For external calibration, 
different sets of standards were used: 0.5-10 mg 1-1  for major elements  (K,  S,  P,  
Na,  Cl,  Ca, Mg, Si), 5-200 jig I-1  for minor and trace elements and 500  ng  1-1  for 
ultra-trace elements (rare earth elements (REEs),  Y,  Sc,  Nb, Zr,  Hf,  W, Re,  Ta,  
Jr, Pt, Au, T1,  Bi,  Th). In order to avoid sample contamination from the 
introduction system,28  the latter standards were analyzed after the final sample in 
the analytical sequence. Separate analysis was performed for halogens using 
blanks, standards and wash solution of the same matrix as for samples. 

RESULTS AND DISCUSSION 

Spectral interferences 
Spectral interferences have long been recognized as one of the major obstacles 
to accurate ICP-MS determination.2933  Plasma gas, solvent and major elements 
from sample matrices contribute to these interferences. To this end, the use of 
alternative plasma gases, 'cold plasma' conditions, mathematical corrections, 
reaction (collision) cell techniques and high mass resolution have been utilized 
to improve the accuracy of ICP-MS data. Extensive lists of potential 
interferences affecting transition elements in biological matrices (mainly in body 
fluids) have been published, along with numerous examples of high-resolution 
spectra confirming the severity of the problem10,23,24,26,33-35 However, even for 
similar matrices, the actual level of interference formation depends on the type 
of instrumentation and on the operating conditions used. Therefore, in order to 
select appropriate resolution mode and optimum isotope, medium-resolution 
(MR) spectra were acquired in 1000%, theoretical peak-width vicinity for all 
major isotopes under consideration using  MW  digestion blanks and SRM 1577a 
digests. Selected examples of these spectra are shown in Fig. 1. 
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Fig. I Medium resolution spectra for (a) 45Sc+,  (b)  47Ti-,  (c)  49Tr,  (d)  51V+,  (e)  55Mn+, (f) 
69Ga+,  (g)  71Ga-,  (h)  79B17,  (i) 	 98 	+ 	d  (I) "4cd+ "Br+,  (j)  89Y+,  (k)  Mo  an 	. Numbers in parentheses 
are the intensities of the most abundant peaks when these appear off-scale. Thick solid lines 
are for spectra from SRM 1577a Bovine liver; thin solid lines are for  MW  digestion blanks. 

The 45Sc-  peak is clearly resolved from COO', NNO-  and SiO interferences 
(Fig. la). From the amplitudes of the interfering signals, it is obvious that low-
resolution ICP-MS will provide grossly overestimated  Sc  concentrations. 
The same conclusion can be drawn for both 47Ti and 49Ti isotopes (Fig. lb-c),  
which are affected by PO + and CIN'+ SOH" interferences, respectively. 
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The ratio of the 617Ti to 49Ti intensities is in good agreement with the ratio of 
natural abundances for the Ti isotopes, thus confirming negligible impact from 
interferences unresolved in MR. The same can not be said for the  Ga  isotopes 
(Fig. 1f-g).  While the 69Ga+  peak is baseline separated from  Ba±±  and C100+  
interferences (Fig. 10, the amplitude of the peak in the centre of the acquisition 
window for mass 71 is at least 30 times higher than that predicted from the 
natural abundance ratio for the 69Ga/71Ga isotopes (Fig. 1g). This can be 
explained by a matrix-induced ArP+  interference, which is unresolved from 
71Ga+  in MR. Similarly, 81Br+  is not completely resolved from the ArArH+  signal 
(Fig. ii), while 79Br+  can be considered as almost interference-free (Fig.  ih).  
C10+, C1N+  and SOH-  interferences contribute some 30% of the total signal 
monitored at mass 51 (Fig. 1d), leaving good chances for mathematical 
correction. However, the lower the V concentration in tissues, the higher the 
uncertainty of such correction will be. KO + interference at mass 55 is less than 
0.2% of the 55Mn+  signal (Fig. le) and can be neglected. 89Y (Fig. 1j) and 98Mo 
(Fig. lk) represent another two examples were interferences contribute less than 
10% to the measured signals. 

As a rule, only a single peak can be discerned at masses above m/z 106, as 
exemplified by the spectrum acquired in the vicinity of the 114Cd isotope (Fig. 
11). However, the absence of resolved interferences is not a guarantee for 
complete absence of interferences on the mass in question. For example, the 
114Cd isotope can be affected by isobaric interference from 114Sn, as well as from 
Mo0+. The software used to calculate analyte concentrations corrected raw 
intensities acquired in LR for isobaric, oxide, hydride and hydroxide 
interferences, as described in detail previously.27'36  Except for Mo0+  and Ba0+  
interferences on  Cd  and  Eu  isotopes, respectively, the magnitudes of such 
corrections were negligible. As an additional measure to decrease the impact 
from unresolved interferences on data obtained in LR, several isotopes (where 
such exist) were included in the method (Table I) and the one providing the 
lower concentration in any particular sample was selected. Though interferences 
have little effect on the determination of such major inorganic elements in soft 
tissues as  K,  Na,  P,  S, Mg and Ca, they were measured in MR or  HR  modes in 
order to avoid possible detector saturation. Thus a wider instrumental dynamic 
range can be obtained, and the use of different sample dilutions for the 
determination of different elements can be avoided. 

Accuracy and precision 
The most straightforward approach for accuracy evaluation is the analysis of 
well-characterized reference materials with similar matrix compositions.132'22- 
26,31 ICP-SFMS results obtained for the three reference materials used in this 
study are given in Table 2 alongside certified and recommended values. 
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Table 2 ICP-SFMS results for reference materials after digestion with HNO1, (uncertainty 1 s) 

SRM 8414 
Certified 

P w.% 0.836(0.045) 
K w.% 1.517(0.037) 
S w.% 0.795(0.041) 
Cl w.% 0.188(0.015) 
Na  w.% 0.210(0.008) 

Mg  jigg'  960(95) 
Ca  µg e 145(20) 
Fe  jigg'  71.2(9.2) 
Cu  µg g' 2.84(0.045) 
Zn  ng  e 142(14) 
Mn  jigg'  0.37(0.09) 
Rb  gig g' 28.7(3.5) 
Br  gig e 1.1(0.5) 
Mo  pig g- 0.08(0.06) 
Al µg g 1  1.7(1.4) 
Se  jug  e 0.076(0.010) 
Cd µg K' 0.013(0.011) 
Co  gig g1  0.007(0.003) 
Pb  µg g 1  "  0.38(0.24) 
Sr  jig g 1  0.052(0.015) 
✓ 14  g' 0.005 
Ag µg e 
As  jigg  0.009(0.003) 
Hg µg e 0.005(0.003) 
Sb  lug e 0.01 
B jig g 1  0.6(0.4) 
I 	ug e 0.035(0.012) 
Cr  gag e 0.071(0.038) 
Ni  jigg'  0.05(0.04) 
Ba  jigg'  0.05 
Cs  ug e 0.05 
Sn gag  gil  
Si  !ig  g' 
Li  µg e 
Ti µg e 

TI  ng  e 
U ng g

A  

Bi  ng  e 
Te  ng g'  
Zr ng  e 
W ng g'  
Nb ng g'  
Y  ng g'  
La  ng g'  
Ce ng  g  I  
Pr  ng  g' 
Nd ng g'  
Th ng  e 
Au  ng g'  
Re  ng  e 

Found 
SRM 1577a 
Certified Found 

DORM-2 
Certified Found  

0.832(0.021) 
1.66(0.08) 
0.816(0.035) 
0.25(0.09) 

1.11(0.04) 
0.996(0.007) 
0.78 (0.01) 
0.28 (0.01) 

1.10(0.04) 
1.15(0.04) 
0.809(0.050) 
0.36(0.04) 

0.992(0.013) 
1.89(0.11) 
0.892(0.049) 
1.2(0.3)  

0.206(0.009) 0.243(0.013) 0.238(0.009) 0.506(0.007) 

946(18) 600(15) 595(24) 1050(50)  
143(6) 
71.0(2.5) 

120(7) 
194(20) 

121(4) 
185(5) 142(10) 

620(50) 
101(13)  

2.74(0.06) 158(7) 151(5) 2.34(0.16) 2.29(0.03)  
137(6) 123(8) 123(4) 25.6(2.3) 25.5(1.2)  
0.365(0.004) 9.9(0.8) 9.95(0.32) 3.66(0.34) 2.54(0.05)  
29.0(1.1) 12.5(0.1) 12.0(0.9) 5.73(0.03)  
1.4(0.8) 9 7.2(0.7) 26.7(2.2)  
0.072(0.003) 3.5(0.5) 3.48(0.22) 0.12(0.07) 
1.23(0.07) 2 1.14(0.10) 10.9(1.7) 5.76(0.58) 
0.069(0.009) 0.71(0.07) 0.66(0.02) 1.40(0.09) 1.29(0.09) 
0.011(0.001) 0.44(0.06) 0.38(0.01) 0.043(0.008) 0.0444(0.004)  
0.0069(0.0003) 0.21(0.05) 0.204(0.015) 0.182(0.031) 0.105(0.007)  
0.345(0.021) 0.135(0.015) 0.120(0.003) 0.065(0.007) 0.058(0.004)  
0.054(0.002) 0.138(0.003) 0.129(0.008) 2.17(0.12) 
0.0029(0.0003) 0.099(0.08) 0.089(0.001) 0.081(0.06) 
0.0005(0.0001) 0.04(0.01) 0.043(0.001) 0.0041(0.013) 0.035(0.003) 
0.011(0.002) 0.047(0.006) 0.050(0.002) 18.0(1.1) 18.2(0.3) 
0.0050(0.0004) 0.004(0.002) 0.0033(0.0004) 4.64(0.26) 4.58(0.31)  
0.0013(0.0001) 0.003 0.0029(0.0004) 0.022(0.002) 
0.53(0.17) 0.94(0.15) 0.84(0.12)  
0.039(0.005) 0.461(0.035) 0.577(0.027)  
0.062(0.005) 0.22(0.02) 34.7(5.5) 18.5(1.7) 
0.048(0.012) 0.300(0.036) 19.4(3.1) 10.6(1.6)  
0.025(0.001) 0.042(0.002) 2.34(0.03)  
0.032(0.001) 0.0090(0.0006) 0.22(0.01) 
0.114(0.006) 0.0099(0.0003) 0.023 0.023(0.001) 
5.5(0.4) 5.7(0.3) 13.3(0.8)  
0.022(0.004) 0.19(0.01) 0.10(0.01) 
0.024(0.003) 0.092(0.012) 0.080(0.09) 

0.74(0.03) 3 2.6(0.2) 4 3.7(0.1) 
0.07(0.01) 0.71(0.03) 0.70(0.03) 0.76(0.03) 
1.2(0.2) 0.35(0.05) 2.2(0.1) 
0.40(0.06) 4.2(1.0) 1.8(0.1)  
1.7(0.1) 6.6(0.7) 5.9(0.8) 
0.7(0.1) 4.3(0.3) 8.0(1.1)  
0.40(0.02) 1.2(0.3) 2.8(0.3) 
0.21(0.02) 1.1(0.1) 2.6(0.3) 
0.28(0.05) 11.2(0.6) 1.4(0.1)  
0.56(0.05) 19.7(0.8) 2.2(0.1) 
0.07(0.01) 2.1(0.1) 0.19(0.02)  
0.29(0.05) 7.6(0.4) 1.0(0.1)  
0.08(0.02) 0.36(0.04) 0.59(0.14) 
0.20(0.03) 0.11(0.02) 0.23(0.04) 
0.005(0.001)  0.029(0.002) 0.43(0.03) 

10 



It should be noted that ICP-SFMS data were corrected for the moisture content 
in these materials (determined as weight loss after drying separate aliquots of 
reference materials at 105°C). In total, data for 73 certified and recommended 
values for 34 elements are provided for these reference materials. Hence, the 
accuracy of the ICP-SFMS based analytical procedure can be assessed for a 
relatively wide range of elements present in these samples, from sub-ng  g-1  to % 
concentrations. 

Before embarking on detailed consideration of these results, two comments 
have to be made. Firstly, Fe, Cr,  Ni,  Mn,  Co and Al results obtained by ICP-
SFMS in HNO3  digests of DORM-2 were significantly lower than the certified 
concentrations, and show significant spread between replicate digestions. 
However,  HF  dissolution of residue found in these digests (see Sample 
preparation) resulted in significant improvement in the recoveries of these 
analytes, as well as in higher concentrations for  Mo,  V, Pb and Ti (Table 3). The 
result supports earlier LA-ICP-SFMS analysis37  of this material and the 
indication from the certificate of contamination by stainless steel during its 
preparation. Secondly,  Cl,  Br, and I results obtained in a 0.7  mol  I"' HNO3  
matrix were 3-5 times higher than the certified/recommended values. Moreover, 
very high instrumental spread for these elements (up to 25% RSD) as well as 
notorious memory effects were found in samples and in standards. Such effects 
are consistent with the high volatility of halogen species in acidic solutions, 
resulting in high and unstable (chemical form dependent) transport efficiency in 
the sample introduction system.38  Therefore, the attempts to determine these 
analytes together with other elements were abandoned, and separate analyses 
were performed for the halogens using basic solutions (see Instrumental). 

Table 3 ICP-SFMS results for DORM-2 after digestion with HNO3/HF. 
Uncertainty terms in parentheses are one standard deviation (1 s) 
Element Certified /  µg  g-1  Found /  µg  g-1  

Fe 140 (10) 142.5 (7.7)  
Mn  3.66 (0.34) 3.72 (0.08)  
Mo  0.24 (0.03) 
Al 10.9 (1.7) 9.62 (0.49)  
Co  0.182 (0.031) 0.176 (0.006)  
Pb  0.065 (0.007) 0.061 (0.003) 
V 0.129 (0.06)  
Cr  34.7 (5.5) 33.6 (0.7)  
Ni  19.4 (3.1) 18.6 (0.8) 
Ti 0.29 (0.03) 
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Good agreement, i.e., ICP-SFMS data within the certified ranges or within 
±10% of recommended concentrations, was found for 63 of the reported results, 
and for 39 of these, the differences between found and certified/recommended 
concentrations are below 5%. Agreement is less satisfactory, i.e., deviations 
greater than 10%, for  K, Cl,  V,  Sb, Ba  and Cs in SRM 8414, as well as for  Cl,  
Br, I and TI in SRM 1577a. It should be noted, that only recommended 
(informational) concentrations are available for the majority of these elements, 
and the significance of these differences is difficult to evaluate. Significantly 
higher  Cl  concentrations found in both these reference materials demonstrate 
that, in spite of the use of a separate analytical sequence with sample dilution in 
a basic medium, external calibration failed to produce accurate data for this 
element. 

As there are many studies on tissue analysis with ICP-OES as the analytical 
technique, it was of interest to compare performances of ICP-SFMS and ICP-
OES. Selecting only results for elements that are present in tissues at 
concentrations at least 5 times the corresponding MLODs for ICP-OES, the 
correlation between ICP-OES and ICP-SFMS data was assessed using weighed 
linear regression.39  The slope of the line of ICP-SFMS versus ICP-OES results 
was 0.983±0.014 and the intercept was -0.055±0.088 1.1g g-1  (95% confidence 
limits) for 9 elements  (K, P,  S,  Na,  Ca, Ng, Fe,  Zn  and Cu) with R2  =0.9974. For 
the ideal case, the 95% confidence intervals should contain the values 1 for the 
slope and 0 for the intercept. Thus ICP-SFMS provides significantly lower 
concentration estimates, although the difference, on average, is less than 2%. 
Actual differences between the results provided by these techniques were below 
13% for all analytes and samples. 

ICP-OES instrumental precision, expressed as the standard deviation for 
replicate analyses of the same sample digest, was significantly better than for 
ICP-SFMS (average values of 1% and 3% RSD, respectively). Method 
precision, expressed as the spread of results for several reference material 
digests analyzed during different measurement sequences, was almost the same; 
average spreads of 3.4% and 3.9% RSD for ICP-OES and ICP-SFMS, 
respectively. Good agreement between techniques was also found for  Mn, Mo, 
Ba,  As,  Ni,  Sr and  Hg  at concentrations above 2  tg  g-1. However, as a rule, ICP-
OES results at lower concentrations are significantly higher than those of ICP-
SFMS, at least for reference materials, tend to be less accurate. Note that the 
method precision for ICP-OES deteriorates rapidly while approaching MLODs, 
being >20% RSD for almost all elements at concentrations below 1 jig g-1, while 
the method precision for ICP-SFMS is better than 10% RSD for the majority of 
analytes present in these reference materials at the  ng  elevel.  
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Method limits of detection 
Method limits of detection (MLODs), calculated as three times the standard 
deviation for concentrations determined in 11 digestion blanks, analyzed during 
three measurement sequences, are presented in the second column of Table 4. 
Average dilution factors of 1 + 99 were used to present these MLODs as 
concentrations in tissues. With this dilution factor, MLODs were above 50  ng  
wet weight for only five elements  (Cl,  Si, S, Ca and  K).  The uses of HC1 during 
cleaning parts of the introduction system, and preconditioning of the cones with 
Si02, are factors responsible for the relatively high MLODs for the first two 
elements. For another 14 elements  (Na,  Al,  P, B,  Br, Se, Mg,  Zn,  As, Ti, Cu,  Ni,  
Fe and I), MLODs are within the 1-50  ng  g-1  wet weight range. For the majority 
of elements tested (49 of 68), MLODs are below 1  ng  g-1  wet weight, and for 
seven of these (Pt,  Tb,  Ho, Tm, Re, Lu and Jr), are below 1 pg g 1 . It should be 
noted that, for almost all elements, MLODs obtained during this work are 
comparable to those reported for soft tissues in previous studies. 22

'
24

'
26 

MLODs for ICP-OES (assuming 1 + 49 sample dilution) were in the range 
from 10-15  ng  g-1  (Cd,  Co, Cu and Sr) to a few 1.1g g-1  wet weight  (K,  Ca, Al,  Na,  
Mg and Si) and are thus comparable to LODs found in ICP-OES studies for 
similar matrices.12'16'18  In contrast to ICP-SFMS, instrumental sensitivity of ICP-
OES is the major limiting factor in obtaining lower MLODs. Therefore, the 
requirements concerning reagent and vessel purity, as well as clean sampling 
and sample handling, can be relaxed. 

Concentrations in tissues 
The statistical parameters (mean, median and standard deviation) of the 
concentration distributions in the seven tissue types are reported in Table 4. 
Analytes are arranged in order of decreasing concentrations found in these 
tissues. It should be noted that consideration of factors such as sex, age, origin 
or size of tested specimens in relation to mineral levels lies beyond the scope of 
this study. It must also be stressed that presentation of this data set by no means 
should be considered as an attempt to define 'normal ranges' for the tissues 
studied. Instead, the sole aim is to provide information on the concentration 
levels that can be expected in soft tissues to scientists working in relevant areas. 

Concentrations of major elements  (P, K,  S,  Na,  Cl,  Mg, with the possible 
exception of Ca) show little variation within, as well as between, tissue types. 
This makes the composition of the inorganic portions of the tissue matrices quite 
predictable. Narrow distributions within tissues were also found for almost all 
minor, trace and even for some ultra-trace elements. The fact that the median 
and the mean values are similar strongly indicates that the tissue concentration 
levels are normally distributed, as may be confirmed by the Kolmogorov test4°  
in most cases. 
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Table 4 Statistics for all samples; mean, median (in parentheses) and one standard deviation.  
MLOD Porcine muscle Fish muscle Fish liver Rabbit liver Rabbit lung Rabbit kidney Rabbit brain 
pg 	_/ 

g 
P 0.02 2400(2300)100 2000(2000)200 3100(3100)200 3600(3500)300 2700(2700)200 3000(3000)200 3500(3600)200 
K  0.05 4600(4600)300 4100(4100)300 1100(1000)300 2600(2600)200 1600(1600)100 2000(2000)200 1700(1700)200 

0.1 2600(2600)200 2600(2500)200 2900(2800)200 2600(2600)200 2000(2000)100 2200(2200)200 1500(1500)100 
Na  0.06 390(390)30 500(500)60 970(960)90 770(760)60 810(790)200 2000(2000)300 1200(1200)50 
Cl 10 610(670)130 900(900)100 1700(1700)200 470(440)160 1500(1500)100 1300(1200)500 670(640)160 
Mg  0.01 270(280)20 290(290)20 220(220)10 190(190)10 130(130)4 190(190)10 150(150)5 
Ca  0.1 34(34)3 120(100)40 200(160)140 170(140)90 100(100)10 170(140)90 260(220)130 
Fe  0.001 3.8 (3.8)0.3 2.0(1.7)0.4 250(230)80 230(220)60 78(74)12 67(66)13 16(16)1 
Zn  0.006 11(11)1 4.1(4.0)0.3 26(26)1 33(33)2 18(18)1 23(24)3 12(12)1 
Br  0.02 2.4(2.3)0.8 14(14)3 26(24)9 2.7(2.5)1.0 1.6(1.6)0.1 5.6(5.1)1.3 2.1(2.1)0.6 
Rb  0.0001 6.8(7.0)0.6 9.1(9.0)1.0 7.5(7.7)0.9 5.8(5.9)0.5 2.6(2.6)0.2 3.8(3.9)0.7 1.5(1.6)0.2 
Si  0.2 1.1(1.1)0.2 5.1(5.6)1.1 14(13)4 2.1(1.7)1.3 1.8(1.2)1.2 2.1(2.1)0.5 0.42(0.35)0.24 
Cu  0.002 0.38(0.38)0.03 0.11(0.11)0.01 5.5(5.4)1.8 3.8(3.7)0.4 1.6(1.6)0.1 3.3(3.4)0.4 2.3(2.2)0.4 
Al  0.04 0.088(0.072)0.063 0.19(0.15)0.11 2.8(3.0)0.6 1.8(0.4)3.6 1.4(0.6)2.3 0.24(0.20)0.18 0.06(0.05)0.03 
Mn  0.0004 0.063(0.065)0.007 0.092(0.083)0.017 1.7(1.3)1.4 1.9(1.8)0.4 0.13(0.12)0.02 1.7(1.7)0.3 0.37(0.34)0.06 
Se 0.013 0.10(0.11)0.02 0.63(0.64)0.13 1.6(1.6)0.3 1.0(1.0)0.1 0.23(0.22)0.04 1.6(1.6)0.3 0.21(0.21)0.03 

ng g '  
B  20 110(50)130 130(110)50 450(230)550 250(250)30 230(230)30 510(410)220 200(190)20 
Mo  0.04 7.5(7.3)1.3 3.2(3.1)0.6 150(150)20 500(510)60 47(48)3 380(360)60 47(46)8 
Sr  0.7 14(12)3 53(44)24 240(180)210 38(37)11 120(100)60 210(100)50 140(120)80 
Ti 3 120(90)70 30(25)19 18(3)28 230(100)270 170(120)240 69(77)16 5.0(3.6)4.6 
Cd 0.02 0.33(0.32)0.11 0.36(0.36)0.09 38(30)30 51(48)11 3.0(2.8)0.5 420(420)70 0.35(0.28)0.24 
As  3 <3 100(110)20 200(200)20 <3 53(47)13 73(54)46 59(55)17 

1 22(22)8 59(42)41 150(140)40 28(25)7 83(71)20 100(100)30 10(10)3 
Ba  0.7 5.1(3.9)4.1 25(21)12 310(110)480 7.4(5.6)7.9 7,3(6.0)3.3 12(10)5 9.5(8.3)5.5 
Co  0.2 0.5(0.5)0.1 1.8(1.7)0.4 84(80)24 77(77)8 21(20)3 150(150)40 6.7(6.7)1.1 
Hg  0.2 1.1(1.1)0.3 65(62)23 30(30)6 1.4(1.4)0.4 0.6(0.5)0.1 7.5(6.9)2.4 0.6(0.4)0.8 
Cs  0.01 33(35)4 16(16)4 11(11)2 7.1(7.1)0.5 2.1(2.1)0.2 9.1(9.0)1.1 1.2(1.2)0.2 
Ni 1.5 13(10)8 5.7(3.6)5.7 15(14)6 <1.5 2.8(2.5)1.0 39(37)15 2.3(2.0)2.7 
V  0.1 0.5(0.5)0.3 1.2(1.3)0.5 28(27)6 10(10)2 0.9(0.7)0.7 17(16)4 <0.1 
Pb 0.1 1.0(0.7)0.6 2.2(1.6)1.8 3.4(1.1)5.1 17(16)6 3.2(3.0)0.6 12(12)2 1.3(1.2)0.5 
Cr 0.4 7.0(6.9)1.4 3.4(3.3) 8.1(7.3)4.3 3.4(3.2)0.7 2.5(2.7)1.0 5.3(4.9)1.9 2.9(1.9)2.3 
Li 0.2 1.6(1.6)0.6 6.0(5.2)2.4 6.8(6.1)2.8 2.4(2.3)0.6 2.0(1.9)0.5 11(11)3 0.9(1.0)0.3 
Ce 0.06  0.11(0.09)0.05 0.82(0.53)0.63 7.8(4.9)5.6 17(15)5 0.42(0.32)0.33 0.71(0.55)0.42 0.09(0.09)0.02 



T1 0.01 1.7(1.7)0.2 1.0(0.8)0.6 3.9(3.0)2.4 0.84(0.85)0.06 0.84(0.85)0.06 13(13)3 0.34(0.32)0.07 
La 0.02 0.07(0.05)0.03 0.45(0.31)0.41 9.3(7.9)4.5 10.9(10.3)1.9 0.24(0.16)0.23 0.31(0.24)0.20 0.04(0.04)0.01 
Sn 0.3 1.7(1.6)0.6 1.1(1.0)0.4 1.0(0.8)0.6  3.5(3.6)0.7 1.7(1.4)1.3 4.3(4.4)0.8 0.7(0.5)0.7 
Nd  0.009 0.05(0.04)0.02 0.35(0.23)0.29 4.2(2.3)4.0 5.3(4.9)1.9 0.63(0.20)1.1 0.52(0.50)0.13 0.05(0.05)0.01 
U 0.005 0.013(0.013)0.005 0.19(0.13)0.15 9.9(6.3)7.8  0.024(0.019)0.013 0.05(0.03)0.04 0.31(0.30)0.10 0.019(0.015)0.014 
Sb  0.02 5.7(5.7)1.3 0.23(0.13)0.41 0.45(0.23)0.62  0.75(0.64)0.25 0.34(0.34)0.13 0.35(0.31)0.10 0.14(0.14)0.05 
Zr  0.09 0.54(0.53)0.12 0.72(0.66)0.27 2.3(1.8)1.1 1.1(1.1)0.3 0.91(0.93)0.16 0.65(0.54)0.22 0.41(0.39)0.08 
Y 0.02 0.03(0.03)0.02 0.24(0.16)0.19 2.6(1.1)3.3 0.54(0.42)0.36 0.32(0.25)0.14 0.33(0.33)0.09 0.08(0.07)0.05 
131 0.005 0.19(0.16)0.10 0.96(0.84)0.35 0.77(0.78)0.14 1.5(1.4)0.4 0.08(0.04)0.08 0.26(0.27)0.07 0.02(0.02)0.02 
Te 0.07 0.12(0.10)0.07 0.15(0.15)0.04 1.1(1.0)0.1 0.83(0.84)0.09 0.25(0.25)0.06 1.1(1.1)0.1 0.19(0.19)0.04 
Ag 0.016 0.24(0.19)0.14 0.07(0.07)0.03 2.3(2.1)1.4 0.10(0.08)0.07 0.08(0.08)0.03 0.04(0.04)0.02 0.19(0.19)0.05 
W 0.03 0.06(0.05)0.04 0.11(0.08)0.09 0.43(0.37)0.25 0.34(0.34)0.06 0.12(0.11)0.03 1.8(1.8)0.5 0.07(0.05)0.05 
Pr 0.006 0.013(0.012)0.007 0.094(0.063)0.086 1.2(0.7)1.0  1.4(1.3)0.3 0.07(0.04)0.06 0.11(0.09)0.05 0.013(0.011)0.004 

pg  e  
Sm  6 12(11)8 56(40)47 670(320)740  640(670)110 71(64)28 200(200)30 32(30)8 
Nb  18 130(140)20 120(110)30 210(200)50  380(360)90 120(100)40 510(530)110 80(60)40 
Ta  90 160(130)80 250(260)90 180(170)70  <90 100(100)30 <90 110(110)50 
Ga  7 15(17)9 12(8)17 68(42)61 490(410)240 66(49)58 210(200)70 12(8)12 
Au 40 <40 <40 540(570)180  <40 70(60)10 70(70)20 <40 
Gd  5 8(8)4 47(36)40 470(170)600  160(160)40 32(25)27 65(61)22 7(7)2 
Sc  20 60(50)50 90(70)50 340(230)310  240(260)90 30(30)20 30(30)30 <20 
Th  6 27(25)9 110(80)70 280(110)320  24(22)7 28(21)16 81(72)21 11(12)8 
Be  60 <60 <60 280(270)180 <60 <60 <60 <60 
Dy 3 5(5)4 39(26)36 360(120)510  46(42)14 21(15)17 39(34)12 8(6)5 
Ge  120 <120 <120 <120 350(310)180 <120 <120 <120 
Hf 9 32(35)10 51(49)16 150(150)60 50(48)19 34(35)8 50(49)12 21(18)9 
Er 1 3.2(3.5)1.6 22(17)19 220(80)300  16(15)5 12(5.4)13 19(18)8 4.7(5.1)2.0 
Yb  1 2.9(2.9)2.4 23(18)19 220(90)280  10(11)4 8.8(4.4)10 11(11)4 3.5(3.2)2.4 
Eu  2 4(3)2 12(10)7 99(37)110 78(71)16 10(8)7 19(19)7 4(4)2 
Re 0.5 <0.5 0.8(0.8)0.8 110(100)40 1.1(0.9)0.9 1.8(2.0)0.7 3.1(3.2)1.1 0.8(0.8)0.4 
Tb 0.7 1.6(1.4)0.7 18(7)32 63(23)81 14(13)5 5.5(4.6)4.4 9(9)2 1.8(1.5)0.8 
Ho 0.4 3.5(1.1)7.5 7.7(4.7)5.6 75(27)99  6.5(5.7)1.9 4.8(3.1)3.9 13(7.2)16 1.7(1.6)0.7 
Lu  0.3 3.2(3.2)0.8 8.3(7.4)2.9 40(18)49  4.1(2.6)3.1 2.3(2.0)2.3 4.1(2.6)3.1 4.1(3.1)4.3 
Pt  0.8 <0.8 4.0(1.3)10 8.3(7.0)5.3  3.1(2.7)2.2 11(10)8 19(9)19 11(8)11 
Tm  0.4 1.1(1.0)0.6 3.2(2.0)3.9 34(16)41 1.8(1.7)0.5 1.7(1.4)1.5 2.5(2.4)1.5 1.2(0.9)0.9 
Ir 0.4 <0.4 3.6(2.0)4.9 2.1(1.1)2.9 0.8(0.6)0.7 <0.4 0.9(1.0)1.0 0.7(0.9)0.9 



On the contrary, significant differences in mean element concentrations between 
different tissues can be noted for several analytes. For example, the ratio of 
highest to lowest mean concentrations found in the tissues tested exceeds 100 
for Fe,  Mo,  Cd,  Co,  Hg,  V. REEs, U and Re. Such large differences in levels of 
accumulation clearly reflect environmental and biochemical factors. In general, 
the lowest trace element levels were found in muscle and brain tissues, whereas 
liver and kidney contained the highest concentrations, as would be expected. 

The concentrations of  Zn,  Co,  Ni  and Cu in fish liver and muscle obtained in 
this study are comparable to values reported for uncontaminated brown trout in 
southern Norway." Concentrations of Fe,  Zn, Mn  and Cu in the muscle and 
liver of perch are also similar to those reported for Antarctic cod (Notothenia 
eoriiceps) by Marquez et al.,' 8  except for the Fe concentration in muscle tissue, 
which was slightly lower. In both the present study and that of Marquez et al.,18  
the mineral levels in muscle were significantly lower than in liver. Therefore the 
results of Table 4 exhibit broad agreement with other recent studies, lending 
further credibility to the accuracy of the methods employed here. Despite the 
apparent inter-species consistencies observed in the concentrations of numerous 
elements in specific organs, large variations often occur, particularly at trace 
levels, as exemplified by the data shown in Fig. 2. 
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Fig. 2 Variations in (a)  Sb,  (b)  Pb,  (c) Ag  and  (d) Cd  concentrations in liver samples from 
human adults,41  infants,22  squid," perch and rabbit (present study). 
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Comparing mean concentrations reported for  Ag,  Sb,  Cd  and Pb in liver from 
humans (adults4I  and infants22), squid,I7  perch and rabbit (present study), reveals 
differences of up to four orders of magnitude. This raises questions concerning 
the suitability of currently available reference materials for method validation 
purposes. For example, the certified concentration of  Ag  in SRM 1577a Bovine 
Liver is 40±10  ng 	exceeding that present in rabbit liver by a factor of 500. 
Thus the generally accepted requirement that reference materials should have 
very similar composition to the samples, with respect to the matrix and analyte 
concentrations,42  is clearly violated. 

Detection capability and sample size considerations 
The results presented in Table 4 were obtained using approximately 1  g  wet 
weight of tissue. Even with this large sample size, 10 elements (As,  Ni,  V, Be,  
Sc,  Ge,  Au, Re, Pt and  Ir)  in some tissues were found to be below the MLODs. 
If sample size is not a limiting factor, reducing the water content in tissues by 
freeze drying22,24,25 can improve MLODs by factor 5-10. Apart from being very 
time consuming, this approach will result in total concentrations of major 
inorganic elements in measurement solutions approaching 0.1% dissolved 
solids, which may cause non-spectral interference effects in measurement by 
ICP-SFMS. However, this level of dissolved solids should not pose any 
limitations for ICP-OES. 

For some applications, such as the analysis of biopsy samples of human 
origin or tissues from small animals, the available amount of sample can be 
significantly lower.23  This may seriously affect the detection capability of the 
method. It should be noted that, by using low-volume PFA digestion vessels 
(e.g., ACV-50), it is possible to use less HNO3  (2  ml  instead of 5  ml  for ACV-
125) and accordingly reduce the sample mass to 0.4  g  without affecting the final 
dilution factor for digests. As both the cleaning procedure and the sampling 
handling are independent of vessel volume, and the sample to acid ratio is the 
same, no deterioration in MLODs should be expected. Further decreases in 
sample size will result in higher final dilution factors, and consequently higher 
MLODs. Assuming 40 mg of brain or muscle, i.e., tissues with generally lowest 
trace and ultra-trace element concentrations among the matrices tested, is 
available for analysis, 22 elements will still be detected  (P, K,  S,  Na,  Cl,  Mg, 
Ca, Fe,  Zn,  Rb, Cu, Br,  Mn,  Sr,  Mo,  Cd,  Pb, I, Cs, Tl,  Ag  and Lu). Decreases in 
sample size to 1 mg will shorten the list to just eight elements  (P, K,  S,  Na,  Mg, 
Fe,  Zn  and Rb). If only such small amounts of tissue are available, two 
approaches can be used in order improve detection capabilities: micro inserts 
that can be placed inside  MW  digestion vessels allowing lower minimum 
volumes of FIN03  to be used23  and evaporation of the HNO3  digest prior to final 
dilution. Neither of these approaches was tested during this study. 
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CONCLUSIONS 

The full use of the  multi-element  capabilities, wide dynamic range and high 
mass resolution of ICP-SFMS can be exploited in the characterization of soft 
tissues.  MW-assisted digestion with FIN03  provides effective and clean sample 
preparation for all matrices tested. By handling the samples in clean laboratory 
areas, using water and reagents of the highest purity available, as well as 
applying thorough cleaning procedures for all laboratory ware, sub-ng  g-1  
MLODs can be obtained for the majority of analytes. However, these MLODs 
are limited by instrumental sensitivity for only a few elements, suggesting that 
further efforts aimed at clean sample preparation are desirable. 

Accuracy was assessed for 34 elements and, for at least 30 of these, good 
agreement was found with certified or recommended values for three reference 
materials. This high level of accuracy is especially encouraging taking into 
account the fact that, of 31 elements determined by ICP-SFMS during a recent 
study on the characterization of human brain tissue,25  results for only eight  (Cd,  
Co, Cu, Fe,  Mn,  Rb, V and  Zn)  were deemed to be of satisfactory quality. The 
criteria of judgment used in the latter report are unclear, as found concentrations 
for  Cd  and  Zn  in SRM 1577b Bovine Liver differed from certified values by 
more than 30%. Based on the results of the present study and information from 
the certificate, DORM-2 can hardly be recommended as suitable reference 
material in accuracy assessment for Al, Fe, Cr,  Ni,  Mn  and Co in tissues. The 
presence of stainless steel debris in this material will result in apparently lower 
analyte recoveries than for uncontaminated fish muscle. Comparison between 
ICP-SFMS and ICP-OES results shows that a) the former technique can provide 
data of comparable quality for major elements and  b)  for elements present in 
tissues at sub-tig  g-1  levels, ICP-OES results should be treated with caution. 

Though 58 out of 68 tested analytes were found at concentrations above the 
corresponding MLODs in all matrices under investigation, alternative sample 
preparation routines should be considered in order to maintain such wide 
element coverage for mg-size tissues. 
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BRIEF: Analyses of human whole blood, hair and deciduous teeth, as well as 
bovine muscle and liver, have demonstrated that the  Zn  pool in living organisms 
exhibits isotopic fractionation between body compartments. 

ABSTRACT 

Variations in the isotopic composition of  Zn  present in various biological materials 
were determined using high-resolution multi-collector inductively coupled plasma 
mass spectrometry (MC-ICP-MS), following digestion and purification by anion 
exchange chromatography. To correct for differences in instrumental mass 
discrimination effects between samples and standards, Cu was employed as an 
elemental spike. Complementary analyses of  Zn  separates by sector field ICP-MS 
instruments revealed that the concentrations of the majority of Potentially 
interfering elements were reduced to negligible levels. Residual spectral 
interferences resulting from 35  016 

 0 2+ 40Ar14N,± and 40Ar14N16.-..+ u could be 
instrumentally-resolved from the 67Zn, 68Zn and 70Zn ion beams, respectively, 
during measurement by MC-ICP-MS. The only other observed interference in the 
Cu and  Zn  mass range that could not be effectively eliminated by high-resolution 
multi-collection resulted from 35C12' , necessitating modification of the sample 
preparation procedure to allow accurate 76Zn detection. Complete duplication of the 
entire analytical procedure for human whole blood and hair, as well as bovine liver 
and muscle, provided an external reproducibility of 0.05-0.12%0 (2 s) for measured 
866/64z

n, 
 867/64Zn and 568/64Zn-values, demonstrating the utility of the method for the 

precise isotopic analysis of  Zn  in biological materials. Relative to the selected  Zn  
66/64

zn 
 isotopic standard, 8 	-values for biological samples varied from -0.60%0 in 

human hair to +0.56%o in human whole blood, identifying the former material as 
the isotopically-lightest  Zn  source found in nature to date. 



INTRODUCTION 

Zinc is the second most abundant trace element in the human body' and, in varying 
amounts, strongly influences the function of the brain, reproduction,2  and the 
immune system.3'4  The total  Zn  content in man is about 2-3  g,  with the largest 
fractions being found in muscle tissue, skeleton and liver.' Due to variations in the 
exchange rate of the element,3  as well as the lack of a specialized storage system' 
and reliable indicators of  Zn  status,3  investigations often encompass various sample 
matrices, e.g., body fluids,3'6-14  faeces,3,9,10,12,13,15,16 tissues,17-19  and, in certain cases, 
hair,io,20,21 and teeth.22'23  Body fluids reflect the elemental level at the time of 
sampling and are readily acquired, transported and handled, whereas long-term 
effects can be investigated by analysis of target organs, although, with the 
exception of urine, such materials demand invasive sampling techniques.I5  Hair 
presents an archive of exposure over time:7  but strict sample handling is of vital 
importance due to the risk for exogenous contamination by deposition on the hair 
strands.2°  The concentration of  Zn  in teeth has been shown to be unaffected by 
diagenesis, and hence may be a useful tool in archaeological research.22'23  

The complexity and variability of biological matrices, often with high organic 
contents and elevated levels of inorganic salts, poses challenges to be overcome 
concerning sample preparation and analysis.16  Over the last two decades, 
inductively coupled plasma mass spectrometry (ICP-MS) has risen to meet these 
challenges, providing information concerning nutritional status,3'7'9'1°'12'13'15  
reference concentration ranges11,21  and diseases18  related to  Zn.  It must be borne in 
mind that, despite having five stable isotopes, all are potentially affected by 
spectral interferences originating from the sample matrix and preparation steps, as 
well as the plasma and atmospheric gases, causing overlaps by isobaric species, 

- polyatomics and doubly-charged ions.610,15,16,24,25  Having a high ionization 
potential,  Zn  is also particularly susceptible to suppression or enhancement of the 
ion signal caused by the high levels of proteins and salts typically present in 
biological samples.I6  Thus care must be taken during sample preparation and 
analysis to ensure the integrity of the data obtained. This is of particular concern in 

367910121315 tracer experiments, " " " where at least two  Zn  isotopes must be amenable to 
interference-free measurement, using chemical separation techniques,73"2'13  high 
mass-resolution6'9'1°'15  and mathematical correction.9  

During a short period of time, multi-collector (MC-) ICP-MS has unleashed new 
possibilities for exploring  Zn  isotopic variations in biological matrices.15  '- 76-28 

Nevertheless, the number of high-precision analyses of  Zn  isotopic composition 
remains limited, presumably a direct consequence of spectral interference 
problems. 
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The aim of the work described here was to assess natural  Zn  isotopic variations in 
biological materials using high mass-resolution MC-ICP-MS. For future 
comparability and traceability purposes, several reference materials currently 
available in the laboratory have been included in the suite of samples analyzed. 

EXPERIMENTAL SECTION 

Instrumentation 
Prior to the  Zn  isotope ratio measurements, elemental concentrations and potential 
interferents were determined using two single-collector types of sector field (ICP-
SFMS) instrument (Element and Element 2, Thermo Electron, Bremen, Germany). 
General operating parameters can be found elsewhere,29  although additional 
measurements of 136Ba and 140Ce in low resolution and 27AI, 28Si, 35C1, 47Ti, 51V and 
73Ge in medium resolution were included in this study. 

The high resolution MC-ICP-MS instrument employed was the Neptune from 
Thermo Electron, as described in detail by Weyer and Schwieters,3°  relevant 
instrumental operating conditions being summarized in Table I. Isotope ratio 
measurements were performed using the medium resolution entrance slit and with 
the guard electrode activated to maximize ion transmission efficiency. The Faraday 
cup array was configured as follows: 63Cu (L3); 64Zn (L2); 65Cu (L1); 66Zn (centre); 
67Zn (H1); 68Zn (H2) and 70Zn (H3). 

Table I. Instrumental Operating Conditions for the Neptune 

Forward power 	 1300 W 
Accelerating voltage 	-10 kV 
Sample cone 	 nickel, 1.1 mm orifice diameter 
Skimmer cone 	 nickel, 0.8 mm orifice diameter 
Coolant 	 16 L of  Ar  min-1  
Auxiliary 	 0.70 L of  Ar  min-1  
Nebulizer 	 —1.2 L of  Ar  min-1  (optimized daily) 
Magnet setting 	 65.88-65.89 u (central cup; optimized daily) 
Sample uptake rate 	 —100 pit min-1  

3 



Before every measurement session, baseline and amplifier gain calibration 
procedures were performed. Analysis of samples and standards consisted of nine 
blocks of five cycles each, with an integration time of 4.194 s per cycle. All 
samples and standards were analyzed in duplicate (or triplicate) in a sequence of 
isotopic standard, three samples, isotopic standard, and so on. Blank measurements 
were also interspersed in the sequence at regular intervals. Contamination between 
the samples was avoided by five minutes of aspiration of the sample solution before 
initiating data collection. An in-built 2 a outlier test was applied to all blocks and 
cycles. 

Reagents and samples 
The sample preparation was performed by using analytical-reagent grade nitric acid 
(65 %, Merck, Darmstadt, Germany) additionally purified by sub-boiling 
distillation in a quartz still. Hydrochloric acid of suprapure grade (40 %, Merck), 
analytical grade hydrogen peroxide (30%, Merck) and Milli-Q  water (Millipore 
Milli-Q,  Bedford, USA) were used without further purification. For the anion-
exchange procedure, Dowex 1X8, cr form, 100-200 mesh (Fluka,  Steinheim,  
Switzerland) was used. Calibration and internal standard solutions were obtained 
by diluting single-element standard solutions  (SPEX  Plasma Standards, Edison, NJ, 
USA). As isotopic reference,  Zn  metal wire of 99.9985 % purity (metal basis) 
(Puratronic, Alfa Aesar, Johnson Matthey  GmbH,  Karlsruhe, lot: NM00558) was 
utilized. A length of the wire was dissolved in distilled HNO3  and diluted to yield a  
Zn  concentration of 1  g  r' in a 0.17 M HNO3  matrix. This solution, hereafter 
denoted JMC  Zn,  was employed as the isotopic standard, adopting the abundances 
determined by Tanimizu et al.31  

Seronorm Trace Elements, Whole Blood samples were obtained from SERO  A/S, 
Asker,  Norway (Batch no. OK 0336, MR9067 and 404108). Standard reference 
materials (SRMs) Bovine liver 1577a and Bovine muscle 8414 were purchased 
from the National Institute of Standards and Technology  (NIST,  Gaithersburg, MD, 
USA). The certified reference material GBW07601 Human hair powder was from 
the Institute of Geophysical and Geochemical Exploration  (Langfang,  China). By 
using stainless steel scissors, scalp hair samples were collected from subjects aged 
between 5 and 42 years of age, living in  Luleå,  Sweden. 

Sample digestion 
Reconstitution of the freeze dried blood samples was performed in the original 
bottles by addition of 5  ml  of Milli-Q  water followed by gently (occasionally) 
mixing during 20 minutes. 2  ml  aliquots of the blood solutions and equal volumes 
of 16.7 M HNO3  were than added to 50  ml,  acid-washed polyethylene tubes 
(Sarstedt, Nümbrecht, Germany). For the bovine liver material, 100 mg was added 
together with 2  ml  of Milli-Q  water and 2  ml  16.7 M HNO3  to similar tubes. 
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Digestion of the materials in open tubes was performed in a microwave oven 
(MARS-5 CEM, Matthews, MC, USA) at 110°C and a power of 1200 W (ramp 
time 30 min, hold time 45 min). 

Digestion of the bovine muscle sample was accomplished by addition of 0.5  g  of 
the reference material, 5  ml  16.7 M HNO3  and 0.5  ml  30% 11202  to 
perfluoroalkoxy-lined closed vessels, and heating in the microwave oven at a 
power of 600 W (50%, 60 min). Afterwards, the solutions were diluted to 10  ml  
with Milli-Q  water and a 2  ml  aliquot of the final solution was taken for the anion 
exchange procedure. 

Hair samples of 50-1000 mg were digested with 2 to 40  ml  16.7 M HNO3  in 
Teflon beakers on a hot plate until no further reaction was visible. Two deciduous 
tooth samples were rinsed by shaking with 0.1 M HNO3, and then dissolved using 2  
ml  16.7 M HNO3  in pre-cleaned 12  ml  auto-sampler tubes while heating in a water 
bath. 

Anion exchange procedure 
With minor adjustments, the anion exchange procedure closely following that 
employed by Mar&hal et al.26  First, all samples were evaporated to almost dryness 
in Teflon beakers on a hot plate. The remains were than dissolved in 1  ml  of 7 M  
Hd,  taken to almost dryness again, and re-dissolved in 2  ml  of 7 M  Hd.  An 
aliquot (100  til)  was taken for concentration determination. Anion exchange 
columns were prepared from 5  ml  disposable pipette tips, loaded with 1.1  ml  of 
resin, held in place with small plugs of quartz wool, which were than cleaned three 
times using 7  ml  of 0.5 M HNO3  and 2  ml  Milli-Q  water. Six  ml  of 7 M HC1 was 
used for regeneration of the resin, before addition of the samples plus a 1  ml  7 M 
HC1 rinsing volume of the beakers. Matrix elements were eluted using 10  ml  7 M  
Hd,  and Fe by 15  ml  2 M  Hd.  Four  ml  of 0.5 M 1-IN03  was then added to rinse 
the column before eluting  Zn  in a further 12  ml  of 0.5 M 1-1NO3. With the exception 
of two samples (a low concentration hair sample and one whole blood reference 
material), which were evaporated twice and re-dissolved in 0.5 M HNO3  after 
elution, all samples were directly diluted for isotopic analysis after concentration 
determination by ICP-SFMS. For the reproducibility assessment, most sample 
preparations and blanks were performed at least in duplicate. 
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Isotope ratio determination 
Prior to the isotope ratio measurements, samples and standards were diluted to 0.5 - 
1 mg 1-1  Zn  and spiked with 0.5 -1 mg Cu in a sample matrix of 0.5 M HNO3. 
Results for the isotopic analyses of the separated  Zn  fractions are expressed in 
customary 8-notation, i.e., 

Sx"'Zn [  (
x  Zn/64 Zn).  

(x  Zn/ 64 ZnLandard  
'le  1 1000%o 	 ) 

where the isotope ratios have been corrected for procedural blanks and instrumental 
mass discrimination using admixed Cu25  in combination with the exponential 
model as advocated by Woodhead32. The aforementioned solution of JMC  Zn  
served as standard, assuming the isotopic abundances determined by Tanimizu et 
al. 31  using the double-spiking technique applied to MC-ICP-MS. The isotopic 
composition of the Cu spike is traceable to  NIST  Cu standard SRM 976.33  

RESULTS AND DISCUSSION 

Efficiency of anion exchange chromatography 
Although chemical separation of  Zn  from natural samples using anion exchange 
chromatography has been widely applied,7,10-13, 26-28,34 detailed investigations of the 
efficiency of removal of potentially interfering elements are still lacking. Due to the 
plethora of species that may spectrally interfere with  Zn  isotope measurements by 
MC-ICP-MS,25  such a study is clearly warranted. As may be implied from the 
results of Table 2, the concentrations of the majority of the major elements 
remaining in the  Zn  fractions for isotopic analysis were substantially reduced by 
the anion exchange purification procedure. Nevertheless, high concentrations of  Cl  
(up to —2.5 mg 11 ) were persistently found, despite discarding the first 4  ml  0.5 M 
HNO3  as column rinse prior to collecting the bulk of the  Zn.  The concentration of  
Cl  was irreproducible, varying by a factor of —30, and obviously originated from 
the HCI solutions utilized in earlier stages of the separation procedure. Considering 
the elemental concentrations, isotopic abundances and probable formation 
efficiencies of the (unspecified) polyatomic ions in Table 2,  Cl  is the only one 
judged to present any potentially significant source of spectral interferences in the 
measurement of  Zn  (and Cu, by way of its' use for mass discrimination correction) 
in biological materials by MC-ICP-MS. This is discussed in more detail below. 

The presence of isobaric interferences is a serious concern, but  Ge  was not 
present in detectable concentrations in any sample, either before or after ion 
exchange.  Ni,  on the other hand, could be observed in the  Zn  fractions, albeit at 
very low concentrations (Table 2). 
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Table 2. Concentration Ranges of Potential Interferents in Biological Materials Before and After 
Anion Exchange' 

Concentration range/ng g-1  

before 	after 

Concentration range/ng 

before 	after 

Cu 590-158000 0.02-2 Isobars 

Poly-
atomics  Ni  0.6-1600 0.3 ±0.7 

1.1.105- 
Ca 

2.9-106  
5-140  Geh  <2.2-15 <0.03 

Cr <0.1-527 0.1-0.7 
Doubly-
charged 

Cl"  
1.3.106- 
2.7.10 7  

8.2 -104- 
2.4-10'  Ba  16-1920' 0.8-2.8 

Fe 
4.9-103- 
6.14.10 5  

1-6  Ce  6-164' 0.02-0.05 

Ga"  0.8-6.7 <0.3  Argides  

1.02.105- 
P 

1.11.107  
0.4-26 Al <5-25600 2.2-35 

Sh  7.95.106 
7  5.5-10 	

- 
<10 Mg 8.5.103-9.6-105  8-30 

Ti <0.17-2710 0.3-1.3  Na  1.7.104-2.4-106  <3-39 

V <0.012-134 0.03-0.4 Si 1.103-1.3.105  20-260 

a  Data have been taken from certificates of analysis for the reference materials studied and 
from the literature;" concentrations before anion exchange do not include data for teeth. The 
identities of the actual species that may interfere have been summarized by Mason et al 25  b  
Range for hair samples only. `• Lower end of the range is probably biased by contamination from 
blood sampling utensils.8  

Correction for  Ni,  as well as  Zn  contamination from reagents and sample handling, 
was found to be most efficaciously performed using blanks prepared in parallel 
with all batches of samples. It should be realized that, because all isotope ratios 
were measured relative to 64Zn, any error in correction for 64Ni would result in a 
constant shift in all s-values calculated according to eq. 1. 

7 



Previous studies have revealed substantial ranges in  Ba  and Ce concentrations in 
whole blood (16-363 fig 	and 6-113 pg 	respectively, although contamination 
problems with the sampling vessels were noted)8  and human hair (0.16-1.92 1.1g g-1  
and 7-164  ng  g-',  respectively).21  As these elements readily form doubly-charged 
ions in the ICP35  that appear in the mass spectral window incorporating the  Zn  and 
Cu isotopes, the efficiency of their removal by anion exchange chromatography 
was of interest. As seen in Table 2, only minor amounts of  Ba  and Ce remained, 
insufficient to affect the accuracies of determined isotope ratios even considering 
the elevated levels of doubly-charged ion formation typically encountered when 
using the guard electrode.36  

Of the argide-forming interferents,25  Si was most abundant (<260 jig 1-1), followed 
by  Na  (<39 jig 1-'), Al (<35 fig 1-') and Mg (<30 lag 1-'). (Note that Si and Al are 
most likely derived from the quartz wool plugs in the columns, rather than from the 
biological materials themselves.) Given the low elemental concentrations and the 
low probabilities of argide formation,37  these species will not present any 
significant problems. 

Data for Cu are also included in Table 2, since this element was employed to 
facilitate correction for instrumental mass discrimination. For the anion exchange 
material used in this work, most of the Cu is stripped from the column during the 
sample loading26  and matrix elution phases of operation. The minor concentrations 
determined in the  Zn  fraction may therefore represent contamination during the 
latter stages of sample preparation. The Cu recovered was insufficient to perform 
any reliable isotopic determinations; at the same time any significant, between-
sample alteration of the Cu isotope ratio used in the mass discrimination correction 
calculations is deemed unlikely. 

Other than the need to isolate  Zn  from potential interferents in the subsequent 
isotopic analysis by MC-ICP-MS, the separation should preferably provide a high 
chemical yield to prevent on-column, isotope-fractionation effects.38  Nevertheless, 
Mar&hal and Albar&le38  demonstrated that the elution of  Zn  (and Cu) using 0.5 M 
HNO3  resulted in negligible isotopic fractionation, and therefore the demands for 
quantitative recovery can probably be relaxed. For the anion exchange system 
adopted here, an average  Zn  recovery of 96 ± 4%  (n  = 30) over all biological 
materials studied was achieved, and so any fractionation effects observed can be 
completely ascribed to the samples. 

This assertion was further confirmed by the fact that no fractionation could be 
found for aliquots of the JMC  Zn  standard that undergone the complete sample 
preparation procedure, within analytical uncertainty. 

8 



Spectral interferences 
To investigate the possible occurrence of residual spectral interferences on the  Zn  
and Cu isotopes after anion exchange, high resolution scans  (R  — 8000; calculated 
as the full width of the peak at 5% of the maximum) were performed using an 
Element 2 ICP-SFMS instrument. The latter is equipped with an identical interface 
to that used in the Neptune,39  which should result in comparable levels of 
interferences. Neither of the Cu isotopes was found to suffer from spectral 
interferences, as exemplified by the mass scan in the region of 65Cu for a sample of 
SRM 1577a Bovine liver in Fig. 1(a). Worth noting is the absence of any 
measurable 64Znfl+  formation, which Mason et al.25  observed using an Axiom MC-
ICP-MS instrument and solution nebulization. 

The most abundant S-containing species, 32S2+  and 32s1607+, which require  mass-
resolutions  of —4300 and —2000, respectively, have often been considered major 
hinders for 64Zn measurement by quadrupole-based ICP-MS instruments in a 
number of studies concerning human biological samples.83°  However, no 
conclusive evidence for the presence of any S-containing polyatomics was found, 
consistent with the lack of measurable concentrations of S following anion 
exchange separation (Table 2). 

Two polyatomic species, 35C1160/+  and 46Ar141\11+, which proved to be readily 
resolved by the Neptune operating at medium-resolution, were identified in the 
mass scans of 67Zn and 68Zn, respectively, see Fig. 1(b,c). These potential problems 
for isotopic measurements in low resolution, have been discussed by Muftiz et al.,6  
in connection with the isotope dilution analysis of diluted serum, and by Stürup9  in 
the context of the potential of ICP-SFMS for  Zn  isotope ratio measurements in 
metabolic studies. As also seen in Fig. 1(c), 68Zn was further affected by a minor 
interferent, tentatively ascribed to 46Ar28Si+, which would require a mass-resolution 
of —4700. Integrating the "peak" in the mass window 67.945-67.965 u and 
comparing with the area under the 68Zn+  signal suggests that this interferent will 
cause a maximum bias of 0.06%0 for any calculated 568/64Zn-value (an average 
value of 0.03%o for six samples studied on Element 2 was obtained), and thus can 
be considered negligible. 
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Figure I. High-resolution mass scans in the regions of the (a) 65Cu,  (b)  67Zn and  (c)  68Zn isotopes 
for a sample of SRM 1577a Bovine liver after ion exchange separation and spiking with Cu to 0.5 
mg 1-1, performed on the Element 2. The solid lines are referred to the scale-expanded, right-hand 
axes, the dotted lines to the left-hand axes. The interfering peaks centered at —66.96 u in  (b)  and 
at —67.97 u in  (c)  are assigned to 35C11600+  and 40Ar14N2+, respectively, on the basis of their exact 
masses. 
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The only isotope that proved to be significantly disturbed by spectral interferences 
was the least abundant isotope, 70Zn. Following calculation of 8-values (further 
discussed below), it became apparent that all data for 870164Zn exhibited positive 
bias, defined as excess 870/64Zn 

z-,,,  
(870/64 7„ 

Jexcess 
 (8 	

z-,1  I 
70/64 7_ \  

/measured 
2 

7 70  -  X   j 	3C/64 .1  
1 	11.) .0 	L-'measured 

To elucidate the origins of this bias, clues were sought in the high-resolutions 
scans acquired using Element 2, results for a bovine liver sample being shown in 
Fig. 2(a). Two interfering species are apparent on the high mass side of the 70Zn+  
peak, identified as 35C12±  and 40Ari4N16,-.+  on the basis of their exact masses. These 
polyatomic ions require mass resolutions of -5650 and -2000, respectively. The 
interference from the ArN0+  is readily resolved using the medium-resolution 
setting on the Neptune, as seen by the pronounced step in the mass scan, 
commencing at -69.90 u, in Fig. 2(a).  
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Figure 2. Effect of interfering peaks on the measurement of the 70Zn isotope. (a) A scale-
expanded (right-hand axis), high-resolution scan of the  Zn  cut from the ion exchange separation 
of SRM 1577a Bovine liver acquired using the Element 2 (solid line) reveals the presence of 
35C12+  (exact mass 69.93771 u) and 40AI-141\1' 60 (69.96006 u). Simulated (dotted line) and 
experimental (thick solid line) medium-resolution scans for the same sample using the Neptune 
(left-hand axis). The simulated scan was obtained simply by applying a moving average filter 
type of calculation to the data from the Element 2.  (b)  Correlation between the excess in the 
measured 870-value, eq 2, and the concentration of  Cl  (Cci) remaining in the  Zn  cut after ion 
exchange separation. Uncertainty bars are 95% confidence intervals; the equation of the line, 
weighted with respect to both variables, is 070/647_, ve,„„s  = (-0.06 ± 0.18) + (0.00137 ± 
0.00012) Co  with uncertainties expressed as 95% confidence limits. 
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For the instrumental conditions employed, the "pseudo-resolution" was —7000, 
calculated from the mass difference between the points where the intensity on the 
leading edge of the peak changes from 5% to 95% of the maximum.30  However, as 
pointed out by Vanhaecke and Moens,4°  the resolution calculated in this fashion 
exceeds that obtained from the traditional approach, i.e., the full width of the peak 
at 5% of the maximum, by more than a factor of two. Consequently, the 35C12+  
interferent remains unresolved from "Zn in medium resolution operation of the 
Neptune. This is perhaps best illustrated by the simulated medium-resolution scan 
plotted in Fig. 2(a), obtained by applying a moving average filter to the high-
resolution data acquired on the Element 2. Two steps in the simulated scan can be 
clearly discerned, and, because of tailing of the 35C11+  signal, no interference-free 
plateau is actually available for the measurement of the  "Zn  isotope. 

In Fig. 2(b), excess 570164Z11 is plotted as a function of the  Cl  concentration, 
determined by ICP-SFMS (Element), remaining in the  Zn  cuts from the ion 
exchange chromatography, confirming the origin of the interference. As the  Cl  
concentration varies dramatically, blank subtraction will not correct for this 
interference. Modifications of the sample preparation procedure would be required 
to limit the concentration of residual  Cl  to approximately 40 mg  ri  in order to 
reduce the error in measured 870/64Zn-values to below 0.05%0, as estimated from the 
regression line drawn in Fig. 2(b). At the same time, it must be realized that any 
such measures would increase both the risk for contamination and the complexity 
of the sample preparation. To test whether modification of the sample preparation 
protocol would prove beneficial, a single  Zn  separate from a whole blood sample 
(Seronorm lot MR9067) was twice evaporated to dryness and dissolved in 0.5 M 
HNO3. The 870/64Zn-value determined for the resulting solution was then found to 
be consistent with the corresponding data for the other isotope ratios, i.e., 
(870/64—n  )exce„ calculated from eq 2 was zero to within the experimental uncertainty. 

It should be mentioned that, while medium-resolution operation entails a fivefold 
loss in ion beam intensities, the use of the guard electrode, and the inherently 
efficient ion transmission capabilities of the Neptune, still yield highly-competitive 
sensitivities. Typically, the sensitivity was 50 pA per mg 	for 64Zn at medium 
mass-resolution, which can be compared with values of 20, 25 and 80 pA per mg 11  
for the Nu Plasma 500,3' the VG Plasma 5426  and the VG Axiom,25  respectively, all 
measured in low resolution. Instrumental mass discrimination was observed at a 
level of 2.0% u-1  in the  Zn  mass region during the course of this work, which also 
compares favorably with 3.5% If' for a Nu Plasma 500. Using the current method, 
500  ng  of  Zn  is the minimum sample requirement for duplicate measurements, 
which is at least an order of magnitude less than the amount of material necessary 
for a single analysis by thermal ionization MS.41  
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Zn  concentration and isotope ratio measurement. 
Data for the materials analyzed in this work are listed in Table 3, and show that the  
Zn  concentrations in the human hair (GBW 07601), bovine muscle (SRM 8414) 
and bovine liver (SRM 1577a) digests are concordant with the certified values. 
Previous ICP-SFMS studies have demonstrated that accurate results for  Zn,  as well 
as a host of other elements, in blood and hair matrices can be routinely obtained 
using the sample digestion methods applied in the present study.14,20 The 
concentrations for the hair and blood samples are also consistent with currently 
accepted normal ranges. 

As the preparation of samples for isotopic measurement by MC-ICP-MS is time 
consuming and labor intensive, replication is undesirable in routine applications. 
Efforts were therefore made to establish the magnitudes of the sources of 
uncertainty involved in  Zn  isotope measurement in biological materials. Using a 
nested experimental design, comprising triplicate analyses of each of two  Zn  
separates, allows the random uncertainty contributions from sample preparation 
and isotopic measurements to be estimated by analysis of variance.42'43  As seen by 
the complete data set for 566/64Zn given in Table 3, sample preparation is generally 
the major contributing factor to the uncertainty, as might be expected. For two 
other ratios, i.e., 867/64Z11 and 868164Zn, the pooled estimates of the uncertainty 
contributions from sample preparation and measurement are comparable, perhaps 
reflecting the loss in precision accompanying the monitoring of the less abundant 
67Zn and 68Zn isotopes. 

Figure 3 depicts three-isotope plots for all samples analyzed, showing that the 
data define a single, mass-dependent fractionation line.44  

As single aliquots of most of the whole blood and hair samples, as well as both 
teeth, were prepared for analysis (duplicate preparations of the three Seronorm 
materials and one hair sample being the exceptions), the pooled estimates of the 
sample preparation variances from Table 3 were factored into the uncertainty 
calculations for 866/64ZI1 and 868164ZI1 before performing linear regression analysis. 
Data for 867/64ZI1 (not shown) were also consistent with the expected mass-
dependent trend, yielding the linear relationship 867/64zn (0.005 ± 0.019) + (1.436 

0.053).866/64Zn with uncertainties expressed as 95% confidence limits. The slopes 
of the three-isotope plots for 867/64 (1.436 ± 0.053) and 868/64Z11 (1.987 ± 0.072; 
see legend to Fig. 3) versus $566  are within experimental error of the theoretical, 
mass-dependent slopes of —1.48 and —1.96, respectively. These data suggest that all 
possible spectral interferences on the four major  Zn  isotopes have been effectively 
corrected. 
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Figure 3. Three-isotope plots of 8-values measured for biological samples: (a) Seronorm whole 
blood (open triangles); whole blood (filled triangles); SRM 1577a Bovine liver (open circle); 
SRM 8414 Bovine muscle (open square); GBW 07601 Human hair (filled circle); human hair 
(filled diamond); deciduous teeth (open diamonds); and  (b)  human hair (filled diamonds). 
Uncertainty bars are ± 2 s. The line through the data points is the best fit, least squares 
relationship weighted using the uncertainties in both variables, as described by Young et al.44; the 
equation of the line in panels (a) and  (b)  is 868/64zn = (0.001 ± 0.025) + (1.987 ± 0.072) 866/64zn 

with uncertainties expressed as 95% confidence limits. 

The results show only minor variations in the 8-values between the three batches of 
Seronorm (Table 3 and open triangles in Fig. 3) compared to the larger spread in 
the individual fresh whole blood samples (filled triangles, Fig. 3), with 866/64Zn 
ranging from 0.15%0 to 0.56%0. (Note that the Seronorm samples are prepared from 
pooled whole blood from Scandinavian donors, each batch being collected at 
different times.) To our knowledge, only two comparable isotopic determinations 
of  Zn  have been performed previously, Mar&hal et al. reporting a 866"64Zn-value of 
0.41%o in a blood sample of unspecified origin26  and Ohno et al. obtaining a 
866/64Zn-value of 0.4%0 in red blood cells,27  both relative to (different) JMC  Zn  
standards. Essentially zero fractionation was observed for the SRM 1577a Bovine 
liver sample, comparable with the natural abundances of  Zn  determined by Ingle et 
al. 15  in a similar material, SRM 1577b. It must be emphasized that the latter 
comparison is clouded somewhat, not only by analysis of different generations of 
bovine liver, but also by the fact that the precision reported by Ingle et al. 15  was at 
1%0 level and is therefore of the same order as the entire range of variation seen in 
the biological samples studied here (Fig. 3). Nonetheless, the present data are 
certainly consistent with findings in the recent literature:5'26'27  which is the best 
indication of the accuracy of the developed method available at the present time. 
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Table 3.  Zn 

 Concentrations and 566/64Zn-values for Biological Materials' 

 
Zn 

 concentration 

Pound 

Sample 

Bovine muscle SRM 8414 

Bovine liver SRM 1577a 

Whole blood /ot 
40 	

(Pg 

4108 Ong 1 
Whole blood lot MR9067 (mg 

Whole blood lot 
OK0336 (mg 

1-Hurnan hair (pg g-1) 

Human hair G/3W 
0760/ (pg  e)  

666/64zn 
()(30) 

0.50k 0.031 

0.04 0.016 

4.78h 	0.30 0.014 

4.78" 	
0.34 

0.009 

0.31 £. 0.016 

—0.46 0.040 190 Æ.5 

0.07 0.027  

Uncertainty 
component 

Spreparahon (54 
0.028 

0.015 

0.010 

0.005 

0.011 

0.040 

Certified  g e) 
 140 £6 

14 g_1) 	 142
129 t. 3 

123 8 -1) 	
4.8 0.3 

1-5 
4.7 0.3 

178 6 

/87 10( 

smeasti„inent (%0) 
0.012 

0.004 

0.009 

0.007 

0.011 

0.004 

Pooled s 

66/64zn (%0) 

4367/64zn 
(,60) 

68/64zn 060) 

a Concentrations were 

determined using 
1CP-SFMS 

(Element) and 666/642n-values by MC-1CP-MS (Neptune). Uncertainties 

separate the uncertainty 

components 

originating from sample preparation and measurement of 

represent 95% 

confidence intervals for certified values or otherwise 

one 

standard deviation (1 s). Analysis of 

variance 2'43 was used to 

.366/64
4_  

only. Results based 
on 

a single digested test portion. 

values " Information values 

0.022 

0.024 

0.029 

0.009 

0.027 

0.024 



Zinc in the two deciduous teeth samples falls in the range of isotopic compositions 
observed for whole blood (Fig. 3), providing further evidence that the diet does not 
affect  Zn  incorporation.22  The data for freshly-collected human hair showed a 
significant, inverse correlation with subject age  (P  = 0.045), despite the limited 
number of data points  (n  = 8). Of note is the fact that the Chinese human hair 
reference material exhibited slightly, but significantly, positive 8-values (Table 3), 
in contrast to the freshly collected samples with 866/64Zn-values ranging from 
essentially zero to -0.61%o. Further work will be required to ascertain the origins of 
these differences. 

Considering the present results for hair, and the 866/64Zn-value of 0.82%0 for the 
reference material BCR CRM 278 Mussel tissue previously determined by 
Mar6chal et al. ‚26  the total range of natural  Zn  fractionation in biological materials 
detected thus far is of the order of 1.5%0. 

CONCLUSIONS 

Accurate and precise (to the sub-%0 level) measurement of the isotopic composition 
of  Zn  in biological materials by MC-ICP-MS requires preliminary chemical 
purification to reduce most potential spectral interferences to negligible degrees. 
Although the direct analysis of H1NO3-digested samples is feasible in tracer studies, 
where the demands on precision may be less stringent,»' this approach is not to be 
recommended when natural variations in  Zn  isotopic abundances must be 
determined. The presence of numerous elements at natural concentrations in 
biological fluid and tissue digests will greatly impair the accuracy of direct 
measurement, given the propensity for spectral interference formation in the  Zn  
isotope mass-region (Table 2). 

Although anion exchange and appropriate blank subtraction to correct for residual 
isobaric overlap from  Ni  will account for most of the reported spectral 
interferences, problems with certain polyatomic ions persist (Figs. I and 2). Of 
these, the 35c11602+ and 35C12+  interferences on the 67Zn and 70Zn isotopes, 
respectively, can be alleviated by appropriate treatment of the  Zn  cuts from the 
anion exchange chromatography. This leaves 40Ari4N2+ and  40Ar  4N  u the latter 
of which, at least, is primarily derived from the HNO3  matrix and could therefore 
be ameliorated using a desolvating nebulizer.25  However, entrained atmospheric 
gases are also a source of these interferents,25,45 in particular 40Arl4N2+, thus 
preventing their complete elimination. The need for high mass-resolution, multi-
collection is therefore immediately apparent, although this is certainly not the 
solution to all problems, as illustrated by Fig. 2. 
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The combination of anion exchange separation and high-resolution MC-ICP-MS 
allows 866/64Zn, 4567/64Zn and 868/64Zn-values for biological materials to be 
determined with an external reproducibility of 0.05-0.12%0 (2 s) for complete 
procedural replicates. Three-isotope plots show that all data for human blood and 
hair, as well as bovine muscle and liver, define single mass-fractionation lines with 
slopes in agreement with theoretical expectations. This consistency of measured 45-
values, while not absolute proof of accuracy, at least demonstrates that systematic 
errors originating from uncorrected spectral interferences are absent. 

Results for the Seronorm materials (Table 3), which comprise pooled samples 
collected in three different batches, suggest that an average 866/64Zn-value of 0.32 ± 
0.04%0 (2 s) can be assigned as a baseline level for  Zn  fractionation in human 
whole blood, relative to the JMC  Zn  standard.31  Human hair samples, exhibiting 
866/64Zn-values ranging from 0.05 to -0.60%0, demonstrate that the  Zn  pool is 
fractionated between body compartments. Isotope ratio measurements may 
therefore provide a useful tool for further explorations of the  Zn  proteome.46  
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Anion-exchange and precipitation procedures for Fe separation from unspiked human whole blood after 
microwave digestion and ashing decomposition techniques were thoroughly evaluated in terms of Fe recoveries, 
decreases in matrix element concentrations and elimination of interfering species for subsequent Fe isotope 
ratio measurements by multi-collector ICP-MS. During isotope ratio measurements involving 54Fe, 56Fe and 
57Fe, on-line mass discrimination correction using  Ni  isotopes was applied, significantly reducing uncertainties 
both within and between Fe sample runs. Despite Fe recoveries below 100% for all separation procedures 
studied, no artificial isotope fractionation was detected. The degree of Fe fractionation in a commercially 
available, whole blood sample (Trace Elements in Whole Blood, Level I. Sero AS), expressed as 56å ( - 2.83 + 0.06%.) 
and 5-iä (-4.23 + 0.08%.) values relative to IRMM-014 Fe isotopic reference material, agrees well with 
previously published data. Of the tested separation procedures, precipitation using NH3  was found to be the 
most rapid and cost-effective method, yielding high Fe recovery and low levels of concomitant elements. 

Introduction 

Iron was the first minor element discovered to be essential 
for humans, and its important function of governing oxygen 
transport in blood makes it an interesting element to 
investigate. The Fe concentration needs to be maintained in 
the body at a defined level, but according to estimations, ca. 
one-fifth of the world population is affected by iron mainutri-
tion.2  Since the 1950s, adsorption studies with radioactive Fe 
tracers have been used to ascertain the bioavailability of iron,3  
but ethical considerations4  and the development of improved 
analytical methods have resulted in increased interest in its 
four stable isotopes, 54Fe, 56Fe, 57Fe and 58Fe. Unfortunately, 
the requirement for large doses of stable isotope spikes 
increases costs and might lead to unexpected biological 
implications, which could influence the interpretation of the 
data.5'6  Improvements in instrumentation and analytical 
methodology facilitate the use of smaller amounts of stable 
isotope spikes to obtain reliable information about the Fe 
distribution in the human body. 

Recently, results have indicated a natural stable isotope 
fractionation of iron in blood.'" This up to 3%o deviation of 
the 56Fe/54Fe ratio from that observed in a certified Fe isotopic 
reference material demands high accuracy and precision of 
the analysis. Of the two dominating types of mass spectrometry 
(MS) for isotope ratio measurements in heavier elements—
thermal ionization-MS  (TIMS)  and inductively coupled 
plasma-MS (ICP-MS)—the latter is becoming of increasing 
importance.'°  The speed of analysis was one reason behind the 
interest in ICP-MS,6  but the initial expectation of a limited 
requirement for analyte separation and purification of the 
sample when using this technique has not been completely 
fulfilled, especially regarding isotope ratio measurements. 
Accurate and precise measurements of isotope ratios by ICP-
MS are dependent on the minimization of bias associated with  

space charge effects in the plasma, as well as spectral and 
non-spectral interferences." Separation of an analyte from 
the matrix is the preferred approach, potentially allowing an 
increase in the sensitivity during the instrumental measurement 
and a decrease in possible isobaric overlaps. The contribution 
of spectral interferences can also be minimized by using double 
focusing sector field instruments with high mass resolution 
options,6  complemented by more laborious mathematical 
corrections and calibrations than simple internal standardiza-
tion.' 2  The precision of isotope ratio measurements can be 
enhanced by using an instrument capable of high resolution 
and multiple ion beam collection. Alternative means of 
diminishing interferences include dry aerosol sample introduc-
tion," collision cells and instrument operation under cool 
plasma conditions.7-'3  However, these approaches require 
additional components or a comprehensive optimization of 
the instrument. 

A great variety of different schemes for Fe separation from 
blood matrix has been reported in the relevant literature. 
The majority of previous studies on Fe isotope composition 
employed anion exchange procedures for separation of Fe 
from whole blood.4.7.8.15  Walczyk et al.4  have described a 
complicated preparation scheme for Fe isotopic analysis by 
negative ion  TIMS  using repeated ion-exchange separation 
followed by three step liquid-liquid extraction of Fe into 
diethyl ether. Ohno et al. 9  separated Fe from complex organic 
compounds in blood using 4-methyl-2-pentanone. Fujimori 
and co-workers14  applied the heme-iron precipitation techni-
que for determination of rare earth elements in bovine whole 
blood. As a rule, these separation techniques require initial 
mineralization of the whole blood, with microwave digestion 
being almost exclusively used for this purpose.4.7-15  However, 
Bukhave et ai l  6  suggested a simplified method for the deter-
mination of radioactive Fe in whole blood samples using 
a dry-ashing procedure and Fe precipitation. Unfortunately, a 
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comprehensive evaluation of Fe recoveries, the efficiency of 
matrix removal and the amount of potentially interfering 
elements remaining in the measuring solution has not been 
reported in these papers. Knowledge of the aforementioned 
parameters is very important, especially in light of the fact that 
kinetic fractionation of Fe isotopes, of up to 6% in terms of the 
56Fe/54Fe ratio, was observed during sample preparation 
procedures including separations by anion-exchange17'18  and 
precipitation techniques.19  

The purpose of this study was to compare different sample 
preparation procedures in order to find the optimum method 
for the precise Fe isotopic analysis of whole blood by multi-
collector ICP-MS (MC-ICP-MS). A commercially available, 
whole blood control material was employed in this work. 
Although not certified for Fe isotope ratios, the availability of 
this material will permit the results to be transferred to other 
laboratories, and provide a basis for comparison. 

Experimental 

Instrumentation 

The single collector, double-focusing, sector field ICP-MS 
instrument (ICP-SFMS) used in this study was the ELEMENT 
(ThermoFinnigan, Bremen, Germany). Details on the instru-
mental operating conditions are given in Table 1. 

The MC-ICP-MS instrument Neptune (TherrnoFinnigan) 
was used for measurements of Fe isotopic composition. 
Instrumental settings used for the analysis are shown in 
Table 2. The Neptune is equipped with nine Faraday cups and 
one ion counter. The stable introduction system used consisted 
of a tandem quartz spray chamber arrangement (cyclone + 
standard Scott double pass) together with a low-flow PFA 
microconcentric nebulizer. Iron isotope ratio measurements 
were performed using the high resolution setting of the 
entrance slit. This allows straightforward elimination of 
many spectral interferences on Fe and  Ni  isotopes (e.g., 
Ar0+, CaO+, ArN+, CaC+, KO+, etc.) without applying 
'cold' plasma conditions, desolvation of sample aerosols 
or collision/reaction cells.13  However, the separation of 
isobaric overlap from 58Ni and 54Cr on the corresponding Fe 

Table 1 ICP-SFMS instrumental operating conditions and measure-
ment parameters 

Parameters 

Rf power/W 
	

1400 
ICP torch 
	

Fassel torch, 1.5 min id 
Spray chamber 	 Scott-type (double pass), water cooled 
Nebulizer 	 MicroMist AR40-1-F02 
Sampler cone 	 Nickel. 1.1 mm orifice diameter 
Skimmer cone 	 Nickel. 0.8 mm orifice diameter 
Ions lens settings 	 Adjusted to obtain maximum 

signal intensity 

Gas flow rates/1 
Coolant 	 13 
Auxiliary 	 0.85 
Nebulizer 	 0.85-0.92  
Scan type 	 E-Scan 
Acquisition mode 	Counting 
No. of scans 	 12 for each resolution 
Acquisition window (%) 
	

50 in LRM; 120 in MRM 
Search window (%) 
	

50 in LRM; 80 in MRM 
Integration window ("/0) 
	

50 in LRM; 60 in MRM 
Dwell time per sample/ms 	10 in LRM; 20 in MRM 
No. of samples per nuclide 	30 in LRM, 25 in MRM  

Table 2 Instrumental operating conditions and measurement para-
meters for multi-collector ICP-MS 

Parameters 

Rf power/W 
	

1200 
Accelerating voltageN 	 —10000  
Sampler and skimmer cones 	 Ni.  1.1 mm and 0.8 mm 

orifice diameter 

Argon gas flow rates/I min . 
Coolant 
	

16 
Auxiliary 	 0.60 
Nebulizer 	 —1.2 (optimized daily) 

Magnet setting/u 	 57.893 (centre cup) 
Sample uptake rate /µ1 	 30-40 (self aspiration) 

Isotopes 	 "(Fe + Cr), "Fe, "Fe, 
60Ni and 62Ni 

isotopes requires a mass resolution that is unattainable with 
commercially available instruments. Hence, these interferences 
may alter the measured Fe isotope ratios unless appropriate 
chemical separation is applied. Analyses were conducted in 
static mode, monitoring the following mass-to-charge ratios 
with Faraday cups: 54(Fe + Cr), 56(Fe), 57(Fe), 58(Fe -I-  Ni),  
60(Ni) and 62(Ni). Each analysis consisted of 9 blocks of 
data, each block comprising 10 scans of 8 s duration. Baseline 
correction was performed at the beginning of each block. 

For sample digestion a laboratory muffle furnace 
(Termolyne 48000, Termolyne Instruments, Dubuque, USA) 
and a microwave oven (MDS-2000, CEM, Matthews, NC, 
USA) equipped with 12 low-volume perfluoroalkoxy (PFA) 
lined vessels (ACV 50) with safety rupture membranes (maxi-
mum operating pressure 1380 kPa) were used. The centrifuge 
used was a Mega  fuge  1.0, Haraeus Sepatech, Hannover, 
Germany. 

Reagents and samples 

All calibration and internal standard solutions used were 
prepared by diluting single-element standard solutions  (SPEX  
Plasma Standards, Edison, NJ, USA) taking into account 
inter-element compatibility, Normal Fe isotopic reference 
material IRMM-014, provided by the Institute of Reference 
Material and Measurements,  Ged.  Belgium was also used 
during measurements of Fe isotope ratios. Analytical-reagent 
grade nitric acid (Merck, Darmstadt, Germany) was utilized 
after additional purification by sub-boiling distillation in a 
quartz still. Supra-pure grade hydrochloric acid (Baker 
Chemical, Phillipsburg, NJ, USA) and 25% ammonia solution 
(Merck, Darmstadt, Germany) were used as supplied. NaOH 
(Merck, Darmstadt, Germany) was of analytical grade. For 
the preparation of digestion blanks and standards, as well 
as for dilution of treated blood samples, Milli-Q  water 
(Millipore Milli-Q,  Bedford, USA) was additionally purified 
by sub-boiling distillation in a Teflon still (Savillex Corp., 
Minnetonka, Minnesota, USA). Trace Elements in Whole 
Blood, Level 1 Control blood material was purchased in freeze-
dried form from Sero AS,  Asker,  Norway (batch no. 0K0336). 
Reconstitution of the blood was performed in accordance 
with the procedure recommended by the supplier. The anion-
exchange resin used was Dowex 1-8, 50-100 mesh  (Serva  
Feinbiochemica, Heidelberg, Germany). 

Isotopes: 
Low resolution mode 
Medium resolution mode 

"Rb, 
23Na, 26Mg,  3'P, "S, "K,  44Ca, 

"Cr,  "Fe, "Ni,  "Cu,  "Zn,  

Sample preparations 

The flowchart of the sample preparation procedures tested 
during this study is shown in Fig. 1. Following is a description 
of the individual steps. 
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Fig. 1 Flowchart illustrating the sample treatment operations involved in the preparation of Sero AS whole blood for the measurement of Fe isotope 
ratios by MC-ICP-MS. Procedure efficiencies were also determined by analysing treated samples using ICP-SFMS.  

MW  digestion 

Microwave-assisted digestion of the whole blood was per-
formed in closed digestion vessels in accordance with a 
procedure described previously.'” In short, an aliquot of 
reconstituted blood (1  ml)  was digested with 1.5  ml  of 6 M 
HNO3  for 30 min at 300 W power. After cooling to room 
temperature, the digest was poured into polypropylene 
autosampler tubes and diluted to 10  ml  with Milli-Q  water. 
Prior to use, these tubes were thoroughly cleaned in a sequence 
with detergent, water, a mixture of HNO3  (1.4 M) and HC1 
(1.1 M) followed by soaking in HNO3  (0.7 M) for at least 12  h  
and a final rinse with Milli-Q  water. 

Ashing 

An aliquot of reconstituted blood (1  ml)  was transferred into 
acid-washed Pyrex containers and  ashed  in a muffle furnace 
by slowly raising the temperature to 400  °C  during 2  h.  The 
containers were held at this temperature for 3  h.  100  ml  of 
Milli-Q  water was added to each vessel and water-soluble 
matrix elements were extracted overnight. The water was 
discarded and 2  ml  of concentrated HNO3  was added for 
dissolution of the remaining salts on a hot plate (100  `C  for 
30 min) situated in a laminar-flow cabinet. Subsequently, 8  ml  
Milli-Q  water was added to the vessels and the solute was 
separated from carbon particles by filtration through 0.45 gm 
membrane filters (Schliecher & Schuell, Merck  Eurolab,  
Darmstadt, Germany) into polypropylene autosampler tubes. 

Fe separation procedures 

Ion-exchange. In this procedure we followed the modified 
anion exchange separation techniques of Kastenmayer et al. 15  
At first, Fe was separated from digested blood without any 
additional sample handling using ion-exchange columns 
prepared from 5-ml  pipette tips. The columns were filled 
with anion exchange resin, which was retained at the bottom of 
the column using plugs of quartz wool. The resin was washed  

with 80  ml  of 3 M HNO3  and regenerated to the chloride form 
with 20  ml  of 7 M HC1. 5  ml  of the digested blood solutions 
were diluted to 40  ml  with 8 M HC1 and the solutions were 
allowed to run freely through the column at a flow rate of 
approximately 1  ml  min-1. To elute concomitant elements (Ca, 
Mg,  Na,  etc.), the column was washed with 30  ml  of 7 M  Hd.  
Fe was eluted with 30  ml  of 1 M  Hd.  

As a modification of this procedure, 5  ml  of the digested 
blood was first placed into acid-washed Teflon beakers, dried 
on the hot plate (100  'C)  and re-dissolved in 2  ml  of 7 M 
The solution was passed through a mini-column prepared from 
0.2-ml  pipette tips at a flow rate of ca. 0.3  ml 	The matrix 
elements were eluted by 2  ml  of 7 M HC1 and Fe was stripped 
by 5  ml  of 1M HNO3. 

All the elution solutions were collected in 1  ml  fractions. 

Precipitation. To precipitate heme-Fe two reagents were 
tested, namely sodium hydroxide (3 M solution) and ammonia 
(25% v/v solution). The procedure described by Fujimori et al. 14  
was followed with minor modifications. To avoid possible 
contamination introduced during pH adjustment from the 
electrode or indicator paper, the minimum volume of these 
reagents necessary to efficiently precipitate Fe from digested 
blood was determined experimentally and was found to be 
2.5 and 1  ml  per 10  ml  of digested blood for sodium hydroxide 
and ammonia, respectively. Evaporating the blood digest as 
described above, followed by re-dissolution in 0.14 M HNO3  
can significantly reduce these volumes. After standing over-
night at room temperature, the precipitate was isolated by 
centrifugation at 4000 rev min- I  for 8 min. The precipitate was 
rinsed twice with 10  ml  of Milli-Q  water and then dissolved in 
10  ml  of 0.14 M HNO3. 

For the reproducibility assessment, all the experiments were 
performed at least in duplicate. 

Mass spectrometry. Quantitative determination of element 
concentrations was performed by ICP-SFMS using external 
calibration and In as an internal standard as described  
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elsewhere.2°  The list of elements monitored includes Fe, major 
and minor concomitant elements  (Na,  S.  K, P.  Mg, Ca,  Zn,  Rb, 
and Cu) as well as Cr and  Ni  (elements interfering with Fe 
isotopes). Such measurements were performed for the follow-
ing solutions (shown as stars with corresponding numbers in 
Fig. 1):  

MW  digest of the whole blood (1); 
Solutions passed through ion-exchange columns after sample 

loading and elution of concomitant elements-Fe stripping by 
1 M HC1 (2), Fe stripping by 1 M HNO3  (3); 

Solutions after re-dissolution of the precipitate for all 
precipitation experiments (4ab, 5, 6, 8); 

Solutions after extraction of water-soluble elements from 
the  ashed  blood (7). 

This design of experiments allows the efficiency of Fe 
purification and recovery, as well as pathways of possible Fe 
losses to be assessed. 

Iron isotope ratio measurements were performed by MC-
ICP-MS using  Ni  for on-line mass discrimination correction. 
Such measurements were performed on IRMM-014 Fe isotopic 
standard, on  MW  digested blood solution and on Fe separates, 
when the separation was assessed to be efficient. All these 
solutions were diluted to 5.0 + 0.5 mg Fe 1-1  with 0.14 M 
HNO3, and spiked with  Ni  at 5 mg 1-1. These concentrations 
yield an intensity >0.3 V for all isotopes monitored, in spite 
of the use of the MC-ICP-MS instrument in high-resolution 
mode. The total measuring time per sample was approximately 
35 min. 

Results and discussion 

Table 3 represents a summary of ICP-SFMS results for the 
digested blood and different Fe separate fractions. As final 
sample dilution may vary considerably between different pro-
cedures, all concentrations are recalculated to I  ml  of whole 
blood. For ion-exchange separations, only concentrations in 
the first 5-ml  elution fraction (step 2 in Fig. 1, elution with HC1) 
or 1-ml  fraction (step 3 in Fig. 1, elution of mini-column with 
HNO3) are presented. 

Separation of matrix elements 

The efficiency of the removal of major matrix constituents 
was assessed as the total concentrations of these contami-
nant elements remaining in the Fe separates. In this sense,  

ion-exchange separations (procedures 2 and 3 in Fig. 1) provide 
the most effective means for Fe purification, with combined 
concentrations of major matrix elements below 0.5% of the 
initial level in the digested blood, irrespective of the size of the 
column or reagents used for Fe elution. Approximately 2-3% 
of the matrix elements remain in the precipitate after single 
precipitation with ammonia (procedures 4b and 5 in Fig. 1), 
with no obvious effect from the preceding evaporation step. 
The efficacy of the ammonia precipitation procedure can be 
improved further by either a secondary precipitation step 
(procedure 6 in Fig. 1) or by extraction of water-soluble 
elements from  ashed  blood when ashing is used for the 
decomposition of blood (procedure 8 in Fig. 1). Phosphorus 
appears to be the most difficult element to separate by this 
procedure. Precipitation with NaOH (procedure 4a) and 
extraction of water-soluble elements from  ashed  blood 
(procedure 7) were equally inefficient, leaving more than 8% 
of the matrix elements in the Fe separates. 

Fe recovery 

Recoveries of the procedures were calculated as the ratio of 
recovered Fe after different purification steps to native Fe in 
pooled blood (Table 3). For the ion-exchange procedure using 
large columns and HC1 as eluent. ca. 85% of Fe was recovered 
in the first 5-ml  fraction. The combined Fe concentration in the 
total 30  ml  of eluate was below 95%. For the mini-column, the 
first 1-ml  fraction of HNO3  elutes 93% of native Fe with an 
additional 4-5% eluted in the subsequent 4-ml  fractions. For 
both experiments, 0.2-0.3% of Fe was not retained by the resin 
and 0.3-0.6% was lost during the elution of concomitant 
elements. It should be noted that an increase in the flow rate 
above 0.5  ml  min-1  during loading of the sample onto the mini-
column results in a substantial increase in Fe losses at this stage 
(up to 20% of native Fe). The unaccounted Fe fraction (if any) 
was most probably not eluted from the columns with the 
volumes of eluate used. The separation procedures based on 
single precipitation exhibit relatively similar recoveries in the 
93-97% range, with 0.6-2.0% of Fe remaining in the super-
natant. The remaining Fe fraction was probably lost as small 
particles of iron hydroxides during washing of the precipitate 
with Milli-Q  water. A similar level of recovery was found after 
extraction of water-soluble elements from the  ashed  blood, 
with the remaining part of Fe that resides in the aqueous 
solution, either in dissolved form or as small organic colloids 
that pass through the 0.45 um filter, though less than 90% of 

Table 3 Results of the Fe separation recalculated to 1  ml  of Sero AS whole blood. Procedure numbers correspond to those in Fig. I. Uncertainties 
are given in parentheses, expressed as one standard deviation of at least three independent sample preparations 

Procedure No. 
Concomitant elements/gg 

2 3 4a 
NaOH 

4b 
NH 3  

5 
NH3  

6 
NH3  

7 8 
NH3  

Na  1200 (50) 3.8 (0.9) 1.3 (0.3) 220 (5) 1.9 (0.8) 2.0 (0.6) 0.7 (0.5) 133, 147 1.6, 2.0 
1170 (60) 0.25 (0.08) 2.8 (1.3) 2.8 (0.3) 1.4 (0.4) 2.0 (0.3) <0.5 119. 131 1.2, 	1.6 

K 1000 (60) 2.6 (0.2) 1.4 (0.8) 3.4 (0.5) 0.6 (0.1) 0.6 (0.3) 0.4 (0.3) 98, 122 0.5, 0.7 
P 210 (11) 7.5 (0.1) 3.1 (2.0) 26 (9) 65 (2) 69 (4) 29 (7) 24. 26 12. 16 
Mg  18(t) 0.02 (0.01) 0.05 (0.02) 12 (4) 3.9 (0.2) 6.6 (0.4) 2.8 (1.3) 15, 16 3.5, 4.1 
Ca 15(1) 0.2 (0.1) 0.6 (0.3) 9.4 (0.2) 6.7 (0.5) 9.0 (0.2) 5.6 (2.3) 13. 14 6.1, 6.8 
Zn 5.0 (0.3) 1.4 (0.4) 0.5 (0.3) 3.6 (0.1) 0.08 (0.01) 0.17 (0.03) 0.08 (0.05) 4.9, 5.7 0.18. 0.26 
Rb  1.38 (0.03) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.02, 0.03 <0.001 
Cu  0.69 (0.05) 0.02 (0.01) 0.13 (0.05) 0.02 (0.01) 0.01 (0.01) <0.01 <0.01 0.69, 0.81 0.01, 0.03 

Total/gg 3620 16 10 277 80 89 39 434 29 

Fe/gg 437 (19) 372 (12) 405 (18) 423 (23) 405 (14) 410 (11) 381 (17) 387,433 368,402 

Fe recovery (%) 100 85 93 97 93 94 87 94 88 

Cline 0.60 (0.09) 5.3 (2.7) 2.4 (2.0) 87 (4) 0.3 (0.2) 2.3 (0.1) 1.5 (1.3) 13.2. 25.8 2.9, 3.9 
Average error introduced 

in ' .-Fer4Fe ratio (%0) 
<0.001 0.005 0.002 0.084 <0.001 0.002 0.001 0.018 0.003 

Ni/ng 4.6 (1.3) 47)29) 5.1 (2.1) 85)14) 4.5 (2.8) 2.9 (0.5) 3.7 (3.2) 7, 12 3.1, 4.7 
Average error introduced 

in sA-Fe/56Fe ratio (%.) 
0.145 1.45 0.16 2.6 0.14 0.09 0.11 0.29 0.12 
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Fig. 2 Measured isotope ratios for 56Fe/54Fe (triangles) and 57Fe/54Fe 
(circles) normalized to data for IRMM-014. Data points represented 
by filled symbols have been corrected using an exponential mass 
discrimination model-5  with 62Ni&Ni for normalization, those with 
open symbols have not. Standard uncertainties are smaller than the 
data points. 

native Fe was recovered after secondary precipitation (pro-
cedures 6 and 8 in Fig. 1). 

Cr and  Ni  contamination 

As Cr and  Ni  present in Fe separates carry direct risks for 
inaccurate ratio measurements involving ""Fe and 58Fe, 
respectively, a thorough evaluation of possible sample 
contamination by these elements is of primary importance. 
Unfortunately, due to the configuration of the collectors in 
the MC-ICP-MS instrument applied for this study, it was 
impossible to monitor any minor Cr or  Ni  isotopes using 
the central ion counter for on-line mathematical correction 
of potential isobaric interferences. For Cr, all the separation 
procedures except precipitation with ammonia introduce 
significant contamination (Table 3). However, the error 
introduced to the 56Fe/54Fe ratio would be less than 0.01%u 
for all procedures, other than NaOH precipitation and 
extraction of water-soluble elements from  ashed  blood. 
Hence, isobaric interference from 54Cr can be neglected for 
ion-exchange separations and for precipitation with ammonia. 

On the contrary, even at native concentrations in the 
digested blood,  Ni  will result in an introduced error on the 
58Fe/56Fe ratio in excess of 0.1%., and all the separation 
schemes tested during this study demonstrated no significant 
improvement in  Ni  removal from the Fe fractions. Particularly 
high  Ni  contamination was found for NaOH precipitation 
and for ion-exchange separation using large columns. Nickel 
(as well as Cr) is presented as an impurity in the NaOH for 
the former procedure, though the anion-exchange resin is the 
major  Ni  source for the latter. It should be added that the 
instrumental blank resulting from the use of cones made from  
Ni  (commonly in the range 20-30  ng  1-1) introduces an error 
>0.05%. in the 58Fe/56Fe ratio. As a result, the accuracy of Fe 
isotope ratios involving 58Fe can hardly be better than 0.2%o 
unless provision is made to simultaneously monitor additional  
Ni  isotopes of lower abundances and apply a mathematical 
correction. This would necessitate accurate evaluation of the 
level of instrumental mass discrimination operative on the  Ni  
isotopes, which was not possible at the  Ni  concentrations 
actually present. Instead, the potential to utilize admixed  Ni  for 
mass discrimination correction was investigated, and attempts 
to measure 58Fe were abandoned. 

Mass discrimination correction 

Other than the isobaric interference on 58Fe, nickel possesses 
quite favorable characteristics as a normalizing element. The 
isotopes 60Ni and 62Ni are fairly abundant and free from 
isobaric interferences. Additionally, the isotopic composition  

of natural  Ni  is rather invariant and has therefore been 
precisely established.21  Consequently, processed blood samples 
were spiked with  Ni  to a concentration of 5 mg V I  prior to 
analysis by MC-ICP-MS. The iron isotopic reference material 
IRMM-01422  was similarly spiked and used to establish the 
relationships between measured and true Fe and  Ni  isotope 
ratios on the basis of an exponential mass discrimination 
model, as described by Woodhead.22  Variations in Fe and  Ni  
isotope ratios were observed to be highly correlated  (P  « 0.001; 
data not shown), and applying  Ni  normalization was found to 
significantly reduce uncertainties both within and between 
sample runs, the latter being illustrated in Fig. 2. The average 
mass discrimination from four measurement sessions, estab-
lished using IRMM-014, was 3.84 + 0.03% per mass unit. It 
should be noted that slight differences in the magnitudes of the 
correction factors were observed for the Fe solutions after NI-13  
precipitation procedures and anion-exchange separation. 

Estimate of Fe isotope fractionation during separation 
procedures 

In accordance with the previous MC-ICP-MS study on Fe 
isotope variations in blood,7  we have elected to express the 
degree of fractionation using &notation. defined as follows:24  

Fe/54 Fe] sampk  . 	I
)  

156  Fe/54 Fe]sam 	
1 

 
856 Fe = 10000/°° x (

[56Fe/54Feigand,o-d  

where the  Ni  normalized, measured isotope ratios for IRMM-
014 are taken as standard values. The results for the Sero AS 
whole blood sample, following various preparation procedures, 
are compiled in Table 4. All data are from a single days 
measurement; day-to-day variations in calculated 8-values were 
generally better than + 0.08%.. For a total of nine test samples 
of Sero AS whole blood, independently prepared using 
methods 3  (n 	3), 4a (i1 = 2), 5  (n  ---- 1) and 6  (n  = 3), 
average fractionations are 856Fe = —2.81 + 0.05%. and 
857Fe = —4.18 + 0.06%. (uncertainties expressed as one 
standard deviation). Walczyk and von Blanckenburg7  noted 
significant differences in average Fe isotope fractionation 
between blood collected from male (856Fe 	—2.75 + 0.17%.) 
and female (856Fe -= —2.43 + 0.20%.) subject groups. Ohno 
et al. 9  determined Fe isotope ratios in human red blood cells, 
observing fractionation of ea. —1.7 °Ao per mass unit, which 

Table 4 Determined fractionation of Fe in Sero AS whole blood after 
various sample preparation methods. Unless otherwise stated, 
uncertainty terms in parentheses are one standard deviation between  
n  independently prepared aliquots. The procedures used are summar-
ized in Fig. 

Procedure 836Fe, °/(xi 837Fe, °he  fl  

—2.81, —2.97 —4.28, —4.45 
—2.81(0.02) —4.17(0.03) 3 

39 —2.89(0.05) —4.27(0.08) id 

4a, 5 —2.81(0.02) —4.17(0.03) 3 
6 —2.82(0.05) —4.21(0.05) 3 
8 —2.73(0.24) —4.20(0.33) 

'Only the first  ml  fraction of eluent, containing ca. 93% of total Fe, 
from the anion exchange column was analysed. 'First three  ml  frac-
tions of eluent, containing about 97% of total Fe, from the anion 
exchange column were combined and analysed. 'Duplicate measure-
ments of a single, non-separated, microwave-digested sample. 
"Uncertainties are one standard deviation of between block means 
for a single sample (internal precision). 
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would correspond to 856Fe 	3.4 %.. Despite differences in the 
origin and exact nature of the samples, the present results are 
clearly consistent with the trends emerging from these other 
studies. 

As is apparent in Table 4 and Fig. 2, all the sample 
preparation methods tested yielded statistically indistinguish-
able,  Ni-normalized Fe isotope ratios. Johnson et al. 19  noted 
that rapid precipitation of Fe(m) species, as would be present in 
the acid digested blood, induces no isotopic fractionation. Such 
conditions are achieved in our precipitation procedures. The 
results obtained with anion exchange columns demonstrate 
that the recovery of 93% of total Fe is also sufficient to avoid 
detectable fractionation. Even though no isotope fractionation 
was found between the aforementioned different preparation 
methods, the possibility exists that a change in the isotope 
ratio could arise from the presence of unmineralized organic 
compounds in the blood samples after microwave digestion. 
Organically-bound Fe might behave differently during the 
ion chromatography and precipitation than free ions, but 
this hypothesis can be rejected because the isotopic results 
from procedure 8 (ashing followed by precipitation) are not 
significantly different from those furnished by the rest of the 
separation methods, as seen in Table 4. 

Practical considerations 

Though ashing requires less expensive equipment compared 
to  MW  digestion systems, this method actually provides no 
improvements in terms of sample throughput or in labour 
consumption. Moreover, it carries higher risks of contamina-
tion and therefore can not compete with  MW  digestion. As two 
separation procedures (precipitation with ammonia and ion-
exchange using the mini-column following  MW  digestion of 
whole blood) show similar analytical performance regarding 
Fe purification, recoveries and negligible levels of introduced 
isotopic fractionation, the actual choice would depend on 
additional (economic) parameters. These include sample 
throughput, labour consumption, reagent cost, etc, which 
can be of significant importance for large-scale studies, e.g., on 
iron absorption from a specific dietary regime. Precipitation 
with ammonia then would certainly be the method of choice: 

—evaporation of digested blood is unnecessary; 
—perfect match for high sample throughput provided by  

MW  digestion, practically unlimited number of samples can be 
prepared concurrently; 

—no supervision at precipitation stage necessary; 
—low reagent consumption. 

Conclusion 

Due to the high resolution capabilities of the Neptune MC-
ICP-MS instrument, Fe isotope ratios can be measured with 
high accuracy without complete Fe separation from the blood 
matrix. Provided that the matrix-induced changes in instru-
mental mass discrimination are adequately corrected for, even 
direct isotopic analysis of digested blood after simple dilution 
is possible, though this approach can hardly be recommended 
for routine practice. In spite of the fact that all procedures 
tested in this study result in Fe recoveries below 100%, none of 
these seems to cause detectable artificial isotope fractionation. 
The results obtained in this study emphasize that even minor 
changes of matrix composition may affect the accuracy of 
isotope ratio determinations due to the mass discrimination 
effect. Therefore, on-line mass discrimination correction, e.g.,  

using  Ni,  is mandatory. Iron separation using precipitation 
with ammonia was found to be the best purification method for 
highly precise determinations of Fe isotopic composition in 
whole blood samples. Advantages of the procedure are minimal 
blank contributions, non-detectable artificial isotope frac-
tionation and high throughput. 
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