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Investigating the effect of species-specific calibration on the 
quantitative imaging of iron at mg kg-1 and selenium at µg kg-1 in 
tissue using laser ablation with ICP-QQQ-MS   

Kharmen Billimoria a, b, c, David N. Douglasa,d Gonzalo Huelga-Suarez a, Joanna F. Collingwood c and 
Heidi Goenaga-Infante a† 

There is evidence that iron (Fe) and selenium (Se) are dysregulated in neurodegenerative diseases (ND).  Disease-specific 

impacts on concentration distributions are anticipated for Fe (the most abundant transition metal), and Se (present at trace 

levels), necessitating imaging strategies that enable their simultaneous quantification in ND pre-clinical models or post-

mortem samples. This paper describes methodology for the production of matrix-matched tissue homogenates containing 

both Fe and Se at pathophysiological levels and investigates their feasibility as calibration standards for quantitative imaging 

of these elements. For the first time the effect of elemental species-specific calibration on the quality of LA-ICP-MS data is 

evaluated by investigating whether tissue matched standards spiked with inorganic Fe and Se are suitable alternatives to 

those spiked with specific species (e.g. ferritin or selenoproteins). To achieve this, the correlation of the calibration graph 

slopes (inorganic versus metalloprotein-spiked) as well as the homogeneity of the calibration standards were monitored 

over a laser energy range of 1 to 6 J∙cm-2. For Fe, such slopes were found to agree well within the associated measurement 

error. In contrast, the choice of calibrant for Se was observed to have a greater impact; at 1 J∙cm-2 the regression slope for 

the selenoprotein calibration was approximately 36% less than that of inorganic Se calibration. Finally, the limit of detection 

of Se was improved 2-fold by mixing 25% (v/v) methanol with the laser-induced aerosol in a chamber prior to introduction 

into the ICP, making the simultaneous detection of both elements possible at physiologically relevant concentrations. 

 Keywords: species-specific calibration, LA-ICP-MS, iron and selenium in brain tissue, inorganic selenium and iron, 

selenoproteins, ferritin, matrix-matched calibrants  

Introduction 

Increase in life expectancy has led to a globally ageing population and 

as a consequence an increase in the prevalence of 

neurodegenerative diseases, including Alzheimer’s disease (AD). 

Study of metal ions and metalloproteins in neurodegenerative 

disease pathology is an area of growing interest1,2. In this vein, 

methods capable of detecting changes in metal distribution in 

relation with disease progression in both clinical and post-mortem 

samples are in high demand. In these highly complex systems much 

remains to be understood about the association of particular metal 

elements with biomarkers of disease. Further understanding of the 

integral roles of metal ions in disease pathogenesis for disorders such 

as AD, may provide routes to develop more effective therapies3.  

Whilst the highly complex pathophysiology of AD is incompletely 

described, two widely recognised hallmarks of AD and related 

disorders, widely used in clinical research to further understanding 

in both diagnostic and therapeutic research, are an increased density 

of β-amyloid (Aβ) deposits (typically ‘senile plaques’) in the 

extracellular spaces in AD brain tissue compared with healthy tissue, 

and phosphorylated tau  observed within neurons as neurofibrillary 

tangles (NFTs) 4,5. 

 Iron (Fe) dysregulation within the brain has been implicated in the 

excessive formation of reactive oxygen species (ROS) associated with 

Aβ plaque formation6, protein aggregation and cell death7. There is 

scope for catalytic over-production of radical species when iron 

interacts with aggregating Aβ, but there is also the possibility that in 

the human brain Aβ binding of iron within plaques mitigates excess 

radical production8, so it is important that these systems can be 

described accurately. In contrast, selenoproteins can act as 

antioxidants 9 and neuroprotectors by scavenging and/or binding to 

free radicals produced10 thus potentially delaying the progression of 

AD11. For the purpose of comparison of Se and Fe distributions 

between healthy and diseased individuals as well as between 

different populations over time, methods that enable reliable 

quantification of changes in the elemental spatial distribution of 

specific brain regions as a response to disease status are urgently 

needed.  In this vein, absolute rather than relative approaches are 
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also invaluable to distinguish whether a variation in the ICP-MS signal 

can be either correlated with a change of element concentration or 

considered a matrix effect.  

To achieve this, one key remaining challenge is the large difference 

in concentrations at which these elements are present. Iron, the 

most abundant transition metal found in the brain, is distributed 

heterogeneously throughout different brain regions. It is also widely 

accepted that further Fe accumulation occurs with ageing12. A study 

by Ramos et al 13 on Fe distribution in healthy ageing brains reported 

the highest concentration of this element (between 800- 1500 mg kg-

1 Fe) in regions such as putamen, globus pallidus and caudate nucleus 

located in the basal ganglia. The authors also reported an average Fe 

concentration of approximately 100 mg kg-1 in the medulla, one of 

the least abundant brain regions located in the cerebellum. In 

contrast Se, whilst essential to healthy brain function, is present at 

trace levels with a mean concentration of 0.9 mg kg-1 across 14 

measured brain regions14. 

Laser ablation inductively coupled plasma mass spectrometry (LA-

ICP-MS) imaging allows for quantification of element spatial 

distribution in the sample if appropriate protocols for sample 

preparation and mounting are undertaken15. Recent advancements 

in ablation cell design16 and laser technology17,18 have led to 

improvements in overall image trueness with developments focused 

on creating a balance between sensitivity, selectivity and faster 

analysis times19.  

Despite key advances in technology, absolute quantification by LA-

ICPMS still suffers from matrix effects which potentially introduce 

bias affecting the accuracy of the imaging data20. This, combined with 

the lack of commercially available reference materials (RM) for 

method validation and/or a universal calibration procedure have 

resulted in several efforts by different groups to develop strategies 

for calibration and signal normalisation21–23 which have been 

extensively reviewed over the last few decades24–27.  

One commonly used approach is the preparation of in house matrix-

matched calibration standards, spiked with the analytes of interest. 

Since elemental fractionation is strongly dependent on the 

composition of the sample it is widely accepted that having the same, 

or as close as feasible,  matrix for both samples and standards helps 

reduce bias introduced by fractionation or transportation effects28. 

Methodology for preparing matrix-matched tissue homogenates has 

been described in detail in many recent studies29–31. This approach 

focuses on ensuring that the overall matrix i.e. the type of tissue or 

substrate of the calibration standard closely matches that of the 

sample, but no special attention has been paid so far to the nature 

of the spike32.  For the preparation of in-house matrix matched 

homogenates, the matrix has often been spiked with an inorganic 

salt solution, which does not closely match the species of the analyte 

in the biological tissue.  However, metals such as Fe and Se in the 

brain are bound to complex moieties like proteins with specific 

metabolic functions.  

 This paper describes methodology for the production of matrix-

matched pig brain homogenates containing both Fe and Se as well as 

studying their feasibility as calibration standards for quantitative 

imaging of these elements present at concentration levels which are 

different by several orders of magnitude. For the first time, the effect 

of species-specific calibration on the quality of LA-ICP-MS data is 

evaluated here by investigating whether tissue matched standards 

spiked with inorganic Fe and Se are feasible alternatives to those 

spiked with specific species (e.g. metalloproteins) for quantitative 

tissue imaging. This is achieved by looking at the correlation of the 

calibration graph slopes (inorganic versus metalloprotein-spiked) as 

well as the within-line relative standard deviation (RSD) over a range 

of laser fluences. Moreover, efforts to improve the limit of detection 

for Se were undertaken by adding carbon to the plasma through the 

mixing of methanol with the laser induced aerosol in a chamber prior 

to introduction into the ICP.  

Experimental 
 

Materials 

 
Pig brain was sourced from an ethically reputable butcher (Brays & 

Sons, Tideford, Cornwall, UK), and as such categorised as a meat 

product. Inorganic spikes were prepared by dissolving FeCl2 and SeCl4 

salts (99.99%, Sigma Aldrich, Dorset, UK) in ultrapure 18 MΩ water 

to yield spike stock solutions of ca 5000 and 10 mg∙kg-1 respectively. 

Ferritin (equine spleen, F4503, Sigma Aldrich, Dorset, UK) was 

selected as the high molecular weight (19-21 kDa), Fe-related 

protein-species spike. The solution contained 6671 mg∙kg-1 of Fe, as 

characterised in house using the double IDMS methodology reported 

elsewhere33. 

In the absence of a suitable well characterised standard of 

selenoprotein P (well known as brain-mediating protein), the choice 

of Se spike was a Se-containing protein mixture from the water 

soluble fraction of selenised yeast33. The choice was made with the 

purpose of having a stable source of protein-like selenium with the 

level of Se required for spiking the tissue at reduced cost.  For 

preparation of the spike water-soluble proteins were extracted from 

0.3 g of SELM-1 (NRC, Ottawa, CA) in 5 mL 0.01 % dithiothreitol. 

(DTT), sonicated for 4 hours with minimal light exposure, as detailed 

in our previous work 34. 

The large molecular weight fraction was separated using a Microcon® 

10 kDa centrifugal filter (regenerated cellulose, 10,000 NMWL, 

Merck, Cork, IRL) and reconstituted in 0.5 mL ultrapure 18 MΩ water. 

The total Se concentration in the >10 kDa fraction was determined 

by ICP-MS using external calibration with carbon-matched 

calibration standards. The fraction was found to contain  
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Table 1: Instrument parameters 

 

2.0 mg∙kg-1 Se in the reconstituted solution [68 mg∙kg-1 in the solid 

extract]. 

As the speciation analysis of this fraction is out of the scope of this 

paper and has been the subject of previous papers29, 30 it was not 

undertaken here. 

Instrumentation 

A NWR213 laser ablation platform (ESL, Huntingdon, UK), with a 
TV2 cell was configured such that a helium carrier gas transported  

ablated material to the ICP (1 m long tubing), whilst an argon make-

up flow was introduced (0.25 m post cell) via a y-piece counter to the 

laser aerosol, to promote mixing. The effect of fluence on the analyte 

sensitivity and on the noise (within-line variation) was investigated 

with all other lasing parameters being held constant. The laser 

operation conditions are summarised in Table 1. 

A 8800 ICP-MS (Agilent, Cheadle, UK) was operated under dry plasma 

conditions (see Table 1 for details) for standard homogeneity and 

species-dependent sensitivity investigations. 

Tissue standard preparation and characterisation 

 

Tissue homogenates were prepared and characterised as described 

by Douglas et al 35. Briefly, pig brain was passed through a PTFE sieve 

(ca 1 mm2 pore size) providing coarse homogenisation. Tissue was 

further homogenised using a Tissue Ruptor (QIAGEN, West Sussex, 

UK). Sub-samples of 3 g were weighed into histology moulds and 

spiked with varying volumes of either the inorganic salt spikes or 

protein species as detailed above, such that the mass of spike 

solution was kept <6% of the total mass, to yield Fe and Se 

concentration ranges of ca 50-2000 mg∙kg-1 and 0.8-1.2 mg kg-1 (dry 

weight basis) respectively. This was calculated considering that the 

tissue homogenate weight loss by drying averaged 80 ± 1.4% (w/w; 

SD for n=15). Spiked tissue was homogenised using the Tissue Ruptor 

at 20,000 rpm for 10 minutes and centrifuged at 2000 rpm for 2 

minutes to remove air pockets induced by the homogenisation, thus 

improving mechanical strength of tissue during sectioning. Tissue 

homogenates were snap-frozen by immersion in liquid N2 for 5 

minutes and stored at -80°C prior to sectioning. 

Tissues were mounted in OCT (Cellpath Embedding Matrix, Fisher 

Scientific, Loughborough, UK) and sectioned using low profile 

disposable 819 blades in a CM1850 cryostat (Leica, Milton Keynes, 

UK), set to a temperature of -20°C, to a thickness of 30 µm. 

Homogeneity of the spikes at each concentration level was 

characterised by assessing the variation within and between ablation 

lines from six ablation tracks across each of the tissues. The number 

of points per line for comparisons of within-line and between-line 

variations (RSD) were 120 and 6, respectively. 

Tissue Fe and Se concentration was determined from frozen blocks 

sub-sampled in triplicate using ICP-MS after acid digestion assisted 

by microwave radiation using the procedure described below. 

Stability of standards previously assessed over a four month period, 

with tissues being kept at 4 °C in the dark31. Stability was assessed 

using LA by comparing the 32S-normalised sensitivity defined from 

the slope of the response curve.  

 

Laser Ablation NWR213  

Fluence (J∙cm-2) Sensitivity and homogeneity: 

1, 2, 3 & 4 for Se and Fe, 

additionally 6 for Fe 

Spot size (µm) 50 x 50 

Translation rate (µm∙s-1) 118 

Repetition rate (Hz) 20 

He aerosol carrier gas 

(L∙min-1) 

0.800 

ICP-MS 8800 (Agilent) 

Power (W) 1600 

Argon make-up (L∙min-1) 1.10 (sensitivity and 

homogeneity) 

0.6-0.8 (methanol addition) 

Torch z-position (mm) 3.6 (sensitivity and 

homogeneity) 

5.0 (methanol addition) 

Reaction cell gases O2: 45% 

H2: 2 mL min-1 

Analytes (m/z) 56Fe (56, on-mass),  57Fe (57, 

on-mass) 

 77Se16O (93, mass 

shift),78Se16O (94, mass shift), 

80Se16O (96, mass shift) 

Internal standard (m/z)  32S16O (48, mass shift) 

Dwell time (s) 0.05 

Settling time (µs) 500 

Concentration of methanol 

solution added to the laser 

aerosol(% v/v) 

 

0 (dry), 1, 5, 10, 25, 50 & 100 

Methanol solution flow rate 

(μL∙min-1) 

 2.5, 5 & 10 
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Table 2: Microwave program for digestion of tissue homogenates. 

 

Tissue digestion for elemental analysis by ICP-MS 

Tissue Fe and Se concentration was determined from sub-

sampled frozen blocks. In brief, 0.1g of frozen tissue was 

digested in a Milestone EthosUp system (Milestone SRL, 

Sorisole, Italy) using 1 mL of HNO3 (UpA, Romil, Cambridge, UK) 

in PTFE micro-volume vessels, with the outer vessel containing 

10 mL water and 1 mL H2O2 (UpA, Romil, Cambridge, UK). 

Digestion was achieved using the program as detailed in Table 

2. Pig kidney ERM BB186 was analysed to assess accuracy of the 

methodology for total determination of Fe and Se. 

Methanol Addition 

To study the effect of carbon addition on the limit of detection 

obtained for Se, online addition of methanol solutions to the laser 

aerosol after the laser ablation cell and prior to the ICP was 

undertaken. This was achieved using a total consumption nebulizer 

(Agilent, Cheadle, UK) and a borosilicate spray chamber, similar as 

described by Douglas et al 35 for the online addition of isotopically 

enriched spike solution. A gas tight luer lock syringe (Agilent, 

Cheadle, UK) and pump (KDScientific, Massachusetts, USA) delivered 

solutions of 0-100 (v/v) % methanol (see Table 1 for increments and 

liquid flow rates) using an argon make-up gas to drive the nebuliser. 

Methanol solutions were prepared by mixing high purity (> 99.9 %) 

methanol with ultrapure 18 MΩ water. The laser aerosol carried in 

helium was introduced via the side arm of the borosilicate chamber, 

entering at an angle fixed towards the centre of the solution spray to 

promote mixing. The addition of solution to the laser induced aerosol 

had the added benefit of wetting the plasma, and thus providing 

more robust conditions36. For this experiment, tissue was spiked with 

SeCl4 to yield a Se concentration of 0.48 mg∙kg-1 in the wet solid and 

it was ablated (n = 5 lines) using the conditions listed in Table 1. 

Results and discussion 

Determination of Fe and Se in spiked tissue 

The spiked tissue produced using the procedure described above was 

characterised for total Fe and Se concentrations using ICP-MS after 

microwave digestion. The determined analyte concentrations were 

in good agreement with the theoretical values estimated from 

gravimetric preparations. The average recoveries for Fe and Se from 

the analysis of ERM BB186 Pig Kidney were 95.5 ± 3.7 % and 92.6 ± 

2.0 % (RSD, n=3), respectively. Table 3 summarises Fe and Se 

concentrations on a wet weight basis.  

Native Fe and Se concentrations in pig brain were found to be much 

higher than those in lamb brain used as matrix matched standard 

material in previous work27 ; approximately 3 mg kg-1 and 0.04 mg kg-

1 (lamb brain), compared to 5 and 0.14 mg kg-1  (pig) for Fe and Se, 

respectively. This demonstrates again that a careful selection of 

background tissue for tissue matched standard preparation is crucial 

for the purpose of achieving limits of detection sufficiently low to 

undertake quantitative imaging analysis of clinical samples. This is of 

particular importance for Se quantification in human brain as its 

average concentration in healthy human brain varies between 0.05-

0.1 mg∙kg-1, depending on the brain region14. However, for the 

purpose of method development and the proof of concept presented 

in this work, pig brain was found suitable and, therefore, used for 

further experiments. 

In comparison with Fe spiked standards, the relatively large RSDs 

(n=3) obtained for three independent digests of Se standards (up to 

18%) could be attributed to the lower Se concentrations. It is 

important to note that the upper limit of the Se concentration used 

here for protein spiking is limited by the amount of water extractable 

Se-protein fraction from Se-yeast. Also, that the inorganic spike 

calibration curve is built to match the protein spike calibration curve 

for the purpose of a fair comparison. For both Fe and Se the 

standards were homogeneous over a four month period when stored 

at room temperature in the dark. 

In order to study the effect of species-specific calibration on the 

quality of LA-ICP-MS data, the correlation of the calibration graph 

slopes (inorganic Fe versus ferritin-spiked) as well as the 

homogeneity of the calibration standards were monitored over a 

laser energy range of 1 to 6 J∙cm-2. To achieve this, transient count 

rates for m/z 56 were normalised to the transient 32S16O signal to 

account for variation in tissue section thickness. The backgrounds of 
13C and 31P16O were also monitored but suffered from a higher 

degree of drift than 32S16O, and as such were not used for 

normalisation. 

The investigated laser fluence ranged from values at which some 

ablation was observed (1J∙cm-2) to those at which complete ablation 

was achieved (3 J∙cm-2).  The ablation threshold of glass was found to 

be around 4 J∙cm-2 when using the 213 nm laser37. Figure 1 shows the 

variation of regression slopes and within-line variability for both 

inorganic versus ferritin-spiked standards with increasing laser 

fluence.  From this figure, that the regression slopes of ferritin and 

FeCl2 standards agree well irrespective of the laser fluence used. 

 

 

Step Description Time (minutes) Temperature (°C) 

1 Ramp 15 90 

2 Hold 5 90 

3 Ramp 10 180 

4 Hold 10 180 

5 Cooling 45 - 
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 Table 3: Fe and Se concentration (wet weight, background subtracted) in 

inorganic salt and protein- spiked tissue homogenates for 3 replicates (n=3). 

 

Linearity of calibration graphs of both FeCl2 and ferritin spiked tissue 

standards was excellent at fluences ≤ 3 J∙cm-2, being correlation 

coefficients between 0.9995 and 0.9999. At higher fluences, linearity 

decreased to 0.9971 and 0.9947 for FeCl2 and ferritin respectively. A 

similar trend was observed for Fe homogeneity, assessed by 

comparing the average within-line variation (normalised to 32S16O), 

for all analyte concentrations. It was observed that overall, within 

line RSDs increased as a result of increasing the laser fluence for both 

inorganic and protein spike species, with a larger increase observed 

for ferritin-spiked tissue. For fluences over 3 J cm-2, at which 

complete ablation is achieved, mechanical liberation of tissue 

(observed as irregular sized pieces dislodged outside the laser 

ablation track), combined with the ablation of the microscope slide 

(resulting in non-optimum particle formation characteristics and 

particle size distribution) are key contributing factors to the increase 

of RSD. Figure 1 also shows that the lowest within-line RSD were 

obtained for the ferritin- spiked standards across all concentrations 

and laser fluences. 

 It is interesting to note that for ferritin spiked standards the Fe 

sensitivity was found to slightly decrease with the increase of laser 

fluence even though complete sample consumption was not 

achieved at the lower fluence; the Fe signal observed at 6 J∙cm-2 

being approximately 34 % lower than at 1 J∙cm-2. Despite this, the 

slopes for both species graphs seemed to agree at 6 J∙cm-2 due to 

their larger associated error compared to 1 J∙cm-2. It would be 

expected that an increase in the mass flux of tissue as a result of 

higher laser fluence would lead to an increase in raw Fe counts 

detected. However, the trend observed highlights the need for signal 

normalisation to a suitable internal standard in order to achieve 

reliable quantification. 

Many attempts have been made to find a suitable internal standard 

approach for bioimaging of tissue, but they are often dependent on 

the type of sample being measured and limited by the 

instrumentation being used. As a result, each approach has its own 

advantages and disadvantages 24,25,38–40. Since this work focuses on a 

Calibration Fe concentration,  

mg kg-1 

Se concentration,  

mg kg-1 

Level FeCl2 Ferritin SeCl4 Se-protein 

1 18.8 ± 

0.3 

17.8 ± 0.5 0.170 ± 

0.015 

0.156 ± 

0.017 

2 28.4 ± 

0.4 

26.8 ± 0.1 0.184 ± 

0.030 

0.183 ± 

0.028 

3 58.0 ± 

1.4 

53.6 ± 1.2 0.193 ± 

0.020 

0.212 ± 

0.030 

4 204 ± 7.0 178 ± 6.0 0.218 ± 

0.040 

0.248 ± 

0.024 

5 394 ± 3.0 331 ± 3.0 n/a n/a 

Figure 1: Species-dependent sensitivity (using 32S16O normalisation), for the inorganic spike (green bars) and the ferritin species spike (in 
striped bars) for each laser fluence. The black trend lines show the within-line RSD (n=120) variation with increasing laser fluence. Error bars 

show variation in regression slopes induced by the within-line RSD. 
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systematic development that requires the use of homogenized 

tissue-based model samples with a sufficiently high and 

homogeneously distributed S content (between line RSD of <15%), 

normalization to 32S16O was investigated for the purpose of both 

absolute element quantification and the correction for variation in 

tissue thickness between sections. The 32S16O signal stability across 

the duration of the measurement was found advantageous 

compared to other species or of similarly distributed elements such 

as phosphorus (31P16O) and carbon (13C). This normalisation was 

found to be rather effective to correct for variations in tissue 

thickness and ablation parameters; improving the linearity of the 

calibration slopes when compared to the raw Fe counts. It is 

important to note that for future application of the developed 

method to real tissue samples, S will unlikely be a suitable internal 

standard for absolute quantitative imaging as real tissue samples are 

highly heterogeneous in their S content. However, for such purpose, 

normalisation to S would still be valuable for monitoring the 

performance of calibration standards prepared using homogenized 

tissue. The combination of reported approaches for tissue internal 

standardization31,41 with the findings of this study could potentially 

lead to success in future work with real sample applications. 

Se-proteins versus SeCl4 spiked tissue calibration 

The naturally low abundance of Se in brain42 and the low ionisation 

yield of this element in an argon plasma43, make it difficult to 

simultaneously quantify Se and Fe in tissue by LA-ICP-MS. In order to 

measure Se at biologically relevant levels, further efforts focused on 

achieving better limits of detection for this element. 

Previous work has demonstrated that Se LOD could be improved by 

addition of carbon to the ICP 44,45. Therefore, an attempt to increase 

the sensitivity of Se detection by adding methanol to the laser 

aerosol after the laser cell and prior to the ICP via a total 

consumption nebuliser, whilst avoiding any effect on Fe 

measurement, was undertaken. In order to achieve this, the 

conditions for methanol addition had to be optimised to find a 

balance between improving Se signal and maintaining plasma 

stability. Low methanol levels did not lead to sufficient signal 

enhancement whilst too much methanol resulted in mass loading of 

carbon in the ICP and causing a decrease of its robustness (increased 

noise and matrix effects), as well as significant signal drift due to 

build-up of carbon on the ICP-MS instrument interface.  

The flow rate was varied for a (v/v) 20% methanol solution 

concentration and both the signal to noise and the % RSD were 

monitored. An optimum flow rate of 2.5 μL min-1 was found to deliver 

enough carbon to the plasma for a significant sensitivity increase 

whilst maintaining signal stability (for 25% methanol concentration) 

within 5% for over a period of at least 7h. 

Figure 2 shows the effect of increasing the methanol solution 

concentration at a flow rate of 2.5 μL min-1.  The Se signal increased 

2.5 and 3.5 fold with the addition of 25 % and 100 % methanol, 

respectively. However use of 100 % methanol resulted in significant 

amount of carbon loading on the ICP-MS instrument interface and, 

therefore, signal instability, making its use an impractical choice (see 

enlarged error bar for 100 % methanol in Figure 2). Using 25 % 

methanol only a small increase in the Se background was observed, 

resulting in a 2-fold improvement of the Se limit of detection from 

0.068 mg kg-1 down to 0.032 mg kg-1. Under such conditions, the limit 

of detection obtained for Fe was 14.3 µg kg-1. 

The performance achieved under such conditions would make 

detection of both Fe and Se, at physiologically relevant 

concentrations, possible. To further investigate the effect of Se 

species-specific calibration, 25 % methanol at 2.5 μL min-1 was 

continuously added to the laser aerosol via a total consumption 

nebuliser. 

Figure 3 shows the variation of both slopes (sensitivity) of inorganic 

versus Se-protein spike calibration as well as within-line RSDs 

(standard homogeneity) over a range of laser fluences (1-4 J∙cm-2). 

As shown in this figure, the choice of calibrant for Se seems to have 

a greater impact in comparison with Fe calibration; at 1 J∙cm-2 the 

regression slope for the Se-protein calibration was approximately 

36% smaller than that of inorganic Se calibration. For laser fluences 

over 2 J∙cm-2 the regression slopes between the two species seem to 

agree within their associated measurement error, but as observed 

for Fe, the higher the laser fluence, the larger the within-line RSD 

achieved. 

Figure 2: Sensitivity increase for 80Se16O with the addition of methanol 
at a flowrate of 2.5 μL min-1. Error bars show the within-line variation 

as standard deviation (SD), n=120. 
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 A possible explanation for the observed difference between species 

is that a higher level of laser energy is required to efficiently release 

Se from Se-proteins and, therefore, achieve similar transport and ICP 

processing efficiencies in comparison with inorganic Se substrates. 

This hypothesis could also be supported by the fact that the Se-

protein slope increases by 60 % when increasing the laser fluence 

from 1 to 2 J∙cm-2, any additional increase in laser fluence does not 

result in significant sensitivity increase when considering the 

standard deviations associated to the regression slopes. Over the 

same energy range the inorganic Se slope was found to only increase 

by 35 % (see Figure 3).  

The increase in regression slope for both species with the increasing 

fluence above 2 J∙cm-2 is also partially due to complete ablation of 

the entire tissue thickness (for a constant translation rate of 118 

μm∙s-1 using a 213 nm laser wavelength) being achieved and, thus an 

increase in mass flux and in the total number of Se ions. As observed 

for Fe, linearity of the calibration curve also improved for both Se 

spike species with the increasing fluence, with improved correlation 

coefficients from 0.9319 (1 J∙cm-2) to 0.9883 (3 J∙cm-2) and 0.9490 (1 

J∙cm-2) to 0.9888 (3 J∙cm-2) for SeCl4 and Se-proteins, respectively. 

Despite the lower concentration range of the Se calibration, the 

within-line RSD and, therefore, overall homogeneity of the standards 

are at similar levels to those for Fe.  

Conclusions 

Methodology for the simultaneous quantification of Fe and Se at very 

different concentration levels in tissue has been developed for the 

purpose of future application to human brain tissue and associated 

models. This methodology is based on tissue-matched external 

calibration in combination with laser ablation and ICP-MS.  

 For the first time the impact of elemental species-specific calibration 

on the accuracy of the calibration data obtained for tissue Fe and Se 

using laser ablation ICP-MS was investigated, and the results 

suggested that there is a dependency on the laser fluence working 

range, in particular for Se. Also, the laser fluence was found to impact 

the within-line RSD for both elements; overall, the higher the laser 

fluence, the larger the within-line RSD achieved. Therefore, careful 

optimisation of this laser parameter, as a compromise between 

achieving lowest between-line RSDs and insignificant species-specific 

effects, is essential in achieving high quality quantitative imaging 

data for both Fe and Se in a tissue matrix. 

Finally, the limit of detection of Se was improved 2-fold by mixing 

25% (v/v) methanol with the laser-induced aerosol in a chamber prior 

to introduction into the ICP, making the simultaneous detection of 

both elements possible at physiologically relevant concentrations.   
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