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Abstract 

Abstract 

This thesis investigates an elemental bio-imaging technique that may be used to detect 

calcium phosphate-based {CaP) crystals in cartilage. CaP crystals are associated with 

osteoarthritis and define a subset of other arthritides. It is not yet known if these crystals play 

a direct role in disease conception/progression or are markers of joint damage. Improving our 

understanding of the processes involved in crystal formation and their relationship to arthritis 

may lead to the identification of therapy targets or biomarkers, enabling the development of 

effective treatments or early detection and monitoring of the disease. This is hindered by the 

small size and complex biological matrix which make crystal detection difficult using 

traditional technologies. Greater understanding may be achieved through the application of 

novel technologies, such as those described in this thesis, to crystal detection in biological 

materials. 

Metallomics is an emerging field first defined in the early 2000's. It is the study of free metals 

and metal containing species; their interactions, transformations and functions in biological 

systems. The study of metals is of great importance since many metals play essential ro les in 

maintaining physiological functions or ca use toxicity in organisms. Spatially resolved 

elemental maps offer unique insights into the role of metals at the tissue and cellular level. 

The production of element distribution maps is termed elemental bio-imaging. 

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) is an elemental 

bio-imaging technique capable of providing elemental maps, increasingly applied to t he study 

of metals and non-metals in biologica l samples. LA-I CP-MS offers t he benefits of di rect multi-

e!ement ana lysis of solid samples with minimal sample preparation, high sensitivity and 

detection of trace, minor and major elements. In this study LA-ICP-MS was applied to t he 

detection and identification of calcium phosphate-based {CaP) crystals in human cartilage and 

synovial fluid samples. 

The LA-ICP-MS elemental bio-imaging method was developed to detect and identify CaP 

crystals in cartilage and synovial fluid. The analysis of Ca is hindered by interfering species in 

the mass spectrum {e.g. 40Ar+, 12C160 2+). Two methods of interference reduction were 

investigated to improve Ca detection: cool plasma and collision/reaction cell {CRC). The CRC 

method gave the best improvements in signal-to-background ratios, detection limits and 
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Abstract 

isotope ratio accuracy. The affect of Ca (44Ca 2 +) and Sr-based (88Sr2+) interferences on Sr and 

Ca isotope signal intensities was also investigated. Both elements produced a negligible effect 

on the respective analyte signal intensities. 

Development of a new quantification procedure was undertaken to further improve the LA-

ICP-MS imaging method by defining a scale for easy crystal detection. Current quantification 

procedures are time consuming and laborious. Thin polymer films spiked with analytes and 

prepared by the spin coating technique were validated using tissue standards and finally used 

to quantify cartilage sections stained for CaP crystals. The films were prepared from a 

solution containing 10 % PMMA, 40 % xylene and 50 % chlorobenzene. The new 

quantification procedure also enabled the inclusion of multiple internal standards (IS) by 

placing the tissue sample on top of the film . Factors affecting the efficacy of ISs were also 

investigated . A close match in mass was the dominating factor in selecting optimal analyte/IS 

pairings and ablation cell design was also identified as an important factor in IS selection. For 

soft tissue analysis, 13C was found to be an effective IS but an element closer in mass to the 

analyte provided better signal compensation. 

The developed LA-ICP-MS elemental bio-imaging technique was successfully applied to the 

detection of CaP crystals in cartilage. This is the fi rst study to show the correlation between 

CaP crystals and Sr and therefore this technique may provide new insights into the processes 

involved in crystal generation and their relationship to arthr'tis. 

~ XXVI ~ 



Chapter 1: Elemental Imaging of 

Biological Material 



Chapter 1: Elemental Imaging of Biological Material 

Chapter 1: Elemental Imaging of Biological 

Material 

1.1 The Elements and Human Health 

Following the success of the human genome project several other 'omic' disciplines have 

emerged, each focussing on a component of a living organism with the goal of accumulating 

biological information on the living organism in its entirety [1]. One such discipline expanding 

the ranks of the 'omics' revolution is metallomics, a term first coined by Williams [2] and 

Haraguchi [3] in the early 2000's. Metallomics is the study of free metals and metal 

containing species, and their interactions, transformations and functions in biological systems 

[4]. The study of metals is of great importance as many metal ions and metal conta ining 

species play essential roles in maintaining physiological functions in organisms (e.g. Cr, Fe, Cu, 

Co, Zn), whilst others (e.g. Cd, Hg, Pb) are potentially toxic and homeostatic mechanisms are 

required to regulate their intracellular levels [5] . Proper regulation, uptake and t ransport of 

t race metals are vital to the life of an organism; deficiency or excess of some metals may lead 

to undesirable pathological cond itions or toxic effects. Disruptions in metal trafficking leads 

to deleterious reactions currently thought to be at the centre of many hereditary diseases 

such as IVlenkes disease, Wilson disease, hematochromatosis and hypotransferrinemia and 

may be associated with a variety of neurodegenerative disorders such as Parkinson's, 

Alzheimer's and Creutzfeldt-Jakob disease [6]. A summary of the ro le of selected endogenous 

elements and t he diseases t hat are linked w ith imbalance of the element levels is provided in 

Table 1. 

It has been estimated that approximately one th ird of all proteins and enzymes contain a 

metal ion as cofactors for biological function [4] . Though iron and iodine have been known to 

be essential to life since the 17th century and 1850 respectively, knowledge of the remaining 

essential trace elements has been largely acquired this century, particularly since 1950 [7] . 

Additionally, anthropic activities since the industrial revolution have released increasingly 

large quantities of organic and inorganic compounds into the environment, of which some 

elements (in particular heavy metals) pose a toxic threat to health if allowed to accumulate 

[8]. 
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The biological function of a metal is determined by its oxidation state and ligand 

environment. The function of protein bound metals can be largely classified as [9] : 

• structural (configuration of protein structure}, 

• sto rage (uptake, bind ing and release of metal in soluble form}, 

• electron t ransfer (uptake, release and storage of electrons}, 

• oxygen binding (metal-02 coordination and de-coord ination}, and 

• catalytic (substrate binding, activat ion and turnover) . 

Nutrient and toxic elements are generally distributed in biological tissues heterogeneously 

and therefore analytical techniques with good spatial resolution and sensitivity are required 

to study their function in biologica l systems [10] . 

Information obt ained from spatially resolved concentration maps of trace elements in the 

cell, chemical speciation and metal-binding coordination sites can advance t he discipline of 

metallomics [S]. Inductively coupled plasma-mass spectrometry (ICP-MS) is one of t he most 

important analytical techniques for metallomics when applied as a detector in 

chromatographic or elect rophoretic separat ions of biomolecules, largely due to its ability to 

distinguish between metal-containing and meta l-free species [11]. Additionally, any 

biomolecule can be can be rendered detectable by being tagged with a metal or meta l-

contai ning compound [12]. 

Understanding the relationship between genes, proteins, metabolites and metals has been 

referred to as one of biology's greatest challenges in the post-genomic era [13 ]. A 

comprehensive underst anding of t he pathologies associated with metal imbalance requi res 

knowledge of the biochemical processes in which the metal ions are involved and the ability 

to accurately detect and characterise elemental species in cells and tissues [14] . Advances in 

hyphenated ICP-MS and other analytical techniques, and cross-linking with other 'omic' fields 

will allow a systems biology approach to understanding biological functions in living 

organisms. This can lead to the discovery of new biomarkers for disease diagnosis [15], drug 

targets or development of drug design . 



Table 1: Elements found in the human body and their functions or medicinal applications 
Element Approx % Physiological Functions and Distribution [3, 7, 16] Related Diseases and Biomedicine Applications (16, 

body mass 17] 
[3] 

Ca 1.5 Found in bone (98 %) and cel l membranes. Ionic form used in the Hyperphosphataemia 
nervous system and muscle function 

Cu 1.2xl0-4 Transportation of oxygen, redox reactions and electron transfer. Menkes disease, normocytic, hypochromic anemia, 
Essential for the development of connective tissue, nerve coverings and leucopenia, neuropenia, gastrointestinal effects, 
bone. Found in Muscle (32 %), liver (17 %), brain (11 %), skeleton (10 %}, diagnostic and imaging agents, radiopharmaceuticals 
blood (7 %) and skin (3 %) 

Cr 2.9xl0-6 Metabolism of lipids and proteins, glucose tolerance factor Diagnostic agent, diabetes 
Co 2.2x10-6 Blood making (part of vitamin B-12) Diagnostic and imaging agents, photodynamic therapy 
I 1.6x10-5 Activation of thyroid gland (92 %}, constituent of thyroid hormones 
Fe 8.6x10-3 Transportation and storage of oxygen and iron, and involved in Anemia, hypotensive, hyperphosphatamia, 

antioxidation and metabol ism. Found in red blood cells (60 %), muscle photodynamic therapy 
(26 %), lung (8 %) and liver (7 %) 

Mg 0.15 Cofactors of enzymes. Found in bone (53 %) and muscle (30 %) Antacid, laxative, hyperparathyroidism, preeclampsia 
p 1.0 Component of adenosine phosphates (ATP, AM P, ADP, cAMP) and bone 

(90 %), phospholipids, phosphorylated proteins and nucleic acids. Also 
found in muscle (6.5 %) 

Sr 4.6x10-5 Radiopharmaceuticals 
Zn 2.9x10-3 Constituent of about 100 enzymes involved in a variety of metabolic Affects immune system, wound healing, and DNA 

processes (e.g. alcohol dehydrogenase). Also present in Zn-fingers synthesis, Menkes disease, dermatology, HIV, 
associated with DNA. Found in muscle {65 %}, skeleton (22 %} and liver photodynamic therapy 
(4 %) 
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1.1.1 Calcium Crystals and Osteoarthritis 

The term arthritis refers to a group of over 100 joint diseases which cause pain, stiffness, 

inflammation and damage to the joint components, including bone and cartilage. Arthritis 

and other musculoskeletal conditions are the most common cause of disability and chronic 

pain in Australia, affecting almost one third of the population [18]. As the population ages, 

the number of people suffering from arthritis is expected to grow to 7 million by 2050 [19]. 

The World Health Organisation estimated that musculoskeletal diseases were the fifth largest 

cause of global years of life lost due to disability in 2002 [20]. Arthritis cost the Australian 

health system $4.2 billion in 2007 and the estimated cost to the Australian economy, 

including medical care and indirect costs such as loss of earnings and lost production, was 

over $23.9 billion [19] . These figures show that arthritis is a major public health burden in 

both Australia and the world at large. 

Assessment of osteoarthritis (OA) is largely rel iant on clinical observation and radiographic 

findings [21] . Early diagnosis and continued assessment is hampered by the time required to 

observe radiographic signs of disease progression. The search for a biomarker for OA is 

t herefore of great interest t o improve diagnostics, and assessment of disease progression and 

t reatment effi cacy. Treatment of arthritides commonly depends on medicines such as 

analgesics, non-steroidal anti-inflammatory drugs and anti-rheumatic drugs [18]. Allied health 

and complementary practitioners are also involved in arthritis management through 

improving and maintaining body structure and function (18]. The number of tota l knee 

replacements performed in Aust ralian hospitals in 2006 - 2007 has more than doubled since 

1993 - 1994 [18]. 

OA is the most common fo rm of arthritis t hat occurs in humans and despite its prevalence, 

little is known about its pathogenesis [22]. Prevalence of QA increases wit h age; in Australia 

QA increased from 1 in 1, 000 people under 25 yrs, to 1 in 3 people over 85 yrs in 2008 [18] . 

QA can be defined as a gradual loss of articular cartilage in the joint, reducing the protection 

and cushioning between the bones and causing the joint to move less smoothly and with pain 

(Figure lb}. OA results from the failure of cartilage cells (chondrocytes) to maintain the 

balance between synthesis and degradation of the cartilage matrix [22]. Rheumatoid arthritis 

(RA), an autoimmune disease causing pain and swelling in the joint, is the second most 

common type of arthritis in humans and is defined by a much greater inflammation reaction 

(Figure le}. 
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Figure 1: A healthy knee joint (a) and joint damage caused by osteoarthritis (b) and rheumatoid arthritis(c). In 
osteoarthritis the cartilage breaks down and the bone becomes rough. Rheumatoid arthritis is characterised by 

inflammation of the joint lining. Adapted from Summit Medical Group [23] 

Calcium crystal formation in growing cartilage is an essential process for bone mineralisation, 

which declines with skeletal maturity [21]. Pathological caicium crystals are a common 

occurrence in joints affected by OA and their prevalence also increases with age [24, 25]. 

Calcium crystals are more commonly found in joints affected by OA, than in healthy joints or 

joints affected by inflammatory arthritides. Of patients undergoing knee replacement due to 

osteoarthritis, 60 % have articular calcium phosphate-based (CaP) crystals [25). CaP crystals 

have also been detected in the synovial fluid (SF} of 30 - 70 % of OA cases [22, 2.6-28]. 

Despite their frequent concurrence, the relationship between OA and CaP crystals remains 

largely unknown. This is predominantly due to a lack of understanding of the pathogenesis of 

both OA and crystal deposition and the limited ability to accurately detect CaP crysta ls [24, 

26] . The importance of CaP crystals in rheumatology was first recognised in the 1960's and 

the increased use of polarised light microscopy and electron microscopy has increased the 

awareness of t he frequency of these crysta ls in joints [29) . The main question is whether 

these crystals play a direct driving role in OA conception and progression, or are merely a by-

product or marker of OA. Several ot her questions such as which mechanisms might favour 

the formation of each of the different CaP crystal types, how the crystals form in cartilage and 

what mechanisms underlie the generation of inflammation in response to the crystals are 

also of interest in the field of rheumatology [30) . 

Calcium pyrophosphate dihydrate (CPPD) and basic calcium phosphates (BCP} (including 

carbonate-substituted apatite and the less frequently seen tricalcium phosphate and 

octacalcium phosphate) are the main CaP crystals associated with OA and other arthritides. 

These crystals may be seen exclusively or together in samples. The crystals can be 

distinguished by morphology and calcium to phosphorus ratio (Ca/P) and some of their 

characteristics have been listed in Table 2. Differentiation of CaP crystals based on the Ca/P 
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can be difficult due to variation in the carbonate substitution of biological apatite, and the 

mixing of crystals in some aggregates. Significant variation in morphology of BCP crystals has 

also been reported; crystals may be rod-shaped, need led-shaped or form thicker curved boat-

like structures [31]. Tricalcium phosphate and octacalcium phosphate are considered to be 

present as precursors to apatite formation though they can be the predominant constituent 

of BCPs found in joint fluids [31, 32]. BCP crystals have a more widespread tissue distribution 

than CPPD and are generally found more frequently in OA joint fluids than CPPD [24]. CPPD 

crystals are generally limited to formation in articular cartilage but reports of CPPD crystals in 

other tissues exist. 

Table 2: Selected characteristics of arthritis associated calcium crystals [28, 29, 31, 32] 
Crystal Morphology Size (µm) Formula Ca/P 

rod- or 
CPPD rhomboidal- 1-20 Ca2P201. 2H20 1 : 1 

shaped 
Needle-like 0.001 

1.67: 1 * 
HAp individuals, (individual} Ca10(P04}5(0Hh 1.3-1.9 : 1# 

shiny clumps 5 - 20 (clumps} 
Octacalcium plates, brush-

0.1 - 0.8 Caa[H2( P04}5] .5H20 1.3~ phosphate like arrays 
Tricalcium spherical 

0.1- 0.8 Ca3(P04}i 1.50: 1 
.__. P~osph~te __ ..... particles 

·- -------- --·----------~-----

Magnesium 
cuboidal ___ o.o_=._- o._=.__l (Ca Mg),( PO,), ~3 - 1.47 =_=-J 

Whitlockite 
*Can vary depending on degree of carbonate substitution. 

# Ca/P determined from bone mineral l33J 

The fo rmation of CaP crystals in articular cartilage is multi -factorial and incompletely 

understood [25] . The crystals can be found throughout the depth of the cartilage [34]. The 

most likely location for crysta l formation is cartilage matrix vesicles [30]. Current 

understanding of CPPD crystal formation indentifies four participants: overproduction of 

extracellular pyrophosphate (a compound crucial to the maintenance of cart ilage function), 

increased calcium concentrations in cartilage, changes in the pericellular (tissue surrounding 

the cells) matrix, and finally matrix vesicles from chondrocytes which concentrate ions, 

enzymes and substrates necessary for matrix mineralisation [25, 27]. Many of the same 

factors which promote CPPD crystal growth also play important roles in BCP crystal 

formation; high levels of calcium, changes in the pericellular matrix and matrix vesicles. 

However, high levels of extracellular pyrophosphate inhibit BCP crystal growth [25, 30]. 

Changes in the cartilage matrix may influence the type of CaP crystal that will form. 
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Though their role is unclear, evidence does suggest that CaP crystals must play a role in 

cartilage degeneration and the cl inical expression of QA. Where osteoa rthrit is and CaP crysta l 

deposit ion is concurrent, the severity and progress ion of joint degenerat ion is greater t han 

t hat seen with QA alone [24, 25]. There are a number of ways CaP crysta ls may contribute to 

QA. Laboratory experiments indicate t hree separate pat hways; t he direct pathway, w here 

crystals induce the release of deleterious factors such as prostaglandins and 

metalloproteinases, the paracrine pathway, involving the interaction of crystals and 

macrophages which induce inflammatory responses, and the biochemical pathway, which 

involves structural changes in the joint due to calcification of the tissue. Though inflammatory 

responses appear inconsistent, a dependence on crystal size and surface protein coating was 

demonstrated [30, 35]. Compelling in vitro evidence and animal QA models show that CPPD 

and BCP crysta ls engender multiple biological effects that promote joint degeneration [27, 

30, 36, 37]. The crystals may also cause the surrounding cartilage to harden through 

calcification, weaken t issue structure or provide sites for surface abrasion and wear [29]. 

While CPPD and BCP crystals are often concurrent with QA, these crystals also define unique 

clinical subsets of patients with inflammatory arthritis [38]. The most widely seen clinically 

recognised presentation of CPPD crystals is known as pseudogout, due to it being clinically 

indistinguishable from gout which is caused by depositions of monosodium urate crystals 

(MSU) [31]. Pseudogout is an inflammatory process and most commonly affects the knee. 

Other CPPD crystal-related diseases typically mimic common types of arthritis and include 

pseudo-osteoarthritis, pseudo-rheumatoid arthritis and pseudo-neuropathic joint disease. 

Diagnosis of CPPD deposit ion diseases relies on t he detection and identification of CPPD 

crystal s in t he affected area. BCP crystals have been associated with the highly destructive 

arth ritis known as Milwaukee shoulder syndrome [38]. Cryst al associated diseases of the joint 

were recent ly the subject of a book [31] and readers are directed there for a thorough 

explanation of the diseases. 

Treatment is largely inadequate for QA and other crystal -associated arthritides. The diseases 

tend to be treated systematically with intra-articular steroids and nonsteroidal anti-

inflammatory drugs to reduce pain and swelling [38]. A strong argument for the consideration 

of CPPD and BCP crystals as participants in joint degeneration has been made [38] . The 

crystals present opportunities for new drug targets for treat ments of crystal associated 

arthropat hies. There are currently no com pounds available that attempt to control crystal 

formation or reactions induced by the crystals. A review [39] of potential inhibitors of CaP 
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crysta l deposition identified two routes to drug therapy targets; obstruction of nucleation, 

formation and growth of crystal s, or the ta rgeting of crystal -stimulated intracellular 

responses. Phosphocitrate has been ident ified as a potent ia l t herapeutic agent t hat bot h 

inhibits BCP and CP PD crystal formation in cart ilage and blocks the biological effects of t he 

crystal s w hich cause fu rther ca rt ilage degenerat ion [22]. Phosphocitrate could be a valuable 

adjunct therapy to CaP crystal related arthropathies. 

Early OA may be a symptomatically silent disease which makes it difficult to detect at an early 

stage as sufferers may not seek medical advice until the disease has progressed to cause 

damage to structures around the affected cartilage [30]. Currently, a diagnosis of OA rests on 

information given by the patient (pain and history) and results from tests including 

arthroscopy, magnetic resonance imaging (MRI), and radiography. Unfortunately these tests 

are not ideal; arthroscopy is invasive, MRI expensive, and radiography insensitive [30]. 

Therefore, serum or SF markers of QA present at the early stages of disease would offer a 

substantial improvement in early detection and understanding of disease progression. It 

remains unclear if CaP crystals could fulfil this role. Improving our understanding of the 

relationship between CaP crystals and OA, the formation of CaP crystals in cartilage and their 

ability to engender biological responses is an important endeavour that may lead to the 

identification of biomarkers or therapy targets. In order to achieve this, improvements in 

existing or the discovery of new technologies used in the study and detection of CaP crystals 

in biological material is required. 

1.2 Elemental Bio-Imaging Techniques 

Many techniques are available for elemental analysis of biological material, however only few 

offer spatial distribution information in the form of elemental maps derived from directly 

scanning the sample surface. There have been several recent reviews of elemental bio-

imaging methods and their applications [5, 14, 40-42]. Imaging by mass spectrometry (MS} 

was initially developed by Castaing and Slodzian [43] in 1962 and was first utilised in biology 

by Galle [44] in 1970. Most of the MS imaging techniques used nowadays provide molecular 

information of the samples investigated, but have no direct access to an elemental 

composition of a sample [45]. Laser ablation-inductively coupled plasma-mass spectrometry 

(LA-ICP-MS) and secondary ion mass spectrometry (SIMS} are MS imaging techniques 
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routinely applied to elemental analysis of solid samples. Complementary techniques used to 

image the organic components of biological material have been extensively reviewed [46]. 

The meaning and value of trace metal information in biological systems increases with the 

sampling resolution [S]. Spatial resolutions of 10 - 50 µm are sufficient for the profiling of 

element content in different tissues (e.g. vascular tissues, tumours and surrounding tissue) 

but micrometer to sub-micrometer resolution is required to elucidate the cellular and sub-

cellular complexities of metal dependent mechanisms. Elemental bio-imaging at such high 

resolutions can only produce maps of a relatively small area and thus, though suitable for 

obtaining information on biological processes at a cellular or even sub-cellular level, are 

unable to give information on tissue/organ processes which may be relevant to disease 

cond itions. Since many different cell types are typically required to express the biological 

function of an organ, basic discoveries in this area are best accomplished using a spatia l 

resolution at the tissue level [47]. Greater spatial resolution also requi res more complicated 

sample preparation procedures in order to retain the integrity of the structure of the cell and 

organelles within the cell. 

Biological material is particula rly su ited to X-ray analysis as samples are generally composed 

of elements with low atomic number (Z) which have less backscattering and lower spectral 

baselines as there is significantly less self-absorption of the X-rays by the sample [48]. This 

leads to higher sensitivity as the peak-to-background ratio (P/B) is greater. MS techniques 

offer the advantage of isotopic capability, which offers an alternative to radioisotopes in 

isotope tracer studies used t o examine transport behaviour in biological systems, as stable 

isotopes may be used. 

Information about the chemical environment (speciation) of the metal is vital to 

understanding the interactions between metals and biomolecules. Currently, synchrotron X-

ray fluorescence (SXRF) is the only imaging technique capable of providing both elemental 

distribution maps and molecular information at the metal binding site simultaneously. 

However, non-destructive techniques may be used to analyse a sample for total molecular 

and elemental information in sequence. For example, Miller et al. [49] recently used SXRF and 

Fourier transform infrared microspectroscopy (FTIRM) to generate elemental and organic 

distribution maps of hair and tissue. By combining LA-ICP-MS with a technique capable of 

molecular imaging (MALDI, FTIRM, Raman etc.), the species information may be correlated 

with elemental maps. 



Chapter 1: Elemental Imaging of Biological Material 

This section discusses figures of merit of the various techniques used to image element 

distributions in soft biological tissues. A summary of the figures of merit for each technique is 

included in Table 3. 

1.2.1 Staining Methods 

Staining methods employ either a dye or fluorescent labelled chemical which undergo a 

chemical reaction and precipitate (colour stains) or form a complex (fluorescent labels) with 

the target element [14]. Staining methods traditionally used to collect information about 

elemental distribution in thin sections of biological tissues can give cellular or sub-cellular 

resolution but they usually lack the sensitivity to detect trace amounts of elements, do not 

detect multiple elements, may introduce impurities and can be dependent on oxidation 

states and/or species [5, 50] . The stain must compete with biomolecules to react or complex 

the metal of interest and therefore stain ing methods do not give an indication of the total 

metal content. Due to their limited sensitivity, histological methods are only suitable for 

diagnosis of pathological conditions associated with excess metal accumulation [42]. To 

reliably detect metals in tissues, especially at trace levels, it is important to use methods that 

are independent of the oxidation species as well as sensitive enough to detect low local 

concentration of the metal, such as the techniques discussed below. 

1.2.2 Electron Microprobe 

In electron microprobe analysis an electron beam is used to excite outer shell electrons of an 

atom which upon rearrangement emit X-rays [14] . The energy of the emitted X-ray is element 

specific and is used to determine the elemental composition of the irradiated area. By 

scanning the beam across the sample surface, an image of the element composition can be 

constructed. Electron microprobe analysis is typically carried out using an electron 

microscope; a scanning electron microscope (SEM}, scanning transmission electron 

microscope (STEM) or transmiss ion electron microscope (TEM), with an X-ray detector; 

energy dispersive (EDX) or wave dispersive (WDX) [51] . SEM can only be used to scan the 

surface of the sample, while transmission electron microscopes may be used to analyse the 

inside of ultrathin (100 nm} or sem i-thin ($ l µm) tissue sections. WDX detectors are only 

able to detect one element at a time, while simultaneous multielement (Z ~ 10) analysis is 

~ 11 ~ 
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available with typical EDX detectors [5]. Lighter elements (Z ~ 5) can be detected with 

windowless X-ray detectors. 

Advantages of microprobe techniques include non-destructive analysis and high spatial 

resolution that enables the identification of intracellular compartments and morphology and 

ultrastructure data. Though the electron beam can be focussed to 1 - 10 nm, scattering of 

electrons in the sample increase the excitation volume, resulting in a decrease the spatial 

resolution. In principle, maximal spatial resolutions of 30 - 40 nm are achievable, however in 

thick specimens electron scattering is increased which may reduce the spatial resolution to 

10 µm. Sensitivity is poor compared to LA-ICP-MS and sample preparation procedures to 

preserve tissue morphology at the nm resolution level are laborious and time consuming [14]. 

Sample preparation techniques are based on chemical fixation, staining and embedding in 

resin [51, 52] and can become a lengthy and complicated process, requiring cryo-facilities and 

may affect element distributions and/or concentrations in the tissue sample. 

1.2.3 Proton Beam Microprobe 

Particle induced X-ray emission (PIXE) uses a beam of heavy charged particles (protons, heavy 

ions) to scan t he sample surface and provide elemental spatial information. The use of a 

heavy ion beam increases the sensitivity 100-fold compared to electron probes as the heavy 

particles give rise to a much lower continuum background intensity in the X-ray spectrum [S, 

14, 53] . The beam can be focussed down to a few µm2 cross-section for µ-PIXE. Multiple 

elements (Z ~ 10) ca n be detected simultaneously with conventional EDX detectors. Lighter 

elements can be detected and ful l quantification ach ieved when PIXE is combined with 

different detectors (Rutherford backscattering spectrometry (RBS) or particle induced gamma 

ray emission). Theoretically, standards are not required for quantitative element analysis as 

the physical processes involved in generating X-rays are well understood [S, 42] . However, 

this method of absolute quantification requires accurate knowledge of all parameters 

involved which can be difficult under certain operating conditions [53]. Therefore, many users 

employ thin film standards to calibrate the PIXE instrumentation as a relative quantification 

method. The ion beam is produced by a particle accelerator, which is complex, costly and 

requires a high level of technical skill. However, small electrostatic accelerators can be 

obtained at a cost similar to other analytical equipment such as mass spectrometers or 

electron microscopes, and require a similar level of operative skill [53]. 
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PIXE analysis is typically performed in vacuum and the bombardment of an insulating sample 

causes a charge to build up, leading to sample breakdown, sparking and a decrease in the P/B 

ratio. Various methods have been developed to avoid charge build up on the sample by 

either conduction or neutralisation of the positive charge, or avoiding the effects from 

electrons impinging on the sample (increasing chamber pressure, coating the sample with a 

thin layer of carbon, placing a thin carbon foil in front of the sample, spraying the sample with 

electrons from an electron gun, and using strong permanent magnets) [S3]. PIXE may also be 

performed under atmospheric pressure or moderate vacuum pressure depending on the 

objective of the analysis and sample type. For example, losses of volatile compounds are 

significantly less when analysis is performed under low pressure (with He) rather than under 

high vacuum pressure. However, the accelerator requires a high vacuum so the ion beam 

must transit from a high- to low-pressure vacuum/atmospheric pressure environment, which 

requires the use of specia l materials. 

1.2.4 Synchrotron-based X-ray fluorescence 

A synchrot ron provides a unique source of continuous radiation across the X-ray spectrum as 

t he light is emitted by electrons accelerated in a magnetic field [54] . The increased brightness 

of the synchrotron X-ray beam and the smaller effective source size markedly reduces the 

time taken to collect data using conventional X-ray sources and increases spatial resolution 

while retaining an acceptable P/B ratio. 

The advantages of synchrotron X-ray microbeams are the abi lity to give spatially resolved 

speciation information, multielemental analysis, cellu la r to sub-cel lular spatial resolution and 

high sensit ivity; attomolar (10-18
) amounts of trace elements can be detected in single cell s or 

lOµm tissue sections. Additiona lly, quantification can be achieved w ith standards without the 

requirement for matrix-matching. 

The adsorption of hard X-rays is not only characteristic of an element but also the chemical 

environment and oxidation state [42]. X-ray absorption spectroscopy (XAS) can therefore 

provide element distribution maps as well as information regarding the structure of the metal 

binding site and metal oxidation state. Advancements available in third generation 

synchrotrons allowed the analysis of hydrated biological material with high sensitivity and 

resolution [SS]. 
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To date, SXRF is the only available method for quantitative imaging of fully hydrated whole 

cells and is likely to be a major contributor to important biological questions about metal 

distribution, concentration and oxidation state [14, SS]. The application of SXRF to determine 

the distribution of metals and metalloids in heterogeneous biological materia l is rapidly 

growing, with a preponderance of studies in the clinical and environmental sciences [48]. 

However, synchrotron techniques are not suitable for routine analysis or large numbers of 

samples because of the scarcity of available synchrotron sources. An extensive review on the 

biological applications of SXRF was recently published by Fahrni [SS]. 

Table 3: Figures of merit for techniques used for elemental imaging of soft tissues [5, 41, 42, 56, 57) 

Information 
Detection Spatial Max 

Technique 
Collected 

Limit Range Resolution Sampling Destructive 
(ug g-1) (µm) Area 

LA-ICP-MS 
multi-element 0.1-

lS-SO lS cm 2 

Yes 
and isotopic 0.00001 (LFC) 

SIMS 
multi-element 100-0.1 I O.OS-1 SOO µm2 Yes 
and isotopic 0.0001 

PIXE/µ-PIXE 
multi-element 

0.1-0.001 0.2-2 2 mm2 I 
No (all Z) 500 µm2 

µ-SXRF 
multi-element 0.001-

0.01 - 1 1 mm2 No (Z 2! 6) 0.0001 

µ-XAS/XANES 
chemical 

0.1 0.02-1 1 mm2 No 
species 

Electron 
microprobe multi-element 10,000-

0.05 1mm2 No (XRM, SEM/EDX, (Z ?- 5/10) 1,000 
I STEM/EDX) I 

1.2.5 Secondary Ion Mass Spectrometry 

SIMS uses a focussed beam of primary ions (Ar+, Xe+, etc.} to eject and generate secondary 

ions that are then analysed by MS. The technique is multielemental with isotopic capabilities, 

and has excellent sensitivity and spatial resolution capabilities for cellular or sub-cellular 

analysis. There are two main categories for SIMS analysis: dynamic and static. Dynamic SIMS, 

the most common method, offers quantitative analysis, greater spatial resolution (SO nm) 

and depth analysis, however some sensitivity is lost and typically only elemental information 

is available [S]. The method uses a relatively intense beam at high sputter rates to penetrate 

the sample surface. In static SIMS analysis, a low intensity beam is used so that analysis is 

often completed before 1 % of the sample surface has been eroded or chemically damaged. 

Thus static SIMS is more suited to near-surface analysis of molecular composition or chemical 

structure information [5]. 

~ 14 -~ 
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As with other techniques possessing sub-cellular analysis capabilities, sample preparation is 

very important to avoid the artificial redistribution of diffusible ions. Like the techniques 

outlined above that operate under high vacuum conditions, extensive sample preparation is 

required (58, 59]. The probability of ionisation is dependent on the matrix and therefore 

matrix-matched standards are usually required. SIMS is subject to matrix effects such as 

sputter yield variations, mass interferences, and ion yield variations which can hinder 

quantification/interpretation of analytical data, and are dependent on sample matrix and 

preparation process (58, 60]. 

SIMS is a standard technique for the study of trace elements in semiconductors, coatings, 

minerals and high performance materials (56]. The development of the NanoSIMS 50, a high 

resolution dynamic SIMS instrument with further improved sensitivity and selectivity, has 

significantly increased the number of bio-imaging applications of SIMS (42] . Additionally, the 

analysis of a cell by SIMS leads to a gradual erosion of the cell surface which can be exploited 

for obtaining chemical information in 3 dimensions (42]. However, the nanoprobe instrument 

can only detect up to 5 ions simultaneously. Current developments aimed at enhancing the 

ion yield of high-mass molecules looks to further expand the application of SIMS in biological 

studies. A mini-review of the current progress in SIMS analysis and its biological applications 

was recently published by Guerquin-Kern et al. [61], and a more extensive require of the 

SIMS technique has been published by Pacholski and Winograd [62]. 

1.2.6 Laser Ablation-Inductively Coupled Plasma-· Mass 

Spectrometry 

LA-ICP-MS analysis employs a focussed laser beam to vaporise sample material that is then 

transported to an argon-based plasma (usually by argon carrier gas) where it is ionised and 

carried through to the mass spectrometer which selectively detects ions at a given mass-to-

charge ratio . LA-ICP-MS is increasingly applied to the study of metals in biological samples 

and offers direct multielemental analysis of solids and liquids with trace and ultra trace 

detection capabilities, and a linear dynamic range of seven or more orders of magnitude. The 

technique is considered mature for geological and metallurgical samples but applications to 

the imaging of soft tissues are only emerging [S] . ICP-MS has been used for the determination 

of trace and ultra-trace elements in a variety of samples and owes it popularity to low limits 

of detection, multi-element capabilities, wide linear dynamic range, high sample throughput, 

~ 15 ~ 
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relatively simple spectra, the ability to obtain isotopic information, and the ease with which 

alternative sample introduction techniques may be used [63]. 

At present, LA-ICP-MS is the most sensitive technique available for the determination of 

metals and selected non-metals in biological tissue and, along with SIMS, is the only method 

that offers isotopic analysis [60]. At low spatial resolution (> 100 µm), detection limits are 

typically low to sub ng g-1, while at high resolutions ("'10 µm) detection limits deteriorate to 

µg g-1 levels [63]. Despite the relatively poor spatial resolution of LA-ICP-MS, it is still 

considered the method of choice for tissue analysis due to its superior sensitivity and 

dynamic range [S, 41]. Considerable information about the developmental biology in normal 

health and diseased conditions can be obtained at the tissue level (5 - 25 µm) [47]. Biological 

applications are expected to further expand with the recent development of near-field LA-

ICP-MS, which enables spatial resolution in the nm scale [64-66). Becker et al. [67] recently 

achieved a spatial resolution of 3 µm for biological soft tissue using a laser micro-dissection 

system for sample introduction. At this spatial resolution, LA-ICP-MS may evolve into a 

method that offers similar sensitivity and spatial resolution at a fraction of the cost of 

synchrotron-based microprobe instruments [42). As the spatial resolution of LA-ICP-MS 

improves further with innovations in the laser system design, it is expected that the 

sensitivity of the ICP-MS will become the limiting factor due to the smaller amount of 

material sampled [68]. The matrix effects observed in LA-lCP-MS analysis are less severe than 

those observed for SIMS and thus simpler quantification procedures may be available [41, 60, 

69]. A number of different calibration strateg·es have been developed and will be discussed in 

Chapter 3:. Finally, compared with other trace element imaging methods, LA-ICP-MS offers a 

faster sample throughput while retaining high sensitivity and accuracy [42]. 

1.3 Inductively Coupled Plasma-Mass Spectrometry 

The inductively coupled plasma (ICP) was first developed by Reed in 1960 [70] and was soon 

after used for spectrochemical analysis [71]. The first publication to describe the coupling of 

an Ar-based ICP with mass spectrometry (MS) appeared in 1980 and not long after 

commercial systems became available in 1983. The number of applications has grown 

increasingly over the years and ICP-MS is now considered the most powerful multi-element 

analytical technique available today [72] . ICP-MS offers high sensitivity, a wide dynamic range 

of up to 9 orders of magnitude, multi-element detection and isotopic information and high 
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sample throughput [73, 74) . The wide dynamic range of the ICP-MS is a unique capability 

which makes the t echn ique very attractive compared to other trace element techniques 

(such as electrothermal atomisation, which is limited to detection at the trace level, or ICP-

optical emission spectroscopy, which is traditionally used for higher concentrations) for the 

analysis of elements at trace, minor and major concentrations within the one sample [74). 

ICP-MS has been applied to a variety of sample types in fields such as materials analysis, 

biology, archaeology, geology, nuclear and environmental. 

The basic principle of ICP-MS is the detection of isotopes based on atomic mass [72). A 

mixture of atoms and molecules from the sample are introduced into the ICP and ionised. The 

ionisation process is very aggressive and all molecular information from the sample is 

destroyed. Positive ions are extracted from the plasma and transported to the mass analyser 

where the ions are selectively transmitted through a series of focusing lenses to the detector 

based on their mass-to-charge (m/z) ratio . Analysis yields a mass spectrum showing the 

intensity of selected masses, related to their concentration in the sample. This section gives a 

brief outline of the major components and processes of ICP-MS, divided into four main 

sections; sample introduction, ion formation, the plasma-MS interface and the mass analyser, 

shown in Figure 2. 
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Figure 2: Schematic of an ICP-MS (Agilent Technologies 7500) showing the four main comportments; sample 
introduction system, torch (where ions are formed), plasma-MS interface and mass analyser. From Agilent 
Technologies {2007) [75} 

1.3.1 Sample Introduction 

iCP-MS is capable of analysing a number of different sample types, including liquids, slurries, 

solids and gases. A number of sample introduction techniques have been coupled to ICP-MS, 

determined by the physical state of the sample and the application. Solid samples may be 
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sampled by laser ablation (LA), gaseous samples by direct introduction into the plasma, gas 

chromatography or hydride generation and slurries by electrothermal vaporisation (ETV), to 

name a few examples. Sample introduction of liquids into the ICP is most commonly achieved 

by the generation of a fine aerosol by solution nebulisation (SN) and droplet selection (to 

ensure efficient ionisation in the plasma) by way of a spray chamber (see Figure 3) [74] . What 

follows is a brief description of the most common type of sample introduction for ICP-MS. LA 

was the main sample introduction technique used in this study and it is discussed in detail in 

Section 1.4. 
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Figure 3: Typical nebuliser (a) and spray chamber (b) for liquid sample introduction to ICP-MS. The schematic 
represents a pneumatic nebuliser and double-pass spray chamber, the most commonly used system for liquid 
sample introduction. 

The nebuliser generates an aerosol by action of a high speed gas jet over a tip of a small 

orifice [72]. The gas effectively transforms the liquid into a fine mist of varying particle size. If 

the aerosol were to directly enter the plasma, the plasma would be extinguished or suffer 

significant temperature reduction. The spray chamber is used to filter the aerosol so that 

large droplets that would not be ful ly volat ilised and ionised in the plasma are removed . !n 

the case of t he double-pass spray cha mber shown in Figure 3, the nebulised aerosol t rave ls 

the length of the centra l t ube, large droplets are excluded by gravity whilst smaller droplets 

are transported by a carrier gas between the outer wall and central tube, eventually 

emerging from the spray chamber and ejected into the torch. This causes the transport 

efficiency of SN-ICP-MS to be rarely greater than 2 % (mass of ana lyte transported to the 

plasma per unit mass of analyte introduced from the sample) [76]. Spray chambers require 

good temperature stability to minimise transport variations and short washout times to 

minimise memory effects [72] . The spray chamber also removes the solvent from the aerosol 

and efficiency of this removal can be controlled by temperature. 

A pump with mini rollers that rotate at the same speed, known as a peristaltic pump, is 

typically used to feed the liquid sample to the nebuliser [74). However, some nebulisers are 
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self-aspirating. A number of innovations have been published in both nebuliser and spray 

chamber design and reviewed in a number of text books (e.g. references [74] and [76]) and 

journal articles (e.g. reference [77]) . 

1.3.2 Ion Formation 

The aerosol from the sample introduction syst em is injected into the base of the plasma to 

vaporise, atomise and ionise the sample so that positively charged ions may be transmitted 

through to the mass analyser and detected. The plasma is formed at the open end of the 

torch, a schematic of which is provided in Figure 4. A plasma is a highly ionised gas composed 

of ions, electrons and neutral species and can be classified by the type of electric field used to 

create and maintain the plasma. In the case of ICP-MS the plasma is sustained only when a 

magnetic field is present. The magnetic field is generated by a radio frequency passing 

through the induction coil (Figure 4) [74]. The magnetic field region is seeded with electrons 

which ionise the argon gas when electrons of sufficient energy collide with argon atoms. This 

process releases more electrons. When electrons released by the collisions with argon atoms 

equals that of the losses caused by recombination, a steady state plasma is formed. A current 

is induced in the conductive argon ion stream by the magnetic field. 

Induction coil 

Sample -----.1 
aerosol 

Plasma 

Tangential gas flow 

Figure 4: Schematic of the ICP torch. Adapted from New Mexico State University (2006} {78] 

The torch consists of three concentric tubes; the outer and middle tubes carry gas flows 

which cool the torch (auxiliary gas) and form the plasma (plasma gas), respectively. The inner 

tube carries the sample aerosol from the sample introduction system (carrier gas) and 

phys ically punches a cha nnel through the centre of t he plasma [74, 76] . The plasma operates 

at extremely high temperatu res with different heat ing zones within the plasma. The outer 

regions of the plasma are hotter ("' 10,000 K) than t he cent ral channel (6,000 - 8,000 K) as the 
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bulk of the rf power is inductively coupled to the area closest to the coil (the outer regions). 

The tip of the plasma is the coolest zone. At these temperatures, the sample aerosol is 

desolvated, vaporised, atomised and finally ionised as it travels through the plasma. The 

ionisation efficiency of the plasma can be optimised by modifying the carrier gas flow of the 

sample aerosol, plasma and auxiliary gas flow rates, the rf power supplied to the plasma and 

the distance between the torch and the point where the ions are extracted [72]. These 

parameters affect the plasma temperature and residence time of the sample aerosol. 

Argon is most commonly used as the plasma gas due to its low cost, capability to excite and 

ionise most elements in the periodic table, and the fact that no stable compounds are formed 

between Ar and the analytes (though unstable molecular species can be formed in the 

plasma and are known as interferences, discussed in detail in Chapter 2:) . Ionisation may 

occur by a variety of processes but thermal ion isat ion is considered the dominant 

mechanism. Thermal ionisation, represented by Equation 1, is induced by collisions among 

atoms, ions, and electrons in the plasma [76] and results in the removal of an electron from 

the analyte. The removal of an electron from the analyte atom (M) relies on an electron 

absorbing sufficient energy, equal or above its first ionization potential (FIP), to escape the 

atomic nucleus. The energy available in an Ar plasma to remove an outer shell electron of an 

analyte atom is approximately 15.8 eV - t he FIP of Ar. Th is energy is high enough to ionise 

most elements in the periodic table, with the exception of He, F and Ne which have FIPs 

above that of Ar. The degree of ionisation depends on the FIP of the analyte, wit h most 

elements over 80 % ionised in an Ar ICP [76]. Elements with FIPs above 9 e\/ are considered to 

be inefficiently ionised . Other elements which have second ionisation potentials below the 

FIP of Ar may be stripped of a second elect ron and become doubly charged. The presence of 

solvent or matrix elements and the entrainment of atmospheric gases negates t he rout ine 

estimation of C, N, 0 and H [76] . 

Ar++ M ~ Ar+ M+ 

Equation 1: Mechanism of thermal ionisation and charge transfer in the ICP 

Ar has poor thermal conductivity compared to other gases such as hydrogen and nitrogen. A 

number of mixed gas plasmas (Ar with He, N2, air, H2 and various halogens) have been 

investigated for increasing the ionisation efficiency of elements with high FIPs, improve the 

heat conductance in the plasma (to increase the transport of energy to the atomisation and 
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ionisation zones in the plasma) and minimise interferences formed in the plasma [79]. Adding 

He to the plasma increases the detection threshold for As, Br, Cl and I by one or two orders of 

magnitude. Some elements, such as the rare earth elements, have very high M:O bond 

strengths that may not be broken in the plasma. Oxide peaks appear 16 mass units higher on 

the mass spectrum than the M isotope, interfering with the detection of other isotopes that 

may appear at the same mass-to-charge ratio. Rare earth oxides can contribute as much as 5 

% of the signal of the main isotope if not controlled. The formation of rare earth oxides can 

be decreased by 20 % with the addition of N2, though doubly/multiply charged ions are 

increased. Elements with relatively low second ionisation potentials can release a second 

electron if the ionisation efficiency of the plasma is high enough. This leads to the formation 

of doubly charged ions that appear at half the expected mass of the isotope due to the 

spectrum being based on a mass-to-charge ratio. These ions can overlap other isotopes of 

interest and interfere with their detection/quantification. Drawbacks, including the formation 

of new polyatomics and other interferences, the requirement for complicated instrument 

designs and the sometimes less than notable improvements, have limited the use of mixed 

gas plasmas. Interferences and the methods used to control them are explained in greater 

detail in Section 2.1.4. 

1.3.3 Plasma-MS interface 

Once the ions are generated, they are transmitted to the mass analyser via the interface 

region, one of the most critical areas of the ICP-MS [74]. The design of the interface region 

was a major challenge when ICP-MS was first developed due to the complexities of 

transferring ions from the extremely hot plasma, operated at atmospheric pressure, to the 

MS, operated under vacuum. Along the way there are opportunities for loss of ions, creation 

of undesired ions (such as 40Ar160+ which interferes with the detection of 56Fe+) and matrix 

effects (suppression or enhancement of analyte signal due to interaction with matrix-based 

ions) [80]. 

The interface region consists of two metallic cones, the sampler cone which is immersed in 

the plasma and the skimmer cone which sits immediately behind. Both cones have a small 

orifice (approx. 1 mm) to allow the ion beam to pass through to the ion optics, a series of 

electrostatic lenses which focus and direct the ion beam into the mass analyser. 
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The ion optics consist of a series of conical lenses, metal plates, barrels or cylinders that have 

a voltage placed on them to focus positive ions into the mass spectrometer [74]. Photons, 

particulates and other neutral species are prevented from reaching the MS by optic designs 

that employ an off-axis approach or bend the ions around an axially placed obstacle . In the 

Agilent system the mass analyser is offset from the plasma so that the ion beam is deflected 

by the series of lenses through a chicane. Other species are not deflected and hence are 

eliminated from the ion beam. Figure 5 shows the interface region as well as the octopole 

collision/reaction cell which can be used as an ion guide under normal conditions. The 

collision/reaction cell is discussed in detail in Section 2.1.4. 

cone 

Skimmer 
cone 

Lens system 

Figure 5: Plasma-MS interface in an Agilent 7500 series ICP-MS. From Agilent Technologies (2007) {75] 

Past the sampler cone, the plasma gas expands as a supersonic jet into a region of lower 

pressure and the central channel continues to flow through the skimmer cone [72]. The 

plasma has been shown to extend beyond the skimmer cone but plasma behaviour in the 

interface, particularly in regard to t ransformation of the ion beam and where t his occurs, 

remains unknown [81] . Due to the small orifice of the cones, total dissolved solids (TDS) must 

be kept low (< 2 %) to avoid deposition around the orifices, leading to blockages. A bui ld-up 

of residues can also alter the shape of the orifice and therefore how ions are extracted from 

the plasma [72]. Since the plasma has a net positive potential compared to the grounded 

sampler cone, undesired electrostatic coupling between the load coil and the plasma 

discharge can occur, producing an electrical discharge between the plasma and the cone. This 

discharge is known as secondary discharge and shows itself as arcing in the region where the 

plasma is in contact with the sampler cone [74]. Secondary discharges result in damage to the 

torch and cones, the formation of ions from the sampler cone, causing a high background of 

these ions as well as photons, metastable Ar atoms and fast electrons and also increase the 

formation of doubly charged ions [72]. Grounding the load coil and insertion of a platinum 

strip (known as a shield) between the torch and coil reduces secondary discharges. 
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Transmission losses in the ICP-MS are sign ificant; only one in a million ions generated in the 

plasma actually reach the detector [74]. One of the main cont ributors to the low t ransport 

efficiency is t he defocusing of analyte ions and al te ration of t he transmission characteri stics 

of the ion beam due to the high concentration of matri x ions. This phenomenon is known as 

the space-charge effect. The role of the ion opti cs is therefo re to focus the ion beam and 

transport the maximum number of ions to the mass analyser whilst preventing matrix 

components and other undesired species from entering. Lens voltage affects ions differently 

depending on their mass and can be altered to improve the transmission of lighter or heavier 

ions. The total number of ions that can be compressed into the ion beam is limited by mutual 

repulsion of positive ions (the space-charge effect) and lighter ions are likely to diffuse to the 

outer region of the ion beam and are lost whilst the heavier ions remain towards the centre 

of the ion beam [72]. The space-charge effect is exacerbated for samples containing heavy 

matrix elements that cause greater diffusion of lighter analyte elements. 

1.3.4 Mass Analyser 

There are three different commercially ava ilable mass analysers used for ICP-MS; quadrupole 

mass filters (qMS), double focussing magnetic sector (sector field, SFMS) and time-of-flight 

{TOF). The first 10 years of ICP-MS was dominated by qMS but limitat ions fo r some 

applications led to the development of alternative rnass separation devices that enabled 

higher mass resolution and faster data capture [74]. The majority of LA-!CP-MS instruments 

employ qMS but multicollector instruments are becoming increasingly popular [73]. 

The qMS consist s of four para llel electrical ly conduct ing cylindrica l or hyperbo lic 

metallic/metal coated rods, typically made of stainless steel or molybdenum [74, 76] . A direct 

current (DC) field and a time dependent alternating current (AC) of radio frequency are 

applied on opposite pairs of the rods, creating an oscillating hyperbolic field. Ions of a specific 

mass-to-charge ratio (m/z) are allowed to pass through the quadrupole by selecting a specific 

AC/DC ratio on each pair of rods. Ions oscillate between the rods with increasing amplitude as 

they approach the detector. Ions of the selected m/z will reach the detector but ions outside 

this m/z will become unstable in their oscillating motion and collide with the rods, becoming 

neutral and ejected from the quadrupole. By ramping the DC voltage and radio frequency 

(but keeping the AC/DC ratio strictly fixed), numerous m/z ratios can be detected, enabling 

mu lti-element detection. A schematic of the qMS is presented in Figure 6. 
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non-resonance ion 
(not detected) 

Figure 6: Schematic of quadrupole mass filter. From School of Chemistry {2009) {82] 

Multi-element detection by scanning multiple m/z ratios is not simultaneous in qMS. Once a 

m/z ratio is selected and the specific AC/DC ratio applied to the rods, a settling time is 

required before the qMS dwells on that m/z for a set period of time for intensity 

measurements. The qMS then moves onto the next m/z and so on, finally sweeping back to 

the first m/z value and beginning the set of m/z values again [74). The dwell time is set by the 

user and thus can be modified for each m/z value to improve sensitivity or reduce analysis 

time. The scanning and settling time however, are fixed by the instrument and are related to 

the change in sequential masses and the tota l mass range analysed [83]. During rnulti-

element analysis, a large portion of sampling t ime is thus unavoidably devoted to settling the 

qMS, which does not contribute to the quality of the ana lytical signal [74]. The settling time 

of the qMS is relatively short (up to 1000 masses can be measured per second [84]) which 

makes them ideal for the acquisition of transient signals, such as those generated by laser 

ablation sampl ing [85). The disadvantage of the qMS and its sequential acquisition of masses 

is t hat the transit time of large particles t hrough the plasma is on ly a few ms and t herefore, 

potentially only one measurement is obtained from the particle which could be non-

representat ive of its composition if some ions are preferentially ionised in the short residence 

in the plasma [84]. 

Of the other mass analysers commercially available in ICP-MS instrumentation, the TOF and 

multicollector overcome this limitation as all ions are detected simultaneously or from the 

same event in the ICP. On the other hand, though the SFMS instruments can acquire data at 

high speeds, the instrument cannot switch rapidly over large mass ranges as magnetic 

scanning is much slower than electronic scanning (qMS} [84]. The scan systems of modern 

SFMS instruments have been considerably improved but they remain inferior to scan speeds 

achieved with the qMS [74]. 



Chapter 1: Elemental Imaging of Biological Material 

TOF and magnetic sector instruments separate ions based on their kinetic energy. If all ions 

are accelerated to the same kinetic energy, each ion will reach the detector dependent on a 

characteristic velocity based on its m/z ratio [76]. In TOF instruments, the ion beam is pulsed 

and must travel a flight path so that lighter ions in the pulse packet reach the detector before 

heavier ions. Magnetic sector instruments subject the ions to a magnetic field that deflects 

the ions onto a curved path. In the SFMS, ions pass through an electric sector prior to the 

magnetic sector, which further improves mass resolution. Generally, SFMS instruments have 

higher sensitivities and can be operated at high mass resolution (resolving power of 10,000 

compared to qMS "'300) to resolve isobaric interferences (though with a compromise in 

sensitivity) and TOF instruments are used for applications where the mass spectrum must be 

recorded in the shortest time possible [60] . With the TOF, ions are not detected 

simu ltaneously but the ions detected in each packet originate from the same ICP event and 

therefore the compromise between detection limits, precision and the number of elements 

analysed in qMS systems is eliminated in TOF instruments [74] . The cost and technical 

expertise required to operate TOF or SFMS instruments have limited thei r application [76] . 

Quadrupole mass analysers are robust and remain stable over many hours of operation; an 

important condition for lengthy elemental bio-imaging studies. 

The mass analyser can col lect data in different modes, the main two being multipo int 

scanning and peak hopping. Multipoint scanning is used to collect spectral and peak shape 

information for mass calibration or resolution checks, or for qualitatively assessing what 

elements or polyatomic interferences are present and the implications spectral overlaps may 

have on the masses of interest [74]. In peak hopping mode, only one point per mass peak is 

measured. For the analysis of transient signals (such as that generated by LA sampling) it is 

recommended to operate the mass analyser in peak hopping mode where the best possible 

detection limits, precision and rapid quantitative analysis is achieved [83]. 

Ions transmitted through the mass analyser strike a detector, most commonly a discrete 

dynode electron multiplier. Ions are counted by converting the ion into a discrete electrica l 

pulse, where the number of pulses is related to the number of analyte ions in the sample and 

can be converted to a concentration by comparing the signa l intensity from the sample to 

that from a set of known standards. Pulse counting detectors are linear between 0 and 106 

counts per second (cps) and therefore most qMS systems include a dual stage electron 

multiplier so that above 106 cps, ions are measured as an analogue signal, extending the 

dynamic range of the instrument to up to 9 orders of magnitude [72]. 
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1.4 Laser Ablation 

Laser ablation sampling essentially involves the coupling of radiation energy from the incident 

laser beam onto the surface of a sample, resulting in the conversion of a finite volume of the 

sample into a vapour phase [84]. When light energy with an extremely high-power density 

interacts with a solid material, the photon-induced energy is converted into thermal energy, 

resulting in vaporisation and removal of the material from the surface of the solid [74] . A 

hybrid of other processes such as ejection of atomic and ionic species, sputtering, ejection of 

fragments from the surface due to shock wave and, with UV laser radiation, direct bond 

scission and fragmentation may also occur [86]. 

A typical laser ablation system consists of a laser, ablation stage, transfer lines from the 

ablation cell to the ICP-MS, a camera to observe the sample surface and software to control 

the sampling parameters {Figure 7). The ablation stage is usually mechanically adjustable so 

that the sample may be moved under the laser beam. An inert gas, commonly Ar or He, is 

used to carry the ablated material to the ICP-MS. 

D TVcamera 

Lens 

Dielectric mirror 

Laser focussing objective 

Carr ier gas 

Figure 7: Diagram of a typical laser ablation system. Adapted from Gunther et al. (1999} {83} 

The laser was first used as a vaporisation device in the 1960's and was first used for sample 

introduction into an ICP-MS in the 1985 [87]. Several reviews on LA-ICP-MS have been 

published over the past decade, highlighting the wide interest in this technique [40, 73, 83, 

84, 88-91]. Applications of LA-ICP-MS have continued to increase over the years and now 

span a great range of academic and industrial fields including geological, environmental, 

biological, forensic and materials {Figure 8). The LA-ICP-MS technique was first pioneered and 

used to great success in geological analyses due to the availability of standard reference 
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material which enabled accurate quantification and is now considered a mature technique in 

th is field . 

150 

Vl c 100 
.Q 

__ ___ •• 11 b11111Utl I 
....., 
cu u 

..0 50 
::J 

0... 

0 

1985 1991 1996 2001 2006 

a) Year b) 

Figure 8: Growth of LA-/CP-MS publications from 1985 - 2009 (a) and pie chart of LA-ICP-MS applications 
between 1985 and October 2010 (b). Source: /SI Web of Knowledge, key words 'LA-ICP-MS', 'laser ablation ICP-
MS' and 'laser ablation inductively coupled plasma mass spectrometry' used in (a) and with subject areas 
geological (II), biological {II}, environmental }, forensic {fj.) and materials )used in (b). 

The processes involved in LA sampling are complex with many variables dependent on the 

laser parameters and sample matrix and the fundamentals are poorly understood (91). 

Understanding of the mechanisms involved in LA sampling is necessary for efficient coupli ng 

of the laser radiation and sample surface which will result in reproducible quantities of mass 

ablated, control over the amount of mass ablated, stoichiometric sampling and control 

particle size distribution of the ablated mass. Control and knowledge of these features will 

enable LA to become a routine analytical technique for many applications. 

LA sampling offers many advantages over SN sample introduction into an ICP-MS for the 

direct analysis of solids. The removal of the need to convert the solid sample to a solution, a 

process that is often time consuming, leads to a substantial reduction in the sample 

preparation time, exposure to hazardous material used to dissolve or digest sold materials, 

risk of contamination {from reduced sample handling) and solvent-based spectral 

interferences [74, 84) . In addition, the sample amount required for LA-ICP-MS (µg) analysis is 

smaller than that required for SN-ICP-MS (mg) and depth and spatial information can be 

obtained from the sample allowing the analysis of microfeatures and sample heterogeneity 

(74, 84). In comparison to other techniques used to analyse solid samples, LA-ICP-MS has the 

advantage of having no restrictions on sample type or size; conducting and insulating 

materials can be analysed and, since the analysis takes place at atmospheric pressure, the 

sample does not have to withstand a vacuum. LA-ICP-MS is a destructive technique but 
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depending on the analytical detection system, sub-picogram quantities may be sufficient for 

ana lys is, rende ring the technology essentially non-destruct ive [92]. Detection lim it s can 

usual ly compete w ith those achieved w ith SN analysis, considering the dil ution req uired to 

ensure stab le operati ng conditions fo r SN analysi s [73]. However, precision of LA ana lyses (5 -

15 %) is inferior to that of SN analysis (5 %), due to variations in t he amount of mass ablated 

from fluctuations in laser energy [83]. The transient nature of the LA signal requ ires short MS 

dwell times for signal acquisition which also limits the precision attainable in LA-ICP-MS [73] . 

Finally, LA produces much broader particle size distributions than SN [76] and is strongly 

dependent on the properties of the sample matrix and laser beam, leading to much greater 

matrix-dependency in LA compared to SN analysis. 

The two factors limiting the widespread application of LA-ICP-MS are fractionation and 

accurate quantification [93] . Fractionation, first observed in 1995 [94], is the non-sample 

related, time-dependent variation of analyte response, and is related to aerosol generation, 

transport efficiency and vaporisation and ionisation in the ICP [95] . The degree of 

fractionation between different elements varies between sample matrices and leads to the 

requirement of matrix-matched standards for quantification . Laser beam properties 

(wavelengt h, pulse duration and fluence), optical propert ies of the sample matrix, and 

sampling procedure (drill ing vs scanning) all have a significant effect on fractionation [84] . 

Shorter wavelengths and shorter pulse duration tend to reduce fractionation due to more 

efficient coupling of the laser with the sample, reduction in the heat affected zone and 

ablation tends to occur via non-thermal related processes. As the ablation crater deepens, 

fractionation tends to increase. A major contributor to fractionation is pa rticle size; chemical 

composit ion and morphology of particles, transport efficiency and vaporisation and ionisation 

efficiency in t he plasma are dependent on particle size. Figg et al. [96] were the first to report 

ICP-MS induced fractionation due to the incomplete vaporisation and ionisation of large 

particles. A number of authors have since reported similar findings [97-100] . High absorption 

(low penetration depth) of laser radiation reduces the fraction of large particles in the laser 

generated aerosol and therefore reduces fractionation effects [73] . Fractionation has also 

been observed from mass load induced matrix effects in the plasma [101]. 



Chapter 1: Elemental Imaging of Biological Material 

In summary, there are five processes currently believed to cause fractionation in LA-ICP-MS: 

1. Changes in sample composition between physical phases formed as a result of 

sample heating during ablation 

2. Preferential evaporation of more volatile species from the melt formed in the 

ablation pit 

3. Preferential condensation of refractory elements in the cooling ablation plume, 

causing precipitation of refractory elements to form particles which may deposit back 

on the sample surface, ablation cell walls, settle in the transport tubing, or be 

incompletely vaporised and ionised in the plasma 

4. Differential transport of different sized particles with differing composition (see 

Figure 9) 

5. Incomplete vaporisation and ionisation of larger particles in t he plasma and mass 

load 

100 

~ 80 
ff) 
(/) 60 ..9 
co 
.2 40 
~ 

gravitation 

0 20 Q) 

£ 
0 

0.01 0 .1 
partide diameter {µml 

Figure 9: Transport efficiency offs-laser ablation in He and Ar cell gases. From Garcia et al. (2009) [89} 

A number of studies have att empted to correlate fractionation with elemental properties 

(melti ng point, boiling point, vapour pressure, etc.), however an accurate model of 

fractionation remains elusive [91] . A short review of studies of the relationsh ip between 

element properties and fract ionation is provided by Russo et al. [84]. Despite fractionation 

effects, solid standards may still be used to calibrate the ICP-MS if the fractionation from the 

standards is similar to that in the sample [91]. 

This following sections describe the fundamentals of the ablation process, cell design and 

transport processes as well as developments in LA systems. 
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1.4.1 The Ablation Process 

The absorbance of laser radiation in the ablation process has not yet been fully elucidated 

and may be dependent on laser pulse duration. There is some evidence to suggest thermal 

conduction is the dominant process for longer pulse duration (ns) [102], whilst energy from 

short pulses (fs) may be absorbed and transferred by electrons. Laser radiation is absorbed by 

electrons in the sample surface and the energy is transferred to other electrons in the 

sample. High energy electrons leave the sample surface or diffuse deeper into the sample 

(typically 100 nm) and thermalise in the femtosecond (fs, 10-15 s) time domain, whilst 

thermalisation of atoms by electron collision occurs over picoseconds (ps, 10-12 s) [89]. When 

the ablation threshold of the sample matrix is surpassed, ablation and vaporisation of the 

irradiated area occurs and the ablated material expands to form a plume above the sample 

surface. The simplest mechanism of ablation is laser induced melting and vaporisation of the 

material and dissipation of excess energy into the sample through heat conduction [92]. 

Preferential vaporisation of some elements during this phase may lead to non-stoichiometric 

sampling (fractionation), i.e. the ablation plume has a different composition to the sample. 

The pressure of the rapidly vaporised material is greater than the ambient gas in the ablation 

cell and therefore a plume of vapour forms and expands away from the sample surface. The 

expansion dynamics of the plume depend on the laser parameters (pulse duration), cell gas 

and matrix of the sample and can be somewhat controlled to minimise deposition of the 

ablated material onto the sample surface. The vapour rapidly cools due to expansion and 

interaction with the cool ambient gas and forms nm-· µm sized particles. 

There are several distinct stages of mass ejection during ablation; electron emission, shock 

wave propagation, atomic/ionic mass ejection and large particle ejection [103]. Electron 

emission occurs in ps, wh ilst shock wave propagation and the ejection of atomic, ionic and 

molecular species occur in nanoseconds (ns) and the ejection of large particles or droplets 

usually occurs over tens of microseconds (µs) [92]. The release angle of the sample aerosol 

from the ablation pit may be influenced by the down force produced by the thermal 

expansion of the ambient gas above the ablation pit and shallow angles result in the 

deposition of particles or vapour around the ablation pit [104]. The sample can undergo 

explosive ablation if the laser intensity exceeds the material's thermodynamic critical point. 

Near the critical point the sample undergoes a rapid transition from a superheated liquid to a 

mixture of vapour and liquid droplets that are ejected explosively from the sample surface 
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[92]. Figure 10 depicts some of the process involved in LA including shock wave propagation, 

vapour generation and expansion and particle ejection. 

Shock Wave 
/ 

~ --- Vapour 

Figure 10: Theoretical generation of ablation plume showing expansion (a) and ablation plume from fs ablation 
of steel (b) and plastic (c) showing shock wave~ vapour generation and particle ejection. Adapted from Photonics 

Online [105) and Paul Scherrer lnstitut [106) 

LA is governed by a variety of non-linear mechanisms and has therefore remained a 

perplexing process [92]. Studies on the dynamics of the ablation process have been 

performed using shadowgraphy, interferometry, optical spectroscopy and high-speed 

photography [103, 104] . Time resolved shadowgraphs reveal the evolution of ablated 

material above the sample surface and show that the development of the ablation plume 

occurs over several orders of magnitude in time (from fs electronic absorption of laser energy 

to µs particle ejection after the laser pulse is completed) and is dominated by gas dynamic 

behaviour in one, two or three dimensions [92] . A detailed account of the ablation process 

was published by Russo et al. [92]. 

Under ideal conditions the element ion ratios measured by the ICP-MS represent the element 

concentration ra tios in the sample. For this to occur, the pulsed laser must remove mass from 

the sample to form particles having in total the same stoichiometric composition as the 

sample, no loss can occur as the particles are transported to the ICP-MS and the particles 

must be completely vaporised and ionised in the plasma [89]. Unfortunately, real conditions 

in LA-ICP-MS can be far from the ideal and deviation of element rat ios from that in the 

sample depend on experimental parameters and sample matrix. Quantification must be 

performed with matrix-matched standards so that the deviations can be corrected. 

Optimisation of experimenta l parameters also contributes to fractionation correction. 
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Mass may be removed from the sample surface as a mixtu re of atoms, molecules, clusters, 

vapou r, solid drop-li ke flakes, or large particu late matter and can condense in the ab lat ion 

pl ume to fo rm particles or agglomerates [95]. Transport efficiency is dominated by particle 

size; ablation cell and tu bing volume do not have a significant effect on tot al mass 

transported but do affect the signal st ructure. Preferent ial vaporisation of some elements 

during ablation and the fact that composition is affected by particle size causes fractionation. 

The incomplete vaporisation and ionisation of large particles in the plasma and loss of 

particles during transport to the ICP-MS result in non-stoichiometric analysis of the sample. 

Larger particles (µm) can be formed by agglomeration of nm-sized particles as the ablation 

plume decreases and the particle density exceeds a certain value, and by the ejection of 

droplets from the molten sample phase [107]. The shape of agglomerates is dependent on 

the sample matrix and is independent of laser wavelength and carrier gas type. However the 

number of large particles and their transportation to the ICP-MS is influenced by both the 

laser wavelength and carrier gas. Laser irradiance can signi fi cantly affect the amount of 

ablated mass and the particle distribution. Depend ing on the laser irradiance (and sample 

matrix}, mass can be removed through desorption, thermal evaporation, exfoliation, phase 

explosion or other mechanisms [95]. Desorption and thermal evaporation are expected to 

dominate mass removal processes at low irradiance, whilst phase explosion is suspected to 

be the cause of a major increase in mass removal at high irradiance. 

The expanding plume of ablated material can partially ionise due to interactions with the 

laser beam, reducing ablation efficiency. Electrons ejected from the early stages of the 

ablation process gain energy from the incoming laser pulse through collisions with the ionised 

vapour plume [92]. The ionised plume may strongly absorb the laser energy and shield the 

sample from further laser radiation, reducing the ablation efficiency. This process is known as 

plasma shielding. The ablation plume will develop and ionise in a nanosecond (ns) time frame 

and therefore lasers with long pulse duration (ns) may cause more significant plasma 

sh ielding than lasers with shorter pulse duration (fs) and change the expansion dynamics of 

the ablation plume [89]. An electronic plasma also forms in air above the sample surface in 

the early stages of ablation (within ps of laser irradiation), long before the generation of the 

ablation plume. The electrons emitted during the early stages of ablation col lide with 

ambient molecules and absorb laser energy, ionising the air causing rapid expansion [92). 

Compared to stationary ablation (single spot analysis), line scans constantly supply particles 

(at a constant size distribution) to the ICP, reducing the t ime dependent variation in signal 
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intensity (observed in stationary analysis) and produces a more constant plasma mass load 

leading to more stable plasma conditions and thus suppressing fractionation [108) . The 

amount of materia l ablated and depth of penetration is dependent on the laser spot size, 

fluence (power per unit area), repetit ion rate, laser wavelength, pulse duration, scan speed 

and sample matrix. 

1.4.2 Lasers 

A laser (light amplification by stimulated emission of radiation) is an optical device which 

concentrates energy in time and is capable of producing coherent, col limated, 

monochromatic short pulses of energy at specific wavelengths [83) . The fi rst LA-ICP-MS 

systems used solid state ruby lasers that suffered from poor stability, low power density, low 

repetition rate and large beam diameter which limited their usefulness for solid sampling for 

ICP-MS [74). The ruby laser was soon replaced with a Nd :YAG (yttrium aluminium garnet rod 

doped with neodymium) laser system, now the most wide ly used laser source fo r LA-ICP-MS 

due to their ease of use, low cost, reliability, robustness and they require little maintenance 

and can be easily incorporated into small commercial systems [76, 84, 95). The fundamental 

wavelength of the Nd:YAG laser is 1064 nm but with harmonic generators, frequency 

doubling, tripling, quadrupling or quintupling can produce wavelengths of 532, 355, 266 or 

213 nm. The conversion efficiency is dependent on how many harmonics have been applied 

to the laser; while the second harmonic conversion is up to 60 % efficient, the fifth harmonic 

conversion is only 4 %. However, the laser output at the UV wavelengths is still in excess of 

that required for high resolution sampling of most sample matrices [83). Free running lasers 

have been advanced with Q-switching which improves the coherence of laser output and 

shortens the pul se duration [95]. Though Q-switching is inefficient and reduces the overall 

laser output energy, the power density is increased significantly due the pulse being 

considerably shorter. 

Developments in laser technology have focussed on shortening wavelengths and pulse 

duration to improve localisation of the ablation process [109). Matrix dependency on the rate 

of material removal decreases at shorter wavelengths, leading to a reduction in fractionation 

since the ablation process occurs via a non-thermal mechanism and t herefore selective 

vaporisation of more vo lati le elements is reduced [76, 110, 111) . Shorte r wavelengths (193 

nm vs 266 nm fo r example) also produce more unifo rm particle size distributions. Use of UV 

lasers improved the absorption of laser irradiance of many materials t hat were t ransparent at 
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the IR or visi ble wavelengths. UV radiation can also be focussed into a smaller beam diameter 

than IR or visible radiation and therefore spatial resolution of LA sampling was improved. 

Excimer lasers, used for precision micromachining purposes, attracted attention as ablation 

tools for solid sampling in the 1990s [83]. These lasers use gas filled chambers to generate the 

laser beam rather than solid-state crystals [84]. The wavelength is defined by the gas used, 

for example XeCI, KrF, ArF, and F2 generate radiation at 308 nm, 248 nm, 193 nm, 157 nm 

respectively. Excimer lasers are generally more expensive and require more maintenance 

than the Nd:YAG lasers [74, 83]. Both laser systems used in LA-ICP-MS systems produce 

Gaussian energy distributions which create cone-like craters. Crater dimensions have been 

shown to have a dominant effect on fractionation. Flat top beam profiles produce craters 

with straight walls, which influences depth resolution but not the degree of fractionation 

[84]. Both laser systems are now manufactured with specialised optics and beam 

homogenisers to produce flat top beam profiles capable of producing straight walled, flat 

bottom craters. Flat top beams have been shown to produce element images in better 

agreement with the expected image from patterned samples, compared to Gaussian beams 

and also reduced the amount of ablated mass redeposited on the sample surface [112]. 

Shorter pulse durations (fs vs ns) reduce the degree of fractionation as the interaction time 

between the laser and sample is shorter than the photon relaxation time of the sample [76]. 

Additionally, lasers with short pulse durations cause less collateral damage to the sample 

surface, produce smaller particle sizes in the ablation aerosol and reduce plasma shielding 

and the heat affected zone, leading to an increased ablation rate (see Figure 11) [84, 109]. 

Ablation in the ns time zone promotes the formation of a heat affected zone caused by 

thermal diffusion into the sample, and the longer pulse interacts with the plasma above the 

sample surface, which can affect the composition of particles formed in the ablation aerosol. 

Depending on the thermal properties of the sample and the laser pulse duration, more or less 

melting is produced in the ablation crater, causing dislocation of elements from their original 

position and preferential evaporation of volatile elements isolated and delayed from the 

ejection of atoms and molecules during the ablation event [68, 89] . There are also numerous 

physical phenomena that can generate microcracks and damage the surrounding area, or 

cause the removal of material over a larger area than the incident laser beam [109]. Ablation 

in the fs time zone causes much lower thermal diffusion into the sample and therefore 

produces a much smaller heat affected zone, preventing uncontrollable material modification 

and removal and causing little damage to the surrounding area [109]. Since both zone heating 
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and plasma shielding are related to pulse duration, decreasing the pulse duration promises LA 

systems that approach stoichiometric sampling. However, exploitation of the advantages 

offered by fs-lasers compared to ns-lasers has been limited due to the prohibitive cost offs-

lasers [73]. 
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Figure 11: Laser - material interactions with (a) nanosecond and (b) femtosecond pulse duration lasers. From 
Fernandez et al. (2007) [109) 
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The advantages offered by lasers with shorter wavelength and pulse duration are not 

transferrable to all sample types. For example, for metals, the laser wavelength has little 

effect on ablation characteristics and pulse duration appears to be the dominant factor [73] . 

Shorter pulse duration (fs) reduces dissipation of energy through the sample and thermal 

alteration of the sample, two factors which contribute majorly to fractionation in metals. In 

the case of LA sampling of soft biological tissues, which are predominantly composed of 

water, the optimal laser wavelength is expected to be at the maximum UV absorption of 

water (short UV wavelengths). 

Laser irradiance has been found to not significantly influence analyte signal intensities in 

polyacrylamide gels, likely due to the ease with which the soft material is ablated but higher 

repetition rates did lower the detection limits [113] . For the analysis of frozen tissue, analyte 

signal intensity did increase with laser energy but the increase was minimal (at 100 % laser 

energy, a 10 % drop in laser energy resulted in less than a 5 % drop in signal intensity) [114] . 

An increase in signal intensity with laser repetition rate was also observed for the ablation of 

frozen tissue. 

1.4.3 Cell Design and Transport Volume 

Fractionation can occur during the ablation, transport and ionisation processes and as 

discussed above, some sources of fractionation are dependent on particle size distribution. 

Transport efficiency for particles < 5 nm is poor due to loss by diffusion, and for particles > 3 

µm due to gravitationa l settling [90]. Modification of the aerosol to improve transport 

efficiency and allow complete particle ionisat ion in t he ICP-MS has been a focus of research 

into fract ionation reduction [115] . Opt imisation of cell design and t ransport cond itions can 

redu ce fractionation by promoting the formation and transport of small particles that will be 

completely ionised in the plasma. Expansion of the laser-generated aerosol in the ablation 

cell can also be a significant source of fractionation [116] . 

Ablation cell design can have dramatic effects on sampling and transport of the ablated 

material to the ICP-MS. Short washout times and stable, high signal intensities across the cell 

are desired for LA-ICP-MS applications, particularly if spatial information is required. Cells 

were originally classed as open or closed designs. For the closed cell design, the sample is 

completely enclosed in a box. This leads to increased cell volume, long washout times, non-

reproducible signal intensities across sampling positions, increased sample dilution and 
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increased dispersion of the ablation plume due to the large cell volume [117] . Gas flow 

dynamics in the closed cell are complex and can lead to variation in the laser plume 

expansion depending on sampling position. The open design forms a seal on the sample 

surface and though independent of sample size, requ ires the preparat ion of a flat, smooth 

surface to form t he seal. Pol ishing is usually requ ired to provide adequate seal ing which can 

remove features or contaminate t he sample surface [118]. The closed cell is usually preferred 

when several t arget s need to be analysed during t he same sequence to reduce frequent 

opening of the cell w hich introduces atmospheric gas, destabilising t he plasma [118, 119]. A 

hybrid of bot h designs can overcome lim itations in each system. 

Turbulent flow patterns can occur in ablation setups and can be considered a positive or 

negative event. Irreproducible, fluctuating or split signal peaks may be due to turbulent flow 

but turbulent flow can also improve and homogenise signal characteristics, particularly in 

bulk analysis applications [120]. If spatial information is required, signal stability across 

different sampling positions is desired. A non-uniform flow in the ablation cell causes 

variation in transport efficiency at different positions; transport efficiency is generally higher 

at positions close to the carrier gas inlet (see Figure 12). Larger particles will be less affected 

by turbulent gas flows than smaller particles. This may result in time dependent fractionation 

due to the delay of smaller particles [89]. 

Figure 12: Signal variation at different sampling positions in a circular ablation cell. Adapted from Bleiner and 
Gunther (2001} [117] 

Cell volume and length and diamet er of the t ransfer t ubing have a significant influence on t he 

signa l structure but the total amount of material t ransferred does not appea r to change [117, 

121] . Large cell and t ransfer tubing volumes leads to dispersion of t he aerosol and longer 
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transfer and washout times. Signal structure and aerosol dispersion is particularly important 

for transient signal analysis, as low signa l dispersion and fast washout times are required to 

retain spatial integrity. Dispersal of t he signal also affects the signal -to-background ratio and 

t herefore the sensitivity of the system . However, smal l cell vo lumes limit the size of sample 

that can be analysed as well as t he number of samples t hat can be ana lysed in the cel l at 

once. 

A number of groups have incorporated open and closed cell designs to achieve minimal cell 

volume whilst allowing fl exibility in sample size, reduced washout times and improved signal 

stability across the cell. These cells are typicall y termed 'two-volume' cells . Arrowsmith and 

Hughes [122) designed the first two-volume cell in 1988. A cylindrical inner cell hovered 

above (0.5 - 3 mm) the sample on a translational stage enclosed in an outer cell. Carrier gas 

flowed into a sheath around the cylinder, preventing re-entry of ablated material and air into 

t he cylinder and entraining the ablation plume up the cylinder. Since outlining the key design 

features of t he tea-volume cell, a similar approach has been taken by other users with 

various modifications [115, 116, 118, 119, 123, 124). An example of a two-volume cell design 

is presented in Figure 13. A low pressure cell was designed by Fliegel and Gunther [125) so 

that the cooling and t herefore condensation of the ablation plume would be slowed and 

could be influenced by varying the cell pressure . Aerosol properties, such as particle size 

distribution and structure, were dependent on cell pressure, with a tendency to smaller 

particles at 500 mbar. Fractionation was also reduced at lower pressure however this came at 

the cost of sensitivity, attributed to vapour deposition on the cell walls. Element composition 

of ablation particles is size dependent and therefore control of particle size distribution and 

structure is a critical parameter for the reduction of fractionation in LA-ICP-MS. 

F ·11.-111 · t.:d l 
't 

Figure 13: Volume-optional and low memory cell incorporating open and closed cell designs. From Liu et al. 
(2007} [119] 



Chapter 1: Elemental Imaging of Biological Material 

The two-volume cells appear to be the focus of current research into improved cell design. It 

is important to note that although a sma ll effective cell volume (the central chamber into 

which the ablation plume expands) reduces the dispersion and dilution of the aerosol in the 

cell, if the inner cell is too small, the ablated plume wil l deposit on the walls [119]. Although 

these cells have reduced fractionation, improved transport efficiencies and signal stability, 

only a few commercially available cells have incorporated these design features. 

Commercially available LA systems are typically equipped with unsophisticated cells 

compared to the innovations reported within the last few years. New Wave Research recently 

released the Large Format Cell (LFC), which is a two-volume cell. A roving inner cell hovers 

above the sample surface and is moved in opposition to the sample stage to remain above 

the ablation site . This design significantly reduced washout times (< 10 s) and improved signal 

stability compared to the New Wave standard closed cell [126]. The Laurin cell design from 

Resonetics is similar to the LFC and also produces short washout times (2 s) and sensitivity 

and fractionation are independent of sampling position [127] . The added benefit of these cell 

designs is increased space available for a larger number of samples to be analysed within the 

cell. 

Soft ti ssue samples offer a unique challenge for solid sampling by laser ablation as the water 

present in the samples (about 30 %) will evaporate from the sample surface in the vicinity of 

the laser shot, altering the sample between laser shots [114]. Analysis of frozen samples in a 

cooled ablation cell overcomes this problem to some extent. Feldmann et al. [114] were the 

first to develop and use a cooled ablation cell for soft tissue analysis . The ablation cell was 

cooled at its base with a copper tubing coil through which liquid nitrogen flowed. A 

temperat ure sensor was also incorporated into the cell base and connected to a temperature 

controller that controlled the liqu id nitrogen flow. Using this setup, the temperature could be 

ma intained at -20 to -100 °C with a variance of± 3 °C. Reproducibility of 13C, 68Zn and 98Mo 

signals from spot ablation improved w ith decreasing temperature from -20 °C to -80 °C. 

Below -60 °C, reproducibility similar to that achieved with a NIST glass CRM was reported . 

The precision and accuracy of isotope ratio measurements was improved using a simpler 

design for a cooled cell for the analysis of standard solutions dropped on leaf substrates 

[128]. In this design, two Peltier elements were connected under the sample holder made of 

aluminium to cool the ablation cell. A current and voltage were applied to the elements to 

generate a temperature of -15 °C. A cooled ablation cell has been used for a variety of 

elemental bio-imaging applications [129-132]. 
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Transfer tubing length and diameter has only a moderate influence on signal structure but 

the total amount of material transported remains relatively constant [117] . Tubing material 

however, can affect signal drift in the instrument due to desorption of gas molecules from 

the inner surface of the tubing. A study by Kovacs and Gunther [133] showed that th is effect 

is significant for plastic tubing (PVC and nylon) where stable background signals after plasma 

ignition may not be reached until up to 4.5 hrs. The degassing was more pronounced for 

longer tubing. The effect was minimal for the Teflon and copper tubing investigated, likely 

due to these materials being more impervious to atmospheric gases than PVC and nylon. 

Copper tubing gave the most stable signals of the materials investigated. Longer tubes have 

been shown to reduce transported mass due to gravitational settling of larger particles on the 

inner tubing walls [134]. Gravitational settling varies with matrix and is more significant for 

matrices that produce large particle distributions such as glass. Short tubes and avoidance of 

narrow bends in the tube are recommended to reduce gravitational set tling and inertial loss 

of part icles [89]. 

1.4.4 Carrier Gas 

Laser ablation sampling is typical ly performed under atmospheric pressure to ensure 

contamination free transport of the laser-generated aerosol to the ICP-MS, also operated at 

atmospheric pressure. Under these conditions, expansion of the ablation plume is 

constrained by the ambient gas, promoting re-deposition of ablated material onto the sample 

surface and nucleation, condensation and agglomeration of particles [135]. The amount of 

material re-deposited on the sample surface and the condensation or coagulation growth of 

particles can be controlled by modifying the gas environment at t he ablation site [136] . 

A number of authors have reported an increase in sensitivit y, transport efficiency and 

reduct ion in particle deposition around the ablation crater (see Figure 14) when He is used as 

the ablation cell gas as compared to Ar [135, 137] . Use of He has also improved signal stability 

in a closed cell design (10 % signal variation across sampling locations versus 35 % with Ar) 

[117]. The improvement in analytical performance with He is partly due to positive effects on 

the plume expansion dynamic and transport of the aerosol to the ICP-MS and may also be 

due to higher thermal conductivity of the ICP leading to more efficient vaporisation of the 

aerosol [138]. The higher the rmal conductivity of He and the smaller laser-induced plasma 

above the sample surface produced under He atmosphere (compared to Ar) may also allow a 

faster spread of thermal energy away from the sampling position leading to a more rapid end 
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of condensational growth [136). However, studies on the ion distribution of ablated aerosols 

in the ICP-MS have shown that He can lead to significant loss of ions due to diffusion in the 

plasma, wh ich is constrained with Ar carrier gas [115). The reduction in particle size, re-

deposition of ablated materia ls and plasma shielding, and improved transport efficiency in 

the He at mosphere reduces fractionation effects [139) . 

Figure 14: Visible light images of ablation craters formed in (a) Ar and (b) He atmospheres. The thickness of the 
condensation deposits is indicated by the interference fringes. From Eggins et al. (1998) [135} 

Investigations with noble gases have shown an increase in signal intensity when He or Ne 

were used as the cell gas and a decrease in signal intensity with Kr and Xe> as compared to Ar 

[140] . The influence of the chosen gas on signal intensity directly correlated with the 

ionisation potential of the gas and was inversely proportional t o the mass of the gas. Plasma 

shieldi ng was proposed as a possible mechanism to explain cell gas effects. Plasma shielding 

depends on the ion isation energy of the gas (a plasma can form more readily in an easily 

ionised gas} [84]. Since He has the highest ionisation potentia l of the noble gases, plasma 

shielding is expected to be less in a He atmosphere compared to more easily ionised gases. 

Additionally, due to its low atomic mass, He is expected to cause fewer collisions with other 

gas species in the ablation plume which may influence transport efficiency. The increase in 

sensitivity w ith He is dependent on the laser wavelength which in turn affects the particle 

distribution; a comparatively small increase in sensitivity has been reported for 266 nm lasers 

compa red to 193 nm lasers [141]. Washout times can increase w hen pure He is used as t he 

cell gas [137]. Therefo re, a mixture of He and Ar is often used to improve washout t imes 

wh il st maintaining the high sensitivity ach ieved w ith He . 
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The instrumental parameters that affect fractionation and the approaches taken to minimise 

fractionation are summarised in Table 4. 
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Table 4: Summary of the laser parameters that affect fractionation, approaches used to minimise the effect and an explanation of the phenomenon. Adapted from Sylvester (2008} {142} 
Parameter Description Explanation 

Laser Shorter wavelengths produce smaller particles with Most samples more efficiently absorb UV radiation (compared to IR or visible 

wavelength a narrow size distribution leading to more complete radiation) and therefore laser energy is concentrated to a smaller volume resulting in 
vaporisation and ionisation in the ICP-MS. more complete vaporisation of the sample. 

Pulse Shorter pulse duration (fs) reduces melting at the The ultra short pulse does not allow significant time for thermal diffusion into the 
duration ablation site, plasma shielding and particle size. sample and interacts less with the plasma above the sample surface. 

Fluence must be high enough to initiate ablation 
Insufficient absorption of laser energy by the sample will result in fragmentation 

Laser energy but not too high to cause phase explosion or 
I rather than vaporisation of the sample and surplus energy absorption will lead to 

explosive ablation, destruction of the surrounding material and the ejection of large 
catastrophic ablation. I particles. 

Sampl ing Fractionation increases with crater depth and 
As crater depth increases, the laser is no longer focussed on the sample surface and 

I the laser energy is reduced on the crater bottom. This leads to changes in the particle strategy therefore shallow craters or scanning is preferred. 
size distribution with time. 

Gas flow in the cell can lead to sampling instability I 

Cell design across the cell and can affect signal shape. Cell 
I Circulation in the cell can lead to fractional transportation of aerosols and retard 

design may also affect particle deposition. 
I particle extraction depending on sampling location and flow dynamics. 

Particle size distribution and the amount of material I The aerosol plume expands more rapidly into lighter ambient gasses. Gasses with 
Cell gas re-deposited on the sample surface are influenced I high ionisation potentials will also retard the formation of a plasma above the 

by cell gas. sample surface. 
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1.5 Elemental Bio-Imaging by LA-ICP-MS 

The analysis of biological soft tissues by LA-ICP-MS was first reported in 1994 [143] . Since 

then, the application of LA-ICP-MS to soft tissue analysis has steadily risen. Compared to 

other research fields which utilise LA-ICP-MS, imaging has exploded in soft ti ssue 

applications. In the case of geological samples, the relatively slow adoption of imaging has 

been attributed to the absence of appropriate software for rapid processing of element 

distribution maps [144]. LA-ICP-MS operating conditions must be carefully chosen to meet 

the spatial resolution, sensitivity, noise and analysis time requirements [145]. Despite being 

used for almost two decades, studies on fundamental aspects of LA sampling and in particular 

the factors which affect imaging are only now beginning to emerge. A rep resentation of the 

typical workflow of elemental bio-imaging applications is presented in Figure 15. Frozen, 

dried, fixed or embedded tissue sections are placed in the ablation chamber and usually 

analysed by scanning the laser across the sample surface. The time resolved profiles for each 

element/isotope analysed by the ICP-MS are then exported to an appropriate imaging 

software package used to produce element distribution maps. Various post-processing 

procedures can be carried out including scale modification, quantification, composite maps of 

up to 3 elements and extraction of data from regions of interest. 

r=--
Tissue section 

LA ICP-MS 

~ ·-
Time (s) 

Elemental map Data acquisition/processing Sample ablation 

Figure 15: Typical work/low of elemental bio-imaging by LA-ICP-MS; sample preparation of soft tissue section, 
analysis by LA-ICP-MS, collection of element time resolved profiles and importation into imaging software to 

generate an element map. 
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No commercial software is currently available for processing and evaluating LA-ICP-MS data; 

homemade imaging software has been developed in a few laboratories whilst other users 

have utilised or modified existing software. MATLAB is one such commercially available 

software package that has been used to convert the LA-ICP-MS data into element distribution 

maps [10]. A free software package designed by the Melbourne Isotope and Trace Element 

Geochemistry Group at the University of Melbourne [146] for the analysis of LA-ICP-MS data 

has recently been modified to enable the production of images and has been particularly 

applied in the geochemical field [144, 147]. The lolite software allows for the selection of an 

internal standard and can give quantitative information as well as allow background 

correction, outlier rejection (due to spikes in the analyte signal) and noise reduction in the 

image with a smoothing function. ENVI is a dedicated hyperspectral imaging suite which can 

be used to analyse and produce LA-ICP-MS images after the data has been converted into an 

appropriate file format. ENVI provides many of the same software features as lolite but since 

it was not designed fo r LA-ICP-MS image production, many of the processes are more time 

consuming and are difficu lt to use. 

Another limitation to elemental bio-imaging by LA-ICP-MS is that due to the finite wash-out 

and transportation times a mixing of analytical responses on neighbouring laser pulses in the 

ablation cell as well as a dispersion of t he aerosol during transportation takes place [148]. 

Therefore the transient signal is smoothed compared to the concentration profile and there is 

a loss in spatial resolution. Models for the correction of the transient signal by taking into 

consideration the transport related signal distortion have been suggested (for example [148-

1501). A major contributor to pulse-to-pulse mixing of the aerosol is t he ablation cell design 

and thus considerable effort has been expended in developing cells with faster washout 

t imes [144] . Resolution is limited by both laser hardware (spot size} and ICP-MS sensitivity 

due to smaller amounts of material being ablated in smal l spot sizes. Resolution can be 

improved by decreasing the laser spot size but this comes at the cost of higher detection 

limits and longer analysis times [147]. 

Optimisation of the ablation and transport processes has been sought through better 

understanding of these processes and the effect of laser and transport parameters on them. 

Understanding has been assisted by modelling and numerical simulation of aerosol transport 

[117, 151]. More recently, computational fluid dynamics (CFD) has been used for modelling 

and optimisation of LA setups [123, 152, 153]. Triglav et al. [145] recently devised a model to 

predict the LA-ICP-MS output image based on the selection of certain measurement 

~ 45 ~ 



Chapter 1: Elemental Imaging of Biological Material 

conditions (spot size, scan speed, signal-to-noise ratio, etc.). The benefit of using such a 

model is that LA conditions may be optimised in a calculated and expedient way without the 

destruction of the sample. The use of ink jet patterns to produce model samples for the 

development of elemental bio-imaging methods was recently demonstrated [154). Studies 

such as these will further improve the elemental bio-imaging method and allow for the 

optimisation of LA-ICP-MS parameters for specific applications without destroying precious 

samples. 

Very few certified reference materials (CRM) are available for soft tissue quantification and 

rarely contain the analytes at the desired concentrations . Pressed pellets of biological CRMs 

have been used for the quantification of Fe, Cu and Zn distribution in rat brain [155) and Cu 

and Zn distribution in sheep liver [SO]. Quantification using homogenised tissue samples 

spiked with the ana lytes over the desired concentrat ion range is more commonly performed 

[130, 132) . Another method for quantification involves the nebulisation of solution standards 

either into the ablation chamber or brought on-line before or after the chamber [130, 156). 

This technique has not yet been used in imaging studies. Quantification procedures are 

discussed in more detail in Chapter 3:. 

This section provides a brief overview of elemental bio-imaging applications and is not 

intended as an extensive review. A few mini-reviews [41, 157-159] of elemental bio-imaging 

of soft tissues and geological samples [144, 147] have been published . A summary of selected 

elemental bio-imaging applications is available in Table 5. 

1.5.1 Polyacrylamide Gel Electrophoresis 

Polyacrylamide gel electrophoresis (PAGE) is a powerful separation technique used in 

proteomics to separate t housands of proteins within one run on the gel [160). The proteins 

are separated based on their isoelectric point, and in the case of 20 gels, then their molecular 

weight. LA-ICP-MS has been used to scan polyacrylamide gels for the presence of 

heteroatom-containing proteins. This application was first pioneered by Nielsen et al. [161] 

and consists of ablating within an electrophoretic lane, either as a continuous line or spot 

analysis, so that the quantity of an element as a function of its position in the gel is 

determined [162). It offers a competitive alternative to other techniques such as SXRF, PIXE 

and autoradiography as no reaction or derivatisation step (radioactive isotopes) is required, 

quantitative results may be obtained and instrumentation is more widely available [S, 162). 
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Additionally, direct analysis of the gel eliminates the need to excise and digest the proteins 

for analysis by solution, which has a high risk of contamination [163]. 

Figure 16: 2D gel separation of proteins (a) and the LA-ICP-MS analysis of selected protein spots (b). Adapted 
from Becker and Jakubowski (2009) {60} 

The detection of P and S is limited due to the high backgrounds of these elements in the gel 

and buffers. Detection limits can be improved by ana lysing membrane materials rather than 

gels as the background from these elements present in the buffers used for gels is reduced 

[60]. Quantification can be achieved by normalisation to an internal standard added to the 

gel at a known concentration [164]. Alternatively, 13C (from the gel) or S (present in most 

proteins) may be used as internal standards [163]. 

Caution should be exercised when analysing PAGE gels as some metals may become unbound 

and migrate through the gel separate from the biomolecule it was originally associated with. 

Therefore, though species where the element of interest is covalently bound rnay be 

separated under normal proteomic protocols, analysis of species where the metal is not 

covalently bound must be done under non-denaturing conditions [160, 163]. Many studies 

have used to the combination of LA-ICP-1\tlS and MALDI to both quantify and identify or 

characterise the separated proteins [165] . 

When used for analysis of metals or other heteroatoms in proteins separated by PAGE, LA-

ICP-MS is largely used as a detector for fast screening of the gels. Gel imaging was recently 

performed to assess the possibility of overlooking metal-complexing proteins and monitor 

metal abundance regardless of the protein abundance [160]. Imaging showed a higher 

sensitivity for metalloproteins compared to protein staining as intense spots of Cu and Zn 

were detected where stained protein spots were not observed . A specially designed ablation 

chamber was recently constructed to allow the imaging of whole blot membranes with 
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improved spatial resolution due to faster washout times [45] . A number of reviews have been 

published on the speciation applications of LA-ICP-MS ana lysis of gels [10, 41, 163, 166]. 

1.5.2 Elemental Labelling 

Labelling is the process whereby biomolecules are combined, or tagged, with an element or 

compound via a reaction during a derivatisation step prior to analysis. The combination of 

highly specific immunochemical reactions with the high sensitivity detection of an elemental 

tag by LA-ICP-MS has enhanced protein quantification when compared to molecular MS 

[167]. In principle, LA-ICP-MS can be used to measure most isotopes of the periodic table in a 

single, complex sample [60]. This increases the number of isotopic labels considerably and 

thus the complexity or multifaceted approach of experiments. Some elements (P, S, Se) may 

also be used as natura l tags in a wide range of biomolecules [168]. Most differential labelling 

studies use gel electrophoresis to separate labelled proteins. Previously, th is limited the 

number of labels to the number of distinguishable colours, typically four. However, if LA-ICP-

MS is used to differentiate proteins labelled with selected mono-isotopic elements or 

enriched isotopes, up to thirty labels may be exploited within the same separation gel [60]. 

Spectral resolution is also improved with isotopic labell ing due to better sensitivity of 

differences in mass compared to colour. Additionally, stable isotopes do not degrade with 

temperature or light (no mass change} and are therefore longer lasting than many of the 

organic labels commonly used. 

Labelled antibodies have been used in immunochemica ! staining with LA-ICP-MS analysis to 

directly image stained t issue sections. Hutchinson et al. [169] imaged Eu and Ni-coupled 

antibodies to amyloid precursor protein and ~-amyloid peptide in immunochemical stained 

sections of brain from a mouse model of Alzheimer's disease. The protein has been identified 

in the senile plaques observed in Alzheimer's disease, along with abnormal concentrations of 

metals. Images of the ~-amyloid plaques along with the distribution of trace elements were 

collected and correlated with the immunochemical stained image (Figure 17). Images of Ni 

included anatomical structures due to endogenous Ni but the Eu image showed only the 

labelled protein . Mg, Ca, Cu, Zn and Fe images showed no association with the labelled 

protein but images at higher resolution may identify regional metal features of the plaques. 

Two proteins associated with breast cancer were imaged by LA-ICP-MS using gold/si lver 

labelled antibodies and the images compared with histological stains [167]. Though LA-ICP-

MS was found to be more sensit ive than immunochemical staining, the high resolution 
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images (laser spot size 5 µm} were judged inferior in image quality, as compared to 

microscopy. Additionally, analysis times required for imaging samples far outstripped that of 

immunochemical staining. 

Figure 17: Photomicrograph (left) of Ni-labelled mouse brain section and corresponding 60Ni image (right). Scale 
on right represents high (red) to low (purple) signal intensity. Adapted from Hutchinson et al. (2005) [169) 

This technique enables the simultaneous imaging of labelled proteins and trace elements; 

highlighting any relationsh ips which may be present. However, caution must be applied when 

using histological or immunochemical staining techn iques to ensure trace elements do not 

migrate or contaminate the sample during sample preparation procedures. lmmunochemical 

staining with isotopic labels has also been used to label captured antibodies spotted on 

microarray plates (Figure 18) [170]. This study demonstrated the potential for this technique 

to be applied as a screening method for specific diseases based on biomarkersf where spots 

representing patients may be app ied for high throughput screening by LA-ICP-MS [60]. 

L· r perture 

Sample 
I icroarra: 

Pri ·m 
L bele ntidod~· 

apture antibody 

~ Anti en 

Figure 18: Illustration of labelling and the analysis of a microarray of labelled protein spots. Adapted from Hu et 
al. (2007)(170) 
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1.5.3 Xenobiotic Metal Distribution 

LA-ICP-MS has been used to study the transport and distribution of metallodrugs or other 

xenobiotic substances in living systems. Similar to the antibody labelling studies, imaging of 

xenobiotics in tissue sections allows for the determination of both the substance of interest 

(heavy metal, metallodrug, etc.) and endogenous trace elements in the same sample; 

illustrating any relationships that may be present. The distribution of Cu, Zn and Pt was 

imaged in sections of kidney tissue excised from a mouse treated with cis-platin by LA-ICP-MS 

[129]. Previous techniques used to image Pt in biological material required special 

laboratories and a nuclear reactor, or were unsuitable for images larger than 10 mm2
• 

Rat brain sections stained with heavy metals (U and Nd) were imaged and quantified to show 

which structures of the brain heavy metals may target [171]. LA-ICP-MS was recently used to 

visualise the distribution of long lived actinides (Th, U and Pu) in lung and lymph node tissue 

excised from humans with both a natural background and occupational exposure [172]. 

Toxicology studies such as this could be used to classify a range of toxins. 

1.5.4 Soft Tissue Imaging 

1.5.4.1 Animal Tissue 

The majority of elemental bio··imaging studies of human or other animal tissues have been 

performed on brain samples. Focus on the role of metals in neurodegenerative diseases 

began early in the 21st century and is increasing today [158]. Zonation of C, P, Mg Fe, Cu and 

Zn in healthy rat brains and Cu and Zn in human brains was observed to correlate with 

structures within the brain and reflects the cell bodies present [41, 165]. The establishment 

of health element distributions enabled comparisons with diseased states. In an animal 

model of Parkinson's disease, Cu, Fe and Zn were enriched in different parts of the mouse 

brain [173]. Age related depletion of Cu and enrichment of Fe and Zn in different parts of 

mouse brains has also been reported [158]. The increased Fe levels may contribute to age-

related neurodegeneration as Fe is known to catalyse the formation of reactive oxygen 

species. 
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Another area of research which has utilised LA-ICP-MS imaging is the study of tumours in 

anima l and human samples. The appl icability of LA-I CP-MS to the detection and analysis of 

t umours was fi rst demonstrated by a study on rat brain t umours showing a deficit of Cu and 

Zn w ith local enrichments (132]. Another st udy by t he same group report ed higher 

concent ra t ions of Cu and Zn and lower concent rat ions of P, S and Fe in rat brain t umours 

when compared to control tissue (174]. Imaging of 31P in human melanoma samples 

demonstrated a clear demarcation of the tumour boundary and a depletion of P within the 

tumour. 

Environmental studies can use indicator organisms to monitor contamination . In these 

studies, organs known to enrich a compound of interest are homogenised and extracted (41]. 

Microlocal studies are sometimes warranted, particularly if an enriching organ is not known. 

Such a study was demonstrated using sections of whole slugs to show the distribution of Se, 

Cu and Zn among different organs (175]. A similar study was carried out on marine snails to 

monitor metal contamination (176]. A comparison of µ-XRF (without synchrotron) and LA-

ICP-MS was made by Gholap et al. [177] for the analysis of trace elements in a small aquatic 

crustacean widely used as an indicator of aquatic ecosystem health. Spatial resolution of LA-

ICP-MS was found to be better than µ-XRF however, washout effects and spikes disturbed the 

LA-ICP-MS image quality. µ-XRF gave better images of S which LA-ICP-MS was unable to 

detect due to mass interferences. 

The reproducibility of LA-ICP-MS images was determined by imaging adjacent 20 µm sections 

from a human brain and sections from a homogenised tissue standard (178). The 

homogenous sections yielded a reproducibility of 2.8 % RSD for 63Cu (analysed by 10 line 

scans within one section). Across 5 heterogeneous brain sections, the reproduci bility of Zn 

concentrations was 5.1 - 6.7 % RSD. Comparison of light microscopy images of stained 

sections and element maps from LA-ICP-MS have shown good corre lation in a number of 

studies where tumour boundaries may be viewed by colour changes from staining or changes 

in element signal intensity (see Figure 19) [158, 169, 179]. 
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Figure 19: Photographs of sentinel lymph node partially replaced by metastatic melanoma observed in the 
upper two thirds of the image (a, b) and element distributions determined by LA-ICP-MS showing a decrease in C 

and P signal intensities (c-f). From Hare et al. {2009} {179] 

1.5.4.2 Plant Tissue 

The elemental distribution across tree rings can be used to monitor changes in atmospheric 

conditions, soil chemistry and pollution history [95]. The spatial resolution of LA-ICP-MS is 

sufficient to determine the chemical composition of individual tree rings. Studies on bark and 

bark pockets as well as tree rings have shown large differences in Pb, and a number of other 

element concentrations over different vears [180-183]. Chemical composition of botanical 

samples can be unique to the geological environment, allowing for the identification of the 

origin of a plant based on 'fingerprint' elemental and isotopic patterns [184]. 

The path of metal uptake and transport in plant tissues has also been studied. Uptake via the 

petiole and main veins of a tobacco leaf was demonstrated by the elemental distribution 

maps of Mg, K, Mn, Fe, Cu and Pb (Figure 20) [185]. Distribution of elements has been 

determined in green leaves from oak trees [186]. Given the high water content of leaves (60 

%), greatest ablation efficiency was expected at 1064 nm. However, a laser wavelength of 

355 nm was found to give the best ablation efficiency, most likely due to the absorption of 

the laser by chlorophyll at this wavelength. In contrast to bulk analysis usually performed to 

determine inorganic content of plant tissues, imaging enables the correlation of element 

distribution with biochemical function. 
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Mn Fe Cu Zn Cd Pb 
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Figure 20: Quantitative (µg g"1
) element maps in a tobacco leaf (Mg is given as intensity in counts per second). 

Adapted from Becker et al. (2010) [185) 

1.5.5 Hard Tissue Imaging 

Elemental analysis of marine samples for the collection and archival of environmental 

changes denoted by changing chemical conditions, is a major field of research currently 

utilising LA-ICP-MS [187] . Calcified biological structures such as corals, shells and fish otoliths 

(an inner ear bone) accumulate layers with age and therefore form time-dependent growth 

rings with chemical compositions dependent on the chemical environment in which they 

formed . Information regarding ocean temperatu re, migratory patterns and natural or 

anthropogenic changes in the environment can be obtained from these studies [187]. 

The elemental profile of feather shafts, investigated by LA-ICP-MS,. showed increases in Pb, 

Cu and Cd levels in birds from urban habitats and the profiles showed that metal 

contamination could be predominantly internal or external; Pt, Pd and Rh were almost 

exclusively present in external ly at tached part icles, whi lst Cu, Zn and Cd were predominantly 

internal and Pb was present both internally and externally [188]. The outer keratin layer of 

desert t ortoise shells consist of growth rings with chemical compositions related to the 

accumulation of t race elements secreted during the growth period. Therefore the chronology 

of toxic metal uptake can be inferred from profiles of the keratin layer. Trace element 

distribution patterns could be of pathological importance, particularly with regard to As 

which has been linked to shell and respiratory diseases [189]. 

The study of problems such as heavy metal migration of dental amalgams into teeth, or the 

observation of bio-markers in teeth growth rings is well suited to LA-ICP-MS analysis. The 

diffusion of gallium into treated human teeth was quantified using 43Ca as an IS and NIST glass 

standards for calibration [190]. The diffusion of Hg, Cu and Ag from a dental amalgam has 

also been studied and quantified using matrix-matched standards [191]. The Pb/Ca ratios in 
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enamel were measured using in-house prepared homogenised chicken bone standards and a 

bone meal CRM [192]. The Pb/Ca ratio in enamel is a bio-marker for in utero exposure to Pb. 

The time-dependent concentrations of a number of other elements have been studied by 

profiling the growth rings of teeth [193, 194]. The spatial distribution of major and trace 

elements in human bladder and kidney stones was recently investigated by LA-ICP-MS [195]. 

Different element relationships were observed between the kidney and bladder stones. In 

the kidney stones, Ca, P, Mg and Sr appeared to co-precipitate with very similar distribution 

profiles but in the bladder stones, large differences were seen in their distributions. Variation 

in Ca and P distributions in the bladder stone indicated changes in the mineralogical 

composition of the stone from the centre to the outer edge. 

Compared to soft tissue analysis, imaging by LA-ICP-MS has been slow to evolve for hard 

t issues and geological samples. The majority of geochemical materials and biological hard 

tissues are heterogeneous. Therefore, images are considered to be superior to conventional 

single spot analysis because they reveal details that are not visible under the microscope and 

cannot be appreciated or will be overlooked with single spot analysis [147]. With regard to 

growth ring analysis, spot sampling is preferred as the chemical composition with a ring 

should be homogeneous and sampling time can be reduced . 

~ 54 ~ 



Table 5: Summary of LA-ICP-MS bio-imaging applications 
Sample Application Comments Quantification (internal standard) Ref 
Material 
Soft tissues 
Brain tissue ~-amyloid plaques in Spot analysis (100 µm) and line scans (40 µm). None [169) 
section Alzheimer's disease by Analysis time was 7 hrs for a 13.5 x 7.5 mm 
(mouse) elemental labelling (Ni, Eu) image. 
Breast tissue Labelling of 2 proteins Laser spot size 5 µm. Mapping time 90 min. None [167) 
(human) associated with breast cancer 
Kidney tissue Distribution of Pt, Cu and Zn Laser spot size 50 µm. Cooled ablation chamber Homogenised spiked kidney tissue [129) 
section (rat) after administration of cis- (-15 oC). Mapping area 300 mm 2

• Images 
platin produced using MATLAB® 6.5. 

Brain tissue Distribution of Fe, Cu and Zn Laser spot size 60 µm. Mapping time 2 hrs for 1 Biological CRMs (3) [155) 
section (rat) cm2 section. 
Liver tissue Distribut ion of Cu and Zn - Laser spot size 10 - 250 µm. Cooled ablation Biological CRM (12C) [SO] 
section (sheep) identification of different chamber used. 

metabolic zones 
Snail sections Bio-monitoring metal Laser spot size 160 µm. Element distributions Biological CRM and matrix-matched [176) 

contamination correlated with anatomical structure. standards 
I Comparison of different calibration strategies 

found close matrix-match ing best method. 
Brain tissue Distribution of P, S, Fe, Cu, Zn, \ Laser spot size 50 µm. Cooled ablation chamber. Homogenised spiked brain tissue standards [130) 
section Th and U I Standards characterised by SN/LA-ICP-MS. 
(human) I Mapping area 80 mm2

• 

Brain tissue Distribution of P, S, Cu and Zn j La ser spot size 50 µm. Cooled ablation chamber. Homogenised spiked brain tissue standards [132) 
sections (rat) in tumours I Mapping area 12 x 6 mm. Deficit of Cu and Zn in 

I t he t umour with loca l enrichments detected. 
Whole slugs Distribution of Se, Cu and Zn Laser spot size 50 µm. Coo led ablation chamber. Homogenised spiked slug standards [175) 



Sample Application I Comment s Quantification (internal standard) Ref 
Material 

Distribution of P, S, Fe, Ctser spot size 50 µm. Cooled ablation chamber. Brain tissue Homogenised spiked brain standards (13C) [174] 
section (rat) and Zn in tumours Mapping time 6 hrs for area of 2 cm 2

• Correlation 
between element distribution and 
photomicrograph. 

Brain tissue Distribution of Cu, Zn and Pb Laser spot size 200 µm. Cooled ablation Homogenised spiked brain standards [196] 
sect ions in regions of the bra in chamber. Mapping area of 200 mm2

• Distribution 
(human) reproduced in adjacent sections. 
Whole aquatic Distribution of trace elements Increase in spatial resolution by reducing None [177] 
crustacean (Ca, P, S, Zn) ablation cell volume (Super-Cell). Samples were 1 

-4mm. 
Botanical 
Samples 
Tobacco Distribution of toxic and 10 hr sampling time with 300 µm spot size. Dried tobacco leaves powder doped with [185] 
leaves, shoots essential elements in tobacco analytes (13C) 
and root s plant t issues 
Green leaves Spatial determination of trace 300 µm spot size . 355 nm laser gave most Plant CRM and doped cellulose pressed [186] 

elements efficient ablation (bel ieved to be due to powders (13C) 
absorption by chlorophyll ). 

Tree rings Analysis of Pb concentration 100 ~1m spot size. Total quantification of rings by digestion and [181] 
and isotope ratio in 1-5 yr SN-ICP-MS. In house pressed powdered wood 
tree rings standard prepared and internal standard 

introduced by SN for LA analysis (Tl) 
Tree rings Analys is of a number of RSD of line profiles within the rings were 15 % for Natural samples quantified by SN-ICP-MS and [183] 

analytes Mg, 15 % for Ca, 9 % fo r K, and 16 % for Pb. used as standards for LA-ICP-MS (13C) 
Hard tissues 
Human teeth Profile of Ga diffusion in root Considered 'semi-quanti fica tion' as standards Quantification by series of NIST glass samples [190] 

dentin not matrix matched. (43Ca) 



Sample Application Comments Quantification (internal standard) Ref 
Material 
Human teeth Diffusion of Hg, Cu and Ag Spot analysis. Standards prepared from doped CaS04 [191] 

from dental amalgam pressed into pellets (44Ca) 
Human teeth Pb/Ca ratio as biomarker of in Spot analysis with 100 µm spot size. Bone meal CRM and homogenised chicken [192] 

utero Pb exposure bone (43Ca) 
Human bladder Distributions of major and Line scans were approximately 50 µm wide and None [195] 
and kidney trace elements 70 µm deep. Analysis time of 17 mins. 
stones 
Bird feather Profiles of Cu, Zn, Rh, Pd, Cd, Profile showed that some contaminants were Total concentration determined by SN-ICP- [188] 
shafts Pt, Pb to asses environmenta l only present as external particles, whi lst others MS after digestion. LA-ICP-MS normalised to 

contamination and were predominantly present internally. IS (Ca) 
distribution 

Outer layer of Time dependent toxic Line scans at 100 µm spot size (100 µm s-1) . 'Semi-quantitative' analysis: non-matrix [189] 
tortoise shell element distributions Ablation performed under He gas. matched CRM and known IS (33S) 
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1.6 Project Aims 

This thesis describes the application of elemental bio-imaging by LA-ICP-MS to the detection 

and identification of CaP crystals in human knee joint samples. In order to achieve this, the 

LA-ICP-MS imaging technique was developed, particularly in regard to the enhancement of Ca 

detection and quantification. The specific aims of this project were to: 

1. Enhance Ca detection in biological specimens by employing interference removal 

techniques to improve image quality and crystal detection and identification (Chapter 

2). 

2. Assess the ability of LA-ICP-MS to identify CaP crystals by the Ca/P ratio (Chapter 2). 

3. Develop a faster and simpler standard preparation technique that resulted in good 

measurement accuracy and precision (Chapter 3). 

4. Investigate internal standards in the imaging procedure and the factors affecting their 

efficacy (Chapter 4} . 

5. Apply the developed quantification procedure to the detection of CaP crystals and 

the determination of selected elements in human carriage (Chapter 5). 
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Chapter 2 : Crystal Imaging in Biological 

Material* 

2.1 Introduction 

Osteoarthritis (OA) is the most common form of joint damage today and is a major cost to the 

community. The aetiology of OA remains largely unknown, which hampers the development 

of new treatments. In the 1960's calcium phosphate-based (CaP) crystals were discovered in 

arthritic joints. Since then, a correlation between CaP crystals and the severity of OA has been 

observed. However, little is known about the formation and role of the crystals in joint 

disease. There is speculation that the crystals may provide a new treatment target for joint 

diseases such as OA and other crystal related arthropathies. 

Synovial fluid (SF) is more commonly used for CaP crystal analysis than cartilage, largely due 

to t he greater ease of it s co llection. CaP crystals have been detected in joint fl uids from 

patients diagnosed with either OA or rheumatoid arth ritis (RA). Basic calcium phosphate 

(BCP) crystals are uniquely associated with QA [32], but depositions of CPPD crysta ls have 

been reported in a number of different arthritides (31] . Alizarin red S (ARS) staining of SF gave 

positive results for CaP crystals in 54 % of SF samples from patients with QA and 39 % of SF 

samples from patients with RA [197]. BCP crystals occur in up to 60% of OA patient synovial 

samples [24, 32] and CPPD crystals have been associated with 30% of OA synovial fluids [24). 

SF is a viscous liquid found in the joint space (synovial cavity) of synovial joints, such as t he 

knee (see Figure 21) . SF is filtrate of blood plasma and serves to provide nutrients to the 

Some of the work included in this chapter has been published elsewhere (see Austin, C. et al., 
Metallomics, 2009, 1(2), 142-147) 
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avascular cartilage and assist in joint lubrication, compression compensation, cleaning and 

defence [198). Normal SF is colourless and noticeably thick and stringy [32) . 

Synovial 
cavity 

Figure 21: Diagram of a knee joint showing the synovial cavity. Adapted from Bjorklund (2010) {199} 

Examination of SF is a basic clinical test for diagnosing joint diseases. The organic composition 

of SF changes in disease states [200-202) but whether any changes occur in the inorganic 

content of SF is unknown. Whether the crystals originate from the cartilage or SF is currently 

unknown, however crystal are known to shed from the cartilage intermittently into the joint 

flu id [24] . A recent study of 330 joint effusions from patients diagnosed with OA found 52 % 

of SF samples contained crystals; 21 % had CPPD crystals, 47 % BCP crystals and 16 % had 

both crystal types [203). Occurrence of these crystals may be higher as BCP and CPPD crystals 

often evade detection due to their small size and the complicated matrix of SF [32, 38, 204) . 

This chapter assesses two new elemental bio-imaging techniques for the detection and 

identification of CaP crystals in SF and cartilage. These are X-ray mapping (XRM) and LA-ICP-

MS. 

2.1.1 Synovial Fluid Composition 

There is no blood supply available to articular cartilage and so cells within the cartilage, 

known as chondrocytes, obtain nutrients through diffusion of the SF from the joint space. 
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Therefore, as the primary carrier, interstitial fluid plays an important ro le in tra nsporting bot h 

nutrients and waste within the tissue [205) . SF also plays a mechanical role in joints. 

Compression of cartilage through load bearing, causes rapid pressurisation of the permeated 

fluid in cartilage, wh ich in turn support s the load [205] . Without the permeated flu id bearing 

the load, cart ilage wou ld quickly break down under repeated compression of so lid on solid 

inte ract ions. 

SF originates from plasma which is filtered by a fenestrated ca pillary net that lines the 

synovial cavity and subsequently diffuses into the joint cavity. This structure facilitat es rapid 

changes in water and solute content, indicating an active physiological role for the synovial 

membrane [198). The main fluid com ponent of SF (and cart ilage} is water. SF also contains 

most of t he proteins found in serum, though at a lower concentration, and is supplemented 

with locally produced glycoproteins and hyaluronic acid, which give it its characteristic 

viscosity [206]. Other constituent proteins are believed to endow the SF with its boundary-

lubricating properties [207). Inorganic salts such as sodium, potassium, calcium, and chloride 

are also present in SF in appreciable amounts. The electrolytes are in equilibrium with urea, 

amino acids and uric acid, with the pH raging between 6.5 and 8.9. Normal SF contains very 

small amounts of cells, most of which are derived from the plasma. As a result, SF is a very 

complex biological matrix to anaiyse [32]. 

2.1.2 Methods for Crystal Detection 

In clinical practice, a relatively simple and affordable technique with a reasonable degree of 

sensitivity and specificity is required for crystal detection and identification [208] . Current 

diagnosis of OA is quite subjective and complicated by multiple factors [32]. Diagnosing 

crystal-associated arthritides usually involves the identification of CPPD or BCP crystals in 

synovial fluid (SF} aspirates by polarised light microscopy. The detection and identification of 

crystals is paramount to a correct diagnosis, and therefore proper therapy, as crystal -

associated arthritides cannot be distinguished from other causes of arthritis based on 

physical examination or history [38] . However, in a typical clinical setting the SF examination 

may detect only 12 % of t he CP PD crysta ls present [38]. There is a wide variety of other 

tech niques fo r crystal detection and identi fication in articula r tissue and SF. An extensive 

review of methods used for BCP crysta l detection was recent ly published by Yavorskyy et al. 

[32) . Addit ionally, t he lack of knowledge of the pathogenesis of OA and crystal deposition 
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may be reduced through the use of novel resea rch tools w hich may shed light on new aspects 

of these processes. This section gives a description of techniques which have been used to 

detect and identify calcium crystals in joint samples. A summary of the advantages and 

disadvantages of the discussed techniques is provided in Table 6 at the end of this discussion. 

2.1.2.1 Polarised Light Microscopy 

Polarised light microscopy (PLM) is the method most commonly used for the detection and 

identification of crystals, leading to the diagnosis of crystal-associated arthritides. It was first 

introduced in early 1960's and rapidly became the recommended technique. However, the 

resolution of the ordinary light microscope is only 1 µm, and therefore, though able to detect 

most CPPD crystals, BCP crystals may be detected by LM only if aggregated into large clumps 

and stained (see Section 2.1.2.2) . The technique largely relies on crystal morphology for 

identification though some crystals may be identified based on other properties. 

As CPPD crystals are weakly positively birefringent, they can be identified based on their 

appearance under PLM. A red compensator (CPLM) is often used to enhance the contrast of 

the crystals against the background and determine the sign of birefringence (Figure 22). The 

technique has been largely used for the diagnosis of gout based on the presence of strongly 

birefringent monosodium urate crystals (MSU). 

Figure 22: Monosodium urate (a) and CPPD (b) crystals under CPLM. The comparatively weaker birefringence 
and higher morphological variation of the CPPD crystals can be clearly seen. Some CPPD crystals show no 

birefringence. Modified from Yavorskyy et al. {2008} [32} 

Though the technique is simple, inexpensive and widely available, it may not be sensitive or 

specific enough to serve as the basis of a diagnosis. The identification of CPPD crystals by PLM 

requires expertise. Weak birefringence, low frequency and small size can render the crystals 
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difficult to discern [31, 208]. Only 1 in 5 CPPD crystals have sufficient birefringence for easy 

detection by PLM [209]. A small study estimated the threshold for reliable identification of 

CPPD crystals as 10 - 100 µg mi-1 and reported large numbers of false positives and false 

negatives at low crystal concentrations (< 10 µg mi-1). Given in vivo concentrations may be as 

low as 2 - 3 µg mi-1 the sensitivity and specificity of PLM appears poor [208]. Sensitivity and 

specificity of PLM is operator dependent. Appropriate training has been shown to 

significantly increase the accuracy of crystal identification [210]. A negative result does not 

exclude the presence of small or a small number of CPPD or BCP crystals and therefore 

should be treated with caution . 

Despite its relatively poor sensitivity and specificity, PLM remains the only technique 

currently avai lable t hat meets t he needs of t he user in a clin ical setting; it is available in most 

hospital s, is inexpensive and relatively simple to use. 

2.1.2.2 Staining Methods 

A number of staining techniques have been employed t o improve the detection of BCP and 

CPPD cryst als by light microscopy [32]. The most widely studied is al izarin red S (ARS), which 

has been reported to be a rapid, simple and sensitive staining technique for the detection of 

BCP and other calcium compounds [211, 212]. ARS is a non-specific stain for calcium 

containing solids and usually requires another technique such as TEM or X-ray powder 

diffraction to distinguish between crystal types and confirm the identity of the stained 

particulate mat ter [212]. CPPD crystals tend to stain more slowly and less completely than 

BCP crystals [28]. 

ARS is an anthraquinone derivative that chelates calcium, imbuing any calcium salts a deep 

orange or red (Figure 23) [211] . ARS staining has given positive results in 100 % of synovia l 

fluid samples from patients later proven to have HA and/or CPPD deposition diseases [211] . 

Shoji et al. [197] reported detection limits of 0.1 and 0.5 µg mi-1 respectively, for HA and 

CPPD crystals in synovial fluid and Paul et al. [211] reported a positive result at 

concentrations as low as 0.005 µg mi-1
; a large improvement from that reported for standard 

PLM and below reported in vivo concentrations. However, other investigators have reported 

a high number of false positives from non-calcium containing particles (sodium phosphate 

and tetrasodium pyrophosphate have stained positive) and from precipitation of the stain 
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[31, 211]. Staining with ARS is not a routine method in most clinical laboratories though it is 

recommended as a screening technique for BCP crystals before confirmatory testing by a 

more specific technique. 

Figure 23: Clumps of BCP crystals stained red with alizarin red S. Modified from Punzi et al. (2005) [21) 

Other staining methods include Diff-Quick, Von Kassa and the Gram stain. Diff-Quick is a 

commercial stain routinely used to differentiate between different smears from different 

sources and has been shown to detect CPPD and MSU crystals on permanent mounted slides, 

though with false positives and false negatives reported for CPPD crystals [213). The Gram 

stain is commonly used to diagnose bacterial infections and can be used to detect MSU and 

CPPD crystals [32]. These two staining methods showed strong potential for detecting crystals 

in older sampies (more than 2 years old) [214]. The Von Kassa stain is a well known method 

for the detection of calcium phosphate deposits in tissue and the characterisation of 

biological mineralisation of bone or renal calcium deposits [32]. Like ARS, more specific 

methods are recommended to confirm crystal identity. A highly specific, quantitative 

technique using 14C-ethane-1-hydroxy-l,1-disphonate (EHDP) binding has been used to 

identify BCP crystals, though with poor detection limits (2 mg mr1
) [215, 216]. Additionally, 

radiolabelled EHDP is not commercially available and therefore application of this technique 

in a clinical setting is unlikely. 

2.1.2.3 X-ray Powder Diffraction 

X-ray diffraction (XRD) offers accurate identification of crystals but sample requirements limit 

its use. Samples are required to be pure, dried and in sufficient quantity for an accurate 
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analysis [32]. Typica lly, only small quantities of mineral material are extracted from SF 

samples and poor crystallisation of the mineral results in diffraction patterns that are difficult 

to interpret [31]. X-ray diffraction patterns produced from a diagnostic X-ray beam show 

promise in quantifying the amount of bone mineral present which may aid in the 

differentiation of healthy and osteoporotic bone [217]. This method can identify 

hydroxyapatite (HA) without the elaborate sample preparation required for powder X-ray 

diffraction and therefore shows promise for crystal identification in biological samples. X-ray 

diffraction microscopy using third generation synchrotron radiation sources also shows 

promise for the identification of crystals in biological samples. The method was recently used 

to identify micron size (:::: 2 µm) bone particles dispersed in ethanol and deposited on thin 

silicon nitride membranes [218]. 

2.1.2.4 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) offers perhaps the best current alternative to 

PLM for clinical purposes due to its potential for point of care operation; IR spectrometers 

ca n be compact, rugged, relatively inexpensive and user- independent [215]. The need for 

crystals to be isolated from the biological mat rix prior to analysis is an obstacle to this 

technique's incorporation into routine use. Less sample quantity and purity are required for 

FTIR analysis than for XRD, though like XRD the need for drying the sample increases the risk 

of produci ng crystalline artefacts. 
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Figure 24: IR spectra from different calcium phosphates. Adapted from Dieppe and Calvert {1983) [29] 

An absorbance spectrum with bands characteristic of the bonds present in the sample 

material can be compared to known crystal spectra for identification. FTIR has also been used 
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to distinguish between different arthritides based on composit ional changes in the SF. The 

method uses pattern recogn ition to distinguish between the different molecular fingerprints 

produced from the samples and makes a diagnosis. Accuracies of 96.5 % were achieved by 

one group when discriminating between OA, RA, spondyloarthropathy and controls [200]. To 

improve t he accuracy of OA diagnosis based on pattern recogn ition, t he identi fica t ion of BCP 

crystals as a biomarker fo r OA was proposed [32] . 

2.1.2.5 Raman Spectroscopy 

Raman spectra are produced from the scattering of light. Both Raman and IR techniques 

produce spectra characteristic of the molecular bonds present in the sample and often give 

complementary information. Raman spectroscopy offers the advantages of much smaller 

sample requirements and t he reduction of the interference from water which is a major 

disadvantage in IR analysis. This allows fresh biological tissue and flu id samples to be 

analysed and in a non-destructive way [32]. Like FTIR, sample spectra can be compared 

against known spect ra for the identification of crystals. 
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Figure 25: Raman reference spectra of synthetic BCP, HA, CPPD and MSU crystals. Adapted from Yavorskyy et al. 
(2008) {32] 

St udies have shown that BCP and CPPD crystals can be distinguished based on their 

characteristic Raman spectra (Figure 25) [32, 219]. However, the samples require purification 

for crystal analysis. Direct analyses of SF smears showed poorer signal-to-noise ratios and 

were of lower intensity than pure reference mate ria l due to the background scattering of 

organic material in the SF matrix. At present, analysis of samples under LM or PLM is 

recommended to locate crystals wh ich can t hen be ident ified by Rama n spectroscopy [219]. 
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This technique has been sparsely used fo r the invest igation of ca lcium crystals in biological 

sa mples, and is unlikely to be used for routine cli nical diagnosis. 

2.1.2. 6 Electron Microscopy 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are very 

sensitive techniques capable of imaging single crystals too small to be detected by LM. 

Crystals can be identified based on morphological characteristics or on elemental information 

obtained from coupling the microscopes to electron diffraction or X-ray detectors [28, 32, 

220]. Crystals appear uniformly dark or foamy (Figure 26) and are usually observed adjacent 

to chondrocytes or cellular debris [31]. The foamy appearance may be due to the loss of 

water of crystallisation under the electron beam. Smaller crystals can be destroyed by the 

electron beam [221]. The high resolution of EM techniques allows for the study of crystal-cell 

interactions with many studies observing phagocytosis of crystals [28, 220]. Information on 

crystal formation can also be obtained by observing crystals in cells or cell vesicles. 

Figure 26: TEM (a) and SEM (b) images of CPPD crystals. Adopted from Dieppe et al. (1979) {220] 

SEM produces images of the sample surface wh il st TEM gives images of ultrathin specimens. 

TEM therefore requires more extensive sample preparation techniques than SEM. Due to the 

requirement of ultrathin specimens, crystals, and in particular larger crystal aggregates, can 

be lost from the sample during sectioning, leaving behind holes in the tissue [31, 34]. TEM is 

considered more sensitive than SEM. Analysis of biological samples by EM can be problematic 

due to the analysis being performed under vacuum. The biological matrix can be removed by 

micro-inci neration which destroys t he organic matter but leaves the inorganic materia l very 

close to its original position [222]. This techniq ue reduces the sample preparation time from 
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about 2 days to less than 2 hours and should improve t he accuracy of elemental analysis of 

the crysta ls. However, information rega rding crystal -cell interactions is lost. 

SEM has been used to characterise t he morpho logy and dist ri bution of crystal deposits in 

ca rtilage sections and synovial fluid pellets. Care must be taken when characteri sing crystals 

based on morphological features because artefacts, such as silicon-containing particles from 

glassware, or other crystals such as calcium oxalate, may be similar in appearance to CPPD or 

BCP crystals [223]. When combined with EDS and XRD detectors, crystals can also be 

characterised based on their elemental composition [34, 224-227]. Variable Ca:P ratios have 

been reported and generally a reference standard is required for an accurate identification of 

crystals . Due to the high resolution of EM, only small areas are typically analysed for crystals. 

There is a danger of sample areas devoid of crystals being selected for analysis and giving 

false positives. Analysing a number of samples from the same specimen can be time 

consuming and therefore not appropriate for routine analysis. However, LM could be used as 

a screening test for sample selection for EM analysis to then identify the crystals present 

[222]. Other deterrents to routine use include high cost, complexity of analysis (requiring 

specialised t ra ining of operators}, and low availabili ty of the inst rument [32] . 

2.1.2.7 Atomic Force Spectroscopy 

Another high resolution microscopy tool available for crystal analysis is atomic force 

microscopy (AFM) . The technique involves defining the microsurface of a sample through a 

combination of scanning EM and the measurement of differences in electric current or 

atomic fo rces between a probe running over t he su rface and t he sample surface itself [228] . 

AFM was used by Blair et al. [221] to identify MSU, CPPD and BCP crystals in synovial flu id 

taken from patients w ith a variet y of arthritides. Crystals could be identified by 'fingerprints' 

based on the distinctly different crystal lattice parameters observed for the different crystal 

types at molecular resolution (Figure 27). Aggregates could also be resolved so that mixed 

deposits may be identified . Compared to EM, AFM offers the advantages of simpler sample 

preparation procedures and perhaps even higher sensitivity; detection of crystals in 

specimens by AFM that were not detected by TEM or LM was reported [221]. Additionally, 

only a few microlitres of synovial fluid are required for analysis and crystal-cell interactions, 

and crystal protein coatings may al so be observed. 
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Figure 27: AFM images of HA (a) and CPPD (b) crystals in SF. Adapted from Blair et al. (1995} {221] 

Chemical force microscopy, whereby the AFM probe is chemically functionalised so that 

specific molecular interactions can be measured, shows promise for the study of crystal 

deposits in biological specimens. The technique was recently used to study the surface 

chemistry of HA in skeletal t issue, particularly in regards to protein-mineral interaction (229] . 

This technique could provide valuable information on crystal formation and their pathological 

effects in the body. 

AFM analysis generates a large amount of topo logical information and thus is very useful for 

investigating crystal formation in biological specimens. However, given the high cost, low 

availability, complex interpretation of data and need for speciaily trained operators 

associated with the technique, it is likely to remain a research tool only. 

2.1.2.8 In Vivo Methods 

A number of techniques are available fo r the in vivo imaging of crysta l deposits in joints. 

These methods offer the major advantage of being non-invasive. Though CaP crystal 

detection in SF by PLM remains the gold standard in diagnosing crystal associated arthritides, 

in reality diagnosis frequently rests on radiographic findings [38]. Radiographs are widely 

available and relatively inexpensive. Crystal arthropathies can be distinguished 

radiographically; CPPD tends to form linear shadows in cartilage, whereas BCP forms spotty 

deposits (Figure 28) (29, 31]. However, the sensitivity of plain radiographs can be as low as 39 

% and there is appreciable overlap between arthropathies making diagnosis difficult (32, 38, 

230]. Additionally, only gross changes can be observed by radiography and therefore early 

onset of the disease cannot be detected or monitored. Newer methods available for clinical 
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diagnosis that may overcome some of these issues include magnetic resonance imaging 

(M RI), ultrasonography and opti ca l tomography. 

Figure 28: Radiograph of the lateral compartment of the knee joint showing the typically linear calcification 
indicative of CPPD deposits. Adapted from Dieppe and Calvert {1983} {29) 

Unlike radiography, MRI can demonstrate both the surface and internal details of articular 

cartilage and thus give information on soft tissue damage. However, bone mineral is poorly 

resolved, and sensitivity for detec+ing calcification is low with only large crystal deposits 

observed [32]. Ultrasonography is another imaging technique used to visualise soft tissues. It 

has been used to evaluate the joint surfaces of the knee and hip and has shown promise in 

measuring cartilage thickness [231). Optical tomography can detect mineralised deposits in 

joints but like radiography, yields little data regarding the presence of associated crystals or 

the compositional changes in the SF. Surface crystals or deposits in areas where the cartilage 

has eroded may be viewed by arthroscopy. However, this technique involves the insertion of 

an arthroscope and surgical instruments into the joint through two small incisions, and is thus 

invasive as well as being limit ed to surface crystals. 
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Table 6: Advantages and disadvantages of techniques used for crystal detection and identification 
Technique Advantages Disadvantages 

PLM Simple, widely available, inexpensive Low resolution (< 1 µm}, sensitivity and 
specificity 

LM with Staining Simple, widely available, inexpensive Non-specific, subject to false positives, 
relatively low sensitivity 

XRD Definitive identification Requires more sample than typically available 
and pure and dry sample 

FTIR Definitive identification, potential for automation by pattern recognition and Interference from water, sample preparation, 
clinical application large sample size 

Raman Spectroscopy Potential for identification, lit tle interference from water, small sample size Expensive, requires sample purification, fewer 
reference spectra 

EM High resolut ion and sensitivity, small sample si ze, elemental and Expensive, complex, not widely available, 
morphological information, crystal -cell interactions observed extensive sample preparation 

AFM High resolution and sensitivity, highly specific, small sample size, minimal Expensive, not widely available, complex 
sample preparation 

Radiography Non-invasive, inexpensive Insensitive 
MRl/Ultrasonography Non-invasive, soft t issue imaging Expensive, time consuming, cannot provide 

crystal identification 
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2.1.2.9 Crystal Extraction 

Extraction of crystals from the complex biological matrix may improve the sensitivity and 

identification accuracy as well as reduce the possibility of false positives due to the presence 

of other crystalline material. Crystals can be isolated from biological samples using a chemical 

and/or enzymatic approach [32). Hydrazine is one chemical shown to improve HA detection 

with no structural changes and only minor chemical changes produced in the crystal. The 

chemical causes deproteination of the crystals which has been used to improve the 

identification of HA by X-ray diffraction [232). A method for the extraction of calcium 

containing crystals from SF and cartilage samples was devised by Swan et al. [233) and 

involved t reatment with papain and sodium hypochlorite. The method showed good recovery 

and no apparent change in crystal morphology or structure. An extensive review of extraction 

methods was included in Yavorskyy et al. [32). Most of the extraction methods reported use 

synthetic HA or CPPD crystals. Given pathogenic BCP crystals differ from synthetic crystals, 

these extraction methods may not be applicable to real samples [32). Additionally, extraction 

techniques are generally quite laborious and are therefore unlikely to be incorporated into 

routine cl inical applications and add to ana lysis t ime in a research setting. 

2.1.3 X-ray Mapping 

A recent review [32] highlighted the challenges in detecting CPPD and BCP crystals in SF and 

the fa ilure of routine and some emerging techniques to meet these challenges. This study 

assessed t he use of two new imaging met hods fo r crystal detection in SF; LA-ICP-MS and X-

ray mapping (XRM). 

XRM is t he collection of characteristic X-rays as a function of the position of the scanning 

electron beam on the sample [234) . The technique provides a high magnification image 

related to the distribution and relative abundance of elements and thus is particularly suited 

to identifying the location of individual elements and mapping the spatial distribution of 

specific elements on a sample surface [235) . A drawback of XRM is the lengthy analysis time 

(4 - 12 hours}. XRM can be performed with energy dispersive spectrometers (EDS} and/or 

wave dispersive spectrometers (WDS} with data collected at each pixel point of the SEM 

image. The combination of detectors, use of multiple EDS/WDS detectors and the 

development of high count rate silicon high resolution drift detectors, has reduced analysis 
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time (1 - 2 hours) and improved trace element detection and accuracy [236, 237]. In the work 

repo rted here, full spectrum XRM (FSXRM) was performed. FSXRM acquires and saves a full 

X-ray spectrum at each pixel of an image. This allows the user to recall all information from 

the sample at a later time, enabling the analysis of elements previously not of interest. The 

information available from full spectrum mapping is immense which makes post processing 

of the image at a later time, off-line from the instrument, highly advantageous [235]. 

Once an X-ray map has been collected, a number of post-processing techniques are available 

through various software packages (such as Chemical Imaging), including elemental mapping, 

quantitative mapping (QXRM), ratio mapping, pseudo colouring and scatter diagrams. 

Elemental or quantification maps are generated by assigning each pixel a nominal grey scale 

based on its intensity relative to the pixels in the image, as a function of the grey scale. 

Quantitative maps convert background and overlap corrected element maps to weight 

percent (% wt) by a correction technique such as phi-rho-z (¢pz) or ZAF (atomic number, 

absorption and fluorescence) correction [236]. With high spatial resolution maps, the 

averaging of large numbers of image points allow for high quality analyses to be carried out 

on spectra that have statistically significant peaks of elements present at low concentrations 

[236] . In addition, QXRM enables the verification of element maps through the determination 

of distinct areas of different element concentration. 

Ratio mapping involves the division of the X-ray spectrum of one element by another at each 

pixel in the sample image. This techn ique is useful in distinguishing or identifying chemical 

phases based on known elemental ratios; for example the differentiation of CPPD and BCP 

based on the Ca:P ratio. 

Pseudo colouring assigns a primary colour (red, green or blue) to three selected elements to 

produce an image which directly shows element associations. When more than one of the 

selected elements is present at the same pixel location, their assigned colours are mixed and 

can be interpreted using the colour scale. Features which could be otherwise missed, such as 

fine precipitates, cracks or boundary interfaces, can be observed by rotating the colour 

coding for various elements [238]. 

Two dimensional (20) scatter diagrams are pixel frequency versus element concentration 

profiles plotted against each other for selected elements [239]. In other words, they are 
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constructed by plotting the X-ray intensity for two elements at the same pixel location against 

each other. Scatter diagrams convert spatial information into concentration dimensions and 

thus can be exploited to tease out spatial relationships of elements or correlated elements in 

samples with more detail than simple element maps or pseudo colouring [239]. An extra 

dimension to the scatter diagrams is given by thermal colouring which is used to depict the 

number of pixels in the image with similar concentration [238]. Clusters appearing in these 

plots illustrate different chemical phases and the contributing pixels can then be selected and 

used to reconstruct the spatial distribution of the associated chemical phase in the image of 

the sample. The image created shows the selected pixels superimposed on the electron 

image, giving perfect correlation. Areas can also be selected on the element map and the 

relevant pixels highlighted on the scatter diagram. The selected area can also be summed for 

a more accurate analysis of the total phase, or strategic areas on the superimposed area may 

be selected for this purpose [239]. This is often referred to as chemical phase mapping (CPM) 

[239]. 

Biological specimens pose a challenge to XRM because they are composed of low atomic 

number elements with relatively low X-ray yie lds; giving a poor signal fo r mapping purposes 

[57] . However, specimens containing high concentrations of elements within a distinct 

localised compartment are able to provide dramatic maps. Therefore the technique was 

applied to the imaging of CaP particles in synovial fluid as a comparison to the developed LA-

ICP-MS imaging technique. 

2.1.4 

The detect ion of some elements by traditional quadrupole ICP-MS is compromised due to the 

formation of polyatomic spectral interferences generated by a combination of argon, solvent, 

atmospheric and matrix-derived ions [74]. In addition to polyatomic ions formed from the 

combination of two or more atomic ions (e.g. 40Ar160+, 56Fe+), interferences may also include 

isobaric isotopes where two or more elements have naturally occurring isotopes at the same 

nominal mass (40Ar+, 4°Ca+}, refractory metal oxide species which form due to the incomplete 

breakdown of the sample or recombination of ions in the plasma (137Ba160+, 153Eu+), and 

doubly charged ions (80Se+2
, 

4°Ca+} [240] . Interferences are a major limitation in ICP-MS. 

However, with the development of interference reduction methods, many analytes 
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previously unable to be determined at trace concentrations can now be quantified with high 

sensitivities. This section discusses interferences and their removal. 

Polyatomic interferences in ICP-MS are generally classified as plasma gas-based or matrix-

based . Plasma gas-based interferences are associated with the plasma/carrier gas or 

entrained gases from the atmosphere (plasma gas contains as much as 17 % oxygen and 

hydrogen [241]). Oxide, hydrides and hydroxides typically form when o +, H+ or OH+ combine 

with other elements in the sample in the cooler zones of the plasma [74] . Laser ablation 

offers the major advantage of reducing the formation of these polyatomic interferences due 

to the 'dry' plasma used, i.e. samples are not introduced from aqueous solutions. Matrix-

based interferences are formed from the combination of analyte or plasma ions with matrix 

ions, e.g. 40Ar12C+ on 52Cr+ in high carbon matrices and 40Ar23 Na+ on 63Cu+ in samples with high 

salt content. 

The degree of analyte signal suppression due to matrix effects is dependent on the matrix 

element content and on the analyte of interest. Matrix based interferences are formed 

between the skimmer cone and extraction lenses. As the matrix element increases in 

concentration in a sample, the space-charge density in this region is also increased, leading to 

greater scattering of the ion beam [79]. Heavy matrix elements tend to cause scattering more 

efficiently and light analyte ions are generally more efficiently scattered than the heavier 

ions. Matrix related interferences can be controlled, to an extent, by modifying the sample 

introduction conditions. The level of oxides and doubly charged species can be reduced by 

optimisation of the carrier gas flow, plasma power and sampling position within the plasma 

(74]. A table of common interferences on selected analyte ions of interest is included below 

in Table 7, along with the interference reduction methods recommended for those ions. The 

recommended modes of interference removal included in Table 7 are intended to serve as a 

guide to the modes available and best suited to the removal of the interferences hindering 

detection of the specified isotope. Selection of an appropriate interference removal method 

(if any) will be dependent on capabilities of the ICP-MS instrument, gas options available and 

the range of isotopes to be investigated. 

Interferences can be reduced through careful optimisation of instrument parameters but it is 

usually not possible to completely eliminate interferences [240]. Methods employed to 

minimise interferences include mathematical correction equations, high resolution MS, mixed 
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gas plasmas, cool plasmas and coll ision/reaction cells. Many interferences may also be 

overcome by simply choosing an alternative isotope of the analyte, although a sacrifice in 

sensitivity may result if the alternate isotope is of lower abundance [76, 242). The removal of 

matrix-based interferences may be achieved by dilution, aerosol desolvation, or 

extraction/separation of the analytes of interest from the matrix [63). Extraction usually 

requires chemical extraction and separation through the use of hyphenated chromatography 

techniques. These techniques require additional expertise, and extensive sample preparation 

and method development [76) . 

Table 7: Common polyatomic and isobaric interferences on analyte isotopes 
Analyte Required 
isotope 

Interference 
Recommended modes of resolving power 

(% interference removal (m/~mt 
abundance) 

24Mg+ (78.99) i2C2+ No gas 
27AI+ (100) 12c l 5N+, 13c14N+, 12c14N1H+ NH3 920 
31p+ (100) 14N1601H+, 1sN160 + 0 2 
4°Ca + (96.94) 

40Ar+, 40K+, 12c14N12ClH2 +, H2, H2/He, NH3, CH4,Cool 190300 
24Mg160 +

1 
39K1H+ 

44Ca + (2.086) 
12C160 /, 14N

2
160 +

1 
ss5r2+

1 No gas, H2, H2/He, Cool 
1300 

28Si 16o + 
40Ar12c, 36Ar160 +, 2400 

52Cr+ (83. 79) 3sAr14N+, 365160 +
1 He, H2, NH3, Cool 

36Ar1sN1H+ 
·-

. 56Fe+ (91. 75) 40Ar16o+, 4oca160 + H2, H2/He, NH3, Cool 2500 
63Cu+ (69.17) 40Ar23Na+, 31p1GO/ No gas, He 
64Zn+ (48.63) 31p16021H+, 3251602 \ 64Ni+ No gas, He 
80Se+ (49.61) 40 Ar + 40 Ar40Ca + 

2' I H2, Hi/He, CH4 9700 
88Sr+ (82.58) 44Ca/, 48Ca40Ar+ H21 H2/He > 10000 

a Requ ired resolving pow er fo r the interferi ng species denoted by it alics. From M ason, P.R.D. 

[240]. 

Mathematical correction equations use the measured intensity of the interfering 

isotope/species at another mass, ideally free of interferences, and apply a correction based 

on the ratio of the intensity of the interfering species at the analyte mass to its intensity at an 

alternate mass [74] . The most effective way of removing interferences is by resolving them 

using a high resolution MS [74, 240, 243). However, to resolve some of the more difficult 

interferences, a sacrifice in sensitivity often occurs and elemental isobars, many metal oxides 

and doubly charge species are often unable to be resolved. Additionally, the increased cost 

associated with a high resolution instruments precludes their adoption in many laboratories 

I 

I 
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[76]. Gases may be added to t he plasma to reduce some interferences. Oxygen, nitrogen, 

helium, hydrogen and xenon have all been added to the coolant or carrier gas to reduce 

interferences formed in the plasma with mixed results [76]. A major drawback to mixed gas 

plasmas is low availability and high cost of many of the gases; modification of 

instrumentation is also often required to sustain a stable plasma [76] . 

The cool plasma approach uses a lower temperature plasma to reduce the formation of Ar-

based interferences [63, 74]. The sensitivity of some elements, such as K, Ca and Fe, is 

dramatically improved . However, under these conditions sensitivity is strongly dependent on 

first ionisation potential (FIP) and matrix effects can be exacerbated. Collision/reaction cell 

(CRC) techniques are now firmly entrenched in current ICP-MS technologies and have 

enabled a wider range of applications to be investigated due to their simplicity, efficacy and 

cost effectiveness [244] . The dynamic reaction cell (DRC) was developed by Tanner and 

Baranov [245] in 1999 and is now commercially available. Extensive review of 

reaction/co llis ion ce lls has been provided by Tanner et al. [241], Douglas [246], Bandura 

[247], Mason, P.R.D. (240], Koppenaal, D.W. et al. [244] and Feldmann et al. [248, 249]. 

Despite the advantages offered, use of cool plasma, DRC (250-255] or CRC [256] techniques 

with LA-ICP-MS is ra re though some reports of successful application to single or multi-

element applications have been published. 

Low plasma power (< 900 W) and higher carrier gas flow rates (> 1 L min -1) generate lower 

temperature plasma, or a 'cool' plasma. Cool plasma conditions also typically employ longer 

sampling depths (distance between the load coil and sampler orifice) and a shield torch 

(grounded metal plate inserted between the torch and load coil). The cool plasma technique 

was first reported by Jiang et al. (257] in 1988 for the determination of K isotopes at lower 

plasma power and higher SN flow rates than that usually used for SN-ICP-MS analysis. Under 

these conditions many of the Ar-based interferences (38Ar1H+, 40Ar+, 40Ar160+} were 

dramatically reduced and the sensitivity of the analytes with isobaric overlap (39K, 4°Ca and 
56Fe) were notably improved [74] . Under cool plasma conditions, ng L-1 LODs are possible for 

elements such as Kand Fe, for which the major isotopes suffer from spectral overlap with Ar-

based interferences [63]. The Ar-based interferences are attenuated as these are thought to 

be produced in the plasma, which now has a much lower ion isation energy, while 

interfe rences such as NO+, 0 2 + and metal oxides are not attenuated as these form in a 

secondary discharge within the vacuum interface at the cones [242]. 
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Detection limits of elements t hat form a strong bond to matrix ions or have a high heat of 

vaporisation (wh ich cannot be easily decomposed in the low energy plasma) and elements 

with high FIPs (> 8 eV) (which cannot be as effectively ionised) are compromised under cool 

plasma cond itions [63, 74, 240, 242]. Elemental sensitivity is also severe ly affected by the 

sample matrix and matrix-matching or standard addition is requi red for quanti fication. Matrix 

suppression can be severe if t he matrix element has a low FIP, and if at sufficient 

concentration ca n increase int erferences due to fo rmation of mat rix-polyatomic 

interferences [242]. Additionally, the cooler plasma conditions encourage the formation of 

oxides and other refractory compounds, wh ich may reduce the sensitivity of many refractory 

elements and elements suffering oxide interferences [76]. If the compromise proves too 

great, multi-element analysis may be performed by switching between normal and cool 

plasma conditions. However, t his requires a 3 min settling time which degrades productivity 

[74]. Therefore, coo l plasma conditions are only recommended for specific applications as the 

mult i-element capabilities of ICP-MS are compromised under t hese conditions. 

Comparable results between cool plasma and reaction cell methods have been reported for 

high purity water analysis, however fo r more com plex sample types, the cool plasma 

approach suffers from easily ionised element effects which diminish sensitivity compared to 

the reaction cell approach [241]. More information on the processes involved in ICP-MS were 

presented in Section 1.5. 

2.1.4.1 Dynamic Reaction Cell 

Another approach to interference removal involves the reaction of t he interfering ion with a 

gas molecule, causing either the neutralisation of the interfering species, its removal from the 

analyte ion' s m/z or the shifting of the analyte to another m/z. A gas, such as H2, 0 2, NH4, or 

CH4 is bled into a chamber or cell positioned prior to the mass analyser. The cell houses a 

multi-pole which acts as an ion guide, and in the case of a quadrupole, may also act as a mass 

filter. A major drawback of th is technique is the propensity of the reaction gas to react with 

other analytes, organic contaminants or polyatomic ions and form new interferences or cause 

analyte signal suppression [76] . This can been overcome by employing the quadrupole as a 

mass fi lte r. 
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Quadrupoles give well defined stability boundaries and thus may act as both an ion guide and 

mass filter [240). A quadrupole reaction cell may be operated in bandpass mode which 

establishes a window of ion masses that are simultaneously stable within the cell and rapidly 

ejects ions from the cell that are outside this window [241). The window is created by 

selecting a low and high mass cut-off, determined by the amplitude and frequency of the r.f. 

and the amplitude of the DC applied between pole pairs. A dynamic bandpass may be 

adjusted simultaneously with the quadrupole of the mass analyser which enables the analyte 

to be preferentially transferred to the MS whilst suppressing the formation and transmission 

of new interferences in the cell [240). 

This restricts secondary reactions from occurring in the cell from the reaction of plasma-

based and intermediate product ions, by removing the intermediate ions from the cell. The 

formation of new interferences is thus aborted. In the case of a plasma-based interference, 

the interference is removed by selecting bandpass conditions that make both the analyte ion 

and isobaric interference stable. Under these conditions the analyte ion is transmitted to the 

MS and the interference ion reacts with the reaction gas and is thus removed from the m/z of 

inte rest. The DRC operates most effi cient ly when t he mass of t he reaction gas is greater t han 

the width of the bandpass and therefore gasses such as ammonia and methane are usually 

used [240]. 

This approach allows for the use of more reactive gases such as NH 3, 02 and O-l4 as the 

undesirable secondary reactions common with these gases can be eliminated. The benefit of 

using more reactive gases is that the number of ion-molecule reactions taking place inside 

the ce ll is increased so t hat the remova l of interferences is more efficient [241]. It has been 

found that under optimised cond itions, bandpass tuning is superior to kinetic energy 

discrimination (KEO) as it retains higher sensitivity with sufficient background suppression 

when compared to KEO [258] . 

2.1.4.2 Collision/Reaction Cell 

Higher order multi-poles provide higher ion transmittance, reduce scattering loss and provide 

greater gas density; improving the efficiency of the cell by increasing the number of collisions 

occurring in the cell [244]. Hexapoles and octopoles provide simultaneous ion transmittance 

over a wider mass range and suffer from lower scattering losses compared to quadrupoles. 
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However, the mass-selective operation available in bandpass mode of the quadrupole is not 

possible with higher order multi-poles. As a result, more selective reaction gases must be 

used in multi-pole CRCs to avoid the formation of new interfering species by secondary 

reactions. Some instruments, including Agilent instruments, place the CRC slightly off-axis to 

the ion beam to prevent neutrals and photons from entering the CRC. 

Unfortunately, the large number of reactions that can take place within the CRC can generate 

unwanted product ions that if not eliminated, could lead to additional spectral interferences. 

For hexapole and octopole CRCs, the transmittance of product ions formed in the cell are 

reduced by KEO [74]. With KEO, the cell rod offset potential is made slightly more negative 

than the mass filter potentia l, creating a potential hill downstream of the cell. Ions with lower 

kinetic energy may not overcome the potential hill and are therefore rejected by the 

potential energy barrier at the ce ll exit . Polyatomic ions suffer a higher number of collisions 

w ith cell gas molecules due to their larger cross section than monoatomic analyte ions [76] 

(Figure 29}. Additionally, product ions formed in the cell have a lower kinetic energy than 

analyte ions which retain a significant portion of their original kinetic energy from the 

extraction process of t he ion beam from the plasma to the CRC [244]. KEO can t herefore be 

used to discriminate between these interferences and analyte ions. KEO with He as the 

collision gas works very well when the interfering species is physically larger than the analyte 

ion [74]. Additionally, He can improve the sensitivity of other elements by collisional focusing 

and is inert so does not produce additional He-based spectral interferences. However, if the 

interfering and analyte ions are similar in physical size, KEO is not very effective at removing 

the interference as too many col lisions are requ ired to kinetically discriminat e between the 

two species and analyte signal may be attenuated. Collisiona l techniques generally provide a 

universal, though limited, approach to interference removal and tend to be more effective 

when combined with reactive techniques [244]. 
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Figure 29: Resolution of polyatomic interference and analyte ion based on KED. Modified from Hill (2007) [76] 

To resolve analyte and interfering ions, reactions must either neutralise the interfering ion or 

shift either the analyte or interfering ion to a different m/z [244]. These transformations are 

accomplished using a variety of reaction types depending on the nature of the analyte ion, 

the interfering species, the reaction/collision gas, and the type of multipole used [74]: 

• Charge t ransfer: The positively charged interferi ng species is made neut ral by 

transferring the positive charge to the reaction gas (usually H2) . The neutral species is 

not transmitted to the detector and thus no longer interferes wit h detection of the 

analyte ion. This type of reaction is generally thought to be the most important, 

useful and abu ndant type of interference removal react ion [241]. Charge transfer 

reactions require a CRC gas with an FIP between the interference and analyte ion. 

Example reaction: NH3 +Ar+ -7 NH3+ +Ar 

• Proton Transfer: The interfering species donates a proton (H+) to the reaction gas, 

aga in forming a neutral species. Example reaction: H2 + ArH+ -7 H3+ +Ar 

• Hydrogen atom transfer: A hydrogen atom is transferred to the interfering ion, 

increasing its mass by 1 amu and therefore removing it from the analyte peak. 

Example reaction : H2 +Ar+ -7 H + ArH+ 

• Hydride transfer: A hydride of the analyte is formed so it is removed from the 

interfering species. The analyte ion is then detected at m/z + 1. Example 

A++ BH -7 AH + B+ 

reaction: 
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• Condensation reactions: Also know n as molecular associ ation reactions and adduct 

formation, involves the transfer of atoms other than hydrogen and sometimes result 

in rearrangement to a thermodynamically stable form [241]. Converting the analyte 

to an oxide is popular due to the high selectivity of the oxidation reaction. The 

element ion of interest can then be monitored at +16 m/z. Example reaction: 

Ce++ N20 ~ N2 +Ceo+ 

• Collisional fragmentation: The polyatomic interference is broken apart by multiple 

collisions with the cell gas. This type of reaction is not very efficient with light gases 

and therefore requires heavier gases (leading to higher scattering losses) or 

acceleration of ions within the CRC [259] . 

• Energy transfer: The interfering species undergo multiple collisions with the cell gas 

which lower their kinetic energy. Because the interfering species is larger than the 

analyte ion, it undergoes more collisions and can therefore be separated from the 

analyte based on their different kinetic energies. 

• Collision focusing: Analyte ions can be focussed towards the central axis of the cell as 

they collide with cell gas molecules. However, depending on the molecular weight of 

the gas ion scattering can also take place. Lighter gases are generally favoured over 

heavier ones as heavier gases (such as Xe) can lead to a reduction in transmission of 

ions of up to 80 % [240]. Collisional focusing may improve sensitivity by as much as 5 

to 10 orders of magnitude, though this is more pronounced for heavier ions (m/z > 

80) t han lighter ions [241]. Collision gases may be added to light reactive gases such 

as H2 to improve collisional focusing and increase the efficiency of the reaction gas by 

increasing the number of collisions in the cell [252]. 

Reaction gases are generally more specific and effective at removing certain interferences 

than collisional gases. In general, analysis of multiple analytes requires a compromise of 

performance between the analyte with the plasma-based isobaric interference and other 

analytes of interest. A less reactive gas such as H2 is usually prescribed to reduce the 

likelihood of reactions with other analyte ions, reduce secondary reactions and reduce 

scattering effects by using a low mass gas. For single-element applications more reactive 
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gases may chosen so that the attenuation of the background interference is opti mised with 

respect to t he ana lyte and interference. 

Following a series of collisions wit h gas molecules, t he ions in t he cell are said to have 

reached 'thermal' condit ions as they are low in energy in all three dimensions of motion 

[240]. Under thermal conditions, the likelihood of a reaction occurring from a collision may 

be estimated from the ionisation energies of the product and reactant neutral species. As can 

be seen from Figure 30, a reaction gas can be selected for a given analyte/interference based 

on the likelihood of a reaction to occur (reaction must be exothermic and reaction rates 

analytically useful). However, some reaction gases may produce undesired interferences on 

other element ions of interest or may not be as effective at reducing interferences on all 

element ions of interest. By selecting an appropriate reaction gas, gas flow and electrical 

conditions used in the cell, efficient removal of plasma-based interference ions and efficient 

transmission of analyte ions can be achieved. 

The octopole KED type of cell can be used with both collision and low reaction gases. This 

enables better determination of elements wit h interferences t hat requ ire a high number of 

collisions to be removed from the analyt e. One such element is Ca. When using a collision cell 

with He, the quantification of Ca must be performed using the 44Ca+ isotope which is about 50 

times less sensitive than the 4°Ca+ isotope [74]. To achieve lower detection limits, a low 

reactivity gas such as H2 ca n be used to remove the 40Ar+ interference from 4°Ca+ by a charge 

transfer reaction. The charge transfer is allowed for Ar+ but not for Ca-t as the FIP for Ar (15. 76 

eV) is greater than the FIP for H2 (13.60 eV), which in turn is greater than the F!P for Ca (6.11 

eV) (see Figu re 30) . Hydrogen atom transfer occurs at a much faste r rate than the charge 

transfer reaction, and thus ArH+ is the main product ion from the reaction of Ar+ and H2 [240]. 

Therefore, passing the ion beam through a cell pressurised with H2 gas promotes the reactive 

loss of Ar+ whilst leaving Ca+ virtually unaffected. An octopole CRC with KED and H2 as a 

reaction gas, has been shown to reduce interference ions produced in the cell by up to 3 

orders of magnitude with only a slight loss of the analyte signal [241]. However, it is 

important to note that under these conditions, the 4°Ca+ signal will be attenuated to some 

extent due to both the analyte and interference having similar kinetic energy from a similar 

number of collisions with the gas molecules. 
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Figure 30: Thermochemical properties of some analyte (solid circles) and polyatomic interference (open circles) 
ions. First ionisation potentials are represented in (a}. The horizontal lines represent the FIP of the reaction gas. 
Ions above a horizontal line are thermodynamically favourable for charge transfer with the indicated neutral. 
{b} Oxygen-atom affinities are repre.5ented in (b). The horizontal lines indicate the 0-atom affinities of gases 
having one less oxygen than the indicated neutral. Ions above a line are thern odynamicolly favourable to 

extract' an oxygen atom from the indicated neutral. Adapted from Tanner et al. {2002} [241] 

Multi-element conditions which may require a degree of compromise in performance, is 

particularly important for transient samples, such as imaging applications [241). Through the 

study of fluid inclusions in geological samples, Gunther et al. [251) concluded that the 

reaction cell was well-suited to transient multi-element analysis as most un-interfered 

elements remained relatively unaffected under the reaction cell conditions used, whilst a 

substantial improvement in the sensitivity of Ca and Fe was achieved. Hydrogen is considered 

particularly suited to LA-ICP-MS applications as its light mass results in lower collisional 

dampening effects that can slow the ion beam and reduce the transience of the original signal 

[240). Additionally, its high efficiency for Ar reactions and low reactivity to other ions make H2 

more suited to multi-element analysis, as signal suppression and/or the formation of new 

interferences in the cell are less likely to occur. 
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2.1.4.3 Calcium and Strontium 

Under standard conditions using a quadrupole ICP-MS, Ca detection at low concentrations (< 

2 µg g-1) is difficult due to the isobaric interference of 40 Ar+ on the most abundant Ca isotope 

(4°Ca, 96 %). A detection limit of 4.0 µg g-1 was reported for 44Ca in doped pressed pellets of 

cellulose for the analysis of leaves by LA-ICP-MS [186]. Boulyga and Becker [260] reported 

detection of Ca and Fe at 10 ng g-1 and improved isotope determinations when He (for 

collisional focusing), H2 (for resolution by chemical reaction) and KED were employed. In a 

comparison of high resolution double-focusing sector field ICP-MS, ICP-OES and octopole 

collision cell ICP-MS with H2 reaction gas, the octopole collision cell was found to give the 

most accurate Ca determination in serum samples [261]. A summary of methods used to 

determine calcium or calcium isotope ratios in a variety of sample types is included in Table 8. 

Table 8: Detection of Ca by ICP-MS with figures of merit 

ICP-MS mode Sample Isotope LOO (µg g·1
) Reference 

LA-standard Green leaves 44Ca 4.0 [186] 
High resolution Serum 42, 44Ca [261] 
SN--cool plasma Aqueous sam ples 4o, 44Ca [262] ·-40ca ____ ·-
SN-cool plasma Oleochemicals 0.1 [263] 
SN-DRC (CH4) Milk powder 4o, 42Ca 1.0a [264] 

---~-DRC (H 2/Ne) NIST glass CRM 4oCa 1.0 [252] 
LA-DRC (Hi/Ne) Fluid and melt inclusions 40Ca 0.5 [251] 
SN-CRC {hexapole, H2/He) Aqueous solutions 4o, 44Ca 0.01 [260] 

·-42.44c~--------- [261]--J CRC {octopole, H2} Serum 

a µg mrl 

The determination of Sr in matrices high in Ca is difficult due to Ca-based interferences on 

some Sr isotopes and vice versa (Table 9). Like Ca, some of these interferences are derived 

from the plasma and carrier gas source (40Ar and 86Kr). The amount of Kr in the Ar gas is 

supplier and batch dependent and has found to be less stable in liquid Ar sources [265]. 

Other interferences are due to oxide formation or doubly charged rare earth elements (REE). 

The formation of doubly charged REE depends on the plasma operating conditions but is 

generally in the order of 1-2 % and for materials with low REE, their contribution to the Sr 

signal can be neglected [265]. Samples with high Ca:Sr ratios can form calcium dimmers and 

calcium argide interferences on all of the Sr isotopes. Accurate determination of Sr isotope 

ratios in phosphate and apatite samples is hampered due to the large 4°Ca31P160 interference 

on 87Sr [266] . 
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Table 9: Interferences on major Ca and Sr isotopes {261, 266] 

Interferences 
Analyte isotope 

Matrix Oxide 
Double Isotopic 

(%abundance) charged overlap 
4°Ca (96.9} 24Mg160 + 4oAr+, 4oK+ 
43Ca (0.135) s6Sr2+ 27 Al 160 + 
44Ca (2.09) ssSr2+ 28Si16o+ 

7ozn160 +1 
86Sr (9.86} 

38 Ar4sca +, 40 Ar46Ca +, 68zn1s0 +1 172yb2+ sGKr+ 
40Ca46Ca +, 42Ca44Ca +, 43Ca2 + 69Ga17 0 +

1 

s4Fe1602+ 
71Ga160 +1 

87Sr (7.00} 43ca44ca+, 4oca31p160 + 
69Ga1s0 +1 174yb2+, 

87Rb+ 7ozn170 +1 174Hf2+ 
s4Fe160 17 0 + 

40Ar4sca+, 40Ca4sca+, 176yb2+, 
88Sr (82.6} 42Ca46ca+, 44ca2+1 40Ca31p1701 71Ge170 +1 7ozn1s0 + 176Lu2+1 

40Ca31p1G01H 176Hf2+ 

The similar distribution patterns of Ca and Sr in samples could therefore be caused by their 

related interference species such that higher concentration of Sr could artificially raise the Ca 

concentration by contributing doubly charged Sr ions to the Ca signal. Conversely, a higher Sr 

signal observed could be due to increased Ca-Ar dimers due to a higher Ca concentration. Sr 

isotopes also suffer from interferences which could be derived from CaP crystals 

(
4°Ca31P160+). The contribution of Ca-based interferences to inaccuracies in Sr isotope ratio 

measurements has been previously measured by varying amounts of Ca in aqueous solutions 

[267]. It was found that the biornolecular 44Ca40Ar+ and 48Ca40Ar'" species are only formed to a 

very small extent and calcium dimers even less so, under the experimental conditions chosen 

for SN-ICP-MS {1- 100 mg L-1 Ca, 1250W, 1.0 L min-1 nebuliser gas). 
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2.1.5 Aims and Objectives 

The ma in aim of this chapter was to assess the elementa l bio-imaging techn iques XRM and 

LA-ICP-MS for t he detection and identification of calcium phosphate-based (CaP) crysta ls in 

biologica l material. The experiments presented in t his chapt er were designed to : 

• Assess the ability of XRM to detect and ident ify CaP crystals in SF. 

• Optimise LA-ICP-MS conditions to improve Ca detection by either the cool plasma or 

CRC technique and assess the influence on Ca and Sr-based interferences on Sr and 

Ca signals, respectively. 

• Investigate the formation of crystal artefacts on drying of SF samples that could be 

misidentified as CaP crystals inherent in the natural sample. 

• Assess the ability of LA-ICP-MS to detect and identify CaP crystals in SF under varied 
LA parameters. 
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2.2 Experimental 

2.2.1 Synovial Fluid Samples and Preparation 

Synovial fluid was received from the Division of Immunology and Rheumatology at Stanford 

University, and the Institute of Health and Biomedical Innovation at Queensland University of 

Technology (QUT). Collection, storage and analysis of synovial fluid samples were performed 

in compliance with the relevant laws and institutional guidelines of the University of 

Technology, Sydney and Stanford University. The study was approved by the ethics 

committees of the University of Technology, Sydney and Stanford University. Human samples 

were collected at Stanford University after informed consent and under Institutional Review 

Board (IRB)-approved protocols. 

Synovial fluid received from Stanford University was aspirated from inflamed knee joints, 

centrifuged at 2000 rpm and the supernatant collected and frozen within 4 hours of 

collection for storage. Eight samples were received as dried droplets on quartz coverslips with 

an alphabet ic code and diagnosis of osteoarthritis (OA) {n = 6) or rheumatoid arthritis (RA) (n 

= 2) . These samples were analysed by LA-ICP-MS. 

Two large volume samples of SF were received from QUT. These samples were collected 

during knee arthroplasty in specimen jars and frozen within one hour. QUT samples were 

coded without a diagnosis. SF samples were stored frozen to reduce the solubility of CPPD or 

BCP crystals and any pyrophosphates activity [268] . These samples were used for XRM 

stud ies and spiked LA- ICP-MS studies. 

Synthetic SF was prepared accord ing to an adaption of the method reported by Cheng et al. 

[269-271] for crystal formation of CPPD in aqueous solutions. Human serum (Sigma, 

Germany) was mixed wi t h aqueous solutions of 10 mM calcium chloride, 50 mM tetrasodium 

pyrophosphate and 7 mM magnesium sulphate at a 7:1:1:1 mixture ratio (all reagents 

laboratory grade, Ajax, Sydney). The salts were chosen based on the assumption that the 

counter ions (chloride, sodium and sulphate) were unlikely to form precipitates in the 

solution. Physiological conditions of pH (7 .4) and temperature (30-37 °C) [29] were 

maintained by the addition of 40 µg g-1 tris(hydroxymethyl)methylamine (Ajax, Sydney), and 

incubation at 37 °C for 2 weeks to encourage crystal growth. The solution was divided into 
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two portions and one portion was filtered using a disposable 0.22 µm syringe filter. Drops of 

each solution (5 µI) were allowed to air dry on a quartz slide prior to LA-ICP-MS analysis. 

2.2.2 Bio-Imaging of Synovial Fluid by LA-ICP-MS 

SF was dropped (5 - 12 µI) onto quartz substrates and allowed to air dry before analysis by 

LA-ICP-MS. Additionally, aliquots spiked with either calcium pyrophosphate (CPP) (Sigma 

Aldrich, Germany) or calcium phosphate monobasic monohydrate (CPMM) (Sigma Aldrich, 

Germany) were prepared in small volume capillary electrophoresis vials. Spiked samples were 

sonicated for 5 minutes to disperse the added powders and then stored frozen. Pressed 

pellets of the powders used to spike to SF were made using a KBr press. 

The LA-ICP-MS cond itions used to image the dried droplets are listed in Table 10. Drops of SF 

spiked wit h ei t her CPP or CPMM were analysed at laser spot sizes of 8, 15 and 25 µm to 

assess whether resolution affected the accuracy of crystal identification. 

Table 10: LA-ICP-MS parameters f or elemental bio-imaging of spiked and natural SF 

ICP-MS Agilent Technologies laser Ablation New Wave UP213 
7500cs 

Rf power 1350W ~avelengt~---·- 213 nm 
·- - · 

Carrier gas (Ar} 1.2 L min-1 Repetition frequency 20 Hz 
·-

Plasma gas flow 15 L min-1 Laser power density 0.1- 0.2 J cm·2 

------ --- - ,___ __________ _(4o-4so/L ____ 
Sampling depth 4.0mm _i_!:aser bearn diamet~~ 8, 15, 25 ~tm 
Dwell time 0.1 s (0.2 s 31P) Scan speed 8~5," 2sµms·1 ---

Scan mode Peak hopping Distance between 10, 13, 19 µm 
lines 

_Reaction gas flow 3.0 ml min-1 (H2) 

KEO + 2V 

LA-ICP-MS data obtained from spiked SF was analysed using ENVI and Minitab software 

packages. Region of interest data (ROI) was extracted from Ca images generated in ENVI by 

selecting pixels coloured red after applying a colour scale. The ROls were superimposed on 

ratio images (4°Ca/31P and 44Ca/31P) to extract ratio data. ROI data was grouped as either 

areas of 3 or more pixels (labelled large) or individua l to two pixel areas (labelled individual). 

The number of data points extracted using the ROI tool ranged from 16 to 126. After ROI 

extraction from ENVI, the elemental data was imported into Minitab and Microsoft Excel 

where statistical analysis of the data was performed . 
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Outliers were first identified and removed by constructing box plots in Minitab. By th is 

method, an outlier was defined as any value farther than 1.5 times the interquartile range 

from the closest quartile. Box plots were chosen for detection of outliers as they make no 

assumption about the distribution of the data. After the removal of identified outliers, the 

data was tested against a normal distribution by the Anderson-Darling test at the 95% Cl 

using Minitab. The Anderson-Darling test compares the empirical cumulative distribution of 

the sample data with the expected distribution if the data were normal. The null hypothesis 

that the data is normally distributed was rejected if the p-value was less than 0.05 (the 95 % 

confidence interval). A mixture of normally and non-normally distributed data was found. 

Comparisons between the means of normally distributed data were made using the two-

tailed Student's t-test in Microsoft Excel (after testing for equal variances) . Comparisons 

between the medians of normal and non-normal data or two sets of non-normal data were 

made using the non-parametric Mann-Whitney test. If the p-value was less than 0.05, the null 

hypothesis that the medians were equal was rejected. 

2.2.3 X-Ray Mapping of Dried Droplets 

An aliquot of each of the QUT SF samples was spiked wit h CPP (Sigma Aldrich, Germany) or 

CPMM (Sigma Aldrich, Germany) powders prior to analysis by XRM, as per the spiki ng met hod 

described above. The two SF samples were also analysed by XRM without crystal spiking. 

Drops (5 - 10 µI) of synovial fl uid were allowed to air dry on silicon wafers and then carbon 

coated and characterised using a JEOL 35 CF ESEM (25 kV, 1.5 nA beam current, 7 kcps, 200 

ms/pixel) w ith EDS detector and a Moran Scientific X-ray microanalysis mapping system 

[272] . The softwa re package Chemica l Imaging (Moran Scientific, Goulburn) was used for 

post-processing of the XRM data including 2D scatter diagrams, quantification, pseudo 

colouring and ratio maps. 

CPP and CPMM powders were analysed by X-ray diffraction to verify the Ca:P ratio and for 

comparison with XRM results . Powders were also imaged in their natural state using a Philips 

FEI XL30 environmental SEM (ESEM) in VP mode at 0.4 mtorr and 25 kV to observe their 

morphology and particle size range for comparison with XRM images. Natural SF was also 

imaged by ESEM to observe the surface topography and whether crystals could be observed 

on the surface. 
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2.2.4 LA-ICP-MS Conditions for Interference Assessment 

To improve the detection of calcium by LA-ICP-MS, two interference removal techniques 

were investigated : cool plasma and CRC with He and/or H2 gas. The experimental parameters 

used to assess these techniques are described below. 

2.2.4.1 Cool Plasma 

The LA-ICP-MS instrument was tuned at each plasma power setting based on reducing the 

background signal at 40 and 56 m/z whilst maintaining sufficient signal of selected elements 

(
24Mg, 31P, 4°Ca, 44Ca, 56Fe, 59Co, 66Zn, 88Sr 89Y} during ablation of the certified glass standard 

NIST 612. Additionally, low noise levels (monitored at m/z 220) and low rates of oxide 

formation (< 0.5 % 248Th0+/232Th+} were desired. NIST 612 and a set of thin PMMA film 

calibration standards doped with the selected elements (film fabrication is described in 

Chapter 3:} were placed within the ablation chamber and analysed by LA-I CP-MS across three 

line scans. Line scans were drawn using the LA software across the sample area and then 

duplicated at 100 µm distances. The LA-ICP-MS parameters used to assess the cool plasma 

technique as a method for interference attenuation and increased sensitivity for Ca are 

included in Table 11. 

Table 11: LA-ICP-MS parameters used for investigation of the cool plasma technique for interference 
attenuation 

r ICP~S ------ Agilent Technologies l Abl . ------·---1--·----------
7SOOcs aser at1on 

New Wave ~·------1 

UP213 
Rf power 650-1000 w Wavelength 213 nm 
Carrier gas (Ar) 1.25 - 1.38 L min·1 Repetition frequency 20 Hz 
Plasma gas 15 L min·1 Laser power density 0.1- 0.2 J cm·2 

flow (PMMA) -- --
Sampling 4.0-9.0 mm Laser power density (NIST) 5.0 J cm·2 

depth 
Dwell t ime 0.1 s {0.2 s 31P, 43Ca) Laser beam diameter 100 µm 
Scan mode Peak hopping Scan speed 25 µm s·1 

2.2.4.2 Octopole Collision/Reaction Cell 

The LA-ICP-MS instrument was tuned in standard mode according t o t he method outlined for 

the cool plasma technique. The reaction mode was then selected and only the QP focus (-12 

V}, QP bias (-18 V), OctP bias (-20 V) and He/H 2 flow rates (O - 4 ml min-1) modified. The QP 
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and OctP bias paramet ers applied a KED potential barrier of +2 V between the CRC and 

quadrupole mass analyser. A set of thin PMMA film calibration standards doped with the 

selected elements were placed within the ablation chamber and analysed by LA-ICP-MS 

across three line scans duplicated at 100 µm distances. The LA-ICP-MS parameters used to 

optimise the reaction/collision cell technique as a method for interference attenuation and 

increased sensitivity for Ca are included in Table 12. 

Table 12: LA-ICP-MS parameters used for optimisation of reaction/collision cell parameters 

ICP-MS Agilent Technologies 
laser Ablation 

New Wave 
7500cs UP213 

Rf power 1400W Wavelength 213 nm 
Carrier gas (Ar) 1.25 L min-1 Repetition frequency 20 Hz 
Plasma gas flow 15 L min-1 Laser power density 0.1- 0.2 J cm-2 

Sampling depth 5.0mm Laser beam diameter 65 µm 
Dwell time 0.1 s {0.2 s 31 P, 43Ca) Scan speed 15 µm s-1 

Scan mode Peak hopping Distance between lines 100 µm 
·-

Reaction/collision gas 
0 - 4 ml min-1 (He/H2} 

flow 
KED +2V 

2.2.4.3 Calcium and Strontium Interferences 

To assess the contribution of Ca- and Sr-based interferences on the Ca and Sr isotope signals, 

a series of thin PMMA film standards were prepared with different Ca:Sr ratios (1:9, 1:3, 1:1, 

3:1 and 100 % Ca or Sr) with a total element concentration of 200 µg g-1
. The standards were 

analysed under CRC (2.5 ml min-1 H2, and 4.0 ml min-1 H2) conditions only. 

2.2.5 LA-ICP-MS Imaging Conditions 

The LA-ICP-MS instrument was tuned before each experiment according to the method 

described in the cool plasma section (2.2.4.1). Samples were placed within the ablation 

chamber and analysed by LA-ICP-MS by consecutive line scans. A LM image of the sample was 

first recorded using the CCD digital camera fitted to the LA unit. The image was used as a map 

to coordinate laser translation and sample location. Line scans were drawn using the LA 

software across the sample area and then duplicated by the required number to cover the 

sample area. The laser spot size and total analysis time determined the space between line 

scans. The main LA-ICP-MS parameters are reported in Table 13. Laser parameters were 

adjusted slightly from parameters previously optimised by Hare [273). 
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Table 13: Typical LA-ICP-MS parameters used for elemental bio-imaging of cartilage samples 

ICP-MS 
Agilent Technologies 

Laser Ablation 
New Wave 

7500cs UP213 
Rf power 1350W Wavelength 213 nm 
Carrier gas (Ar) 1.25 L min-1 Repetition frequency 20 Hz 
Plasma gas flow 15 L min-1 Laser power density 0.1- 0.2 J cm-2 

Sampling depth 4.0mm Laser beam diameter 25-65 µm 
Dwell time 0.1 s (0.2 s 31P, 43Ca) Scan speed 15 µm s-1 

Scan mode Peak hopping 
Distance between 

16 - 55 µm 
lines 

Reaction gas 3.0 ml min-1 (H 2) 
flow 
KED +2V 

2.2.6 Data Processing 

Time resolved data was acquired by the ICP-MS for each line scan, whereby the transient 

signal for each isotope of interest was reported as a function of time. The data was reported 

by the ICP-MS software ChemStation (Agilent Technologies, Australia } in a comma separated 

value (.csv) file format . A macro written in Visual Basic for Applications (VBA) using Microsoft 

Excel 2003 was used to extract each line scan file and collate the data into one ASCII file 

suitable for importation into the imaging software package. Images were created using two 

software packages.: the commercially available hyperspectral data analysis package !TI Visual 

ENVI v4.2 (Research Systems Inc., Boulder, CO, USA) package and in-development ISIDAS vl.7 

(University of Technology Sydney, Australia) software. 

The ENVI softwa re was used to create coloured 2D maps of elemental distribution in sa mples. 

ENVI designated pixels representing cps data a particular colour according to its re levant 

intensity within t he data set. Of the va rious co lour gradients available, a rainbow colour 

scheme was chosen, where low intensity cps data was coloured blue and high intensity cps 

dat a colou red red . False colour RGB maps were also used to show the relationship between 

different elements. When creating these maps, up to th ree analytes may be visualised within 

the one image. The three isotopes are assigned a colour: red, green or blue. The resulting 

colour maps are superimposed to give one map illustrating isotope associations. When more 

than one isotope is present at the same pixel location, their assigned colours are mixed. A 

region of interest (ROI) tool was also available to select individual or groups of pixels for data 

extraction. Finally, ratio maps of two isotopes were also created using ENVI by dividing signal 

intensity of one element by another at each pixel location . 
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The ISIDAS software was written by the Computational Research Support Unit, University of 

Technology Sydney. The software was written using Python programming language with the 

main application being the construction of 30 images. Once an image was constructed in 

ISIDAS, it was imported into Mayavi for the application and definition of a colour scale. 
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2.3 Results and Discussion 

2.3.1 Crystal Imaging by XRM 

Natural synovial fluid samples were spiked with CPP and CPMM powders to assess the 

applicability of XRM to crystal detection and identification. Unmodified SF was also analysed 

to assess the ability of XRM to detect crystals in real samples. 

2.3.1.1 Spiked Samples 

Dried droplets of synovial fluid, spiked w ith CPP or CPMM, taken from the knee joint of two 

patients undergoing total knee replacement operations were analysed on silicon wafers by 

XRM. Elemental maps typical of the samples are presented in Figure 31. The Ca and P 

element maps showed localised areas high in Ca and P which appeared to correlate with each 

other. These areas were considered to be CPP particles which had been added to the synovial 

fluid prior to dropping the solution onto the silica substrate. 

Figure 31: X-ray maps of Na, Cl, P and Ca in SF doped wjth CPP (horizontal width of field 210 µm) 

A full X-ray spectrum was collected at each pixel location. The collection of the full spectrum 

enables the analyst to return to the data at a later t ime and extract information on any other 

element. This is an advantage over LA-ICP-MS which requires the elements of interest to be 

known prior to analysis as only data pertaining to these elements is acquired during analysis 

and the same is then destroyed. The X-ray spectrum collected from an area free of particles is 

included in Figure 32 below. The spectrum shows the presence of Na, S, Cl and K in the 

synovial fluid. The Si signal was attributed to the silicon wafer sample substrate. The 

spectrum collected from an area within a particle showed Ca and Pas well as a small amount 

of Na and Cl. In contrast to images produced from LA-ICP-MS analysis, the X-ray spect rum 

taken from the particle did not show Mg or Sr associated with the particle or the surrounding 
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area . This was likely due to the high detection lim it of XRM (1000 µg g-1), compared to LA-ICP-

MS (<0.1 µg g-1
, see Table 3). Mg and Sr are expected to be present at low levels in the CPP 

and CPMM particles. Therefore the absence of Mg and Sr in the x-ray spectra was likely due 

to them being below the detection limit. Additionally, detection of Sr by XRM may be 

hindered by Si, present in the sample substrate, which overlaps with Sr on the X-ray spectra . 

This prob lem may be overcome by using a different substrate. 

Ca 

p 

Energy {eV) 

Figure 32: X-ray spectra of sample taken over CPP particle area (blue) and particle-free area (black) 

For an accurate determination of Ca and P, QXRM w ith ZAF co rrection at each pixel is 

required. In addition to providing quantitative data, QXRM a!so allows the user to narrow the 

grey scale, giving greater control over image quality (Figure 33). Better contrast allows more 

detail to be observed in the images, as can be seen by the appearance of additional localised 

areas of relatively higher Ca and P concentration towards the top of the QXRM images (Figure 

34) that was not previously seen in the background and overlap corrected only images above 

(Figure 31). 
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0 

Figure 33: QXRM of Cl, Na, P, K, Ca and S in SF doped with CPP. The grey scale represents O -100 wt % for each 
element. 
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Figure 34: QXRM of Cl, Na, P, K, Ca and 5 in SF doped with CPP. The grey scale has been adjusted for each 
element to improve image contrast. 

Correlation was observed between Ca and P distributions (Figure 34) . Pseudo colouring was 

used to investigate this correlation. Pseudo coloured maps were generated from the element 

QXRM maps. Correlations can be observed using this post-processing technique as each 

element is assigned a primary colour and their distribution is presented with in the one image. 

Figure 35 shows a typical pseudo coloured map for a synovial fluid sample doped with CPP, 

using Cl (blue), Ca (red) and P (green) . According to the colour scale, yellow represents areas 

where both Ca and P are present at the same pixel location due to the mixture of green and 

red . Pseudo colouring can further improve particle detection as colour can enhance visibility 
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of intensity levels because the human eye can distinguish many more shades of colour than 

grey levels. This enhances detection of small particles that might be otherwise missed. 

Figure 35: Pseudo coloured map of Ca, P and Cl in SF with a close up of particles (right). Yellow regions (due to 
the mixture of green (P) and red (Ca) represent CaP crystals (horizontal width of field 210 µm) 

Particles containing Ca and P in samples doped with CPP were 7 - 30 µm in diameter (appear 

yel low in Figure 35). Larger particles over 100 µm long were also observed in some samples. 

The size of the particles agreed with particles measured directly from the powder by SEM 

(Figure 36a). For samples doped with CPMM, particles measured 5 - 50 µm with larger 

particles reaching 75 µm long. Again this agreed with measurements taken from the SEM 

image of the CPMM powder {Figure 36b) . A comparison of the pseudo colour maps of CPP 

and CPMM doped samples is presented in Figure 37. 

Figure 36: SEM image of (a) CPP and (b) CPMM powder showing size of particles. Microbar equivalent to 50 µm 
in both images. 
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- .. 
Figure 37: Pseudo colour maps of Ca, P and Cl in SF samples doped with CPP (a) and CPMM (b) (horizontal width 

of field 820 µm). CPP and CPMM particles appear yellow in both images. 

From the x-ray maps, scatter diagrams were created for Ca, P and Cl (Figure 38}. The scale on 

the scatter diagrams represents 0 - 100 % of the maximum element intensity recorded during 

the mapping process [238]. As such, the scatter diagrams present qualitative data . However, 

data selected from the scatter diagrams can be quantitatively processed . Scatter diagrams 

revealed t hat t he Ca concentration increased relative to the P concentration. Associat ion was 

also observed between Cl and Na, where increasing Cl corre lated with increasing Na. Little 

association was observed for Ca or P w ith other elements such as Na, K, or Cl, as seen from 

the scatter diagrams in Figure 38. 

CalOO Cl l OO 

PlOO CalOO p 100 NalOO 

Figure 38: 2D scatter diagrams of Ca, P, Na and Cl in SF doped with CPP 

Pixels representing the chemical phase of increasing Ca and P were selected on the scatter 

diagrams and highlighted on the electron image (Figure 39}. Small areas within the particles 

were selectively quantified and found to give an atom % Ca/P ratio of 0.81 - 0.99. The 

expected atomic Ca/P ratio from the CPP added was 1.00. Particles detected in SF doped with 
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CPMM gave an atom % Ca/P of 1.30 - 1.57 w hen quant ified using the same process. The 

expected Ca/P ratio of CPMM source was 0.50. Lee et al. reported Ca/P ratios very close to 

the expected molar ratios of crystal standards when analysed by TEM [224]. However, the 

Ca/P ratio recorded from the particles detected in the CPMM doped SF are markedly 

different from the expected value. Ca/P % atom ratios of CPP and CPMM powders were 

determined as 1.03 and 0.49 respectively, by EDS analysis. Though the difference in Ca/P 

ratio of the CPMM powder and particles detected in the CPMM doped SF could not be 

explained in this study, it is evident that the particles can be differentiated based on their 

different Ca/P ratios. Therefore, XRM could be used to both detect and differentiate CaP 

particles in synovial fluid. For identification of crystals, natural standards of the crystals in SF 

may provide a more accurate identification than powder standards. 

Figure 39: Pixels selected from scatter diagrams superimposed on electron image of SF doped with CPP 
(horizontal width of field 210 µm) 

2.3.1.2 Natural Synovial Fluid Samples 

SF taken from the knee joint of two patients undergoing total knee replacement surgery were 

analysed without powder spiking by XRM. An indication of whether the patients had been 

diagnosed with an arthritide or whether CPPD or BCP crystals had been previously detected 

was not given. One sample was yellowish and cloudy (SFl), whilst the other was clear with a 

mixture of blood (SF2) . Particles relatively high in Ca and P were detected in both samples 

though they were observed at a higher frequency in SFl. The same post-processing methods 

used for the spiked samples were applied to SFl and SF2. 
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Figure 40: QXRM of Cl, Na, P, K, Ca and S in natural SF1. The grey scale has been adjusted for each element to 
improve image contrast. 

QXRM element maps showed correlation between Ca and P, with small localised areas high in 

Ca and P detected (Figure 40). Pseudo colour maps were produced to further investigate the 

relationship between Ca and P distributions (Figure 41). The pseudo colour maps clearly 

showed the presence of small particles high in Ca and P (light blue in Figure 41b), roughly 5 -

15 µm in diameter. Particles were observed in SFl at a frequency of about 800 particles per 

mm2
• Particles high in Ca and P were also detected in SF2 though at a much lower frequency. 

Figure 41: Surface electron image (a) and pseudo colour map (b) of CaP particles in SF1 (horizontal width of field 
90µm) 

As can be seen in Figure 41, the CaP particles appear to be located beneath the sample 

surface. Pseudo colour maps showing Ca, P and Cl also appeared to show that the particles 

were present within or below a chloride salt matrix (Figure 42). The high salt content and 
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location of the particles below the sample surface yielded a weak signal for Ca and P leading 

to a high degree of uncertainty regarding their concentrations in the particles. 

Figure 42: Pseudo colour map of CaP particles in the high Cl matrix of natural SF samples (horizontal width of 
field 900 µm (a) and 90 µm (b)) 

X-ray spectra collected from a particle showed an increase in Ca and P relative to the 

background (Figure 43). The spectra collected from particles in natural samples showed lower 

peak-to-background ratios for Ca and P than the spiked samples (Figure 32). This was likely 

because of the difficulties in collecting spectra from particles in the natural sample due to 

interference from the NaCl matrix and the particles being below the surface. 

-------- ·---·-------------1 
' I 

Figure 43: X-ray spectra for SF2 collected from a particle (blue) and surrounding area (black) 

There was extensive crystallisation of sodium (yellow) and potassium chloride (purple) salts 

throughout the SF samples, illustrated in Figure 44b. The formation of these salt phases 

appeared to trap and sometimes obscure the particles which may have obfuscated the X-ray 

spectrum. Crystallisation of the salt phases was not reproducible between samples despite 

controlled drying conditions. Successive washing of the samples in Milli-Q water removed the 
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high NaCl and KCI background from the images. However, when the crystallisation pattern did 

not occur, particles were more difficult to detect. It was proposed that the crystallisation may 

help to trap the particles and raise them closer to the sample surface where the X-rays are 

more easily detected and that washing of the SF may remove some CaP particles. Therefore, 

the high salt matrix was not removed from further samples. Detection of CaP particles within 

the high salt matrix demonstrates that XRM is a suitable technique for imaging CaP crystals 

within complex sample matrices. 

Figure 44: SEM image of salt crystals formed in the centre of natural SF (a) and pseudo colour map of natural SF 
showing salt phases (b}. The different salt phases can be seen from the mixing of colours assigned to each 

element; sodium cl1Joride appears yellow due to the mixing of green (Na) and red (Cl) while potassium chloride 
appears purple due to the mixing of blue (K} and red. (Bar represents 100 µm in (a}1 horizontal width of field 900 

µmin (b)) 

Rea! SF samples showed similar trends in 20 scatter diagrams, though a weaker correlation 

between Ca and P, as compared to the spiked samples was observed (Figure 45). The scatter 

diagrams were used to locate areas of high Ca and P on the sample image. These areas were 

then quantified, following the same procedure as used for the spiked samples. Particles 

detected in SFl gave Ca/P ratios of 2.7 - 3.0. It is difficult to determine if the results 

presented here are genuine or interfered with by the sample matrix, as the samples were not 

previously characterised. An investigation of samples with known CPPD or BCP crystal 

deposits would be required to truly assess the power of XRM for this application. 

~ 1 04 ~ 



Chapter 2: Crystal Imaging in Biological Material 

Ca 100 

CllOO p 100 

Figure 45: 20 scatter images of Ca~ P and Cl in a natural SF sample 

XRM proved to be a useful technique for the detection of CaP particles in SF. CPMM and CPP 

particles were detected and differentiated by XRM without any sample pre-treatment. 

Particle identification may be achieved if natural standards were available. One disadvantage 

is the time taken to acquire a map of the sample. A large map (512 x 512 pixels) was typically 

acquired in 7 hrs, whilst smaller maps (256 x 256 pixels) were completed in 2 hrs. Analysis 

time can be reduced through the use of mult iple detectors; when the number of detectors is 

doubled, analysis time is halved [237] . 

2.3.2 ICP-MS Interference Removal 

The analysis of calcium by ICP-MS is problematic due to the abundant spectral interference 

on the most abundant Ca isotope (4°Ca, 97 %). The lower abundant isotopes may be 

monitored by ICP-MS without interference reduction measures in place. However, the first 

cartilage image produced from LA-ICP-MS analysis without interference reduction was of 

poor quality for the 43Ca {0.14 %) and 44Ca (2.1 %) isotopes. It was proposed that the 

red uction of interferences may enable the collection of a clearer image, wh ich would be 

capable of showing more fine detail of the cartilage sample. Two methods were investigated 

for t he attenuation of the background present at m/z 40 and 44: cool plasma and the 

octopole collision/reaction cell (CRC) . Both methods were assessed based on improvement in 

the signal-to-background ratio (S/B), limits of detection (LOO) and agreement between 

measured isotope ratios and literature values. 

2.3.2.1 Cool Plasma 

The cool plasma technique was first assessed using the glass CRM NIST 612. Though this 

standard has quite a high difference in concentration between Ca (12 %} and other analytes 
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(nominal concentration 50 ppm), it was useful for observing the S/B trend under cool plasma 

conditions. As expected, the 4°Ca and 56Fe S/B ratios increased with decreasing plasma power 

over the 600 - 1000 W range studied (Figure 46a) . This was due to the lower ionisation 

efficiency of the cooler plasma reducing the Ar-based interferences on these isotopes. 

Though the S/B ratio of 4°Ca and 56Fe increased with decreasing plasma power, most of the 

other isotopes showed the opposite trend (24Mg, 44Ca, 66Zn, 88Sr and 89Y), whilst 13C and 57Fe 

showed no apparent trend with plasma power variation. Interestingly, the 52Cr S/B ratio 

increased with increasing plasma power, despite the presence of an Ar-based interference on 

this isotope (40Ar12C+). At 600 W all ions were detected above the background though 

sensitivity for most ions was severely compromised. 
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Figure 46: Signal-to-background ratio of (a) 4°Ca (A ) and 56Fe (D; in NIST 612 and (b) 44Ca (A), 56Fe (IJ), 52Cr (X) 
and 88Sr tO) in thin PMMA film standard 

Tough M:O bonds are harder to break in cooler plasmas and therefore it was possible that as 

plasma power decreased, oxide based polyatomics that interfered with the analytes, e.g. 
24Mg160 on 4°Ca and 4°Ca160 on 56Fe, would increase and could affect the measured S/B. LA 

sample introduction red uces the amount of oxygen in the plasma due to the absence of 

water. Therefore the formation of oxides in the plasma should be relat ively low. However, a 

PMMA film standard with a better representation of analyte concentrations in and matrix 

composition of cartilage was used to further asses the cool plasma technique. A PMMA film 

standard spiked with Ca (670 µg g-1), as well as Mg (690 µg g-1), Cr (2.5 µg g-1 ), Fe (340 µg g-1), 

Zn (170 µg g-1), Sr (170 µg g-1) and Y (2.6 µg g-1) was analysed. An increase above the 

background was not observed for the 4°Ca isotope over the plasma power range of 600 - 900 

W. This may be due to the relatively low concentration of Ca in the PMMA standard. Over this 

range, the S/B ratio of both 52Cr and 56Fe increased with decreasing plasma power showing 

effective removal of polyatomics (see Figure 46b). The S/B ratio of other elements, such as 
24Mg, 66Zn, 88Sr and 89Y decreased with decreasing plasma power. These elements do not have 
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Ar-based inte rferences and therefore do not experience the same decrease in background as 
52Cr and 56Fe. 

The S/B ratio of 44Ca increased only slightly as plasma power decreased until 650 W where it 

increased substantially. At a plasma power of 650 W, the LOO was 0.473 mg g-1
; an 

improvement compared to that achieved under standard LA-ICP-MS conditions (1.69 mg g-1). 

Therefore, the cool plasma technique does have some benefit for LA-ICP-MS analysis. 

However, due to the non-detection of 4°Ca in the sample and poor S/B of other elements, 

cool plasma was not considered the optimal technique to improve the resolution and 

contrast of Ca images of soft tissue and provide information on the distribution of other 

elements. 

2.3.2.2 Octopole Collision/Reaction Cell 

The octopole collision/reaction cell enabled use of both He collision gas and H2 reaction gas 

for optimisation of the S/B for 4°Ca and 44Ca whilst maintaining sufficient signal intensity for 

other analytes of interest. A number of different flow rates of the gases used exclusively or in 

combination were assessed based on the increase in the S/B and approach of isotope ratios 

to literature values. He was used to improve collisional focusing with the H2 reaction gas and 

increase its reaction efficiency by increasing the number of collisions. Up to 18 different 

combinations of He and H2 flow rates were investigated over the range of 0 - · 4 ml min-1
. 

Most target elements showed marked changes in the S/B ratio over the flow rates 

investigated. As expected, the optimum S/B and lowest error in isotope ratio did not occur at 

the same settings for all the target elements. Table 14 lists S/B values calculated for all 

elements. Interestingly, 66Zn saw the greatest change in S/B with flow rate, showing a change 

in S/B of a factor of 34, whilst 4°Ca and 52Cr, isotopes with abundant Ar-based interferences, 

only showed a change in S/B of a factor of about 7. 44Ca showed a dramatic improvement in 

the S/B with a variation of a factor of 22 over the CRC conditions investigated. 

The highest S/B for 4°Ca was at 4.0 H2 and 2.0 He ml min-1. However, under these conditions 

other isotopes, including 24
' 

25Mg, 52
' 

53Cr, 63
' 

65Cu, 89Y and 197 Au, reached their lowest S/B. 

Therefore though Ca sensitivity was greatest at this H2/He setting, a compromise between 

the sensitivity of Ca and other analytes of inte rest was sought. The next greatest S/B for 4°Ca 
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occurred at 2.5 H2 and 0.0 He ml min-1, followed by 2.5 H2 and 1.0 He ml min-1. All isotopes 

investigated, including the other Ca isotopes 43
' 

44Ca, also showed improved S/B under these 

conditions, as compared to standard no gas mode, except for 197 Au and 208Pb. As expected, 

He provided little attenuation of background signa ls associated with a high abundance of Ar-

based interferences (40 and 52 m/z). 
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Table 14: Signal-to-background ratio for selected elements at various collision/ reaction gas flows 
Gas Flow (ml min-1) Signal/Background 
Hi He 24Mg 2sMg 4oCa 43Ca 44Ca s2Cr s3Cr 63Cu 64Zn Gs Cu 66zn 89y 191Au 2osPb 

0.0 0.0 291 68.4 1.01 1.37 1.69 33.0 26.2 7.50 19.3 8.42 28.0 392 1450 1130 
0.0 1.5 281 235 1.00 2.86 3.61 44.2 40.1 8.10 73.2 9.06 70.5 1410 1940 2140 
0.0 2.5 286 74.0 1.01 9.45 9.05 39.0 37.3 7.87 65.3 8.82 55.8 391 1200 711 
1.0 0.0 347 152 1.01 1.68 4.74 47 .0 40.2 8.10 25.0 9.38 58.0 350 831 677 
1.0 1.0 202 269 1.00 2.49 7.60 47.6 37.8 8.49 63 .5 9.32 79.3 756 1400 1360 
1.0 2.0 286 192 1.01 5.76 16.2 39.5 35 .6 9.12 63.4 9.20 73.4 369 603 1080 
1.0 4.0 86.4 25 .2 0.990 0.000 13.2 13.6 34.2 7.72 21.0 7.25 28.2 14.0 289 127 
2.0 1.0 369 166 1.25 4 .76 24.6 43.8 31.2 9.80 74.2 8.87 115 300 1230 972 
2.0 2.0 179 73 .5 1.16 4 .20 32 .9 29.0 24.7 8.33 72.6 9.25 90.3 110 286 590 
4 .0 2.0 40.8 9.40 6.79 3.60 16.2 7.03 12.3 2.22 28.8 2.25 16.7 16.2 6.60 304 
1.2 1.5 171 91.9 1.01 3.94 12.9 44.7 37.5 8.32 112 9.96 58.2 401 1130 825 
1.5 0.0 343 335 1.06 2.11 I 7.33 53.7 42.9 8.76 73.2 9.72 67.3 1210 251 2390 
1.6 1.6 150 85.1 1.04 49~+* 35.2 33.6 7.96 76.5 8.86 67 .4 383 476 1350 
1.6 2.0 336 112 1.04 6.20 37.0 35.6 26.7 7.86 184 13.1 33.4 404 494 868 

i 

2.5 0.0 492 159 2.66 2.94 I 24.s 53.4 57.9 9.76 154 10.9 78.4 780 718 840 
2.5 1.0 228 58.5 2.25 10.5 35.2 42.7 33.5 10.2 132 12.5 410 483 496 828 
2.5 2.5 134 12.4 1.69 2.40 30.6 11.5 14.o I 1.41 84.6 4.35 12.1 27.9 94.8 465 
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In general, most elements experienced a gain in S/B with the addition of 1.0 ml min-1 of He to 

the CRC. Only 24Mg and 4°Ca remained relatively unchanged at this setting. The S/B of most 

analytes then decreased with increasing He flow. Interestingly, He appeared to be more 

adept at attenuating interferences on the 43Ca isotope than H2 at low gas flow rates. Similarly, 

a gain in S/B was generally observed with the addition of a small amount of H2 (1.0 ml min-1). 

Only 4°Ca and the heavy elements (89Y, 197 Au and 208Pb) showed no change or a decrease in 

S/B. This agreed with results reported by Mason and Kraan who reported an initial increase in 

ion transmission to the mass analyser with the introduction of He or H2 in the CRC [256]. The 

increase in S/B with the addition of a small amount of He or H2 is most likely due to collisional 

focusing. For elements without polyatomic interferences (89Y, 197 Au and 208Pb), reduction in 

the S/B with increasing gas flows in the CRC are likely due to the defocusing effect due to 

greater collisions in the CRC. 

Over the CRC conditions investigated, the Ca isotope ratios varied by more than 200 %, whilst 

the other elements varied by less than 10 %. This illustrates the effectiveness of H2 reaction 

gas at removal of interferences on Ca isotopes, with little effect on other analytes. The % 

difference between measured isotope ratios and the literature value [274] is given in Table 

15. The lowest degree of error in the 4°Ca/43Ca occurred at 2.5 H2 and 0.0 He ml min-1. Under 

these cond itions, the error in the 4°Ca/44Ca rat io was low as was the degree of error in the 

.s2Cr/53Cr and the 63Cu/65Cu ratios. Though not the lowest recorded error in isotope ratio, the 

isotope ratios measured for Zn and Mg were less than 5 % at 2.5 H2 and 0.0 He ml min-1. 

The behaviour of the Zn isotopes (Table 15) suggests the possibility of sulphur based 

interferences (e.g. 325/, 325345+ and 325160/) perhaps formed from impurities in the PMMA or 

solvent s used to prepare the film . Additionally, changes in 53Cr could be due to chlorine based 

interferences such as 37Cl160 , fo rmed from impurities in the film. It should also be noted that 

the results in Table 15 have not been corrected for mass bias and therefore variation from 

the literature values was expected. 

Due to the low error in isotope ratio and the high S/B for 4°Ca and 44Ca, 2.5 ml min-1 H2 was 

deemed the optimal CRC conditions for Ca analysis by LA-ICP-MS, without a significant loss in 

sensitivity or accuracy for other elements. At these conditions, the compromise between Ca 

sensitivity and that of other elements of biological interest was deemed acceptable. In any 

case, apart from the heavy elements 197 Au and 208Pb, all elements showed a higher S/B and 

~] 10 ~ 



Chapter 2: Crystal Imaging in Biological Material 

most (excluding Mg and Zn) gave a more accurate isotope ratio with 2.5 ml min-1 H2 when 

compared to standard mode. 

Table 15: Isotope ratio % difference from literature value [274} 
Gas flow 

% Difference from literature value (ml min-1) 

He Hi 40Ca/43Ca 4°Ca/44Ca 44Ca/43Ca 52Cr/53Cr 63Cu/6scu 64Zn/66Zn 24Mg/2sMg 

0.0 0.0 2600 2900 9.82 2.92 5.75 0.460 0.36 
1.5 0.0 228 192 12.2 1.73 7.10 5.69 2.92 
2.5 0.0 2890 2880 0.150 7.78 7.62 3.05 1.35 
0.0 1.0 67.1 68.9 5.88 5.56 5.45 3.59 6.64 
1.0 1.0 94.6 95.2 11.8 3.98 8.38 3.15 9.63 
2.0 1.0 23.4 38.4 24.3 2.30 7.19 10.4 15.0 
3.0 1.0 489 207 648 7.20 13.5 4.38 9.75 
4.0 1.0 41.4 323 126 20.2 5.37 15.0 10.7 
1.0 2.0 22.4 23.6 1.64 1.59 4.53 2.40 6.19 
2.0 2.0 26.8 31 .8 7.47 9.78 6.20 1.81 6.55 
2.0 4.0 80.8 49.1 62.2 27.5 8.93 7.13 40.0 
1.5 1.2 52.9 54.3 3.04 2.14 10.1 1.82 13.3 
0.0 1.5 35.9 38.1 3.54 4.J.O 4.52 8.44 9.36 
1.6 1.6 26.5 42.5 27.9 3.68 3.79 7.99 10.3 
2.0 1.6 42.0 35.3 10.4 7.19 12.4 8.77 15.5 -
0.0 2.5 15.3 25.8 14.1 0.950 2.05 3.08 4.43 
1.0 2.5 34.3 29.4 6.86 1.14 7.18 7.60 8.51 -· 
2_:5 ___ ~~ 51.9 29.7 31.6 7.04 18.6 13.1 1.92 ---·----- ·------· 

A comparison of cool plasma (650 W}, CRC (2.5 ml min-1 H2) and standard mode analysis of 

spiked Ca (2.75 mg g-1
) in a thin PMMA filn is included below in Table 16. The use of the CRC 

clearly provided the best S/B ratio, detection limits and isotope ratios for the chosen Ca 

isotopes compared to cool plasma or standard mode. Additionally, in CRC mode, other 

elements were not adversely affected to a great extent and therefore Ca and other elements 

may be determined in soft tissue samples under these conditions. 

Due to the high difference in signal intensity of 4°Ca and 43
' 

44Ca other factors may affect the 

accuracy of Ca determination using the different isotopes. These include counting statistics 

and pulse to analog conversion. The signal from 40 m/z yields many more counts than 43 or 

44 m/z and therefore given the short acquisition cycle, data from the small isotopes is less 

statistically valid . The 40 m/z signal is also detected in analog mode whilst the signals at 43 

and 44 m/z are detected in pulse mode. The different detection modes may lead to 

inaccuracies. 
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Table 16: Comparison of standard, cool plasma and CRC techniques for the analysis of Ca 

Mode S/B I LOO (mg g-1) Isotope ratio error (%} 
Standard 44Ca/43Ca 
43Ca 1.11 I > 2.75* 

27.0 44Ca 1.16 I 1.69 
Cool Plasma 4°Ca/44Ca 
4oCa o.998 I > 2.75* 

99.3 44Ca 3.01 I 0.473 
CRC H2 

4°Ca/44Ca 
40Ca 2.93 I 0 .0617 

22.1 44Ca 52.3 I 0.0446 

* Isotope was not detected above the background of the highest PMMA film standard 

2.3.2.3 Calcium and Strontium 

Ca and Sr major isotopes suffer from interrelated interferences (Table 9). Initial bio-imaging 

experiments on cartilage suggested a correlat ion between higher Ca and Sr signal intensities 

in localised areas. Apparent high Ca or Sr signal intensities could be due to interferences 

formed from high Sr or Ca concentrations, respectively. Additionally, the Sr isotopes suffer 

from interferences derived from the gas source (86Kr+), CaP sol ids (4°Ca31P160+) and double 

charged REEs. 

The krypton content in the gas source can vary between gas batches and therefore 86Sr was 

ruled out for Sr determinat ion. Rb was not detected in t he initial ca rtilage samples. However, 

it was detected in the synovial fluid, and therefore may interfere w ith the 87Sr isotope. The 

REEs identified as potential interferences were not detected in t he cartilage samples. The LA-· 

ICP-MS was tu ned before every analysis to select conditions that would reduce oxide 

formation (< 0.3 % 248Th0+/ 232Th+) . Oxides are therefore believed to have a negligible effect 

on the Ca and Sr isotope m/z signals. Given the large size of the Ca PO interference species, 

collision with reaction gas molecules in the CRC should effectively reduce this interference. 

To determine if the correlation between higher Ca and Sr signal intensities was genuine, the 

contribution of each element on the other was assessed through a series of PMMA thin film 

standards doped with different Ca/Sr contents. All data was background subtracted and 

normalised to 89Y, an internal standard spiked at the same concentration in all PMMA films. 

Under optimised CRC conditions (2.5 ml min-1 H2, +2 V KED), Ca was found to have a small 

effect on t he Sr signal, whi lst Sr was found to have a la rger effect on the Ca signal. At 100 % 

Ca, 0 % Sr, an increase in 88 m/z signal above the background was observed during ablation. 
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The apparent 88Sr signal from the blank with high Ca content (200 µg g-1) corresponded to 

approximately 0.04 µg g-1 Sr. Increasing the reaction gas to 4.0 ml min-1 H2 doubled the 

background signal at 88 m/z, though no increase was observed on the 86 or 87 m/z signal. At 

100 % Sr, 0 % Ca, an increase in the 43 and 44 m/z signals was observed and no increase in 

the 40 m/z signal was observed with ablation. Increasing the reaction gas flow rate to 4.0 ml 

min-1 H2 saw a slight increase over the background at 40 m/z to just above the detection limit. 

The apparent 43' 44Ca signals observed in the Ca blank with high Sr content (200 µg g-1) were 

approximately 50 and 9.5 µg g-1 Ca respectively . 

The isotope ratios for Ca increased with increasing Ca content, approaching the literature 

value (Table 17). Variation in Ca isotope ratios was high across the Ca/Sr content range: 
4°Ca/43Ca varied by 51 % RSD, 4°Ca/44Ca by 37 % RSD and 44Ca/43Ca by 15 % RSD. In contrast, 

the Sr isotope ratios remained relatively constant over the Ca/Sr range investigated; 88Sr/86Sr 

and 88Sr/87Sr varied by 7.6 % and 86Sr/87Sr by 0.14 % RSD. The Sr isotope ratios were also 

much closer to the recorded literature values (difference of < 10 %) than the Ca isotope 

ratios. The most accurate Sr ratio was 86Sr/87Sr which differed from the literature value by less 

than 3 %. The Ca isotope ratios differed by between 11 and 55 % from the literature value. 

The most accurate isotope ratio was 4°Ca/43Ca. 

Table 17: Normalised Ca and Sr intensities and isotope ratios over increasing analyte Ca/Sr or Sr/Ca ratio 
r--------~---------

Concentration 
Normalised Isotope Intensity Isotope Ratio 

JCa/Sr µg g·1) 

40Ca 
43Ca 44Ca 4o/43Ca 

,--·-
{Xlff3

) (x 10-2) 
4o/44Ca I 44/43Ca 

I ·->---· 

0/200 -0.0254 0.728 0.699 
20/180 0.191 1.22 1.49 157.4 12.86 12.23 

I ·->-

50/150 0.327 1.40 1.70 233.8 19.19 12.18 
100/100 0.706 1.89 2.68 373.5 26.31 14.20 
200/0 1.420 2.68 4.42 529.7 32.10 16.50 -

Literature 718.1 46.47 15.45 
R2 0.9970 0.9742 0.9876 

Sr s6Sr s1Sr ssSr ss/s6Sr ss/s1Sr s6/s1Sr 

0/200 0.0000 -0.0001 0.0006 
-~--- ·-------

50/150 0.0920 0.0672 0.812 8.83 12.09 1.369 
100/100 0.167 0.122 1.26 7.53 10.30 1.367 
150/50 0.263 0.192 1.98 7.51 10.27 1.368 
200/0 0.335 0.244 2.51 7.49 10.26 1.370 

-
Literature 8.38 11.8 1.409 

R2 0.9981 0.9981 0.9931 
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When analysed in standard mode, a blank Sr with high Ca content sample ablation gave a 

similar background signal at m/z 88 again corresponding to approximately 0.04 µg g-1 . 

Isotopes 86Sr and 87Sr were not affected by Ca-based interferences in standard mode. The Ca 

blank with high Sr content produced apparent 43
' 

44Ca signals during ablation of approximately 

42 and 22 µg g-1 respectively. 4°Ca was not detected above the background in any sample 

under standard mode conditions. The 44Ca/43Ca ratio differed from the literature value by less 

than 6.5 % and varied by only 13 % across the sample range investigated. Sr isotope ratios 

were fairly constant over the sample range, with a variation of less than 8.5 % for 88Sr/86Sr 

and 88Sr/87Sr ratios, and 0.55 % for 86Sr/87Sr. However, the 86Sr/87Sr ratio differed from the 

literature value by more than 48 %. The other Sr ratios were more accurate as they differed 

by less than 4 %. 

The results indicate that Ca-based interferences are of little consequence to the 

determination of Sr as li ttle or no contribution to the 88, 87 and 86 m/z signals was observed 

in the Sr blank with high Ca content, in CRC or standard mode. Add itionally, the H2 reaction 

gas was not effective at removing the Ca-based interferences on 88Sr as it remained at 

roughly the same nominal Sr concentration between the CRC and standard modes. High Ca 

concentrations in samples is therefore unlikely to lead to a spurious increase in Sr. Given that 

the interference of Kr on 86Sr can vary between gas batches, it is not a recommended isotope 

for Sr determination. Also, initial SF analysis suggested the presence of Rb in the samples. 

Therefore, 87Sr may suffer from isobaric interference from this element. However, given the 

small effect Ca-based interference have on 88Sr, both the 87Sr and 88Sr isotopes should be 

measured to confirm the distribution pattern of Sr whilst getting t he best sensitivity for Sr at 

the higher abundant 88Sr isotope. 

The effect of high Sr concentration on Ca determination was much more dramatic, though 

the 4°Ca isotope appeared to be unaffected by high Sr concentrat ions. High Sr content had 

the greatest effect on the 43Ca isotope. The low abundance of this isotope was likely a factor 

of its greater vulnerability to the interference. Preliminary results indicated a markedly higher 

Ca concentration in cartilage sections as compared to Sr. Trace element determinations of 

synovial fluid reported a Ca concentration more than twice that of Sr [206]. Therefore, the 

concentrations and Ca/Sr ratios investigated in this work represents an extreme unlikely to be 

observed in the samples analysed. Additionally, for the application of CaP crystal imaging, the 

Ca/Sr ratio is expected to be quite high and therefore any Sr present in the area would have a 

negligible effect on the Ca signal, particularly if 4°Ca is the isotope measured. 
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2.3.3 Crystal Imaging by LA-ICP-MS 

Initial imaging experiments of cartil age samples using LA-ICP-MS with CRC showed 

corresponding localised areas of re latively high Ca and P intensities. Ot her element s, 

including Fe, Cu, Zn and Se did not follow the same distribution patterns. Therefore, these 

areas were believed to represent deposits of CaP crystals. Though the localised areas were 

significantly larger than reported average CPPD and HAp crystal sizes (up to 20 µm) [32], it 

was proposed that the areas may indicate crystal aggregation or more likely, the deposits 

were magnified by the much larger laser sampling size (laser spot size SS µm). Additionally, 

the relatively large regions may depict the accumulation of factors involved in crystal growth 

around crystal sites. An increase in the total lipids, thought to reflect an increased lipid bilayer 

membrane in the form of matrix vesicles, has been reported as has increased levels of 

proteoglycans in the immediate vicinity of calcium crystals [2S, 27]. Representative sample 

images are included below in Figure 47. The 43
' 

44Ca isotopes were chosen for imaging as the 

signal intensity for 4°Ca was very high and may have shortened the life of the detector. 
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Figure 47: Elemental distribution maps of 43Ca, 31P, 14Mg, 88Sr and 66Zn in a cartilage section from a patient 
diagnosed with OA 

The localised regions of higher Ca and P intensities also corresponded to higher intensities of 

Mg in a number of cases. The association of high Ca, P and Mg is supported by the 

supposition that Mg is involved in the formation of CaP particulates [270]. Mg inhibits the 

formation of CPPD crystals in vitro by preventing Ca from binding to pyrophosphate [269, 

275) and forming whitlockite. Magnesium whitlockite is a calcium orthophosphate crystal 

whose Ca is partially substituted with Mg. Such crystals have been frequently associated with 

BCP and appear widespread in both healthy and pathological biological sites, including OA, 

predominately in femoral head cartilage [276, 277]. Recent findings point to a pathological 

role of these crystals in arthritis [278]. The concurrence of higher Mg, Ca and P signal 

intensities may indicate the presence of whitlockite. 
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Higher intensities of Sr were also found to correlate with higher intensities of Ca, P and Mg in 

some localised areas. Though Sr has been detected in synovial fluid samples [206], there has 

been no reported association of Sr and CaP crystals associated with arthritis in the literature. 

Co-precipitation of CaP and Sr has been reported for kidney stones [195]. The conditions used 

in this experiment produced negligible Ca-based interferences on Sr (see section 2.3.1.3). 

Therefore the distribution of Sr in cartilage is genuine, and not a reflection of higher Ca 

concentrations in the co-localised areas. 

Zn has been shown to play a role in preventing bone resorption [279] and has been reported 

as being lower in OA serum samples than healthy controls [280]. Some cartilage samples 

showed lower 66Zn signal intensities corresponding to higher 44Ca signal intensities, though 

this was not seen in all samples or all areas of higher 44Ca within a sample. Fe has been 

reported to increase crystal formation in vitro [29] and has been reported at higher 

concentrations in RA cartilage than OA or healthy cartilage [281] . Another report has shown 

that Fe2
+ inhibits de nova formation of CPPD crystals in vitro, though Fe3

+ does not produce 

the same effect [282] . However, a relatively higher intensity of 56Fe was not observed in the 

localised areas of higher calcium and phosphorus intensities. 

These initial imaging experiments demonstrated the potential of LA-ICP-MS as a tool for CaP 

crystal detection and as a powerful research tool to identify and investigate relationships 

between elements associated with CPPD and BCP crystal formation and growth. The co·-

precipitation of Ca, P, Mg and Sr has not been previously reported for CaP crystals associated 

with arthritis. However, the localised areas of high Ca and P could not be confirmed as CPPD 

or BCP crystal deposits as only re lat ive intensit ies were measured and being a new method, 

crystal confi rmation by an al ready well established technique was requ ired . This was 

achieved with LM and sta ining w ith ARS and the results are reported in Chapter 5:. 

2.3.4 Synovial Fluid Imaging 

23.4.1 Imaging of Synovial Fluid from Diseased Patients 

Imaging experiments were performed on dried droplets of SF. Of the samples collected, six 

were from patients diagnosed with OA and two from patients diagnosed with RA. Like the 

cartilage imaging experiments, localised regions higher in Ca and P were detected and found 

to correlate with higher Mg and Sr intensities in one of the OA samples and both of the RA 
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samples (Figure 48). Elements not associated with the crystals generally showed similar 

distribution patterns of concentration around the circumference of the dried droplet. The 

distribution of 63Cu was included in Figure 48 as an example. This distribution pattern is 

consistent with knowledge that elements and other diffusible cell constituents in an aqueous 

phase tend to migrate toward t he nearest surface(s) on drying, which is the outer edge [283] . 

Low intensity 

Figure 48: Elemental distribution maps of 43Ca, 31P, 24Mg, 88Sr and 63Cu obtained by LA-ICP-MS analysis of a dried 
droplet of SF from a patient diagnosed with OA 

These initial imaging experiments demonstrate the power of elemental bio-imaging for 

crystal imaging of SF samples. Images of SF required 2 - 4 hrs to obtain, compared to t he 

lengthy analysis time of the cartilage samples (t ypically over 10 hrs). However, the analysis of 

crysta ls in a dried fluid presents a problem: determin ing if the crysta ls were present in the 

fluid originally, or if the crystals formed on drying. To determine if distribution patterns of 

crystal associated elements (Ca, P, Mg and Sr) were different between crystals formed upon 

drying and those already present in the fluid, spiked synthetic SF was analysed and the effect 

of filtering examined. 

2.3.4.2 Investigation of Crystal Artefacts 

SF originates from plasma and is therefore la rgely composed of the same matrix, w ith the 

addit ion of locally synthesised hya luronic acid, which gives SF its characteristic viscosity [198]. 

Therefore, human serum may be considered an appropriate ersatz SF. Synthetic SF samples, 

prepared using human serum, were used to determine the distribution patterns of 

particulate matter inherent in SF before drying and any that may form after drying. Solid 

particulate matter was observed in the synthetic SF after incubation. 

Aliquots of t he synthetic SF were analysed w ith and without filtration to remove the so lid 

material. Images of the dist ribut ion of crystal associated elements in SF with t he different 

sample pre-treatments are presented in Figure 49. As can be seen in the top row of Figure 49, 
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results consistent with crystal deposits, indicated by the co-localised areas of higher 

intensities of 43Ca, 31P, 24Mg and 88Sr were observed in the unfiltered SF drop. In contrast, the 

filtered sample depicted in the bottom row of Figure 49, shows results more consistent with 

elements not associated with the crystals. Co-localised regions of higher signal intensity for 
43C, 31 P, 24Mg and 88Sr in the centre of the filtered sample are lower intensity (green} than 

those observed in the unfiltered sample (red}. Both samples exhibited a concentration along 

the circumference of the spots, which may represent the migration of soluble species. 

Considering the common size of CPPD crystals (1 - 20 µm}, filtration with a 0.22 µm pore size 

should effectively remove most solid material produced in the synthetic SF samples. 

Therefore, the difference in element distribution between the filtered and unfiltered samples 

indicates that localised areas of higher Ca and P intensities is consistent with deposits of CaP 

crystals inherent in the SF sample and not crystals formed upon drying. 

High 
Intensity 

Low 
Intensity 

Figure 49: Elemental distribution maps of 43Ca, 31P, 24Mg and 88Sr in a drop of synthetic synovial f luid without 
sample pre-treatment {top row), and with filtration (bottom row) 

2.3.4.3 Spiked Synovial Fluid 

Dried droplets of natural SF spiked with either CPP or CPMM crystals were imaged to 

determine if crysta ls could be identified based on the Ca/P ratio determined by LA-ICP-MS. 

Pressed pellets of the CPP and CPMM powders were used as standards for crystal 

identification. The region of interest (ROI} too l in the ENVI software was used to extract the 

signal intensity data in red pixels on the Ca element distribution maps. The red pixels were 

expected to represent CPP or CPMM particles due to the relatively high intensity Ca signal, 

however there is also a risk of single red pixels produced from spurious spikes in the Ca 

signal. The Ca/P ratio was then calculated in these pixels and statistical analysis performed to 
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determine if CPP and CPMM crystals could be differentiated by LA-ICP-MS. ROls were taken 

over large areas and from isolated individual pixels or pairs (Figure SO) . Comparisons were 

made between CPP and CPMM spiked samples to assess whether LA-ICP-MS could 

differentiate between crystal types. Comparisons between data collected from the large ROls 

and individual pixels for the same crystals type were also made to determine the reliability of 

single pixels for crystal detection. Spiked SF was analysed at three different laser spot sizes (8, 

15 and 25 µm) to assess the effect of resolution on the accuracy of identification. 

Large red 
pixel area 
ROI 

Figure 50: Overlay of LA-/CP-MS and LM image showing region of interest (ROI} selection for statistical analysis 
of spiked SF samples 

After the removal of outliers identified from box plots, the data was tested against a norma l 

distribution by the Anderson-Darling test using Minitab. This experiment was found to 

produce a mixture of normally and non-normally distributed data. Comparisons between two 

sets of normally distributed data were made using the appropriate two-tailed student's t-test 

in Microsoft Excel after an F-test was performed to determine if the variance was equal 

between data sets. Comparisons between normal and non-normal data or two sets of non-

normal data were made using the non-parametric Mann-Whitney test. In both tests, a p-

value of less than 0.05 (the 95 % confidence interval) meant that the null hypothesis that the 

means or medians were equal was rejected. 

To determine if the Ca/P ratio could be used to distinguish between CPP and CPMM crystals, 

student's t-test or Mann Whitney test was performed between CPP and CPMM data at a 

given resolut ion. The p-values are tabulated below in Table 18, where p < 0.05 indicates 

discrimination between crystal types. Both the 4°Ca/31P and 44Ca/31P ratio could be used to 

distinguish between CPP and CPMM crystals at almost all resolutions and ROI conditions. 

Only under t he conditions of individual pixel ROls and the lowest resolution (25 µm) were CPP 

and CPMM not distinguished by the 44Ca/31P ratio. This indicates that under most conditions, 
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LA-ICP-MS is a useful technique for the identification of CaP particles based on the Ca/P ratio 

determined. However, particles of the spiked powders in the SF were present over a range of 

sizes. A study using real samples with confirmed CPPD and BCP crystals at sizes more 

commonly observed in SF is recommended . 

Table 18: Statistical p value derived from student's t-test or Mann-Whitney test of crystal type for specific 
resolutions and ROI type 

CPP vs CPMM, laser spot size ROI type t-test p (a = 0.05) Mann-Whitney p (a= 0.05) 
4°Ca/31P, 25 µm large 0.0000 
40Ca/31P' 15 µm large 6.84 x 10-46 

40Ca/31P, 8 µm large 0.0000 
4°Ca/31P, 25 µm individua l 3.20 x 10-6 

40Ca/31p' 15 µm individual 0.0000 
4°Ca/31 P, 8 µm individual 1.10 x 10-31 
44Ca/31P, 25 µm large 0.0000 
44Ca/31 P, 15 µm large 0.0000 
44Ca/31P, 8 µm large 0.0000 
44Ca/31 P, 25 µm individual 0.6292 
44Ca/31P, 15 µm individual 0.0000 
44Ca/31P, 8 µm individual 0.0000 

Comparisons were also made between ROI types for a specific resolution and crystal type. 

The results were tabulated in Table 19, where p < 0.05 indicates discrimination between ROI 

types. Interestingly, the data collected from individual pixels did not always appear to come 

from the same population as the data collected from larger areas for a specific resolution and 

crystal type. In fact, under the majority of conditions investigated, individual pixel ROls were 

statistically significantly different from large area ROls. A higher resolution (8 ~Lm spot size) 

led to agreement between the ROI types, t hough ROI types for CPMM crystals were 

indisti nguishable at 25 µm. These results demonstrate one of t he drawbacks of LA-ICP-MS 

bio-imaging; that pixel areas may not directly correspond to whole crystals, and that spikes in 

the Ca signal, leading to individual pixels of high Ca intensity, may be misinterpreted as 

crystals. Use of the Ca/P ratio may therefore aid in recogn ising false positives from spurious 

spikes in the Ca signal. An investigation using uniform crystal sizes is recommended to 

determine the accuracy of crystal identification by LA-ICP-MS when laser spot size is greater 

than crystal size. 
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Table 19: Statistical p value derived from student's t-test or Mann-Whitney test of ROI type for specific 
resolutions and crystal type 

ROI large vs individual, laser spot Crystal t-test p (a = Mann-Whitney P (a = 
size type 0.05) 0.05) 
4°Ca/31P, 25 µm CPP 0.0000 
4°Ca/31P, 15 µm CPP 0 .0001 
40Ca/ 31P, 8 µm CPP 0 .2233 
4°Ca/31P, 25 µm CPMM 0.3414 
4°Ca/31P, 15 µm CPMM 0.8287 
4°Ca/31P, 8 µm CPMM 0.1068 
44Ca/31P, 25 µm CPP 0.0001 
44Ca/31P, 15 µm CPP 0.0000 
44Ca/31P, 8 µm CPP 0.3042 
44Ca/31P, 25 µm CPMM 0.1329 
44Ca/31P, 15 µm CPMM 0.0139 
44Ca/31P, 8 µm CPMM 0 .0139 

A marked difference was observed between the Ca/P of the standards and powders spiked in 

SF. A two-point calibration curve constructed from the pressed pellet standards determined a 
4°Ca/31P ratio of 0.73 - 1.4 for CPP and 0 .18 - 0.68 for CPMM. The expected ratios are 1 and 

0.5 for CPP and CPMM respectively. Neither the CPP nor the CPMM spiked samples showed a 

trend between resolution and Ca/P ratio accuracy. The discrepancy between the standards 

and spiked SF cou ld be due to pixels not wholly representing spiked particles, mixing of 

ablation plumes from subsequent laser shots, the addition of endogenous Ca or P in the 

biological matrix covering the particles, or different matrix effects between the standards and 

SF. 

The identification of crystals was limited by the imaging software avai lable. The ENVI 

software package does not allow the setting of colour scale values and the ISIDAS software 

only allows the sett ing of a minimum and maximum. This prevents the use of Ca/P ratio 

images for direct detection and identification of crystals based on specific Ca/P ranges, as 

determined by CaP standards. If colour ranges could be specified based on standards, mixed 

CaP crystals could be directly identified in samples. Further optimisation of this method with 

regards to analysis time (currently > 4 hrs) could enable this technique to be used for 

diagnostics purposes. LA-ICP-MS demonstrated a high discriminating power between CPP and 

CPMM crystals and with its multi -element capabilities this technique presents a powerful 

analytical tool in the detection and investigation of CaP crystals in SF. 
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2.4 Conclusions 

CPP and CPMM particles were mapped using XRM and differentiated from each other in 

spiked SF samples. Application to natural SF samples was demonstrated by the mapping of 

particles high in Ca and P in SF from patients undergoing total knee replacement surgery. The 

advantage of XRM compared to LA-ICP-MS is the higher resolution and powerful post-

processing software. QXRM, 2D scatter diagrams and pseudo colouring enhanced image 

contrast which combined with the high resolution available, would improve detection limits 

for smaller particles. The detection and identification of wear particles from metal prosthesis 

would also be well suited to XRM analysis. 

Due to the difficulties associated with Ca detection by ICP-MS, the LA-ICP-MS imaging 

technique was optimised with regard to improving Ca detection and t herefore image contrast 

and resolution. Two interference reduction methods, cool plasma and CRC, were 

investigated. CRC provided the highest S/B ratio, lowest detection limits and most accurate 

isotope ratios compared to standard or cool plasma conditions. CRC also lead to less 

su ppression of other elements compared to cool plasma conditions. St udies w ith spiked t hin 

PMMA films showed that t he contribution of Ca-based interferences on Sr isotope signals (88, 

87 and 86 m/z) was nil or small and was not affected by the introduction of H2 in the reaction 

cell. Sr produced a high contribution to the 43Ca signal but did not appear to affect the 4°Ca 

signal. Due to the much higher Ca content in cartilage and CPPD and BCP crystals compa red 

to Sr, spurious Sr or Ca detect ion from Ca-based interferences or Sr-based interferences, 

respectively, is unlikely. Therefore the Sr distribution observed in the carti lage sections is a 

genuine t rend and not merely a reflection of Ca-based interferences on t he Sr isotope signal. 

Cart ilage and SF samples were analysed by LA-ICP-MS to provide element distribution maps 

which could identify CaP crystal deposits. Local ised areas of Ca, P, Mg and Sr considered 

consistent with the presence of crystal deposits were observed in cartilage samples from a 

patient diagnosed w ith OA and SF samples from patients diagnosed with RA and OA. The 

localised areas were larger than individual crystal sizes. This may be due to magnification 

from a laser spot size larger than individual crystals or the accumulation of factors involved in 

crystal formation/propagation. 

Synthetic SF was prepared from serum and solutions added to produce CaP crystals. Analysis 

of filtered and unfilitered samples showed that the discrete co-localised areas of high Ca, P, 
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Mg and Sr signal intensities were indicative of particles inherent in the sample and not from 

particles formed upon drying. CaP powders with different Ca/P ratio were distingu ished by 

LA-ICP-MS based on their Ca/P ratio when spiked in natural SF samples. Improvements in 

imaging software would allow images depicting standardised Ca/P ratios for easier 

interpretation of results and may even allow automated detection. Further studies are 

recommended to assess the effect of signal spikes and imaging parameters on the accuracy of 

crystal identification in real samples. 

The results presented in this chapter show the usefulness of LA-ICP-MS for the detection of 

CaP crystals in soft tissue and SF and the investigation of other elements that are associated 

with the crystals and their relationships. In comparison to XRM, LA-ICP-MS offers a larger 

imaging area, simpler sample preparation and better sensitivity for trace elements associated 

with the CaP crystals (Mg and Sr). The data encourages further studies in cartilage and SF 

samples with known crystal deposits to validate the LA-ICP-MS technique and determine 

detection limits. 
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Chapter 3: Quantification with Spiked 

Polymer Filmst 

3.1 Introduction 

Quantification is required to assess whether element variation within a sample is significant 

or merely within the heterogeneity typical of biological systems. However, quantification 

remains a challenge for LA-ICP-MS due to the requirement of matrix-matched standards and 

the inherent difficulty in correctly determining the mass ablated and transported to the ICP-

MS [284]. This is primarily due to the ablation rate varying with the sample matrix as a result 

of complex laser-sample interactions that are primarily dependent on t he absorption of laser 

radiation by the sample and thermal diffusion in the sample. Sample-laser interactions that 

result in large absorption and small therma l diffusivity achieve the largest ablation efficiency 

[186] . Ablation rates may vary greatly with even small changes in sample matrix. Therefore, 

calibration via external standardisation requires the use of highly matrix matched calibration 

sta ndards in terms of element al composition and physiochemical properties [76]. A number 

of quantification strategies have been developed to avoid the condition of matrix-matched 

standards. 

This chapter describes a new quantification procedure for LA-ICP·-MS analysis of biological 

soft tissue samples. The aim was to develop a quantification procedure that is simpler and 

faster than the current st rategy of matrix-matched standards by tissue homogen isat ion whilst 

giving accu rate and precise quantification of soft t issues. 

t A component of the work presented in this chapter has been published elsewhere (see Austin, C. et 
al., Journal of Analytical Atomic Spectrometry, 2010, 25(5), 722-725). 
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3.1.1 LA-ICP-MS Quantification Procedures 

Fractionation and accurate quantification are two related obstacles preventing wider 

application of LA-ICP-MS [93]. Optimisation of hardware and operational conditions has been 

somewhat successful at reducing fractionation but matrix-matched standards for external 

calibration are still required to correct fractionation effects. A number of techniques have 

been developed to address the problem of quantification for LA-ICP-MS. These have included 

the use of commercially available certified reference materials (CRMs}, in-house fabrication 

of matrix-matched standards, dual introduction of nebulised solutions and ablated material 

into the ICP-MS, methods for the determination of mass ablated, isotope dilution mass 

spectrometry (IDMS) and 'semi-quantification' methods. A summary of the quantification 

techniques discussed here and a selection of published methods is included in Table 20. 

Studies with soft tissue [176], compost [285] and CaC03 materials [286] have all shown that 

quantification accuracy improves as external standards approach better matrix-matching. 

However, little difference in element determinations in soft tissue were observed when 

different homogenised soft tissue standards were used for calibration [176]. There is 

currently no generic quantification procedure for LA-ICP-MS analysis. Some methods are 

more suitable than others for specific applications. Santos et al. [176] recommended closely 

matrix-matched standards as the method of choice for bio-imaging applications. 

!n the literature, two methods have been labelled 'semi-quantitative' . Generally; semi-

quantification accepts errors of 30 - 50 % [287] and can be performed if the desired accuracy 

and precision quality of the analysis can be somewhat re laxed. One method involves the use 

of predetermined element response tables and a computer program that can be used to 

estimate the concentration of analytes in a sample based on the response of one or more 

elements. This technique is essentially a one-point calibration. The other approach uses non-

matrix-matched standards for quantification where accuracy is dependent on the similarity of 

sample and standard matrices. This section describes the different quantification procedures 

currently used for LA-ICP-MS analyses. Given the poor accuracy of the 'semi-quantification' 

methods, they were not considered quantification techniques in this discussion but were 

included in Table 20. 
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3.1.1.1 Matrix-Matched Standards 

The most common method of quantification, particularly for elemental bio-imaging, is 

external calibration with matrix-matched standards [84]. Matrix matching is required to 

correct for fractionation and matrix effects produced in the ICP-MS and variations in the 

ablation and transport efficiency between matrices. Matrix effects are thought to partly 

originate in the plasma-MS interface. The current hypothesis is that changes in the matrix 

composition alters the positive charge density of the ion beam extracted from the ICP, 

affecting the efficiency with which ions can be guided through the vacuum interface into the 

mass analyser [288]. Concentration, mass and first ionisation potential (FIP) of matrix 

elements leads to suppression or enhancement of other elements in the sample, with high 

concentrations of heavy, easily ionised elements leading to severest matrix effects [288]. 

These issues are investigated in detail in Chapter 4:. 

Element responses are also dependent on LA-ICP-MS operating conditions and are known to 

vary between analytes in any given sample and between matrices for any given analyte [284] . 

Operating conditions which effect analyte response include (but are not limited to) carrier gas 

flow rates, plasma temperature, lens voltages, laser wavelength, pulse energy, repetition 

rate, and ablation crater size. In addition to operating parameters, analyte response is also 

dependent on the interaction of the laser and sample surface, which is dependent on 

properties of the sample matrix, such as reflectivity, thermal conductivity, density, 

composition and surface characteristics also affect the analyte response [289, 290] . Some 

elements also experience selective volatilisation, known as fractionation, which leads to non-

stoichiometric ablation. Fractionation can occur during the ablation process, during 

transportation from the cell to the ICP-MS or from the incomplete vaporisation of large 

particles in the ICP-MS [93, 291, 292]. Fractionation cannot be predicted on a quantitative 

basis and the complex laser-sample interactions result in an unknown quantity of ablated 

material with a composition that may or not be representative of the sample [291, 293]. With 

the use of matrix-matched standards it can be assumed that the behaviour of analytes from 

the standard and sample are identical [93]. Additionally, an IS can be used to correct 

variations in the ablation yield due to laser energy fluctuations, and signal drift in the ICP-MS. 

The use of non-matrix-matched standards for quantification is associated with a high risk of 

erroneous results, though the risk of error can be reduced by selecting standards of similar 

matrix [115, 284]. Fractionation appears to be more severe in metals and semi-conductors 
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and therefore quantification by non-matrix-matched standards is problematic [291]. It has 

been demonstrated that trace element quantification in geological glasses is more accurate 

when geological reference glasses are used for calibration rather than silicate glass standards, 

due to bett er matrix matching [294]. A similar study of calcium carbonate materials also 

showed that accuracy improved as the standards used approached closer matrix-match ing 

[286] (see Figure 51) . 
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Figure 51: Comparison of expected versus calculated concentrations for Mg in two predominantly CaC03 CR Ms 
determined using external calibration with glass CRMs (diamonds}, pressed CaC03 powdered standards 

(squares) and other CaC03 matrix predominant CRMs (triangles). From Craig et ol. {2000) [286] 

Matrix-matching is typically achieved through doping an appropriate matrix material with 

solid or, more commonly, solution standards. This may be done through the mixing of 

standards into a powdered matrix and pressing the material into a solid pellet or disc, co-

precipitation of analytes into the matrix, fusion, or homogenisation. Modifiers may also be 

added to the powders to increase the efficiency of the ablation process and reduce 

fractionation [76, 295]. Care must be taken when attempting to matrix-match samples with 

powdered standards. Inaccurate quantification can be obtained if matrix-matching is not 

sufficient, particularly with regard to particle size [284, 295]. Particle size has also been 

shown to be the greatest contributor to poor precision [285]. Very fine grinding of the 

powders is required to reduce heterogeneity and improve matrix-matching to natural 

samples (ablated mass increases with decreasing particle size). 
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The use of homogenised tissue standards has become the quantification method of choice for 

elemental bio-imaging applications [129, 130, 132, 175, 196]. This method was first described 

by Becker et al. [130] for the quantification of element distributions in human sections of the 

hippocampus. Aliquots of brain tissue were spiked with standard solutions and then 

homogenised, frozen and sectioned. The standards were characterised by LA-ICP-MS with 

standard solutions nebulised into the carrier gas stream (discussed in Section 3.1.1.3). A 

similar procedure was followed by Hare et al. [296] using chicken breast tissue and SN-ICP-MS 

after microwave assisted acid digestion of the samples for characterisation. Homogenised 

tissue samples have been used to quantify trace element distributions in human brains [196], 

tumours [132, 174], slugs [175] and a kidney from a mouse treated with cis-platin [129]. Of 

the numerous studies published using homogenised tissues for calibration, only Santos et al. 

[176] validated the technique by comparing element concentrations determined in a CRM 

and sample by LA-ICP-MS with the standards and another technique (SN-ICP-MS). Differences 

between determined concentrations were less than 8 % fo r elements present at 

concentrations over 1 µg g-1. 

Matrix-matched standards for biologica l analysis have also been prepared from gels. Gelatin 

fi lms containing analyte salts and organometallic compounds in an epoxy resin were used as 

standards in SIMS ana lysis of soft t issues [297]. The SIMS spectra collected from the 

standards were similar to that collected from the soft tissues, indicating that the matrix 

effects on secondary ion emission were similar between sample and standard. Gel standards 

have also been prepared for quantification of 2D PAGE separation of proteins when analysed 

by LA-KP-MS [113]. 

The preparat ion of matrix-matched st andards is labour intensive and t ime consum ing [156, 

298]. Additionally, homogeneity in pressed powders, t issues and gels can be difficult to 

ach ieve and an appropriate matrix material may not always be available, or if available may 

be contaminated with trace elements [297, 299]. 

3.1.1.2 Certified Reference Materials 

Quantification using CRMs is a very reliable quantification method due to the traceability 

inherent in the standards. Typically one CRM is used to perform one-point calibration curves 

with adequate accuracy. Geological analysis, which is the largest application field in LA-ICP-

MS, benefits from a suite of different geological and glass CRMs with similar matrices to 
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samples commonly analysed [243]. Unfortunately, CRMs suitable for the quantification of 

soft tissues are rarely commercially available, particularly for those containing analytes of 

interest at the desired concentrations. Additionally, CRMs are predominantly certified using 

bulk techniques, and are therefore not necessarily homogenous at the micro-scale, which 

becomes significant for high reso lution imaging applications [40]. Due to the paucity of 

suitable CRMs, there is a strong incentive for the production of artificial standards [300]. 

Quantification of biological samples has been performed with a small number of suitable 

CRMs [SO, 114, lSS]. The concentration of lead in tooth enamel was obtained using pressed 

pellets of bone CRM [192]. Elements in hair and bone purported to belong to Mozart were 

quantified using powdered CRMs of similar matrix [301] . Kindness et al. [SO] determined Cu 

and Zn distribution in sheep liver, using a CRM for one-point calibration, while Jackson et al. 

[lSS] used pressed pellets of biological CRMs to quant ify Fe, Cu and Zn distributions in 

sections of rat brain with a four-point calibration curve. 

3.1.1.3 Solution Nebulisation 

The greater avai lability, inexpensive nature, ease of use and fl exibility offered by solution 

standa rds has encouraged their use in LA-ICP-MS quantification procedures. One such 

procedure involves the tandem introduction of nebulised aerosols and ablation particles into 

the ICP-MS. This method was first described by Thompson et al. [302] in 1989.The SN stream 

may be introduced before [156] or after [303] the ablation chamber or the standard solutions 

may be directly nebu!ised into the ablation chamber [304] (see Figure 52). A study by Boulyga 

et al. [305] on metal CRMs found t hat SN before the ablation cell increased fractionation 

effects, whilst introduction after the cel l reduced matrix effects, due to the fi ltering of la rger 

particles in t he nebuliser. Accuracies comparable to externa l cali bration with matrix-matched 

standards have been reported [298]. Due to the dry nature of LA plasmas compared to the 

wet plasmas for SN, the element response between the two different sample introduction 

techn iques can vary significantly. The different chemical forms of the standards (liquid 

aerosol} and samples (solid particles) would result in different evaporation and ionisation 

efficiencies in the plasma [30S]. This complication can be reduced by desolvation of the 

standard solution prior to nebulisation. Dried aerosols are expected to be atomised and 

ionised similarly to particles produced by LA [306]. Dried aerosols also lead to better 

sensitivities and lower polyatomic interferences compared to wet aerosols [303] though the 

loss of some elements has been reported [307]. 
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Laser 

Ablation 
Chamber 

Ar To ICP-MS 

Figure 52: Experimental set-up of laser ablation chamber with nebuliser for IS aerosol introduction. Adapted 
from Pickhardt et al. {2006) {304) 

A limitation of SN calibration is that the two different sample/standard introduction systems 

lead to different particle types and sizes entering the ICP-MS (76]. This could exacerbate 

matrix effects [83]. Also dilution of the ablation stream with the SN stream reduces the 

sensitivity of the technique. Gunther et al. [303] reported sensitivities of 65 - 80 % by SN/LA-

ICP-MS as compared to LA-ICP-MS alone. The SN/LA-ICP-MS technique assumes no 

fractionation occurs in either the SN or LA processes (308]. Users have recommended caution 

when analysing samples with known fractionation effects or when volatile elements which 

behave poorly during desolvation are studied [298] . By comparing t he shapes of flow rate 

plots fo r SN and LA, Rodushkin et al. [97] proposed that SN/LA-ICP-MS could only be 

considered a qualitative method despite quantitative results being obtained. 

Few applications to biological samples or spatially resolved investigations have been reported 

in the literature. Becker et al. [130] used SN/LA-ICP-MS to validate matrix-matched laboratory 

standards used to quantify elements in human brain samples and Aeschilman et al. [308] 

have applied the technique to spatially resolved analysis of glass and steel CRMs. In the latter 

study, the SN generated signal provided a background onto which t he laser generated signal 

was added to as spikes. 

3.1.1.4 Independent Measurement of Material Ablated 

Accurate and precise quantification by LA-ICP-MS requires the use of an internal standard to 

correct changes in analyte sensitivity caused by variations in the concentration and type of 

matrix components found in the sample [74]. These techn iques are not considered absolute 

calibration techniques but improve the accuracy and precision of the quantification 
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procedure. The majority of t hese techniques measure the mass of material ablated . This is 

t hen used to normalise the ana lyte signal and thus correct in variation in the mass of material 

ablated. 

The magnitude of t he acoust ic wave associated with ablation plume generation has been 

used to monitor the total amount of material ablated. The acoustic wave is typically 

measured by placing a microphone within the ablation chamber. Signal normalisation by 

acoustic wave generation, first proposed by Chen and Yeung [309], has shown modest 

improvements in precision when analysing metal CRMs [310]. This technique was first applied 

with pressurised cells (He atmosphere at 50 torr) wh ich limited its application [311]. 

However, feasibility of the application of the acoustic wave technique in an atmospheric 

pressure cell has been demonstrated [310, 312]. A limitation of th is technique is that material 

lost du ring transport between the ablation cell and ICP-MS is not account ed for. 

The amount of material ablated can be determined by placing an optica l cell between the 

ablation cell and ICP-MS to measure the scattering of light caused by the ablated particles 

flowing through. This technique has been used for analyte determination in a number of 

different matrices including meta ls, glass, soi l and ceramics. Precision comparable to that 

achieved when using an internal standard has been reported by some researchers [293, 311, 

313-315] . Mass normalisation is only effective if matrices are relatively similar in the particle 

size distributions produced during ablation [110, 315]. To extend this mass normalisation 

technique to non-matrix matched standards, Kuhn and Gunther [315] modified the light 

scattering technique to include measurement of the pa rticle size distribution so that particles 

unlikely to be ionised in the plasma could be excluded in the mass correction. Glass samples 

of different transparencies and fluorite showed effective mass normalisat ion between 

matrices. However, the technique was ineffective fo r quantification between metal and non-

metal standards. 

Baldwin et al. [316] and Aeschliman et al. [308] used a piezoelectric microbalance to measure 

the mass transport of ablated particles from the LA chamber. A standard with known element 

concentrations is required to calibrate the microbalance. Matrix-matching of the standard 

was not required though a standard with similar matrix was recommended. Unlike light 

scattering or acoustic wave generation techniques, this approach has the advantage of 

measuring the mass ablated independent of pa rticle size, shape and chemical composition. 

However, applicability of this technique between different sample matrices has not yet been 
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demonstrated. This calibration technique does not account for fractionation effects during 

ablation and therefore caution must be exercised with volatile elements. Spatially resolved 

analysis was performed by Aeschliman et al. [308]. 

The IS methods add complexity, cost and time to what should be a straightforward technique 

[290]. In an effort to avoid ISs, Latkoczy et al. [317] and Leach and Hieftje [290] used a sum 

normalisation procedure to determine relative percent composition of trace elements in 

metals. Quantification of trace elements in silicate reference materials by sum normalisation 

has also been performed [307, 318, 319]. This technique could be used as a calibration 

technique using the assumption that the sum of all signals reflects 100 % of the material 

ablated. Sum normalisation techniques require no instrumental modifications, unlike the 

other IS methods mentioned. Although th is method was considered largely immune from 

matrix effects and removed the need for standards, it requires the simultaneous acquisition 

of all elements (or al l major and trace elements expected) from the transient signal and 

assumes that the sum of those elements should equal the mass ablated, giving qualitative 

information at best [290]. This method has been predominantly used with time-of-flight mass 

spectrometers which are capable of simultaneous extraction of al l element signals. Sector 

fie ld [317] and quadrupole instruments [318, 319] have also been used . However, these mass 

spectrometers do not detect all ions simultaneously and therefore may not be applicable to 

imaging studies with transient signals. To maintain the integrity of the transient signa l and 

avoid aerosol mixing between ablation shots, singe-shot ablation is often used with this 

technique. However, shot-to-shot laser sampling wou ld drastically increase analysis time for 

bio-imaging applications. 

3.1.1.5 Isotope Dilution Mass Spectrometry 

Isotope dilution MS (IDMS) was first developed in the 1950's and is one of the most accurate 

and precise methods of quantification [74, 320, 321]. The technique is an absolute means of 

quantification based on altering the natural abundance of two isotopes of an element by 

spiking a known amount of an isotope enriched standard [74] . The technique is essentially a 

one-point internal calibration method as only the isotope ratio of a spiked sample needs to 

be measured. There are a number of modified equations used for analyte determination by 

IDMS. They all require the isotopic abundance of the enriched isotope spike, the 

concentration and weight of the enriched isotope spike, the mass of the sample and the 

measured isotopic ratio by ICP-MS, to be known. Equation 2 is a representative calculation 
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where C is the concentration of the analyte, Aspike is the higher abundance (%)of the enriched 

isotope spike and Bspike the lower (%), Wspike is the weight of the enriched isotope spike, R is 

the isotope ratio measu red by ICP-MS, Bsample is t he natu ral abundance of the higher isotope 

(%)and Asample of t he lower(%), and Wsample is the weight of the sample. 

C = [ A,p;ke -( R x B,p;ke)] x W,p;ke 

[Rx(B -A )Jxw sample samp le sample 

Equation 2: General IDMS calculat ion. From Thomas {2008} {74} 

In addition to the benefits obtained when using an IS, higher accuracy and precision are 

achieved by using isotope ratios for quantification as sample and standard are analysed 

together, errors associated with temporal changes in instrument sensitivity are extremely 

low, and any sample loss during sample introduction or preparation will not affect 

quantification . Fractionation effects are neutralised in IDMS as isotopes of the same element 

will be effected to the same extent by fractionation [322] . Though sector field MS is 

considered to provide more accurate and precise isotope measurements (< 0.1 % RSD), 

isotope ratio measurements can be performed on quadrupole LA-ICP-MS systems with a 

precision of 0.2 -1 % RSD [322] . 

Two methods can be used for IDMS quantification with LA·ICP-MS; mixing the solid sample 

and enriched isotope standard into a powder/paste-like sample before pressing the mixture 

into a pellet or disc [323-326], or simultaneously introducing an isotopically enriched solution 

to the gas flow to the ICP-MS by solution nebulisation (as described in 3.1.1.3) [304, 327, 

328]. The second approach was proposed as t he new method of choice fo r quantitative 

elementa l bio-imaging [304] . Both met hods offer t he sa me advantages and limitations 

expressed in the relevant sections discussed previously (Sections 3.1.1.land 3.1.1.3). Liquid 

samples difficult to analyse by SN-ICP-MS, such as petroleum products and oils, have been 

analysed by LA-ICP-IDMS by mixing sample and spike solutions and adsorbing the mixture 

onto a suitable material which was t hen ablated [329, 330]. 

Only a few IDMS applications in the biological field have been reported . Zoriy et al. [128] 

dropped solution standards with certified U isotope ratios onto the surface of a leaf and 

compared measured U isotope ratios to the certified values. Precision and accuracy of 

det ermined isotope ratios generally improved with increasing laser spot size and a cooled 

ablation cell was shown to give superior results as compared to a standard cell. Pulverised 
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and ashed leaves have been mixed with enriched isotope solutions and then dried and 

pressed into pellets and ana lysed by LA-ICP-IDMS [331]. 

Most of t he methods mentioned above used procedures that lose spat ial integrity of the 

samples due to t he requirement of homogenising the sa mple wit h t he IDMS spike. This limits 

the applicability of IDMS analysis to elemental bio-imaging. IDMS is also limited by the cost 

and availability of isotope enriched standards, the need for at least two stable isotopes per 

analyte which do not have isobaric or spectral interferences, and though the method is 

simple in principle, in practice the achievement of accurate results requires careful 

experimental design and considerable attention to detail which can be time consuming [320]. 

The need to detect at least two isotopes for each analyte reduces the multi-element 

capability of ICP-MS [332] . A homogeneous mixture of sample and spike is essential for IDMS 

[332]. Moser et al. [333] demonstrated that the contribution of sample preparation and 

heterogeneity to the overall IDMS uncertainty exceeds the contribution of all other sources of 

error. Homogeneously distributing the enriched isotope spike to a solid can be difficult if not 

impossible in some cases [334]. 
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IS I Comments I Figures of Merit Quantification 

Method 
CRM 

Matrix-
matched 

SN/LA-ICP-MS 

Acoustic wave 

Light Scattering 

Sample Type 

Soft tissues, 
teeth, bone, 
botanical 
samples 

Soft and hard 
t issues, 
botanical 
samples, and I 
20 PAGE gels. I 

Metal, 
geological, 
plastic, glass 

Metal, glass 
and ceramic 

Metal, 
geological, 
glass, soil and 
ceramic 

none. 
13c, 43ca 

U/Th, 
43ca, 12c, 
B ( 

s7Fe, 
145Nd, 
66zn, 
n sln, 
103Rh, 
43Ca 

Mass 

M ass 

Some studies reported improved precision w ith Be, 
w hilst others obsenied greater signal variation 
between days for analytes compared to Be. Used in 
imaging studies. 

Standards prepared from homogenisation of solid 
material with spiked solutions, co-precipitation, or 
dropping solutions onto matrix-matched substrate. 
Matrix-matched standards quantified by SN/LA-ICP-
MS or SN-!CP-MS after digestion. 

Used w ith RSF and IS only, or RSF and calibration 
standards or standard addition . Sensitivity of SN 
aerosols up to 40 times higher than LA. Ablation of 

I 
blank matrix gave matrix-matching for geological 
sa mples. Deso!vation of SN standards increased 

I sensit ivity and reduced polyatomic interferences. SN 
standards have also been int roduced with flow 
injection. 
Acoustic wave may be dependent on not only the 
mass ablated but also evaporation of ablated 
material and particle size. 

Can be limited in detecting all particles if only certain 
size ranges detected, or if pa rticles too large to be 
completely ionised in the plasma are detected . Non-
matrix-matched standards could be used for 

With more than one CRM, calibration 
curves with R2 > 0.98 and precisions of 7 -
13 % RSD achieved. W ith one CRM, 
precisions < 5 % achieved. Results agreed 
with certified/known values. 
Agreement between determined and 
certified/known values. Precision varied 
between < 5 % to 19 % but generally 
better than 10 %. 

Agreement between certified and 
determined values. Accuracy improved 
with concentration. Precisions of 2 - 15 % 
reported. Accuracy reported as lower than 
SN-ICP-MS. 

Precision within 5 %. In different metal 
samples analytes had very similar 
calibration slopes indicating matrix effects 
were accounted for. 
Improved precision, reproducibility and 
linearity compared to no normalisation. 
Precision and linearity comparable to 
normalisation to IS element. Precisions of 

Ref. 

[155), 
[SO), 
[192), 
[300) 

[130], 
[335], 
[180), 
[186], 
[113], 
[299], 
[185] 
[336], 
[156], 
[303], 
[298], 
[307] 

[310], 
[337], 
[312] 

[311], 
[314], 
[293], 
[313], 



Quantification 
Method 

Sample Type I IS I Comments Figures of Merit Ref. 

I 

t---------r------·---+----1 quantification. 

and I Mass ~ 

4 - 18 % RSD. Agreement between 
certified and determi ned concentrations 
reported for sulph ide materials. 

[315], 
[110] 

M icroba lance 
I 
I 
~ 

Sum-
normalisation 

IDMS 

Semi-quant 
(response 
cu rve ) 

Semi-quant 
(similar mat rix) 

Glass 
metal SN/LA-ICP-MS for standards. 

Precision around 10 - 19 % and accuracy 3 
- 12 %. Better precision achieved when 
steel samples normalised to 57Fe. 

[308], 
[316] 

Metal 
glass 

and I Mass Comparison of sum normalisation against IS matrix 
elements - no one method of normalisation 
consistently produced the most accurate results for 
all 64 elements though normalisation to Fe produced 
accurate results for 39 elements. 

Accuracy and precision improved with 
concentration. Preci sion comparable to 
normalisat ion to matrix element. Accuracy 
varied by 3 - 19 % in metal CRMs. 

[290], 
[317], 
[319], 
[338] 

I 

I 

Soil, sediment, I Isotope 
botanical, ratio 

Large ablation areas (700 µm - 4 mm) generally used 
to reduce the problem of heterogeneity in spiked 
solids. Enriched isotope spike either solid or solution 
was mixed with solid sample or spike was introduced 
by SN/LA-ICP-MS. 

Agreement between determined and 
certified or known concentrations . 
Precisions of 3 - 15 % RSD reported . 

[93], 
[304], 
[326], 
[324], 
[327], 
[331], 
[339] 

geological, 
silicates, oils, 

Geological, 
water (SN) 

Geological and 
glass 

IS masses ,. Accuracy improved with multiple ca!ibrant masses, 
1- 47 dwel l t ime, multiple replicate analyses and sweeps 

per reading. Reduced analysis time drastically (mass 
range from 6 to 208 amu determined in 103 s). 

Agreement between semi-quant and 
quantitative va lues. Accu racy improved 
with concentration. 

[287], 
[340], 
[341] 

Li, Si, Ca, 
Al, C, Na, 
Yb, Co 

Glass CRMs used for geological samples, doped Agreement between determined and [342], 
cellulose powders used for diamond samples, certified/known values. Accuracy and [343], 
solutions used for glass analysis. Matrix element precision (5 - 30 %) improved with [344], 
typically used as IS and determined by another concentration. [345], 
technique for quantification. [346], 
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3.1.2 Thin Polymer Film Production by Spin Coating 

The most common method for the determination of trace elements in soft tissues by LA-ICP-

MS is the construction of calibration curves from homogenised tissue standards. The 

preparation of the tissue standards is time consuming and vulnerable to contamination. A 

standard that was more easily and quickly prepared, with reduced sample handling, and 

exhibited similar ablation characteristics to soft tissue would be of great benefit to the 

elemental bio-imaging community. An effort was made to create such a standard by 

preparing thin polymer films as the predominantly carbon matrix should provide sufficient 

matrix-matching for soft biological tissues. In this section, important and relevant aspects of 

thin film production are reviewed. 

Chi et al. [347] applied LA-ICP-MS to the analysis of photoresists in 2002, using spiked films 

prepared by spin coating as external calibration standards. Precision (3.5 - 20 % RSD at high 

concentrations) and recoveries {81 - 112 %} achieved were acceptable for the application 

described but better precision is required for elemental bio-imaging. Thin polymer films have 

also been used for the quantification of elements in a human ovarian cancer cell line by 

nanoXRF [348], determination of metals in surface masking layers on organic polymers [349] 

and analysis of silicon wafers [350] . A brief summary of the application of LA-ICP-MS to the 

characterisation of semiconductor materials, including thin polymer films, was published by Li 

and Anderson [351J. They found that LA-ICP-MS was a powerful tool for both compositional 

analysis and spatial consistency and overcame some of the difficulties faced with SEM-EDX 

and SIMS analysis. LA-ICP-MS has also been shown to overcome limitations of methods 

traditionally used for depth analysis of polymer films (Auger electron spectroscopy, SIMS and 

glow discharge mass spectrometry), such as strong matrix effects, low depth penetration, 

poor lateral resolution, and specifications for sample type (conducting, vacuum compatible}, 

shape and dimensions [352]. 

Methods used to produce a uniform coating on a planar substrate include spin coating, dip-

coating, flow-coating, spray-coating, thermal spray-coating, plasma polymerisation, pulsed 

laser deposition and grafting. Of these however, only a few are suitable for coating with the 

addition of metal standards. The reader is referred to Norrman et al. [353] for a brief review 

of these techniques. Dip-coating is one of the simplest methods available and generally 

produces thicker films than spin coating but with poorer uniformity, particularly around the 

edges [354, 355). 

- 139 -



Chapter 3: Quantification with Spiked Polymer Films 

The spin coating process is a technique mainly used in the microelectronics industry for the 

coating of planar surfaces. Applications within this industry include the production of 

transistors, diodes, sensors, protective coatings, optical coatings and membranes. It is widely 

accepted as the most reliable method to obtain a thin (nm - µm), uniform, adherent, 

homogenous film over a flat substrate [353, 356-358]. 

The spin coating process involves applying a solution to a substrate that is then rotated, 

resulting in ejection and evaporation of the solvent and causing the solute to solidify as a film 

over the substrate [353]. The main forces at play during the spin coating process are shown in 

Figure 53. When the substrate is rotated the adhesive forces at the liquid/substrate interface 

and the centrifugal forces acting on the liquid result in a radial flow of the liquid with the 

majority of the spin solution being rapidly ejected from the substrate (about 95 % of t he 

solution initial ly deposited). The contact line of the drop placed on the substrate retains its 

approximately circular shape as it begins to spread. At a critical radius, the capillary ridge that 

develops near the contact line becomes unstable and develops a wavy perturbation which 

evolves into well defined fingers which spread to the edge of the substrate [359] . Spinning of 

t he substrate also resu lts in evaporation of the solvent, increasing the concentration of the 

solute (usually a polymer) and t he viscosity of the remaining so lution. The net result is a rise 

in viscosity so abrupt as to cause the remaining materia l to become practica lly solid. Some 

solvents are not volatile enough to be actively removed by the airflow above the substrate 

during spinning and therefore require a baking step after spinning for complete removal 

[360]. For most solut ions, a balance is established between the viscous outward radial flow of 

the solution over the substrate surface and the evaporation of solvent [360] . 

Airflow 

Angular elo ity 

Liqu id 
fi lm 

Figure 53: Schematic of the major process involved in spin coating. From Norrman {2005) {353} 
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Spin speed, solut ion viscosity and solvent vapour pressure and su rface tension have been 

identified as the major factors which affect film th ickness. A number of models have been 

derived to show t he extent of influence t hese pa rameters have on film thickness [361-363]. 

Other facto rs such as t he amount of solution initially deposited on the su bst ra te, the ra te at 

which it is deposited, acceleration to spin speed and the total spin time have been shown to 

have little or no effect on film thickness [353]. Knowledge of the parameters that influence 

the film thickness and homogeneity are of crucial importance for control ling fi lm preparation 

[358]. 

Solution viscosity is largely controlled by the concentration of the polymer in the solution and 

the molecular weight of the polymer. Generally, viscosity increases with increasing polymer 

concentration, though rarely in a linear manner. Viscosity also generally increases with the 

molecular weight of the polymer [357]. Film thickness decreases with increasing spin speed, 

though not at a linear rate . Polymer concentration has a more pronounced effect on film 

th ickness than spin speed [364]. 

Solvent evaporation changes the physical and thus the rheological properties of the solution 

during the spin coating process. More volatile solvents produce thicker films due to the faster 

increase in solution viscosity as compared to solutions with less volatile solvents. Vapour 

pressure differences between co-solvents define how the composition of the solution surface 

will evolve during the spin coating process [360]. This is due to the preferential evaporation 

of volatile species during spinning. Solvent systems with vapour pressure differences 

between species will create a difference between the composition of t he solution surface and 

the solution below. Surface t ensions are strongly sensitive to composi tional changes and can 

show non-linear behaviour [360]. To reduce the formation of defects such as striations, the 

surface tension of the solvents must be related such that as the solution surface composition 

changes during the spin coating process, the surface tension of the solution surface 

decreases. Therefore, in the case of multiple solvent spin coating solutions, the less volatile 

species should also have a lower surface tension than the more volatile species. Another 

method used to reduce surface tension of the evaporation solution is the addition of 

surfactants to the spin coating solution [365]. However, the behaviour of a surfactant in a 

spin coating solution can be complicated and difficult to predict or optimise [360]. 

Film thickness and quality may also be sensitive to baking temperat ure and airflow velocity 

within the spin chamber. The baking process removes resid ual solvent from the film, leading 
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to f ilm shrinkage. Work by Chi et al. [347] showed that after an initial decrease in thickness, 

fil m th ickness slightly increased at higher temperatures before significantly decreasing aga in. 

The sl ight increase was thought to be due to outgassing of a decomposed product from the 

film. Addit ionally, t hey found that baking temperat ures affected analyte signal response in a 

way unrelated to film thickness. 

3.1.2.1 Surface Roughness 

A number of factors may lead to the production of rough or non-uniform films. Concentrated 

polymer solutions may produce films with greater variation in thickness due to non-

Newtonian shear thinning behaviour [356]. Aggregation of the dissolved polymer may also 

occur if the polymer solution is too concentrated, leading to solid particle deposition in the 

fi lm. Aggregation is caused by short-range interchain attraction forces, which become 

significant with increasing concentration as the polymer coil starts to entangle to form 

aggregates [353) . The concentration at which aggregation becomes significant depends on 

the molecular weight of the polymer and the solvent type. 

Bead-like non-uniformity at the substrate edge is a common phenomenon [366]. The polymer 

solution viscosity and su rface tension dictate a constant contact angle at the liquid-substrate-

air interface. Due to the increased friction with air at the periphery of the substrate, the fluid 

at the outer edge of t he polymer solution dries prematurely causing the remaining solution to 

flow over the outer edge and dry; increasing the edge bead defect [367], When spin coating 

square substrates, the radial flow of the polymer solution produces a waveform pattern at 

the corners of the substra+e. As the polymer solution continues to flow rad ia lly, t he fl uid 

flows over the waveform pattern leading to a bu ild up of materia l in the corners of the 

substrate. 

Generally, reducing the viscosity of the polymer solution or reducing the evaporation rate of 

the solvent will minimise these edge defects. Edge bead defects may also be minimised by 

optimising the amount of solution deposited onto the substrate. Other methods include 

bevelling the edges of the substrate so that the bevel angle neutralises the contact angle of 

the edge bead, spraying the periphery of the substrate with a solvent to weaken the bead, 

and spraying removal fluid on the bottom side of the substrate where meniscus forces 

transport the fluid to the edge bead [367]. The latter two approaches are considered to be 

only applicable to substrates w ith radial uniformity (not square or rectangular substrates). To 
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protect the edge bead from the air, recessed spin stages, where the substrate sits within a 

pocket in the stage, has been used with great success [367]. 

Striations are defects which appear as radial ridges and thickness undulations that point 

directly along t he direct ion of flow during the spin coating process [360] . These defects are 

caused by the evaporation of solvent from the surface of t he solution during t he spin coating 

process [360] . Su rface tension of the solvent has been ident ified as infl uencing the fo rmation 

of striat ions [368]. Evaporation of the solvent from t he solut ion surface drives two processes: 

formation of a com position gradient at t he surface as volatile species are evaporat ed in 

preference to less volat ile species and cooling local ised to the solution surface which is in 

contact with the air. Both of these effects may lead to the solution surface having greater 

surface tension than the solution below. This process may be viewed as the formation of a 

dry 'skin' at the solution su rface [363]. If the flow of the solution has not ceased when the 

skin fo rms, film defects can occur. The difference in surface t ension creates areas of localised 

higher surface tension that pull material from neighbouring regions with lower surface 

tension . Regions of higher surface tension become small hills and the regions of lower surface 

tension small valleys, creating striations across the film surface (see Figure 53). Surface 

tensions and vapour pressure are important properties to consider when choosing a suitable 

solvent for spin coating, particularly if using mixed solvents. Solvents w ith low vapour 

pressure generally produce more uniform films as the delay in film solidification increases the 

homogeneity of the spin solution and tends to reduce the height and increase the space 

between striations [369, 370]. An increase in solution viscosity leads to an increase in 

striation amplitude but has no effect on wavelength [369]. For a more detailed explanation of 

the mechanism of striation format ion the reader is referred to Birnie [360]. 
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Figure 54: Schematic representation of striation development during spin coating. Adapted f rom Birnie (2001) 
[360] 
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Du et al. [371] removed striations from sol -ge l spin coated fi lms by spin coating in an 

atmosphere satu rated w ith the solvent . This was simply ach ieved by inverting a beaker over 

the stage, w ith a poo l of the solvent beneat h. Films produced by t his method had very low 

surface roughness and were hal f the t hickness of fil ms prepared by t he conventiona l spin 

coating method. The sat urated at mosphere lowers the eva poration rate, delaying the 

solidification of the film and increasing the homogeneity of the deposited film. A similar 

modification of the spin coating process uses a bell shaped cover to improve film quality by 

minimising air turbulences inside the spin chamber [358]. This system reduces variation in 

film thickness compared to open chamber spin coating but also substantially reduces the 

thickness of the film. Finally, use of solvents with high boiling points generally reduces the 

formation of striations [370] . 

3.1.3 Polymers for Spin Coating 

Polymers are composed of a large number of covalently linked repeating units, or monomers 

[372]. Spin coating applications typically use organic solvents when preparing polymer 

solutions due to t he great number of options fo r solvent volatilities. Thin film standards were 

the refore original ly prepared in an organic solvent using poly(methylmethacrylate) (PMMA). 

However, given that all ICP-MS laboratories would have aqueous standard solutions on hand, 

transference of the organic spin coating method to an aqueous system would have a great 

benefit and reduce the cost of the technique. 

There are few reports of spin coating methods that use aqueous solutions [373-377]. This is 

predominantly due to the high surface tension of water which ca uses rough fi lm surfaces. 

Linder et al. [378] investigated a few aqueous polymer spin coating solutions for the 

preparation of water-soluble sacrificial layers for micro-machining. Poly(acrylic acid) (PAA), 

poly(acrylamide} .. poly{viny! alcohol) (PVA}, poly(ethylene oxide) (PEO) and poly(methacrylic 

acid) produced uniform films from aqueous solutions by spin coating. 

The great majority of polymers are water insoluble. The water soluble polymers investigated 

in this study were PVA, PEO, poly(ethyleneimine) (PEI) and PAA. A summary of their 

properties is included in Table 21. The solubility of these polymers in water is generally 

dependent on molecular weight and concentration but may also be manipulated by 

temperature and the addition of co-solvents or solutes [379]. 
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3.1.4 Aims and Objectives 

Considering the limitations of current quantification techniques, the aim of this chapter was 

to develop a thin polymer film for use as a calibration standard for the quantification of 

elements in soft tissues by LA-ICP-MS. Organic and water soluble spin coating procedures 

were developed and the films produced were characterised . Two tissue standards were 

quantified using the organic films to assess the accuracy of the film standards. Additionally, 

the water soluble films were used to demonstrate a proof of principle for IDMS quantification 

using an isotopically enriched standard. 
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Polymer 

PMMA 

PVA 

PAA 

PEO 

PEl 

Table 21: Polymers suitable for spin coating and re/event properties 
Structure 

H2C-C::r-t r3 l 
~J=1 

tH2C-1:t 
0 \" 

t H2C- r:t 
C02H x -+2c-rn,o}, 

Solvents 

chlorobenzene, xylene 

I 
water 

I water, 1-propanol, 1,2-propanediol 
I 
I 
I water 
I .-- -- _-'l ___ l 

~ ~~/NH: I I I NH2 ( ~ I I 

Molecular Weight (amu) I Density (g cm-3
) 

996,000 1.19 

146,000 - 186,000 1.27 

450,000 1.15 

1,000,000 1.13 

600,000 - 1,000,000 1.08 ~N~~~"("~~~TI I water 
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3.2 Experimental 

3.2.1 Film Optimisation 

A spin coating procedure was developed for PMMA in an organic medium. The procedure 

was modified to accommodate water soluble fi lms, which could use commercially available 

ICP-MS aqueous solution standards. 

3.2.1.1 PMMA Films 

PMMA (Mw 996, 000, Aldrich, Germany), chlorobenzene (99.8 %, Sigma-Aldrich, Germany), 

m-xyiene (+99 %, Sigma-Aldrich, Germany) and 1000 ppm metallo-organic standards in xylene 

(High Purity Standards, USA) were used as received . The ruthenium phthalocyanine dye was 

synthesised as reported in Rawling et al. [380]. Glass vials used for preparation and storage of 

spin solutions were acid washed overnight in 30 %, then 5 % HN03 before rinsing with water 

(distilled and deionised by the Mill i-Q system - 18.2 MOcm) and baking dry in an oven at 65 
0 C. Quartz substrates were cut with a diamond tip pen (25 x 25 mm) and cleaned by 

sonication in acetone, 30 % HN03 and Milli-Q water then dried with a N2 gun. 

A stock solution of 20 % (w/w) PMMA was prepared by dissolving the appropriate amount of 

PMMA in chlorobenzene on a hot plate with magnetic stirrer over 1-2 hours. Chlorobenzene 

is the most suitable solvent for dissolution of high concentrations of PMMA [381] . The 

solution was monitored so that it did not boil. The polymer solution was then sonicated for 

half an hour. Spin coating solutions were prepared at final concentrations of 10 % PMMA, 40 

% xylene and 50 % chlorobenzene. 

Clean quartz slides were placed on the vacuum chuck of a single wafer spin processor; model 

WS-400A-6NPP/LITE {Laurel! Technologies Corporation, USA) and 200 µI of the spin solution 

deposited on the slide using a micropipette. The spin program included a stationary step of 

10 s before accelerating to 4000 rpm for 40 s. Substrates were then baked on a hot plate at 

130 ± 1 °C for 2 minutes. 
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3.2.1.2 Water Soluble Films 

Water soluble polymers were investigated as substitutes for PMMA in the procedure 

developed for production of elemental bio-imaging standards. Poly(acrylic acid) (Mw 450,000, 

Aldrich, Germany), poly(vinyl alcohol) (87-89 % hydrolysed, Mw 146,000-186,000, Sigma 

Aldrich, Germany), poly(ethylene oxide) (Mw 1,000,000, Aldrich, Germany) and 

poly(ethyleneimine) (SO % in water, Mw 600,000 - 1,000,000, Fluka Analytical, Germany) 

were used as received. Polymers were dissolved in either Milli-Q water (18.2 MOcm) or 1 % 

HN03 solutions prepared by adding the appropriate mass of concentrated (69 % w/v) HN0 3 

(Seastar grade, Choice Analytical, Australia) to Milli-Q water. PVA, PEO and PAA polymer 

solutions were typically heated in a water bath at 80 - 90 °C to aid dissolution of the polymer. 

Aqueous element standards (1000 ppm, Choice Analytical, Australia) were used as received . 

Solvents used to prepare PAA spin coating solutions, 1-propanol (BDH, England), 1,2-

propanediol (reagent grade, Unilab, Australia}, ethanediol (reagent grade, Unilab, Australia), 

dimethylsulfoxide (BDH, England), and N,N-dimethylformaide (reagent grade, Unilab, 

Australia), were used as received. Glass vials and glass or quartz slides were pre-cleaned using 

the method mentioned for PMMA spin coating solutions. 

Aqueous spin coating solutions were initially prepared by mixing a 1 % HN03 solution in an 

equal ratio with the polymer solution (10 % in water). The 1:1 mixture was selected as a 

compromise between providing a la rge volume for the add ition of aqueous standards and the 

ease of preparing a concentrated polymer solution (more concentrated solutions could be 

dil uted wit h a higher volume of standards but were difficu lt to prepare). A 1 % HN03 solution 

was used to match the acid content of the standards so that acid con tent between spin 

calibration solutions would be equal regardless of the vo lume of standards added. 

When investigating PEO, PEI, PVA and PAA polymers, a number of different spin parameters 

were used to try and produce thick (> 1 µm), uniform films. Slower spin speeds (1000 - 2000 

rpm) were used for the water soluble polymers. Films were baked on a hot plate at 100 °C for 

5 - 10 minutes. The optimised PAA spin solution (S % PAA, 22.5 % 1-propanol, 22.5 % 1,2-

propanediol and 50 % HN03 (1 %)) was spun at 1000 rpm for 60 s after remaining stationary 

for 10 s with 250 µI of solution dropped. These films were baked at 110 °C for 15 min to 

ensure complete removal of 1,2-propanediol. PAA is expected to remain undamaged up to 

temperatures of 150 °C [382] . 
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3.2.2 Film Characterisation 

Film thickness was determined by profilometry (Alpha-Step 100, Tencor Instruments). 

Profilometry electromagnetically senses the mechanical movement of a stylus as it traces the 

topography of a film to substrate step [383]. A small area of the film was removed from the 

substrate using a razor blade. Film thickness is read directly from the height of the resulting 

topographical trace. Surface roughness of PMMA films was examined by atomic force 

microscopy (AFM) (Dimension™ 3100 SPM, Digital Instruments). The edge and centre of the 

film was analysed to assess the surface roughness and edge profile. For water soluble films 

surface roughness was measured by profilometry. Surface roughness was calculated as the 

average deviation from the baseline of the surface profile measured during multiple 

profilometry runs. Films were also observed under a microscope (x 40) to access the effect of 

baking temperature on film integrity. 

3.2.3 Film Quantification 

It was proposed that due to solvent evaporation during the spin coating process, the analyte 

concentration in the films would increase by a factor equal to the polymer content. For 

example, the film produced from a 10 % PMMA solution would have an analyte 

concentration x 10 that of the solution. A number of methods were used to verify this 

hypothesis. A novel approach was taken that used UV-Vis spectroscopy to quantify an analyte 

added to the film as a dye. A ruthenium phthalocyanine dye trialled as an IS in Chapter 4: was 

used for this purpose. 

A set of standards, prepared by dissolving the dye in chlorobenzene at concentrations of 0.5, 

1.0, 2.5, 5.0 and 10 µg g-1
, were used to construct a calibration plot of absorbance versus 

concentration. The plot was then used to calculate the dye concentration in the PMMA films 

after being dissolved in a minimal volume of chlorobenzene (1.5 g) in PTFE jars. The solutions 

were ana lysed by UV-Vis spectroscopy and the absorption intensity at Amax (630 nm) was 

recorded. Film thickness, determined by profilometry, and area, determined from digital 

imaging software, was used to convert the dye concentration to µg cm-3. The density of 

PMMA was then used to convert the concentration to µg g-1. A concentration factor was 

calculated by dividing the solution concentration (µg g-1) by the film concentration (µg g-1). 

The concentration factor was expected to match the polymer content of the spin coating 
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solution and would be used to calculate analyte concentration in film standards. The 

equations used to calculate analyte concentration are included below. 

C=A 
m 

M c -~ 
film - V 

Equation 3 

Equation 4 

Equation 5 

Equation 6 

First the concentration of the dye in chlorobenzene after the film was dissolved was 

calculated using Equation 3 where C is dye concentration, A is absorption at Amax and m is the 

slope of the calibration curve. The absolute mass of dye in the solution (Mdye) was then 

calculated using the determined dye concentration and mass of chlororbezene (MPhci) used to 

dissolve the film (Equation 4). The absolute mass was then divided by the film volume (film 

area multiplied by thickness) to give the dye concentration (Crnm) in µg cm-3 (Equation 5) . The 

fil m dye concentration was then converted to µg g-1 by divid ing by the density of PMMA (p) 

(Equation 6). Finally, t he CF was calcu lated by dividing the film concentration by the solution 

concentration. 

PMMA films with dye concentrations of 0.75, 1.0, 1.5 and 2.0 mg g-1 were also used to 

construct a UV-Vis calibration curve to verify the concentration factor. It was thought that 

this method could also be used for quality control purposes and to improve accuracy by 

account ing for va riations in po lymer content in t he spin coating solution and t hus dye and 

analyte concentrat ion. 

3.2.4 Quantification of Tissue Standards 

3.2.4.1 Tissue Standard preparation 

Tissue standards were prepared in-house from homogenised chicken breast. A 50 g portion of 

chicken breast was stripped of fatty and connective tissue and partially homogenised using an 

OmniTech TH tissue homogeniser (Kelly Scientific, Australia} fitted with polycarbonate 

probes. Aqueous standards were then added to 5 g aliquots of tissue, made up to 6 g with 
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added 5 % HN0 3 and homogenised further. The tissue standards were characterised by SN-

ICP-MS afte r microwave acid digestion. Tissue standa rds were sect ioned at 10 or 30 µm 

thickness and mount ed onto glass slides or interna l st andard fi lm (ISF ) subst ra tes. 

Homogenised ti ssue aliquots were packed into disposable histology moulds (15 x 15 x 5 mm) 

and frozen in isopentane cooled in liquid nitrogen. The tissue was then mounted in TissueTek 

OCT compound (ProSciTech, Australia) on a steel chuck. Sections were cut using a Microm 

HM550 cryotome (Waldorf, Germany) with C.L. Sturkey Diamond low-profile microtome 

blades (ProSciTech, Australia) and finally mounted on microscope slides. Tissue standards 

were stored at room temperature in slide boxes. 

The LA-ICP-MS parameters used for the analysis of thin films and tissue standards are listed 

below in Table 22. The CRC was used as an ion guide only (no collision or reaction gas used) in 

the following experiments. 

Table 22: LA-ICP-MS parameters used for the analysis of thin polymer films and quantification of tissue 
standards with PMMA film standards 

ICP-MS Agilent Technologies 
laser Ablation 

New Wave 
7500ce UP213 

Rf Power 1250W Wavelength 213 nm 
Carrier Gas (Ar) 1.15 L min-1 Repetition Frequency 20 Hz 

·-- --
Plasma Gas 15 L min-1 I Laser Beam Diameter 65 µm 
Flow __J --1.sµm s·1 Dwell Time 100 ms I *an Sp_eec:l_ _____ 
Scan Mode Peak hopping 

aser Power Density (24 '"0.11.J cm·2 J ~-- -· 

3.2.4.2 Film Standards 

A series of PMMA film standards were used to quantify two tissue standards previously 

quantified by SN-ICP-MS. Cu and Zn were spiked in the PMMA spin solutions at 0, 1, 5, 10, 20 

and 30 µg g·1, to give film concentrations of 0, 10, 50, 100, 200 and 300 µg g-1. The ruthenium 

phthalocyanine dye (RuPc) and an organometallic yttrium standard were added to each spin 

standard at 1 mg g-1 and 2 µg g-1 respectively for use as ISs. Blank films containing the same 

concentration of Y and RuPc were used as the underlying ISF for the tissue standards. Film 

standards were analysed at the same LA-ICP-MS conditions listed in Table 22. 

Evaluation of the film standards was performed by comparing mean Cu and Zn 

concentrations in two tissue standards (n = 3 for each standard) determined by LA-ICP-MS 

~ 151 ~ 



Chapter 3: Quantification with Spiked Polymer Films 

and SN-ICP-MS. Comparison was made using an independent two-tailed t-test at the 95 % 

confidence interval in Microsoft Excel. An equal or unequal t-test was chosen based on the 

results of an F-test to determine if the variance of each sample set was equal. The null 

hypothesis that the means were the same was rejected if the p value of the t -test gave a 

stati stical ly sign ificant result (p < 0.05) . 

3.2.4.3 Isotope Dilution Mass Spectrometry 

The PAA tri-solvent spin coating method was used to test the use of IDMS for the 

quantification of tissue standards placed on top of PAA film s spiked with an isotope enriched 

solution. IDMS films were prepa red according to the optimised method descri bed in Section 

3.2.1.2. An isotope enriched powder of ZnO (99.68 % 64Zn) (Oak Ridge National Laboratory, 

USA) was dissolved in 5 % HN03 to give a solution at 270 µg g-1 . A spin solution was spiked 

with the enriched isotope solution at 30 µg g-1 and with a natural standard at 25 µg g-1 . Six 

line scans on three IDMS slides were analysed at the same LA-ICP-MS conditions listed in 

Table 22. The average isotope ratio measured from each slide was then used in the IDMS 

equation (Equation 2). 
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3.3 Results and Discussion 

A new quantification procedure for soft t issue was developed using thin polymer films . The 

optimisation of the films and their applicat ion to the quant ification of soft tissue standards is 

described below. 

3.3.1 PMMA Thin Film Standards 

3.3.1.1 Film Optimisation 

The PMMA content of spin coating solutions was first optim ised with regard to film 

uniformity and LA-ICP-MS analyte signal quality. Films were prepared from solutions of 5, 10 

and 15 % (w/w) PMMA and spun at different speeds. Film thickness as a function of spin 

speed is shown in Figure 55. As expected from the literature [347, 353, 356, 357, 384], film 

thickness decreased with increasing spin speed and decreasing polymer concentration . Film 

uniformity also decreased with increasing spin rate. Variations of less than 2 % were achieved 

at spin speeds of 4000 rpm and higher, an acceptable degree of uniformity fo r LA-ICP-MS 

[347] . A spin rate of 4000 rpm was chosen as the optimum spin speed due to the high 

uniformity attained at this rate. 

Though the 5 % (w/w) PMMA solution yielded the most uniform films, the relatively thin fi lm 

gave poor LA-ICP-MS analyte signal quality. The 10 and 15 % (w/w) PMMA solutions 

produced fil ms with acceptable LA-ICP-MS signal intensity, though due to superior uniformity, 

t he 10 % (w/w) PMMA solution was determined to be the optimum PMMA concentration. 

Additionally, the 10 % (w/w) PMMA solution generated a flatter curve than 15 % (w/w) over 

the range of spin speeds studied and therefore small variations in spin speed were expected 

to have less impact on the thickness of the 10 % {w/w) PM MA films than 15 % (w/w) PMMA. 
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Figure 55: Thickness of 5 (X101 £.), 10 (•)and 15 % (w/w) ( +) PMMA films(n = 3} as a function of spin speed 

Commercially available metallo-organic standards were purchased as solutions in xylene. Film 

solutions prepared with different standard concentrations would therefore have different 

xylene concentrations, which could affect the spin coating process. The effect of xylene 

content on film thickness and analyte concentration was therefore investigated. Yttrium was 

added to the spin solution to monitor analyte concentration by LA-ICP-MS and film thickness 

was measured by profilometry {Figure 56). As the xylene content in the spin solution 

increased, an increase in film thickness was observed. Film thickness increased by 0.6 µm 

over the 5 - 40 % (w/w) xylene range. Inversely, analyte signal intensity decreased 

significant ly w ith increasing xylene content up to 20 % (w/ w) xylene. In the region of 20 - 40 

% (w/w) xylene, the analyte signal appeared almost constant. In this region, small changes in 

percent xylene composition between standards would have little impact on the analyte 

concentration. Higher xylene content also allows for a higher number/concentration of 

analytes in the standards. Therefo re, an optimum total xylene content of 40 % (w/w) was 

chosen for the production of film standards. 
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Figure 56: Effect of xylene content on analyte concentration (+) and film thickness (x) (n = 3} 

The effect of baking temperature on film thickness and surface characteristics was also 

assessed. After spin coating, slides were placed on a hot plate and allowed to bake for 2 
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minutes at temperatures in the range of 100 - 180 °C. The slides were then analysed by light 

microscopy and the thickness measured by profilometry. Light microscopy revealed no 

bubbles or cracks formed in the centre of the thin film over this temperature range although 

some smal l cracks were observed on the edge of the slides. A decrease in thickness of 

approximately 100 nm was observed from 100 - 180 °C. When using the RuPc, a lower 

te mperature was desired to avoid oxidation/decomposition of the dye. Therefore, a hot plate 

temperature of 130 °C was used for baking as this would ensure removal of the 

ch lorobenzene so lvent (bp 130 °C). 

3.3.1.2 Film Characterisation 

Film surface roughness is commonly determined by atomic force microscopy (AFM) [354, 

364, 385]. AFM is a su rface imaging techn ique wi t h higher spatial resolution than 

profilometry [386]. Simi lar to profilometry, a stylus is used to scan the sample surface. For 

AFM, the stylus is mounted at the end of a soft cantilever spri ng which exerts a fo rce on the 

sample surface be low the force requ ired to displace surface atoms [383] . A surface profi le of 

the PMMA films was obtained by AFM. A maximum surface roughness of 10 nm was 

measured (Figure 57a). This roughness was acceptable given the micrometer spot sizes 

available in LA-ICP-MS analysis. AFM analysis also revealed a lip formed at the edge of the 

sl ides wh ich was approximate ly 1 µm in height and covered up to 40 nm from the edge 

(Figure 57b). Th is edge effect has been described previously [350, 358]. However, for the 

intended purposes of t he fil m, it was deemed sufficient to avoid sampl ing the edge. Subst ra te 

shape was also found to affect film uniformity. Rectangula r substrates produced films with 

two opposite concentrated corners. This effect was significantly lessened when using square 

substrates. 

Figure 57: Surface roughness (a) and film edge formations (b) determined by AFM 
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3.3. 1.3 Film Quantification 

Though analyte concentrations in the spin casting solutions are known, the final analyte 

concentrations in the film had to be determined. Due to solvent evaporation, analyte film 

concentration would be more concentrated than the original solution by a factor equal to the 

polymer concentration. This needed to be confirmed by quantifying the analytes in the films, 

which was achieved using UV-Vis spectroscopy. Since film standards were unavailable the 

PMMA films were dissolved in a minimum volume of chlorobenzene and their dye 

concentration determined from calibration with solution standards. A concentration factor 

(CF) of approximately 10, with a batch variation of less than 2 %, was determined for films 

prepared from a 10 % PMMA solution. Therefore, the hypothesis that analyte film 

concentration would be concentrated by a factor equal to the polymer content from the 

solution concentration was confirmed. 

The concentration factor may vary if the polymer content of the spin coating solution differs 

between solutions. Therefore, to obtain a more accurate quantification a quality control 

method could be used to calculate a CF for each film batch. It was proposed that a set of film 

standards be prepared over a concentration range and characterised by solution UV-Vis. The 

films could then be used as a calibration set for film UV-Vis spectroscopy analysis. By 

recording the UV-Vis absorption of a representative number of films per batch, an accurate 

CF could be calculated per batch. 

Good linearity for the RuPc was achieved with UV-Vis spectroscopy of the PMMA films. A 

calibration plot of dye concentration in the range of 0.75 - 2 mg g-1
, constructed from 

triplicate film UV-Vis spectra, yielded a correlation coefficient of 0.9998. However, it was 

found that analyte content affected the UV-Vis absorption spectra of the films. Increasing the 

concentration of the xylene analyte standards decreased absorption maxima for the dye. This 

lead to a decrease in the CF calculated for each standard set (Figure 58) . Therefore the 

current method is not suitable for quality control assurances if one set of RuPc films are used 

to quantify dye concentration in a calibration series. Instead, a series of RuPc calibration 

series with fixed analyte concentrations for each thin film standard would be required. The 

effect of analyte concentration on the absorption maxima of the RuPc may be due to the 

slight yellow tinge of the xylene standards. If analyte standards could be sourced from 

colourless solutions the quality control procedure may be performed using one set of RuPc 

calibration films. 
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Figure 58: The effect of spin solution analyte concentration on CF determined from dye UV-Vis absorption (n = 3) 

3.3.2 Water Soluble Polymer Films 

A thin film procedure utilising water soluble films offered the benefit of exploiting the 

aqueous element standards available in ICP-MS laboratories. This would further simplify the 

procedure as the standard solutions would be readily available compared to the organo-

metallic standards used in the PMMA procedure, which are typically only ava ilable in 

laboratories which analyse organic solutions. 

3.3.2.1 Polymer Content 

A number of water soluble polymers were trialled for the production of uniform films by spin 

coating in an aqueous media. Polymers were first assessed based on their solubility in water 

by preparing concentrated (5 - 20 % w/w) solutions. High polymer content was important in 

order to obtain thick films (> 1 µm) which would give sufficient analyte signal intensity when 

analysed by LA-ICP-MS. PEO was found to be the least soluble of the polymers with only a 4.5 

% (w/w) cloudy solution able to be prepared in water. When spin coated, PEO films contained 

small solid particles throughout the film. This was attributed to the polymer's poor water 

solubility and as a result, PEO was not investigated further. 

PVA films were similarly discarded because of the difficulty in obtaining films thicker than 1 

µm as a result of poor water solubility. Spin solutions containing a maximum of 10 % (w/w) 

PVA requi red heating in a water bath at 80 °C over 6 hours. Polymer concentrations above 10 

% (w/w) resulted in a homogeneous suspension which produced films with solid particles. 

PVA concentrations below 10 % (w/w) produced films with a surface roughness comparable 

to PMMA films but were only 0.5 µm thick and therefore greater analyte concentrations 

would be required to produce adequate signal in the ICP-MS. PVA was therefore rejected. 

~ 157 ~ 



Chapter 3: Quantification with Spiked Polymer Films 

PEI had the highest solubility as this polymer was obtained commercially as an aqueous 

solution (SO % w/v) which could be easily diluted to the desired polymer content for spin 

coating. This enabled concentrated spin solutions to be prepared to produce thicker films. 

PAA was slightly more soluble than PVA in water. PAA was more soluble in alternative polar 

solvents which were miscible with water, t han water alone. The best solvent for PAA was 1-

propanol with a 20 % (w/w) PAA solution prepared. The PAA dissolved over night in the 1-

propanol solution which simplified the solution preparation process as no heating of the 

solution was required . A summary of the optimised films and polymer solutions was included 

below in Table 23. 

Table 23: Summary of important characteristics of films prepared from different water soluble polymers 
Polymer Highest aqueous Surface Optimal film Preparation 

polymer content {%) roughness (nm) thickness (µm) 
PEO 4.Sa 1500 1.7 Difficult 
PEI 50 50 3.1 Easy 
PVA 10 10 0.52 Difficult 
PAA 16 30 0.88 Moderate 
a Solutions were cloudy indicating low solubility at this concentration. 

3.3.2.2 Film Uniformity 

Water proved to be a troublesome solvent for spin coating with films generally having 

rougher surface profiles than the PMMA films. This was thought to be due to water's 

uniquely high surface t ension. The high surface tension prevented an easy flow of the 

polymer solution over the substrate during spinning. The surface tension would be further 

increased as the water evaporated from the surface [360). A 'skin' may fo rm on top of t he 

spinning solution, restricting the evaporation of the water underneath [366]. Small pockets of 

water or bubbles may then burst through the skin causing defects in the film. A number of 

methods were used to try and improve film uniformity (based on the surface roughness 

measured by profilometry). 

Concentrated PEI solutions were relatively easy to prepare from the commercially available 

stock solution (SO % w/v) for the production of thicker films (> 1 µm}. However, PEI films 

were difficult to dry. The soft, wet films prepared from concentrated PEI spin solutions were 

difficult to characterise by profilometry as the stylus penetrated the film surface. PEI films 

were also the least uniform of the polymer films investigated with large film defects. When 

viewed under the microscope, the defects appeared to be due to both solid particles and 
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bubbles. A number of methods were used in an attempt to dry the PEI fi lms and improve film 

uniformity. PEI films were baked on a hot plate at 50 °C fo r 10 minutes before increasing the 

te mperatu re to 100 °C over another 10 minutes, at 110 °C fo r 10 minutes and in an oven for 2 

hours at 75 °C. All fi lms were prepared by spin coating a 20 % (w/w) PEI solution in water at 

2000 rpm. 

The driest films were produced from baking the films on a hot plate at 110 °C for 10 minutes, 

as assessed by the greatest weight loss in these films after heat treatment (Table 24). These 

films also tended to have smaller defects with a surface roughness of 20 - 50 nm. It was 

expected that films baked on a hot plate would be more uniform than oven baked films due 

to the films being heated from below and thus allowing the solvent to escape from the film 

surface. Oven baked films would be heated uniformly and therefore the film surface would 

solidify before the solvent could escape leading to more defects as the solvent attempted to 

leave the film. This was reflected in the higher surface roughness of oven baked films (Table 

24). More thorough drying methods such as freeze drying may produce more uniform thin 

films than those produced from hot plate baking. However, this would add a level of 

complexity to the simple procedure and increase the preparation time. Thick PEI films were 

easily prepared from a commercially available, concentrated aqueous solution but the high 

surface roughness of the films lead to the rejection of PEI for this application. 

Table 24: £/feet of heat treatment on the thickness, uniformity and dryness of PEI films 

r---;rea~ment Thickness Min surface ·1· Max surface Weight loss after 

~ot plate SO - 100 °C 
{µm) ~oughness (nm) I roughn~ss_ (n_m) __ -~eat~~~!J mfil __ 
4.0 30 50 0.34 

~=3) 
Hot plate 110 °C (n = 3.1 20 50 0.99 3) 
Oven 75 °C (n = 3) 3.2 50 90 0.45 

After the rejection of PEO, PVA and PEI polymers, PAA became the focus for the preparation 

of water soluble films. With water as the only solvent PAA films were less than the desired 

thickness and generally rough. Therefore, other water miscible solvents were investigated for 

the preparation of more concentrated spin solutions that would produce thicker films. 

Solubility of PAA was greatest in 1-propanol with a 20 % (w/w) solution prepared. This stock 

solution was then diluted 1:1 with 1 % HN03 to simulate the ICP-MS solution standards that 

would be added. Films prepared from 1-propanol/1 % HN03 spin solutions had reduced 

surface roughness compared to films prepared from water only. The lower surface roughness 

achieved with the mixed solvent system compared to water was likely due to the reduction in 
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surface tension of the spin solution. The vapour pressure is practically the same between 1-

propanol and water but the surface tension of the two solvents is markedly different (see 

Table 25). Lower surface tens ion would allow the spin solution to flow more evenly across the 

substrate during spinning. Uniformity improved further when spin speed was decreased but 

surface roughness was still greater than that achieved with PMMA films. 

Reduction in surface roughness by covering the spin stage was investigated. Covering the 

stage produces a saturated atmosphere above the substrate which reduces the evaporation 

rate, lowering the viscosity of the solution during spinning, and increasing the homogeneity 

of the film [371]. By adding a pool of solvent below the stage, the atmosphere is saturated 

before any solvent is evaporated from the spin solution . However, this method creates films 

up to half as thin as those spun in the conventional way. Films produced from the 1-

propanol/1 % HN03 solvent system were at the lower limit of the required thickness ("' 1.1 

µm) and therefore thinner films were undesirable. Covering the spin stage, without a pool of 

solvent was trialled as a method of reducing surface roughness. 

A reduction in thickness of less than 0.2 µm occurred in covered films compared to films spin 

coated by the conventional techn ique. Thickness of covered films was 0.9 µm, slight ly below 

the lower limit of desired th ickness. Surface roughness was reduced from 60 nm to 25 nm by 

covering the spin stage. The surface roughness of the covered films was stili higher than the 

PMMA films. LA-ICP-MS line scan RSDs with a 25 µm laser spot size were < 15 % for 24Mg, 
52Cr, 56

' 
57Fe, 63Co, 66Zn and 89Y, also higher than the PMMA films (< 10 %). Another approach 

was invest igated to prod uce thicker films with comparable uniformity to the PMMA films. 

Vapour pressure differences between two solvents affect the surface composition during spin 

coating [360]. Water and 1-propanol have very similar vapour pressures. Evaporation rates of 

the solvents during the spin process were therefore expected to be similar. The surface 

tension of the 1-propanol/1 % HN03 spin solution should remain relatively constant 

throughout the spin process due to similar evaporation rates of both solvents. Further 

improvement in film uniformity was expected if a different solvent system was chosen so that 

surface tension would be reduced during spinning. By selecting a solvent with lower vapour 

pressure and surface tension to mix with 1 % HN03, the surface tension of the solution should 

decrease as the composition of the film changes due to preferential vaporisation of water. 

However, care must be taken to ensure that the added co-solvent is still volatile enough to be 

removed from the solution either by airflow during the spin coating process or after baking. 
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A number of solvents were investigated as co-solvents for aqueous PAA solutions that had a 

lower vapour pressure and surface tension than water (Table 25). Testing the solubility of 

PAA in the selected organic solvents led to the rejection of 1-butanol and ethanoic acid which 

did not dissolve the added PAA. Mixtures (1:1) of water and an organic co-solvent were spin 

coated with the aim of improving film uniformity to approach that achieved with the PM MA 

films. 

Table 25: Solvent properties used to select co-solvent for improved film uniformity 

Solvent 
Bp Vapour pressure Surface tension PAA 

(OC} (kPa, 20°C} (dyn/cm, 25°C} soluble 
Water 100 2.4 72.7 yes 
1-Propanol 97.0 2.4 20.9 yes 
1-Butanol 117 0.73 25.0 no 
-· 

1,2-Propanediol 187 0.01 45.6 yes 
Ethanoic acid 118 1.5 27.0 no 
Dimethyl sulfoxide 

189 0.053 42.9 yes (DMSO) 
Ethanediol 197 0.0079 48.4 I yes 
N,N-
Dimethylformamide 153 o.sa 34.4 yes 
(DMF) 
Chlorobenzene 130 1.2 33.3b no 
Xylene 139 0.8 - 1.2 27.9 no 
a at 25°C. bat 20°C. 

The investigated co-solvents had vapour pressures 1 - 2 orders of magnitude lower than 1-

propanol. These solvents evaporate at a slower rate t han 1-propanol, producing thinner films . 

The most uniform fi lms were produced with 1,2-propanediol as co-so lvent wit h water (see 

Ta ble 26) . Despite su rface roughness comparable to PMMA fi lms being achieved with a 1,2-

propaned iol as co-solvent, t hese fi lms were deemed too thin for the proposed application. 

Table 26: Film thickness and surface roughness from 5 % PAA solutions in 1:1 water : co-solvent 
~· --

Co-solvent Vapour pressure (kPa, 20°C) Thickness (µm) Surface roughness (nm) 
1-propanol 2.4 1.5 50 
DMF o.sa 0.63 25 
DMSO 0.053 0.44 15 -
1,2-propanediol 0.01 0.19 10 
ethanediol 0.0079 0.12 20 

a at 25°C. 

In order to increase the thickness of the fi lms, a tri-solvent system was designed with 1,2-

propanediol, 1-propanol and water (1 % HN03 ) . This system was expected to improve film 
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uniformity by reducing the surface tension of the polymer solution but also provide adequate 

thickness by including a smaller volume of the solvent with lowest vapour pressure (1,2-

propanediol) . PAA was more soluble in 1-propanol than water, enabling a more concentrated 

polymer solution of 20 % (w/w) to be prepared, compared to only 10 % (w/w) in water. The 

20 % (w/w) PAA in 1-propanol solution was diluted (1:1) with 1,2-propaned iol and designated 

the stock solution. For the preparation of spin coating solutions, the stock was diluted (1:1) 

with 1 % HN03 from the addition of aqueous standards with blank 1 % HN03 added to make 

up the volume. The final optimised spin coating solution was therefore a mixture of 1-

propanol, 1,2-propanediol and 1 % HN03 at a 1:1:2 ratio. 

The optimised spin solutions produced films with an average surface roughness of 10 nm and 

a thickness of 1.4 µm. When analysed by LA-ICP-MS at a laser spot size of 30 µm, lines scan 

RSDs were < 15 %, compared to < 10 % for PMMA films analysed under t he same conditions 

wi t h analytes at simila r concentrations. Line scan RSDs for the PAA films improved to < 10 % 

when the laser spot size was increased to 100 µm. It is apparent that there is still room for 

improvement in the water soluble film procedure developed . The developed water soluble 

films were used to test the application of IDMS quantification using films spiked with an 

isotope enriched standard but were analysed at a la rge spot size to improve precision and 

therefore cannot be applied to high resolution studies in thei r current state. 

3.3.2.3 IDMS Quantification of Thin Films 

To test the validity of using PAA thin films spiked with an isotopical ly enriched standard for 

the quantification of soft tissue samples, an invest igation was carried out by quanti fying a 

natu ral Zn standard spiked in t he same PAA film. The natura l and enriched standards were 

added at approximately the same concentrations to reduce error in quantification. The 

average of three line scans was background subtracted using the average of three line scans 

on a blank PAA film. The measured 64Zn/66Zn ratio was then entered into the IDMS equation 

(Equation 2). 

The precision of the 64Zn/66Zn isotope ratio both between and within line scans was better 

than that observed for either isotope normalised to IS elements 59Co and 89Y also present in 

the film. The average% RSD (n = 6) of the 64Zn/66Zn isotope ratio between slides was 0.076 %, 

compared to 0.43 - 1.1 % for either Zn isotope normalised to either IS. Within a line scan, the 
64Zn/66Zn isotope ratio varied by only 4.4 % compared to 5.6 - 11 % when either isotope was 
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normalised to either IS. Zn isotope ratios were more precise than analyte/IS ratios as the two 

Zn isotopes behave in the same manner throughout the va r ious processes involved in LA-ICP-

MS analys is. The Zn and IS element however, may show some slight differences in behaviour 

(discussed in Chapte r 4:). 

The concentration of the added natural Zn standard was determined by IDMS as 20.96 ± 

0.014 µg g-1
. This value was within 16 % of the known value (24.96 µg g-1). The difference 

between the determined and known concentration of the natural Zn spike was slightly larger 

than that reported by other IDMS users with LA-ICP-MS (10 %) [327, 339]. However, the small 

difference between determined and known values calculated here encourages the 

investigation of IDMS films for soft tissue quantification. An attempt to quantify a tissue 

standard by this method was hindered by the IDMS calculation which requ ires the weight of 

the tissue and enriched spike to be known. Modification of the IDMS equation or inclusion of 

a means to measure the mass ablated is required before this method can be applied to soft 

tissue quant ification. 

3.3.3 Quantification of Tissue Standards 

To determine if spi n coated films are appropriate for the quantification of t issue samples, a 

set of PMMA film standards were used to quanti fy two homogenised tissue standards (Sl and 

52) previously quantified by SN-ICP-MS. Cu was present at 5 and 1.0 µg g-1 in 51 and 52, whilst 

Zn was determined at 8 and 13 µ.g g-1 in 51 and 52. The spin coating solutions were spiked 

with Cu and Zn at concentrations of 0, 1, 5, 10, 15, 20 and 30 µg g-1 to produce film standards 

concentrat ed by a factor of 10 to cover a range of 0 - 300 µg g-1. Cu and Zn were selected as 

examples of elements commonly found in t race amounts in soft tissues. Yttrium and the RuPc 

dye were added to all standard spin solutions at 2 µg g-1 and 1 mg g-1 respectively, as ISs. 

Three sections of each of the two tissue standards were placed on top of blank PMMA 

standards spiked with the ISs at the same concentration as the cal ibration standards. 

Three standards were analysed at each concentration by analysing six line scans at different 

locations across the films. Calibration plots for 65Cu and 66Zn over the concentration range of 

the standards were linear with correlation coefficients better than 0.999 using 13C, 89Y or 
101Ru as ISs. Experiments outlined in Chapter 5 showed that fo r 13C to be an effective IS, its 

signal-to-background ratio (S/B) must be above 1.06. The fil m standards generated a 13C S/B 

of approximately 1.14 and therefore 13C could be used as an IS. 
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Quantification of 51 and 52 was performed following the workflow presented in Figure 59. 

The density correction was applied using the density of PMMA reported in the literature (1.17 

g cm-1) and the calculated density of the homogenised t issue (0.85 g cm-1
). Density of the 

homogenised tissue was calculated by weighing ten sections (100 µm thick) from a tissue 

sample frozen in a mould to give a surface area of 15 x 15 mm 2
• The volume and weight of 

the sections was then used to calculate an average density of 0.85 g cm-2• Brain tissue density 

has been reported as 1.05 g cm-3 [387]. The lower density of the homogenised tissue is due to 

the additional water content from the addition of standards and 1 % HN0 3 to aid 

homogenisation. 

/ 
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Figure 59: Work/low of quantification of analytes in soft tissue by calibration with thin film standards. From 
Austin et al., (2010) {388] 

Cu and Zn concentrations in 51 and 52 determined by SN-ICP-MS agreed with those 

determined by LA-ICP-M5 with external calibration using thin film standards with 

normalisation to either 13C, 89Y or 101 Ru (Table 27). For 51, Cu and Zn were determined by LA-

ICP-MS within two and one standard deviations, respectively, of the SN-ICP-M5 determined 

concentrations. For 52, Cu was determined within one standard deviation, and Zn within two 

of the 5N-ICP-M5 values. LA-ICP-MS quantification without an IS appears more precise than 

that achieved with 89Y or 101Ru normalisation. However, more accurate Cu and Zn 

determinations were achieved with 89Y or 101Ru normalisation, compared to no IS or 13C 

normalisation. The larger standard deviations observed for LA-ICP-MS quantification 
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compared to SN-ICP-MS was attributed to the inherent variations in solid sampling by laser 

ablation and incomplete homogenisation of the tissue standards. RSDs of line scans used to 

sample thin film standards were typically less than 10 %. However, the soft tissue standards 

typically showed RSDs of 10 - 20 %. The higher RSDs observed for the tissue standards were 

due to cracking of the tissue sections or heterogeneity in the standard from incomplete 

homogenisation. Tissue standards were analysed after thawing and air drying the frozen 

sections. Most soft tissue samples collapse, flatten or shrink under air-drying [389]. The 

removal of water in the tissue standards led to shrinkage and cracking of the tissue so that 

the sections were not a uniform distribution of tissue. This may be avoided by using different 

preparation techniques such as freeze-drying or other vacuum drying procedures, or 

analysing frozen sections in cooled ablation cells. 

Table 27: Cu and Zn concentrations determined from LA-ICP-MS and SN-ICP-MS techniques {µg g-1
) 

Quantification Method Cu Zn 
Sl S2 Sl S2 

SN-ICP-MS (Y IS) (n = 6a) 2.38 ± 0.19 8.09 ± 1.60 8.80 ± 1.25 11.99 ± 2.30 
LA-ICP-MS (no IS) (n = 3) 1.34 ± 0.17 8.76 ± 1.52 7.13 ± 0.92 15.95 ± 1.84 
LA-ICP-MS {13C IS) (n = 3) 1.09 ± 0.18 6.19 ± 0.64 5.16 ± 0.86 10.98 ± 0.66 
LA-ICP-MS {89Y IS) (n = 3) 1.49 ± 0.39 11.59 ± 3.13 8.02 ± 1.89 20.53 ± 4.48 
LA-ICP-MS (101Ru IS) (n = 3) 1.54 ± 0.33 11.65 ± 3.21 7.82 ± 1.70 20.40 ± 4.80 

° For 52, n=S 

Evaluation of the developed LA-!CP-MS quantification technique using external calibration 

with thin films was facilitated by comparing mean concentraf ons determined by LA-ICP-MS 

and SN-ICP-MS by an independent two-tailed t-test at the 95 % confidence interval. An F-test 

was first applied to determine if the variance between sample sets were the same. The 

appropriate t--test was then applied. A p-value of less than 0.05 indicated a statistical 

significance and the null hypothesis that the means were the same was rejected . The results 

of the t-tests are included in Table 28. Cu and Zn concentrations determined by SN-ICP-MS 

were not significantly different to values determined by LA-ICP-MS with either 89Y or 101Ru ISs 

(p values > 0.05). Though the relatively high concentration of Ru was expected to hinder its 

effectiveness as an IS for elements at trace levels, no statistically significant difference was 

observed between concentration values of Cu or Zn with either 89Y or 101Ru normalisation. In 

contrast, only Zn was accurately quantified (p > 0.05) in 52 by LA-ICP-MS with normalisation 

tO 13
(. 
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Table 28: p-values from the comparison of means by t-tests of LA-ICP-MS and SN-ICP-MS concentrations 

pvalue 
Cu Zn 

LA-ICP-MS IS Sl 52 Sl 52 
no IS 9.1 x 10-s 0.73 0.084 0.046 
13( 2.6 X 10-S 2.0 x 10-6 3.0 x 10-3 0.50 
y 0.063 0.19 0.57 0.055 
Ru 0.027 0.24 0.45 0.065 

Comparison of the data presented in Table 27 and Table 28 show that though greater 

precision was achieved with 13
( normalisation, accuracy was compromised compared to 89Y 

or 101Ru normalisation. The better precision of 13
( normalisation was likely due to the 

relatively high background signal of 13C (typically an order of magnitude greater than 65Cu or 
66Zn) smoothing small fluctuations in the data. The results confirmed that thin film calibration 

standards can provide accurate quantification of tissue samples. Therefore, the thin film 

standards must ablate and the ablated material must be transported to and ionised in the 

ICP-MS in a similar manner to soft tissue. This means that the films are sufficiently matrix-

matched to soft tissues. 
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3.4 Conclusions 

A procedure to quantify soft tissue was developed using thin polymer films spiked with 

element standards. The optimised PMMA films were homogeneous and line scan precision 

was better than homogenised tissue standards. The developed calibration procedure 

overcame some of the limitations and drawbacks of the homogenised tissue calibration 

procedure, namely the non-uniform distribution of tissue standards with high water content 

and the extensive sample handling and preparation time for tissue standards. The developed 

external calibration procedure using the PMMA films offers a much simpler and faster 

method of quantification than the homogenised tissue standards whilst retaining accuracy 

and precision. 

Water soluble polymers were substituted into the spin coating procedure developed for the 

PMMA slides to exploit the availability of aqueous ICP-MS standards. PAA gave the most 

uniform films with adequate thickness to provide sufficient analyte signal in the ICP-MS. 

However, the PAA films gave poorer line scan precisions compared to the PMMA films and 

therefore further development of the PAA spin coating procedure is recommended to 

improve uniformity. Additionally, the concentration factor for the PAA films should be 

verified using water soluble dyes and UV-Vis spectroscopy [374] . 

The optimised PAA films were used to assess the use of films spiked with isotopically enriched 

standards for quantification by IDMS. Agreement between the known natural spiked sample 

and the IDMS determined concentration was achieved. This proof-of-concept study 

investigated only one element and therefore validation of this technique with more elements 

is required. Application to soft tissue requires modification of the IDMS equation or inclusion 

of the means to measure the mass ablated. 

PMMA film standards were used to quantify Cu and Zn in two tissue standards previously 

characterised by SN-ICP-MS. The film standards were matrix-matched to the soft tissue 

standards, as shown by the agreement between LA-ICP-MS and SN-ICP-MS determined 

concentrations. 
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Chapter 4: Factors Affecting Quantification 

with an Internal Standard* 

4.1 Introduction 

The signal intensities of analytes in LA-ICP-MS depend on a number of factors. These include 

the properties of the elements {mass, first ionisation potential, isotopic abundance, volatility, 

etc.), LA and ICP-MS operating conditions {laser wavelength, pulse energy, gas flow rates, 

plasma power, etc.) and the physical and chemical properties of the sample matrix {colour, 

density, composition, surface characteristics, etc.) [284]. As slight variations in operating 

conditions may occur during an experiment, analyte signal responses may vary independently 

of the sample {signal drift). Sample matrix properties may also change during the course of an 

experiment either due to heterogeneity of the sample or changes induced by laser sampling. 

This could also influence the analyte signal response. If variations in analyte signals are not 

corrected or compensated for, erroneous results and poor precision may result. 

Accu rate and preci se calibrat ion met hods require the use of an internal standard {IS} to 

correct for matrix effects, instrumental drift, incomplete ionisation in the plasma and 

variations in mass abiated and transported to the ICP-MS [83, 90]. The signal from an IS 

element can be used to normalise the analyte signa l to correct for such variations [76] . For 

the most effective correction of fluctuations in the LA-ICP-MS operating conditions, which 

influence ana lyte sensitivity, the IS shou ld share similar element properties to t he ana lyte 

[83, 90, 390] . Mult iple ISs are commonly used for multielement determinations so that 

analytes can be normalised to an IS with similar characteristics. The limitation of using an IS is 

that at least one known element must be homogeneously distributed within the sample. For 

:1: Some of the work presented in this chapter was previously published (see Rawling, T. , et al., Nano 
Research, 2009, 2(9), 678-687 and Austin, C., et al. Journal of Analytical Atomic Spectrometry, 2011, 

26(7), 1494-1501) 
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solid sampl ing applications, such as elemental bio-imaging, this typically limits the choice of IS 

t o a minor isotope of a matrix element which is assumed to be homogeneously distributed 

[90]. Th is has major implications for multi-element analyses as only one IS element may be 

available which may provide sub-optimal compensation as analyt e and IS characteristics may 

not be close ly matched. An unsu itable analyte/ IS combination can result in quanti fi cation 

errors greater than 100 % [391]. 

The appropriate choice of an IS or the inclusion of multi ple ISs would be of benefit to 

elemental bio-imaging applications. In this chapter, the factors which may affect IS efficacy 

were investigated. A number of strategies for the inclusion of ISs were also investigated. The 

general approach taken was the incorporation of an IS into a film (ISF) deposited on a 

substrate upon which the tissue sample would be placed. Using this method, the analytes 

within the tissue and the underlying IS would be ablated together and thus the IS should 

compensate for signal fluctuat ions. The fol lowing sect ions describe the causes of analyte 

signal fluctuations and examine techniques used to incorporate an IS into the elemental bio -

imaging procedure. 

4.1.1 Factors Affecting Internal Standardisation 

fl. major cause of non··stoichiomet ric sampling in LA-ICP-MS is fractionation (discussed in 

Section 1.4). Attempts have been made to correlate the degree of element fractionation with 

elemental properties such as melting point, boiling point, vapour pressure, atomic radius, 

charge and speciation and the reader is referred to Russo et al. [84] for a brief review. So far, 

these properties can be used to inform the user of possible fractionation effects but cannot 

predict t he degree of fractionat ion. 

Among the various sources of fract ionation in LA-ICP-MS, laser induced fractionation has 

received the most attention since it the source of transport and ICP-MS fractionation; non-

stoichiometric particles produced from the ablation exacerbate fractionation processes that 

occur during transport and in the ICP-MS [291]. Shorter laser wavelengths and shorter pulse 

duration (fs) tend to provide more stoichiometric sampl ing than longer wavelengths and 

pulse durat ions (ns) [84]. To restrain fractionat ion during ablation, the laser pu lse duration 

should be below t he materi al specific thermal relaxation time [291] and t he laser fl uence 

should exceed t he ablation th reshold of the sample [89]. 
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Element response variations, both between analytes within a sample and bet ween different 

matrices fo r an analyte, can be predominated by element and particle response in the ICP-MS 

[284]. However, t he amount of sample commonly ablated during elemental bio-imaging 

experiments may be too small t o induce significant matrix effects in the ICP-MS [392] and 

therefore the usual rules applied to the selection of an IS may be less stringently applied in 

this application. A number of studies have investigated factors which have implications for IS 

selection. An ideal ana lyte/IS combination is when analyte and IS signal intensity changes are 

directly proportional [391]. 

Rodushkin et al. [97, 284] studied the influence of carrier gas flow rates on element signal 

intensity. Maximum signal intensities did not occur at the same flow rate for all elements 

studied. This was due to inter-element differences in the locations of zones of maximum ion 

density formed in the ICP-MS. Additiona lly, optimal flow rates for all but the lightest or most 

volatile elements shift with different matrices. Elements were grouped based on similar 

trends observed with changing flow rate . Groups correlated with thermodynamic properties 

(boiling temperatures and vaporisation energies), mass and ionisation energies to some 

extent. Normalisation of an analyte with an IS from the same group should provide adequate 

compensation for fractionation effects occurring in the ICP-MS. However, of the 60 elements 

investigated, many elements typically investigated in bio-imaging studies (e.g. Fe, Cu and Zn) 

could not be placed within one of the three groups. 

Longerich et al. [390] grouped elements according to a geochemical classification (l ithophile 

and chalcophile), suggesting elemental or crystal parameters may be controlling the 

clustering of some element s. Some degree of mat rix-independence was reported w ith in 

different nat ural rock-forming minerals when normal isation of analytes was performed w ith 

an element from the same group. Mat rix- independent standardisat ion (when IS and analyte 

mass and first ionisation potential were closely matched) was also observed within 

transparent silicate material, if analyte and IS also had similar temperatures of condensation 

and high laser energies were used, and w ithin non-transparent silicate material [292] . 

Many IS studies focus on observing trends over changing experimental conditions that may 

be used to identify an ideal IS for a given analyte. A few authors have attempted to correlate 

these trends with physical or chemical properties of the elements to allow a priori selection 

of an IS for any unknown sample. Fin ley-Jones et al. [391] calculated percentage re lative 

standard deviations{% RSD) for analyte/15 pairs over cha nging matrix and ICP-MS conditions. 
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A low % RSD represented a good analyte/IS pair as the signal intensity of the analyte and IS 

change in proportion to each other over the changing conditions. Mass was found to be the 

predominant pred ict ion factor but this was not the case for all varied conditions and some 

exceptions for particular masses was evident. For example, when a high carbon content 

matrix was investigated, a close match in the second ionisation potential between analyte 

and IS gave the best results. The prediction scheme developed by Finley-Jones et al. [391] 

provided a list of 'good' ISs for a given analyte and set of conditions. This scheme could be 

applied to different instrument platforms and over time with reasonably good results [393] . 

Atomic mass, kinetic energy, ionisation potential, oxide bond strength, hydride bond strength 

and electronegativity were used by Sartoros and Salin [394] to group elements by cluster 

analysis. Each property was weighted differently in the various matrices studied. Suppression 

of analytes by matrix effects was different between matrices and correlated to different 

properties wit h different strength between matrices. For example, in a Na matrix suppression 

was most correlated to the ionisation potential of elements, whereas in a Pb matrix 

suppression was most correlated to the kinetic energy of analytes. 

No single physical or chemical property has been ident ified that reliably pred icts an opt imal IS 

fo r a given analyte in a specific matrix. However, effectiveness of an IS has been shown to 

primarily depend on a close match in mass between the analyte and IS, with first ionisation 

potential (FIP) a secondary factor [391, 395-397]. Several studies have grouped elements 

based on similarities in signal response to changing operating conditions or matrix. Several of 

these studies show t hat similarity in signal response is matrix dependent and therefore 

element groupings or an ideal analyte/IS combination identified in one matrix type may not 

apply to others [391, 394, 396, 397]. 

4.1.2 13C as an IS for Elemental Bio-Imaging 

For multi-element analysis, particularly if analytes represent a wide mass and/or first 

ionisation potential (FIP) range, the use of multiple IS elements is recommended [74]. 

However, several studies have shown improvement in precision for a variety of analytes with 

only one IS [398-400]. Rh is often used as an IS for multielement determinations using ICP-

MS; it is rarely found in natural samples, and is in the mid-mass range (m = 103) and FIP (7.5 

eV) [396]. However, other studies have shown that even for analytes close in mass to Rh (Ag 
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and Au), Rh is an unsuitable IS [396] and can even result in less accurate results than if no IS 

were employed [391]. 

In the field of elemental bio-imaging, BC is the most commonly used IS. However, Be does 

not possess many of the attributes desired for an ideal IS; namely similar mass or FIP to many 

analytes. LA-ICP-MS analyses of tissues [176], plastics [401], botanical [186] and geological 

[342] samples have utilised BC as an IS with mixed results. Normalisation to Be has generally 

improved precision (compared to raw counts) for a variety of matrices [SO, 114, 347, 402, 

403]. However, carbon has been less sensitive to instrumental fluctuations than analytes; in 

the analysis of biological CRMs; the 12C signal varied by only 9.5 - 12.5 % RSD between days 

while analyte signals varied by 33.8 - 49.3 % RSD [155]. Transport and plasma effects may 

also vary between Be and analytes due to the different nature analytes and carbon may be 

ionised in the plasma. Todolf and Mermet [134] found that only around 20 % of the carbon 

introduced into the plasma from polymer ablation was present at a similar particle size to the 

ana lytes as the carbon was mainly present in gaseous form and as particles smaller than 0.3 

µm. 

An IS should also be homogeneously distributed in the sample. In many cases, Be distribution 

changes with water content in tissue samples [174]. The concentration of the IS should also 

be known so that differences in the IS content between standards and samples can be 

corrected for. If the standard and sample differ in their carbon content (as may be the case if 

the water content is different), erroneous results may be obtained upon normalisation to Be. 

Carbon is present as an impurity in t he argon gas, is entrained from t he atmosphere and 

desorbs from the gas tubing [342, 404] . Therefore, given the different source of part of t he 

carbon signal compared to the analytes in the tissue sample, the Be signal may be susceptible 

to different instrument drift patterns to the analytes. However, for analytes with carbon-

based polyatomic interferences, Be would provide a suitable correction to instrument drift. 

Chen and Houk [405] successfully used polyatomic ions as IS and therefore Be may be able to 

provide adequate correction despite the large background signal influenced by instrument 

drift. 

Despite its common usage as an IS in elemental bio-imaging applications, there has been no 

detailed study on the effectiveness of BC as an IS or the factors which may affect its 

performance. A detailed investigation into the performance of Be as an IS was warranted. In 

~ 173 ~ 



Chapter 4: Factors Affecting Quantification with an Internal Standard 

order for this to be achieved the effectiveness of 13C as an IS had to be compa red to ot her 

potential elements. Therefore, a method for incorporating alternate ISs was requi red . 

4.1.3 Internal Standards in Underlying Thin Films 

Currently, elemental bio-imaging by LA-ICP-MS relies on 13
( as an IS. An alternative IS may 

improve the precision or accuracy of quantification by providing better compensation of 

changes which cause variation in the analyte response. Given the heterogeneity of analytes in 

soft tissues, elements within the sample may not be suitable ISs. Provision of an IS could be 

made by applying an IS outside the sample. Several methods for the application of a thin film 

to a substrate upon which tissue samples could be placed were investigated. 

4.1.3.1 Physical Vapour Deposition 

One IS approach investigated was the deposition of a thin metal film on a substrate, upon 

which the tissue sample would be placed. A variety of methods are used in the 

microelectronics industry for the deposition of thin metal layers. These include physical 

vapour deposition, chemical vapour deposition, ion-beam deposition, pulsed laser deposition, 

high-density plasma-assisted deposition, electroplating and atomic layer deposition. Many of 

these techniques are used for different circuit layers and offer advantages in depositing 

specific materials or control in the deposition process [406]. 

One physical vapour deposition process is carried out in a vacuum chamber and involves the 

heating of the metal to evaporation and its condensation over the substrate [406]. If multiple 

heating sources are available, multi-constituent or multilayer films may be deposited by 

evaporating more than one metal. Material purity and substrate type may affect the 

properties of the deposited film, such as variations in surface roughness and adhesion [407]. 

This method is most often used to make thin film circuits in the microelectronics industry and 

is the most regularly used due to its low cost and simplicity. 

This technique was used in the current work to apply a thin layer (3 - 20 nm) of gold on a 

glass slide. The gold layer could then be used as an IS for the tissue sample placed on top. 
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4.1.3.2 Molecular Thin Films 

Self assembled monolayers (SAMs) are highly ordered nanoscale structures that 

spontaneously organise, laterally between monomers, on a substrate surface. SAMs have 

been applied t o act as protective coatings, control surface properties, and for molecular and 

biomolecular recognition and patterning [408]. SAMs have been extensively studied in the 

past two decades with the most widely studied systems formed by chemisorption of 

alkanethiols on Au, Ag or Cu, though SAMs may be fabricated on a variety of different 

substrates, including metals such as Hg and Pd, and semiconductors such as Si and Ti02 • 

Additionally, the technique of micro contact printing offers a convenient, low cost and 

flexible method to apply SAMs on large areas [409], which lends this approach to mass 

production appl ications. A diagram depicting a SAM IS substrate is presented in Figure 60. 

1rn~-
I ~I\ 

SAM solution 

End group ~ 
( 

Gold 

Figure 60: Diagram of SAM formation on gold coated substrate 

SAMs may be prepared by immersing a glass slide, pre-coated with a gold !ayer, in a 1 - 10 

mM solution of the coating compound . The formation of SAMs can be complete in a few 

minutes or less, though the initial monolayer may re-order over time to improve packing 

[410] . A twostep process to SAM formation has been proposed whereby t he first step 

involves the formation of many smal l islands of SAM . This step is very fast and typically 

results in 80 - 90 % coverage of the subst rate [408, 411]. Growth then proceeds at a much 

slower rate with the islands rearranging to eventually produce large hexagonal shaped facets . 

The overall structure of the monolayer is determined by the interaction of the head group 

(which facilitates chemisorption of the molecule onto the substrate) and the substrate, the 

structure of the monomer and the lateral interaction between neighbouring monomers 

[409]. In this study, a thioacetate head group anchored a ruthenium phthalocyanine (RuPc) 

complex to a gold surface. This class of complex was synthesised at UTS to utilise specific 

electronic and optical properties for application in dye-sensitised solar cells [412]. The 

complex was appropriated for construct ion of an IS layer as the Pc ligand strongly binds the 
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Ru (ensuring t he metal atom rema ins coordinated du ring film format ion) its ability to form 

reproduci ble organ ised fil ms, and the sensit ivity of the ICP-MS to Ru . 

Typically, a t hin layer of chromium or titan ium is fi rst deposited on t he substrate to anchor 

the gold t o glass, otherwise t he gold w ill delaminate and ruin the monolayer during washing 

by sonication [410]. A method reported by Xu et al. [413] pre-treated the glass substrate with 

buffered HF so that the gold would more strongly adhere to the glass substrate . This method 

of substrate pre-treatment was preferred as it did not introduce another metal at a high 

concentration which could cause interferences on other analytes (CrO+ on Zn and TiO+ on Cu). 

4.1.3.3 Thin Polymer Films 

The th in polymer films developed in the previous chapter were compared against the thin 

gold films and molecular t hin films as an ISF. Polymer films offered a more robust alternative 

to the other films and could be easily incorporated into the thin film quantification strategy 

developed in Chapter 3: . A drawback of the ISF approach to providing an IS alternative to 13C 

for soft tissue analysis is the need to prepare samples on the ISF substrates. This precludes 

the analysis of samples previously prepared on other substrates. To overcome this limitation, 

the method used to prepare thin polymer fi lms was modified so that films could be lifted 

from the spin coated substrate and placed on top of tissue samples prepared on microscope 

slides. Polymer films may be removed intact from the substrate by dissolving a polymer under 

layer in a solvent which will not dissolve the ISF top layer [414] or by carefuily peeling the !SF 

from the substrate while immersed in a solvent in which the polymer is insoluble. 
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4.2 Experimental 

4.2.1 Instrumental 

Gold films, molecular thin films, polymer films and soft tissue samples were analysed on a 

quadrupole 7500cs ICP-MS (Agilent Technologies, Australia), coupled to a New Wave UP213 

laser ablation unit (Kenelec Technologies, Australia). The majority of experiments were 

performed using the New Wave standard ablation chamber (6 cm ID, 5 cm deep). Use of the 

Large Format Cell (LFC) (15.24 x 15.24 x 2.54 cm) was noted in the text for the relevant 

experiments. The ablation chamber and ICP-MS were connected by Tygon® tubing which 

transported the Ar carrier gas and ablated material to the ICP-MS. Standard operating 

parameters for the laser and ICP-MS were listed below with deviations from these 

parameters noted in the text (Table 29). 

Table 29: Standard operating parameters for LA-ICP-MS of thin polymer films and soft tissue 
Agilent 7500cs ICP-MS New Wave UP213 Laser Ablation 
Rf Power 1250W Wavelength 213 nm 
Cooling gas flow rate 15 L min-1 Repetition frequency 20 Hz 
Carrier gas flow rate (Ar) 1.20 L min-1 Laser energy density 0.11 J cm-2 (at 35%) 
Sample Depth 4.0 mm Spot size 65 µm 
Scan mode Peak hopping Scan rate 15 11m s-1 

-
Dwell time 0.1 s --

4.2.2 Factors Affecting Internal Standardisation 

4.2.2.1 Temperature Effects 

Tygon® tubing is the default standard tubing for connecting the LA gas stream to the ICP-MS 

and since there is a large amount of plasticiser in Tygon® (to maintain flexibility) migration of 

the plasticiser from the tubing into the gas flow path is a possibility. This migration could 

contribute to the background signal of 13C and should be temperature dependant. The effect 

of temperature on 13C signal drift was investigated using three types of tubing; Tygon®, PTFE 

and passivated steel. A series of PMMA calibration standards were run at room (28 - 30 °C), 

cooler (25 - 26 °C) and warmer (33 - 39 °C) temperatures along with a standardised tissue 

sample. Temperature was monitored by probes inserted at both ends of the carrier gas 

tubing between the ablation chamber and torch. The carrier gas tubing was sheathed in a 

rubber tube though which water was pumped . For cooler temperatures the water was 
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pumped from an ice-water bath (12 °C} and for warmer temperatures the water bath was 

warmed on a hot plate (60 °C}. A schematic of the experimental set up was included below 

(Figure 61). 

temperature monitor 

Ar gas 

Probe 

to ICP-MS 

back to 
water bath 

Figure 61: Connection between ablation cell outlet and ICP-MS used to monitor the effect of temperature on 13C 
signal drift. 

4.2.2.2 Tissue Thickness and Ablation Volume Effects on 13C 

A homogenised sample of chicken breast was sectioned at different thicknesses to assess the 

linearity of the 13C ICP-MS signal response as a function of ablation volume (tissue thickness). 

The tissue sections were prepared following the method outlined in Section 3.2.4.1, but with 

sectioning performed at 10 - 90 µm. The laser power was adjusted for each section so that 

complete ablation of the tissue was achieved during the line scan (30 - 45 % or 0.05 - 2.0 J 

cm-1). Lineari ty of the 13C signal with changes in mass ablated was also assessed against 

increasing laser spot diameter. A 30 µm th ick tissue standard was ablated at laser spot 

diameters of 15 - 100 µm. 

4.2.2.3 Abundance Sensitivit.Y 

Abundance sensitivity may be defined as the ratio of the two overlapping ion currents 

recorded at each m/z [415] and is used to measure the overlap of an adjacent, more intense 

signal onto the signal of interest. The influence of abundance sensitivity on 13C from the high 

abundant 14N isotope was investigated by measuring the 13C/14N signal ratio at different mass 

resolution settings w ith increasing amount of nitrogen. Ratios were measured since the 

ca rbon content also increased in the samples analysed . Tissue standards prepared at 
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increasing thicknesses (10, 20, 30 and 40 µm) and poly(ethyleneimine) (PEI) ((C2H5N)n) films 

with multiple layers (3, 15, 24 and 33 µm thick) provided increasing N and C contents. 

The mass resolution of the ICP-MS was varied by adjusting the AMU offset so that peak width 

at 10 % of the peak height (W-10 %) of 12 m/z was 0.8, 0.65 or 0.4 amu whilst ablating the 

NIST 612 CRM glass standard. The AMU offset adjusts peak width for all masses uniformly. 

Signals 10 - 15 m/z were monitored in spectrum mode (scanning 20 points per m/z peak) and 

peak heights, after background subtraction, were recorded. The pulse/analogue (PA) factor 

was optimised for each isotope prior to analysis except for 12C and 14N as these ions are 

consistently measured in analogue mode only. 

Abundance sensitivity in this area of the spectrum was quantified by measuring the 

contribution of 9 m/z {9Be) on 8 m/z (no element isotope) from a 1 µg g-1 solution of Be. Since 

Be, C and N are close in mass, the abundance sensitivity of these masses were assumed to be 

similar. Be was used to quantify the abundance sensitivity due to the difficulty in measuring 

14 m/z in the absence of 13C. 

4.2.2.4 Signal Intensity, First Ionisation Potential and Ablation 

Volume 

The relationship between element signal intensity, FIP and the ablation volume was 

investigated by plotting normalised signal intensities against ablation line width. Line scans 

were ablated on a PAA film spiked with Co, Cu, Zn, Rb, Y, Au (500 µg g-1
} and Fe (1000 µg g-1) 

and a 30 µm thick homogenised tissue section at different laser spot diameters (40 - 100 

µm). The elements investigated represented low to high FIPs (4.2 - 9.2 eV) and a wide mass 

range (56 - 197 amu). A plot of normalised signal intensity as a function of ablation area was 

constructed for a number of analyte/IS combinations. All data was background subtracted 

before normalisation. Thin films and tissue standards were analysed in duplicate in the 

standard cell and LFC. 

4.2.2.5 Plasma Power and Mass Bias 

Analyte behaviour in response to varied plasma power and mass bias settings was monitored . 

A PAA film doped with Mg, Cr, Fe, Co, Cu, Zn, Rb, Y and Au (500 µg g-1) was analysed at omega 
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lens settings of 7.6, 8.4, 9.8 and 10.6 V, and plasma forward power settings of 1150, 1250, 

1350 and 1450 W. Background corrected analyte signals were plotted as a function of the 

changing cond it ions as bot h raw data and normalised data. 

Line scans (approximately 1 mm long) were ablated perpendicular to a previously ablated line 

(width 100 µm) so that a valley would appear in the middle of the scan when no materia l was 

ablated. Analyte/15 combinations were assessed based on the average % R5D of three line 

scans, where lower R5Ds indicated an effective analyte/15 pair. R5Ds were calculated as the 

standard deviation divided by the mean signal response, converted to a percentage. No 

background correction was performed. 

4.2.2. 6 Response Variation and Cell Sampling Coordinates 

Variation of ion signa l intensity with sampling location within the ablation chamber was 

investigated using PMMA films spiked with Mg, Fe, Cu, Zn (150 µg g-1), Cr, Y (25 µg g·1) and Ru 

(5 mg g-1), analysed at nine separate locations in the standard cell and six locations in the LFC. 

The sampling locations represented the extremities and centre of the cell. 

The sa mpling locations were analysed in random order at six different gas flows, and the 

experiment duplicated. The gas flow to the plasma was kept constant by introducing make-up 

Ar gas via a Y-piece connected prior to the torch. The carrier gas flow rate was varied over the 

range of 0.6-1.2 L min·1 with make·-up gas providing the difference to make 1.2 L min·1
. 

Calibration curves were constructed from PMMA standards (SO, 100, 200 and 250 µg g-1) 

sampled at t he centre of the ablation chamber. The curves were used to quant ify PMMA 

films sampled at the nine locations in the standard ablation cell at one flow rate (1.2 L min-1 

carrier gas). Each ana lyte/15 combination was assessed aga inst RSDs between locations and 

accuracy of quantification. All data was background subtracted before normalisation. 

4.2.3 Internal Standards in Underlying Thin Films 

4.2.3.1 Thin Gold Films 

Gold films were prepared on glass su bstrates as fol lows. Prior to use, glass slides were cut to 

25 x 25 mm with a diamond tip pen. The slides were then sonicated successively in acetone, 
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water, aqua regia (1 :3 HN03:HCI) and water. All water used was distilled and deionised by the 

Milli-Q system (18.2 MOcm). Slides were gold coated by vacuum evaporation using a Denton 

Turbo deposition system. Gold was deposited at a rate of 1 - 2 As-1 to approximately 3, 5, 10 

and 20 nm on a rotary stage. The gold was heated to evaporation by a wire coil through 

which an electrical current ran. The gold was supplied at 99.99 % purity (AGR Matthey, 

Australia). 

4.2.3.2 Molecular Thin Films 

Gold films were prepared on glass substrates as follows. Prior to use, glass slides were cut to 

10 x 10 mm with a diamond tip pen . The slides were then sonicated successively in acetone, 

water, buffered hydrofluoric acid and water. All water used was distilled and deionised by the 

Milli-Q system (18.2 MOcm). The buffered HF solution was prepared following the method 

outlined by Xu et al. [413). Slides were gold coated by vacuum deposition using a Denton 

Turbo deposition system. Gold was deposited at a rate of 2 - 3 As-1 to 300 nm on a rotary 

stage. The gold was supplied at 99.99 % purity (AGR Matthey, Australia) . 

Molecular thin films were prepared as follows. Scintillation vials were washed overnight in 30 

% HN03 and then rinsed with water and oven dried. The selected ruthenium phthalocyanine 

was dissolved in dichloromethane (Sigma-Aldrich, ~99.8 %} to a 1 mM concentration. 

Tetrabutyl ammonium hydroxide (Sigma-Aldrich) was added to hydrolyse the protected thio-

acetate groups, and the solution sonicated for 5 minutes before immersing the gold 

substrate. The headspace was flushed with nitrogen and the vials sealed w ith parafilm and 

stored away from light t o minimise oxygen and UV light exposure during t he assembly 

process which may depreciate the film quality [410). When removed, the substrates were 

copiously rinsed with dichloromethane followed by sonication in dichloromethane for 5 

minutes. Surfaces were then dried under a stream of nitrogen . Ruthenium complexes (Figure 

62) were prepared according to the method published by Rawling et al. [380] . 
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1. R = H 
2. R = t-Bu 

Figure 62: Ruthenium phthalocyanine complexes used for molecular thin films 

A New Wave (Fremont, CA, USA) UP213 laser ablation unit, coupled to an Agilent 

Technologies 7500cs series ICP-MS was used to assess the ruthen ium coverage profile of the 

t hi n fi lms. The gold substrates were secured by doubled sided tape on glass a slide t hat w as 

then placed in the ablation chamber. The NIST 612 CRM was also placed in the chamber and 

ablated prior to t he substrate to account fo r any instrumental changes between sample runs . 

The ablated material was transported to t he ICP-MS via Ar carrier gas, where gold (197 Au) and 

all ruthenium isotopes (96
' 

98
' 

99
' 

100
, 

101
' 

102
• 

104Ru) were monitored by ICP-MS. The LA ICP-MS 

conditions are incl uded in Ta ble 30. 

Table 30: LA-ICP-MS conditions f or analysis of molecular thin f ilms 
I ICP-MS------~ Agilent Technologies 

--
Laser Ablation New Wave 

7500ce UP213 ------ __ ,__ 

Rf Power 1300W Wavelength 213 nm --·-·--- ----- l.2 L min·1 

I-

Carrier Gas (Ar) Repetition Frequency 10 Hz - -- ------ -- -- --
Plasma Gas Flow 15 L min-1 laser Beam Diameter 55 µm 
Dwell Time 100 ms Scan Speed 70 µm s·1 

Scan M ode I Peak hopping -- Laser Power Density (at 25%) "'0.11 J cm·2 

After LA ICP-MS ana lysis, slides were photographed and surface area determined using 

Optimus imaging software. The samples were then digest ed in PTFE screw-cap vials with 3 ml 

of 20 % HN03 (Basline grade, Seastar, Canada) and 0.5 ml of 37 % HCI (Basline grade, Seasta r). 

The digests were quantitat ively transferred to polypropylene vials and diluted to a known 

mass using 1 % HN03/HCI. The Ru content of each slide was t hen determined from calibration 

plots of Ru 99
' ioo, 

101
• 

102 isotopes, constructed over the range of 0. 1 - 10 µg kg-1 with a serially 

diluted aqueous 1000 µg mg·1 Ru standard (Choice Analytical, Australia) . The size of the sl ide 

and Ru concentration of the digest s were then used to calculate the surface density of the 

films in molecules cm·2
• 
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4.2.3.3 Thin Polymer Films 

Thin poly(methylmethacrylate} (PMMA} films were prepared following the optimised method 

described in Chapter 3:. Briefly, spin solutions of 10 % PMMA (Mw 996, 000, Aldrich, 

Germany}, 50 % chlorobenzene (99.8%, Sigma-Aldrich, Germany} and 40 % m-xylene (+99%, 

Sigma-Aldrich, Germany} spiked with IS elements, were spin coated on quartz substrates at 

4000 rpm for 40 s after 10 s stationary step. A homogenised tissue standard was placed on 

top of the dried film. The ruthenium phthalocyanine dye 4 was used as an IS (Figure 62}. 

Placing the ISF on top of the tissue sample was also investigated. PMMA films were immersed 

in Milli-Q water overnight after removing a small section of film at the substrate corner. Most 

films had lifted from the surface the following morning. Films were then easily peeled from 

the substrate and floated to the solution surface. Plastic tweezers were used to carefully 

move the film onto the tissue section or quartz substrate. 
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4.3 Results and Discussion 

In this section a number of factors were investigated that may affect IS efficacy and methods 

were developed for the inclusion of ISs other than 13C in the elemental bio-imaging 

procedure. 

4.3.1 Factors Affecting Internal Standardisation 

A detailed investigation of the performance of 13C as an IS was undertaken. Thin polymer 

films spiked with various analytes and ISs were used to assess the performance of 13C as an IS 

against other elements that better meet the requirements of an IS (close match in mass and 

FI P) . Sources of 13C signal drift were also investigated to assess their effect on IS perfo rmance. 

4.3.1.1 Temperature Effects 

The Be signal may vary independently from analytes present in the ablated sample due to 

different sources of the 13C background signal drift . One such source may be the transport 

tubing between t he ablation cell and ICP-MS. Kovacs and Gunther [133] recent ly studied the 

effects of four different tubing materials, PVC, nylon, Teflon, and copper, on signal intensity 

and drift in an LA-ICP-MS system. Desorption of gas molecules from the inner surface of the 

walls of the plastic (PVC and nylon) tubing had a significant influence on the plasma 

conditions and caused signal drift. It was proposed that hydrogen, oxygen and water vapour 

were able to enter the carrier gas stream from the wall of the plastic PVC and nylon tubing 

but were unable for the copper and Teflon tubing. 

However, Tygon® tubing remains the default standard tubing in LA-ICP-MS systems due to its 

flexibility and relative inexpensiveness. Since there is a large amount of plasticiser in Tygon® 

(to maintain flexibi lity) migration of the plasticiser from the tubing into the gas flow path is a 

possibility. This migration could contribute to the background signal of Be and should be 

te mperature dependant. The effect of temperatu re on 13
( signal drift was investigated using 

three types of tubing; Tygon®, PTFE and passivated steel. 

The internal diameter (i.d.) of the three different tubing types used were different; Tygon® 

had the largest i.d. tube at about 4 mm, PTFE tubing had a 2 mm i.d . and the steel tubing had 
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the smallest i.d. of about 1 mm. Different transport tubing volume does not significantly 

change relative t ransport efficiency [73, 136]. However, the steel tubing resulted in a slightly 

faster gas fl ow observed fro m t he analyte signa l front appea ring approximately 1 s earlier 

than that of t he Tygon or Teflon tu bing. 

An increase in the Be signal intensity with increasing temperature was observed w ith Tygon® 

tubing (Figure 63). Stainless steel tubing provided the lowest carbon blank signal though PTFE 

tubing gave the most stable Be signal over the temperature range studied. 

200000 
>-

:"!::::'. 150000 en 
c:: 
Q) ...... 
c:: 100000 
co 
c:: 50000 0) 

CJ) 

0 
20 

II 

" x 

• 
x 
• 

25 30 35 
Temperature (°C) 

Figure 63: Average 13C signal intensity at different temperatures for Tygon ® (.A), steel ) and PTFE (X) (n = 7) 

To st udy the effect of t he temperature dependent Be signal drift on quantification using 13C 

as an IS, calibration standards were run at room temperature (RT) and used to quantify tissue 

standards analysed at different temperatures. The influence of temperature on 13C IS 

performance was assessed based on the degree of variance (% RSD) in the determined 

analyte concentrations. 

Acceptable va riation (RSD ~ 30%) [284] was obtained for all elements with Tygon® t ubing and 
13C IS, except 56Fe (Table 31) . Different ISs {89Y and 101Ru) with Tygon® tubing fai led to improve 

the 56Fe % RSD to within the acceptable range . A comparison of BC normalisation within all 

tubing types showed similar % RSDs between Tygon® and steel. Acceptable variation was 

obtained for 57Fe with Tygon® and PTFE tubing with Be IS but steel tubing gave unacceptable 

variation . The different results obtained between the two Fe isotopes may be due to spectral 

interferences. Overall, PTFE gave the lowest % RSDs for Mg, Cu and Zn which suggested that 

it is the least affected by changes in temperature. 
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Table 31: % RSDs of elements determined at different temperatures using a calibration curve constructed at RT 
with different /Ss 

Tygon® 24Mg s6Fe s1Fe 63Cu 66zn 
Be 9.02 31.84 6.67 9.81 7.60 
89y 12.89 37.84 16.89 8.38 13.08 
rn1Ru 13.49 30.57 15.53 3.85 16.72 
PTFE 
Be 2.07 47.42 7.17 1.28 0.86 
89y 2.78 9.80 4.64 3.04 0.66 
rn1Ru 2.57 10.90 4.83 3.22 0.62 
Steel 
Be 6.76 13.38 37.19 9.71 10.57 
89y 23.31 28.39 33.92 25.95 23.59 
rn1Ru 24.90 30.41 35.25 27.80 24.83 

The results presented in Table 31 show that PTFE is the tubing material least affected by 

temperature and therefore this type of tubing is recommended for LA-ICP-MS experiments. 

Surprisingly, steel tubing yielded some of the poorest precision results over the temperature 

range studied. This was possibly due to the steel tubing having a higher coefficient of 

expansion than either plastic tubing which may have lead to leaks at connectors or other 

physical phenomenon. Fe was more affected by changes in temperature t han the other 

elements investigated which may have been due to spectral interferences changing with 

tu bing permeability. 

Although an increase in temperature caused a drift in the 13C signal, this did not appear to 

affect quantitat ive results (Table 32) . Greater variat ion in the Tygon® tubing 13C normalised 

calibration slopes between temperatu res was observed compared to other ISs. However, due 

to t he relat ively low gradient of the 13C norma lised calibration curves, larger 13e signal 

variations were requi red to significantly affect quantification with Be normalisation. Variat ion 

in the slope of calibration curves constructed at different temperatures was relatively low for 

all ISs with PTFE or steel tubing. 

This study showed that Tygon® tubing was vulnerable to carbon leaching which varied with 

temperature and caused the Be signal to drift . However, due to the relatively flat gradient of 

t he Be IS calibration curve, an acceptable level of variation between analytes quantified at 

different temperatures was still obtained with Be as IS over a temperature range of 25 - 39 

oc. 
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Table 32: Concentration of analytes determined at different temperatures with Tygon ®, PTFE and steel tubing 

Tygon 
Conditions 24Mg s6Fe s1Fe 63Cu 66zn 

Warm 264 4.06 5.64 4.65 6.93 
Cool 315 2.48 6.44 5.19 8.07 
RT 282 2.37 6.14 5.66 7.58 
Teflon 
Warm 296 0.819 4.61 5.54 8.77 
Cool 289 1.99 5.18 5.67 8.62 
RT 284 2.41 5.28 5.66 8.69 
Steel 
Warm 261 6.08 2.02 5.11 8.71 
Cool 293 6.07 2.17 5.49 9.55 
RT 295 7.60 3.80 6.18 10.7 

4.3.1.2 Tissue Thickness and Ablation Volume Effects on 13C Signal 

Intensities 

The Be signal increased linearly wit h increasing number of ablation shots on a polymer 

sample [401] and therefo re t he Be signal should be able to compensate variation in t issue 

mass ablated . To investigate this, sections of homogenized chicken breast prepared at 

different thicknesses were analyzed to assess the linearity of the Be signal as a function of 

tissue thickness. The laser power was adjusted so that t he tissue was com plete ly ablated at 

all thicknesses, A linear response (R2 > 0.97) to tissue thickness over the range of 10 - 90 µm 

was observed for 13C. Linearity was improved after background subtraction (R2 > 0.99) 

showing the importance of background subtract ion with 13C normalisation and the effect of 

non-sample related signal drift on the Be signa l. A linear response t o water content (R2 = 
0.9604) was also reported for the 13C signal [174] . Tissue water content may be 

representative of cell density. Therefore, 13C would be a suitable IS to compensate for 

variations in mass ablated and transported to the ICP-MS, in situations where 13C 

concentrations are proportional to ti ssue thickness and density. 

4.3.1.3 Abundance Sensitivity 

The influence of an m/z peak tail of an abundant isotope on another, usually adjacent m/z is 

known as abundance sensitivity and is calculated as the signal intensity ratio of the two m/z 

peaks [415]. Due to the high abundance of the adjacent 14N isotope, particu larly in bio-

imaging applications, there is a potential abundance sensitivity effect on the low abundance 
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13C signal. The peak tail overlap from the 14N peak could affect the performance of 13
( as an IS 

if the 14N signal were to vary during the course of an experiment. 

Possible abundance sensitivity effects were investigated by measuring the peak heights of 10 

- 15 m/z during the sampling of nitrogen containing films and tissue sections of increasing 

thickness. Each film and tissue section was analysed at mass resolution settings of W-10 % 

0.80, 0.65 and 0.40 amu. Reducing the W-10 % improves resolution and thus should reduce 

any peak tailing from the high abundance isotopes. However, improvements in resolution 

also results in loss of sensitivity. 

Abundance sensitivity at the low mass range of the spectrum was quantified by measuring 

the contribution of 9 m/z (Be 100 % natural isotope) on 8 m/z (no elements with 8 m/z exist) 

with a 1 µg g-1 solution of Be. Abundance sensitivity decreased (Table 33) with a drop in the 

W-10 % from 0.80 to 0.65 amu. Abundance sensitivity at 0.40 and 0.65 amu mass peak width 

were similar indicating that the abundance sensitivity was eliminated at 1 µg g-1 Be. Similarly, 

any influence on the 13C signal from the abundant 14N signa l may be attributed to abundance 

sensitivity changes. 

Table 33: Abundance sensitivity determined at different mass peak width at 10 % peak height values 
Mass peak width (W-10 %) (amu) Abundance sensitivity a 

-0.80 --- 4.68 x 106 ____ _ 

0.65 13.3 x 106 

0.40 ----14.5 x 106 

a Measured as the ratio of 9 m/z over 8 m/z in a 1 µg g-1 solution of Be. 

An increase in the 14N or 15N signal above the background was not observed during the 

ablation of the films or tissue sections at any of the mass resolution settings. This was 

attributed to the very high background 14N and 15N signals from atmospheric nitrogen ionised 

in the plasma. This blank signal remained relatively constant despite increases in nitrogen 

content in the samples. Therefore, though the high abundant 14N peak does overlap the 13C 

peak at low mass resolution settings (0.8 amu), changing nitrogen content of the sample is 

not expected to affect the 13C signal because of the overwhelmingly large background 14N 

signal. However, the 13
( signal may be affected by drift or fluctuations in the background 14N 

signal. The 14N signal fluctuated by up to 5 % during the experiment. The 13C/14N ratio 

increased with tissue thickness at all mass peak width settings with only a 15 % difference 

between slopes (Figure 64a). 
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Figure 64: 13C/4C (a) and 13C/2C (b) signal ratio as a function of tissue thickness at different mass peak width 
settings of W-10 % 0.80 amu (A.), 0.65 amu (II) and 0.40 amu (X) (n = 6). 

Both the 12C and 13C signals increased with tissue thickness at all mass peak width settings. 

The 13C/12C signal ratio should remain constant regardless of sample thickness and reflect the 

abundance of each isotope. Variation in the 13C/12C signal ratio was generally low; RSDs were 

6.6, 2.3, and 1.3 % for W-10% 0.80 amu, 0.65 amu and 0.40 amu, respectively. The 13C/12C 

ratio decreased with increasing tissue thickness for W-10% 0.8 amu. This may indicate an 

abundance sensitivity effect on the 13C signal from the adjacent 14N signal (Figure 64b} . 12C 

may be used as an IS to avoid possible abundance sensitivity effects from 14N, however the 

intense signal at m/z 12 may reduce the life of the detector. 

43.-1.4 Signal Intensity, First Ionisation Potential and Ablation 

Volume 

The relationship between signal intensity, fi rst FIP and ablation volume and the affect of 

these properties on analyte/!S ratios was investigated. Th in film standards doped with 

elements covering a wide range of FIP and mass, were ablated at different spot sizes to 

observe the affect ablation volume has on signal intensity; namely whether an increase in 

ablation volume would alter the transport and/or plasma conditions and cause a divergence 

between the analyte and IS signal intensity trends. 

Experiments were conducted using the standard ablation cell and large format cell (LFC). 

Interestingly, the trend in signal intensity with increasing ablation line width was different 

between the two cells. A plot of 13C, 59Co and 63Cu signal intensity as a function of the width of 

the ablated line scan (Figure 65a) shows data typical of the elements investigated in 

experiments performed in a standard ablation cell. At ablation line widths less than 30 µm 

the signal did not increase above the background, at 30 - 65 µm there was a linear increase in 
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response, at 80µm and beyond the curves plateaued. In contrast, signal intensity increased 

li nearly with ablation line width in the LFC (Figure 65b) . Therefore transport effects, as a 

function of cell design, was responsible for the non-linear trends observed in the standard 

cell, and was unrelated to plasma loading. 
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Figure 65: Plot of 13C (A.), 59Co (II) and 63Cu (X) signal intensity from thin film as a function of ablation line width 
in (a) a standard ablation and (b) large format cell (n = 3}. 

A large difference was observed in the signal intensities measured in each cell. The standard 

cell and LFC were installed on different ICP-MS systems which were the same model 

instrument with the same type of cones and lenses in use. Some va riation in signa l intensity is 

expected between different ICP-MS systems due to differences in detectors and optimisation 

of lenses. However, the difference observed in th is experiment was unexpected ly high . This 

indicates greater t ransport efficiency in the LFC as more ablated material is swept into the 

roving cup and transported to the ICP-MS than that transported in the standard cell. 

An effective IS should compensate for sample transport inefficiencies or changes in the 

ablation volume, irrespective of cell design. Figure 66 shows plots of 63Cu (FIP 7.73 eV) and 
56Zn (FIP 9.39 eV) normalised to 13C (FIP 11.26 eV), 59Co (FI P 7.88 eV), 85Rb (FIP 4.18 eV) and 
197 Au (F IP 9.23 eV). In t he standard cel l (Figure 66a, b) all ISs were effective for normalisat ion 

of the analytes regardless of a close match in FIP or mass between analytes and IS (RSDs < 6 

%). Variation in the analyte/IS ratio with ablation line width decreased as a close match in 

mass and FIP between analyte and IS was approached but a large difference in mass or FIP 

lead to only a small increase in RSDs. For example, 63Cu normalised to 59Co produced an RSD 

of 0.52 %, while normalisation to 85Rb or 197 Au gave RSDs of 2.7 and 1.7 % respectively. When 
66Zn was normalised to an IS close in FIP, 197 Au, an RSD of 2.0 % was calculated, while an IS 

close in mass (59Co) produced an RSD of 3.3 %. An IS markedly different in both mass and FIP 

to 66Zn still dramatically reduced variation across the spot diameter range, with normalisation 

to 85 Rb producing an RSD of 5.6 %. Normalisation to 13C yielded slightly higher RSDs for most 
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elements. For example normalisation of 63Cu and 66Zn to 13C gave RSDs of 6.7 and 8.2 % 

respectively. 
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Figure 66: Normalised 63Cu and 66Zn signal intensity ratios as a function of ablation line width using the standard 
ablation cell (a, b) and LFC (c, d). Analytes in the thin film were normalised to 13C (A), 59Co {II), 85Rb (X) and 
197 ,,....... 63 H 66 . fi3 • -1 Au rv). In all graphs the Cu/ C and Zn1 C ratios are x 10 (n = 3). 

In the LFC (Figure 66c .• d), all lSs were effective for normalisation of the analytes at spot sizes 

greater than 65 µm but below 65 µm, 13C was less effective compared to the other IS 

elements. The experiment was repeated with a tissue standard (10 µm} in the LFC to provide 

a greater 13C signal intensity below 65 µm line width . At smaller spot si zes the 13C signal 

increased substantially above the background as compared to the thinner polymer film and 
13C became an effective IS across the whole spot diameter range (Figure 67). 

This indicated that for effective normalisation with 13C, samples must generate a signal-to-

background (S/B) ratio greater than 1.06 (the S/B ratio of 13C at lOµm in the standard cell). 

The analysis of a thin film in the LFC did not produce a large enough S/B ratio until 65 µm spot 

diameter. The difference in the 13C S/B for the two cells may be due to a difference in the 

amount of background 13C present in the different instruments or differences in ICP-MS 

sensitivity. 
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Figure 67: Normalised 56Fe (a) and 63Cu (b) signal intensity ratios in tissue (10 µm thick) as a function of ablation 
line width in the LFC. Analytes are normalised to 13C (A), 59Co {II) and 85Rb (X) (n = 3). 

4.3.1.5 Plasma power variation 

Plots of signal response over 1150 - 1550 W plasma power were used to illustrate trends 

between elements. Plasma forward power affects the ionisation conditions of the plasma 

such that higher plasma power results in a higher ionisation temperature and elements with 

high FIPs are more efficiently ionised. All analytes displayed the same general trend; rising in 

intensity as the forward power was increased to reach a maximum signal intensity at 1350 W 

(Figure 68 (a)), before falling again . Most of the analytes displayed symmetrical curves, 

however 13C, 66Zn and 197 Au exhibited asymmetrica l curves, with the second highest point 

occurring at the lowest power sett ing. This is in contrast to the expected trend of these 

higher FIP elements, which theoretical ly should be more efficiently ionised at higher plasma 

temperatures. The lower to mid-FIP elements Rb (IP 4.18 eV), Cu (IP 7.73 eV) and Co (IP 7.88 

eV} sigr.al increases were of much greater magnitude than the higher FIP elements Au (IP 

9.23 eV) and C (IP 11.3 eV) . 

The reason for a decrease in sensitivity at high plasma power has been expiained in terms of 

the space-cha rge effect of the high ionisation rate of Ar in such hot plasma conditions [416). 

Additionally, higher plasma powers do not necessarily increase the vaporisation and 

ionisation of solid particles [417] . Figure 68(b) to (d) shows the signal ratio of 85Rb, 197 Au and 
63Cu normalised to 59Co or 13C. In all cases, the gradients were smaller when the analyte was 

normalised to an IS with similar FIP. For example, 63Cu normalised to 59Co (similar FIPs) was 

constant throughout the plasma power range whilst 63Cu normalised to 13C (different FIPs) 

varied markedly. As the FIPs deviate between the analyte and the IS the effectiveness of 

normalisation diminishes. Consider 197 Au normalised to 59Co and 13C (Figure 68 (c)); neither 

IS's FIP is close to that of 197 Au, resulting in a higher degree of variation across the plasma 

power range . 
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The plasma power range will generally not vary over the range considered in these 

experiments within an elemental bio-imaging application. Expected power variation is only 5 

W [418]. However, variation in plasma power, in particular around the maximum signal 

intensity, may have dramatic consequences if the analyte/15 pai r is not correctly se lected. For 

example, a small change in plasma temperature when set at 1350 W would notably change 

the 63Cu/13C signal, whilst t he 63Cu/9Co signal wou ld rema in relatively constant. 
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Figure 68: Analyte responses to change.; in plasma forward power using thin film standards. Raw data without 
normalisation 23C ( )1 

59Co ) 1 ssRb (X} and 197 Au {O) (a)1 

85Rb normalised to 13C (A) and 59Co (fl) (b}1 

197 Au 
normalised to 23C (Ji.) and 59Co ) (c) and 63Cu normalised to 13C (A) and 59Co ) (d) (n = 3). 

Analyte/IS combinations were also assessed based on their ability to correct for variations in 

sample thickness at different power settings based on average line scan RSDs. The results are 

included in Figure 69. The analytes 63Cu, 66Zn, 85Rb and 197 Au showed similar trends in line 

scan RSDs across the plasma power range. The lowest RSDs were observed for 59Co 

normalisation for the mid mass analytes and 89Y for the high mass analytes at all power 

settings. Normalisation to 13C generally improved line scan RSDs as compared to no 

normalisation . The results showed that though 13C improved precision for most analytes 

compared to no IS, the other IS elements were generally able to provide a more substantial 

improvement in precision. 
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Figure 69: Line scan RSDs at each plasma power setting produced from ablation of thin film for (a) 63Cu and (b) 
197 Au with no IS (fl) and normalised to 13C (fl), 52Cr ), 53Cr (fl), 59Co (fl) and 89Y ) ISs (n = 3). 

It was expected that FIP would be the dominating factor in calculating optimal analyte/15 

combinations in this experiment. However, for analytes with high FIPs (66Zn and 197 Au), 

normalisation to an IS with low FIP {89Y} was more effective than normalisation with an IS 

with a high FIP (13C). The dominating factor in effective normalisation appeared to be mass; 

despite the large difference in FIP fo r 89Y (6.22 eV) and 197 Au (9.23 eV), 89Y proved to be the 

most effective IS fo r the high mass analytes {85 Rb and 197 Au}, shown by low% RSDs. Similarly, 

the mid mass analytes (56
' 

57Fe, 63Cu and 66Zn) generally showed lower % RSDs when 

normalised to a mid mass IS (52
' 

53Cr or 59Co). This demonstrates t he need for multiple ISs if 

ana lysis over a wide mass range is desired. 

4.3.1.6 Mass Bias 

Mass bias can be defined as the differential transmission of ions of different mass from the 

plasma to the detector. Supersonic expansion of the ion beam behind the sampler cone and 

space-charge effects have been confirmed as sources of mass bias but are not the only 

sources possible [79, 80, 419] . The magnit ude of the mass bias is affected by sample gas flow 

ra te, sampling depth (distance between sampler cone and torch end) and processes occurring 

in the plasma [419]. The mass bias may change over the course of an imaging experiment, 

which can run for over 24 hrs, due to deposition on cones or lenses, which may change 

optimal lens voltages [420]. 

The NIST 612 glass CRM was analysed at intervals of 0, 4, 7.5, 11 and 14.5 hrs during an 

elemental bio-imaging experiment. Signal intensity ratios of light (Li, 9B, 13C, 24Mg) mid-mass 

(
59Co, 66Zn, 85 Rb, 89Y) and heavy elements (1151n, 118Sn, 208Pb, 209Bi) were measured at each 

time interval. Isotopes representing the mass range are included in Table 34. Generally, a 

greater variation in signal intensity ratio was observed at 0 - 7.5 hrs compared to 7.5 - 14.5 
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hrs when ions w ith large mass differences were compared. The greater varia t ion observed at 

t he beginning of t he experi ment may be due to the ICP-MS system cont inuing to wa rm-up 

during t his period and/or out-gassing of t he carrier gas tub ing (133]. Plasma warm-u p stage 

has been reported t o last 15 - 30 min until a st able signal is reached (421]. When ions of 

similar mass were com pared (7U/9Be, 85Rb/89Y and 208Pb/2°9Bi}, t he % RSD over t he 0 - 14.5 

hrs was less than 4 %. The mass bias effect is seen from larger % RSDs recorded for ratios 

where the mass difference is much greater. For example, signal intensity ratios of 7Li/9Co, 

7Li/85Rb and 7Li/2°8Pb have total % RSDs of 18, 26 and 42 %. This shows that the mass bias 

effect becomes more pronounced as the mass difference increases. This could have major 

implications for studies which use 13C as an IS for all analytes, as the mass difference between 

IS and analyte could be large enough to produce a significant mass bias effect. 

Table 34: Analyte signal intensity ratios from NIST 612 CRM recorded at different intervals and% RSD of ratios 
over the intervals during an elemental bio-imaging experiment -

Time (hrs) RSD (%) 
Ratio 0 4 7.5 11 14.5 0- 7.5 hrs 7 .5 - 14.5 hrs Total 

7Li/9Be 8.74 8.70 8.36 8.52 8.29 2.45 1.43 2.36 
7Li/59Co 1.14 0.874 0.812 0.831 0.722 18.7 7.39 18.2 
7Li/s5Rb 0.966 0.637 0.599 0.601 0.527 27.5 7.32 25.9 
7Li/2osPb 2.13 1.13 0.923 1.05 0.896 46.3 8.33 42.0 

Mass bias of the ICP-MS may be altered by changing the voltage of the omega lens. The 

omega lens deflects the ion beam off-axis (""'5 mm) into the quadrupole to prevent the 

entrainment of photons and neutral species which are not deflected. Increasing the omega 

lens voltage favours the transmission of heavier ions and decreasing the voltage favou s 

lighter ions. 

Trends in signal response to changing omega lens voltage were general ly similar between 

elements of similar mass but the magnitude of signal intensity increase or decrease varied 

between elements . Light elements such as 24Mg and 59Co showed decreasing signal intensity 

with increasing omega lens voltage (Figure 70a}. Heavier elements (85Rb, 89Y} had maximum 

signal intensity at 8.4 V with a slight decrease in signal intensity on either side. The heaviest 

element, 197 Au, showed increasing signal intensity with omega lens voltage. Due to the trends 

being similar between elements close in mass, it was expected that mass would be a 

dominant factor in effective normalisation . This was reflected in the results presented in 

Figure 70b-d which show the most effective normalisation for mid-mass range elements 

occurred w ith 59Co (or 52' 53Cr}, and fo r heavier elements with a heavy IS such as 89Y. In 
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contrast, normal isat ion of 24Mg to mid-mass or heavy elements was more effective than to a 

light element such as 13C. 
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Figure 70: Analyte response from thin film at different omega lens setting: a) signal intensities of 13C (x 10·11 (A), 
14Mg r<> ), 59Co (II), 85Rb (X) and 197 Au tOJ, b) 14Mg with normalisation, c) 85Rb with normalisation and d) 63Cu 
with normalisation to 13C (x 10) (A.), 59Co (II) and 89Y (X) (n = 3). 

The normalised signal intensity trends presented in Figure 70 indicate that optimal analyte/15 

combinations may be dependent on the omega lens setting. For example, Figure 70c shows 

that at an omega lens voltage of 9.8 V, a small change in the mass bias wou ld strongly 

influence the 63Cu/13C signal but the 53Cu/ 59Co would remain re!ative!y unchanged. Therefore, 

the omega lens voltage (affecting the mass bias) should be considered when selecting 

analyte/15 combinations. 

Optima l analyte/15 pairs were determined at each omega lens setting by calculating the % 

RSD of a line scan with deliberate non-uniformity, produced by ablating perpendicular to a 

previously ablated line. Optimal analyte/15 pairs gave RSDs of less than 10 % {Figure 71). 

Again, mass was found to be the dominating factor in IS effectiveness; 89Y was the optimal IS 

for the heavy anaiytes (85Rb and 197 Au) and 52
' 

53Cr and 59Co for the mid-mass analytes (56
' 

57 Fe, 
63Cu and 66Zn). For most elements (such as 63Cu and 197 Au in Figure 71), all IS reduced the line 

scan RSD. 
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Figure 71: Line scan RSDs at each omega Jens setting produced from ablation of thin film: 197 Au (a) and 63Cu (b) 
with no IS (II) and normalised to 13C {fl), 52Cr ), 53Cr (II), 59Co ) and 89Y ) ISs (n = 3). 

4.3.1. 7 Mass Abundance, FIP and Ablation Volume 

To determine whether the apparent abundance sensitivity effect observed for 13C at mass 

resolution 0.8 amu would affect 13C normalisation (Section 4.3.1.3), the element FIP and 

ablation volume and mass bias experiments were repeated at the different mass resolution 

settings. There did not appear to be any significant difference in 13C normalisation at the 

different resolution settings (Figure 72). Therefore, the overlap observed at a resolution of 

W-10% 0.8 amu did not reduce the performance of 13C as an IS and therefore mass resolution 

may be optimised for specific applications without regard to the effect on 13C as an IS. 
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Figure 72: 63Cu/3C response from signal intensity, element FIP and ablation volume, and mass bias experiments 
at different mass resolutions: W-10 % 0.80 amu (£.), 0.65 amu {II) and 0.40 amu (X) (n = 6}. 

4.3.1.8 Response Variation and Cell Sampling Coordinates 

A number of different ablation cells have been designed for laser ablation sampling with ICP-

MS, AAS or ICP-OES detection [119]. Poor signal stability across the cell has been previously 

reported for the closed cell design (represented here by the standard ablation cell) when 

compared to open or two-volume cell designs (represented here by the LFC) [115, 117]. 
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Signal instability ca n be a factor of distance from the gas inlet/outlet and un iformity of gas 

fl ow within the ce ll [89) . Signa l stabilit y across the cel l is particu larly important for imaging 

appl icat ions. Signal stabi lity was accessed in the standard cell and LFC by analysing a PMMA 

fi lm at nine locations in the standard cel l and six locations in t he LFC (Figu re 73). The carrier 

gas flow was also va ried t o observe if signal sta bil ity was infl uenced by carrie r gas flow rate. 

The total gas fl ow to the plasma was kept constant by the addition of make-up gas via a Y-

piece in front of the torch. 

Ar carrier Ar carrier 
gas outflow gas outflow 

D D 
Ar carrier 5 9 3 L Ar carrier 2 3 6 I! gas inflow gas inflow 

c=) 4 7 

j ~ c=) 4 5 t 
8 2 6 

a 20 mm b 100 mm 

Figure 73: Ablation cell sampling locations for (a) standard cell and (b) large format cell 

In the standard cell, most of the elements demonstrated a stable signal across eight of the 

nine positions. Position 1, the location closest to the gas inlet, showed markedly higher signal 

intensities for most elements. For example, 66Zn had an RSD of 4.2 % when position 1 was 

discounted but an RSD of 29 % with position 1 included. This trend was more pronounced for 
66Zn and 56

' 
57Fe and in contrast , 89Y and 101Ru showed a slight decrease in signal intensity at 

posit ion 1. 

The signal instability across different sampling locations is illustrated by a few selected 

elements in Figure 74 that shows the deviation of sampling position ratios from the ideal. A 

ratio of each location to the cell centre should be 1 if all sampling locations are independent 

of cell coordinates. The plots show little difference between the ISs used for normalisation, 

though a larger difference is observed at position 1 between analyte/IS combinations. The 

most likely reason is the proxim ity of the Ar carrier gas inlet causing turbulence and 

unreliable mass transport effects. 
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Figure 74: Signal instability from ablation of a thin film across sampling locations in a standard ablation cell: a) 
elements used as ISs (13C (A), 53Cr (II) and 89Y (X)), b) 63Cu with normalisation, c) 101Ru with normalisation and d) 
57Fe with normalization to 13C (A}, 53Cr (II) and 89Y (X) (n = 3}. 

IS efficacy was assessed based on t he variation (% RSD) between positions after 

norma lisation . Normalisation to 53Cr gave the lowest RSD for most analytes, and the heavier 

elements, 89Y and 101Ru, showed greatest stability when normalised to each other (Figure 75) . 

Normalisation with 13C reduced RSDs for the mid-mass range of analytes compared to no 

normalisation. The trend in IS efficacy fo r each element was repeated at all cell flow rates, 

though RSDs increased to over 50 and 70 % for 56
' 

57Fe and 65Zn at carrier flow rates of 1.1 --

0.9 Lmin-1 due to a much higher signal increase at position 1 com pared to all other analytes. 
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Figure 75: Comparison of raw ,.) and IS normalised signal stability of analytes in standard ablation cell f rom 
ablation of a thin film. Analytes are normalised to 13C (II), 52Cr {II), 53Cr (II}, 89Y ) and 101Ru ( ) ISs (n = 3). 
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Signal stability in the LFC was comparable to the standard cell with most elements giving 

RSDs of less than 10 % without normalisation (Figure 76}. However, the large signal instability 

of 56
' 

57 Fe and 66Zn in the standard cell was not observed in the LFC. All elements (except 13C} 

showed a reduction in RSDs with normalisation to less than 4 %. Additionally, signal 

reproducibi lity at different sampling locations was better in the LFC than the standard cell; 

position 1 was genera lly found to give the lowest signal intensity, and positions 5 and 6 the 

highest signal intensities across the cell for all analytes at all flow rates investigated . The 

greate r signa l stability in the LFC allows for a wider selection of ISs compared to the standard 

cel l. 
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Figure 76: Comparison of raw and IS normalised signal stability of analytes in LFC cell from ablation of a thin 
film. Analytes are normalised to 13C ), 52Cr { ), 53Cr {fl), 891' ) and 101 Ru ) /Ss (n = 3). 

PMMA calibration standards analysed at position 4 were used quantify a PMMA film sampled 

at the nine locations in the standard cell to determine the significance of the signal instability 

on quantification. Normalisation to 52Cr gave the most accurate and precise quantification 

and 13C and 89Y the least accurate quantification, likely due to these ISs having different signal 

patterns to the other ana!ytes (Table 35). No single location consistently produced more 

accurate quantification, including position 4 at which the standards were analysed . This 

highlighted the need for an IS with the standard cell as the analyte response variation due to 

ce ll sampl ing positions was non-reproducible and could the refo re affect quanti fi cation 

unpredictab ly. 
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Table 35: (a) Precision {% RSD) and (b) accuracy{% difference between quantified and actual concentration) of 
quantification of analytes with different /Ss 

a) b) IS 24Mg sGFe s1Fe 63Cu 66zn IS 24Mg sGFe s1Fe 63Cu 66zn 

none 2.43 3.22 4.30 1.79 3.27 none 18.65 24.39 12.51 14.18 16.42 
13( 2.28 2.35 3.22 2.03 3.84 13( -22.41 -23.53 -29.95 -25.50 -15.56 
s2Cr 0.84 3.27 3.96 0.98 3.18 s2Cr 6.88 8.35 -1.41 -1.55 11.52 
s3Cr 2.12 4.00 5.17 2. 28 4.07 s3Cr 11.26 12.93 2.82 2.06 15.63 
89y 1.50 3.95 4.81 1.59 3.46 89y 17.34 19.19 8.61 7.03 21.32 

4.3.1.9 Summary of Factors Affecting Internal Standardisation 

Despite its non-ideal IS characteristics (different mass and FIP to most analytes), 13C proved to 

be an effective IS, in compensating for cha nging conditions which may occur during an 

elemental bio-imaging experiment. A linear response to ablation volume, in regards to tissue 

t hickness and ablation line width, was observed for the 13
( signal. A slight abundance 

sensitivity effect on 13C was observed a low mass resolution (W-10% 0.8 amu) possibly due to 

the high ly abundant, adjacent 14N mass peak. However, t he abundance sensitivity effect at 

low mass resolution did not appear to affect the performance of 13C as an IS. Carbon leaching 

from Tygon® tubing with temperature caused the 13C signal to drift. However, the signal drift 

did not affect quantification when 13
( was used as an IS. Therefore, 13C is expected to be a 

su itable IS fo r elemental bio-imaging applications. 

Although 13
( proved to be a suitabie IS for elemental bio-imaging applications, a strategy to 

incorporate an IS more suited to the specific application is encouraged. No single element 

was an ideal IS for all ana!ytes and therefore inclusion of multiple IS would be of great 

benefit. However, in agreement with other publications [391, 395, 397], normalisation to any 

IS greatly improved precis ion. 

The response patterns of elements selected to represent a wide mass and FIP range over 

varying LA-I CP-MS para meters were studied . From t he results, some general practical 

guidelines were identified that should be considered when selecting an IS for elemental bio-

imaging applications: 

1. The use of an IS effectively compensates for changes in mass ablated, t hough 13
( is 

generally less effect ive than other IS elements. 
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2. If 13C is to be used as an IS, the sample must generate a signal-to-background ratio 

greater than 1.06. 

3. The most effective normalisation occurs when there is a close match in mass and FIP 

between analyte and IS but a major difference in mass or FIP reduces IS effectiveness 

by only a small degree. 

4. Mass bias changes over the first 7.5 hours of analysis and may change further over 

long runs (> 15 hrs}. To compensate for changes in mass bias, a close match in mass 

between analyte and IS is recommended. 

5. At a given omega lens or plasma power setting, precision is generally improved when 

the IS and analyte are close in mass. 

6. Cell design plays an important role in the element signal response to sample load 

with non-linear behaviour observed in the closed cell design. 

7. Instability in signal intensity across different cell sampling locations is best 

compensated for by using an IS close in mass to the analyte. Use of an IS is 

particularly important for imaging experiments as signal instability across cell 

sampling locations is inconsistent. 

4.3.2 Internal Standard Approaches with Thin Films 

Development of a strategy that would allow the incorporation of an IS alternative to 13C was 

investigated. The general approach taken was the production of a modified substrate on 

which soft tissue samples could be prepared on. The IS or ISs would be incorporated in a thin 

film which would be deposited on the substrate prior to the tissue sample. A few methods 

were assessed for this purpose: thin metal films (Au), molecular thin films and thin polymer 

films. 

4.3.2.1 Thin Gold Films 

A thin, uniform !ayer of gold was assessed as an IS for quantification of biological samples by 

LA-ICP-MS. In order to replicate the signal intensity generated by common elements of 
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interest in biological samples, the gold was deposited as th inly as possible (3 - 20nm ). The 

colour of the gold layers indicated a change from islands of gold (blue) at thickness of 5 - 20 

nm, t o 10 - 50nm aggregates (pink) of go ld at thicknesses below 5 nm . The surface coverage 

was observed under an SEM (Figure 77). 

Figure 77: Surface coverage of thin films of gold at 3 nm (a), 5 nm (b) and 10 nm (c) thickness. Scale bar on all 
images is 500 nm (horizontal width of field 1.49 µm) 

Despite the micrometer scale used for LA-ICP-MS, t he change in surface coverage uniformity 

was observed in the line scan % RSDs of the Au signal (Table 36). Precision of the 197 Au signal 

within a line scan deteriorated from 4 - 6 % in the thick 20 nm films to 15 - 16 % in the 

t hinnest 3 nm films. Thinner films were desi red t o reduce t he Au signal intensity to a level 

more consistent with trace elements detected in soft biological t issues. Additionally, the 

thicke r films req ui red extensive washout times for the 197 Au signal to return to background 

levels after ablation. Whilst the thinner films (~ 5 nm) gave much shorter washout times, they 

were stil l substant ially greater than washout times typically observed for analytes signals 

from tissue ablation (5 s) . 

Table 36: Line scan precision and signal intensity of Au 

Film thickness (nm) line Scan RSD {%) Signal Intensity (cps) 3 Washout time (s) 
20 4-6 12 x 106 > 100 
10 5-8 2.0 x 106 >40 
5 6-11 0.25 x 106 22 
3 15-16 0.060 x 106 14 

3All signals acquired on the same day, under the same conditions. 

Films 5 nm thick gave the best compromise between signal intensity, washout time and line 

scan precision. However, the thin Au films were extremely delicate; the film could be easily 

destroyed or removed with light brushes to the substrate surface. Therefore, a more robust 

ISF was sought. Addit ionally, it was bel ieved that the Au IS would present the sa me objections 

as an unsuitable IS as 13C; mass and FIP different from elements commonly analysed in soft 
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t issues. Other metals may be used to form a thin film on a substrate but these films would 

still be friable. Additionally, clean sources of metal are expensive and can be difficult to 

sou rce. 

4.3.2.2 Molecular Thin Films 

The applicability of SAMs as an IS for LA ICP-MS was assessed by the precision of 

ablation/homogeneity of surface coverage. Additionally, the m/z signal was desired to be at a 

similar intensity as analytes commonly analysed in tissue. In order to optimise the SAM to suit 

these requirements, four different complexes were investigated (Figure 62} . The synthesis 

and characterisation of the complexes was performed using the method published by 

Rawling et al. [380] .The complexes bear thioester groups that enable the complex to bind to 

a gold surface after hydrolysis of the acetyl group with tetrabutylammonium hydroxide. For 

each complex, surface coverage and uniformity over time was examined . 

Film formation was first optimised with regard to solution concentration, submersion time 

and washing procedure. Solution concentrations of 0.1 mM and 0.2 mM were investigated 

using complex 1. A higher su rface density (reflected by higher Ru signal intensity) was 

observed for films fo rmed from the 0.2 mM solutions; average signa l intensity of 101Ru was 10 

000 and 14 000 cps for the 0.1 and 0.2 mM films respectively. However, the 0.2 mM films also 

showed higher line scan RSDs (25 %) compared to the 0.1 mM films (13 %) . Therefore, 0.1 

mM was cons idered the opt imal solution concentration for SAM formation as the signal 

intensity of the 0.1 mM films was within an acceptable range {close to the signal intensity of 

elements commonly analysed in soft tissues). 

The effect of submersion time on film surface density was assessed by analysing films of each 

complex at submersion time intervals between 1 min and 23 hours (Figure 78). The films 

reached a maximum coverage within 1 min of submersion in the SAM solutions. Longer 

immersion times did not increase film coverage. This was in agreement with previous studies 

on the kinetics of thiol-based monolayer formation on gold substrates which have reported 

adsorption times within the order of minutes [408]. All complexes showed similar trends in 

surface density versus time profiles. 
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Figure 78: Surface density of SAM film over time for complex 2 

The washing procedure had a major effect on film uniformity. Films that were not washed 

with solvent after immersion in the complex solution showed heterogeneity in the 101Ru 

signal, while the 197 Au signal remained relatively constant across the sample surface (Figure 

79). The heterogeneity of non-washed films was attributed to the aggregates of the 

complexes on the surface. This highlighted the importance of the washing procedure in 

obtaining uniform thin films for use as an IS for soft tissue analysis by LA-ICP-MS. Sonication 

of the films for 5 minutes in dichloromethane proved to be a more effect ive washing strategy 

t han rinsing the surface with the solvent. However, sonication for prolonged periods or at 

high settings, lead to flaking of the gold substrate which would limit the use of SAMs as an 

ISF. Reports in the iiterature indicate that forming the gold film on top of a pre··deposited Cr 

or Ti layer increases the binding of gold to the substrate [410). However, inclusion of a Cr or 

Ti metal layer may introduce spectral interferences and therefore hinder the detection of 

some ana lytes in the tissue sample. 
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Figure 79: Example of a non-uniform film that was not washed after immersion in SAM solution. Aggregation of 
the complex can be seen from the increase in the 101Ru signal intensity 
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Surface density was determined by SN-ICP-MS after digest ion of the molecular t hin films and 

the results are included in Table 37. Su rface density was dependent on the complex structure 

which affected ordering of t he molecules on the gold surface . Complex 1 had the greatest 

surface density, li ke ly due t o it s smaller si ze t han complexes 2 or 4 and the presence of two 

thiol head groups which may have promoted aggregat ion or the formation of multi -layers. 

The unbound axial thiol group of a surface bound 1 molecule may couple to other hyd rolysed 

molecules of 1 in the SAM solution via disulfide li nkages; forming multi-layers. The possible 

formation of aggregates and multi-layers in films of complex 1 was demonstrated by the 

lower surface density of films produced from complex 3 which was similar in size to complex 

1 but had only one thiol head group (the unbound axial ligand bore an unreactive tert-butyl 

group). This finding demonstrates the benefit of using ICP-MS to determine the entire surface 

density of molecular thin films as other techniques commonly used (STM) typical ly only give 

information within a limited area which may not be representative of the whole film . 

Complexes 2 and 4 were larger than 1 and 3 due to their peripheral tert-butyl groups. This 

was reflected in the lower surface density of films prepared from 2 and 4, compared to 1 and 

3. However, the surface density of 2 and 4 films was lower than expected, indicating that 

t hese complexes do not form closely packed films [380] . 

Table 37: Surface density and normalised Ru signal intensity of different Pc-Ru complexes used to form 
molecular thin films on gold 

Complex (n = 3) Surface density 1
101Ru/97Mo Intensity j une Scan Precision 

(molecules x 10
13 

cm
2

) I (% RSD) 
1 5. 73 ± 0.06 . 0. 706 ± 0.072 18 -· -- ----

18 ==l 2 0 .49 ± 0.02 0.358 ± 0 .026 
·--· -

3 

I 
1.71±0.01 0.148 ± 0.015 25 

14 
-------- ---

0.36 ± 0.11 0.0881 ± 0.0042 25 _J 

LA-!CP-MS was also used to analyse t he molecular thin films to asses uniformity and Ru signa l 

intensity. Each film was analysed after ablation of the NIST 612 glass CRM so that Ru signa ls 

could be directly compared between films after normalisation to 97Mo in the glass CRM. 

Normalisation should account for any signal drift during analysis. All ruthenium isotopes were 

monitored during ablation but the presence of palladium as an impurity in the gold resulted 

in an isobaric interference on 102Ru and 104Ru. Both the gas blank and ablation of a blank gold 

substrate yielded no significant counts (below 40 cps) for all other ruthenium isotopes. The 
101Ru isotope gave the best sensitivity without interferences. Gold was also monitored to 

account for any variances in laser ablation of the SAMs. 
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LA-ICP-MS proved to be a valuable tool in assessing the relative surface density and film 

uniformity between the different complexes as the Ru signal was directly proportional to the 

surface density (Table 37). Quantitative data could be collected with the use of suitable 

standards. In agreement with the surface densities determined by SN-ICP-MS, double headed 

complexes 1 and 2 had higher relative surface densities compared to their single thiol 

counterparts (3 and 4). Complexes with peripheral tert-butyl groups (2 and 4) also showed 

lower surface densities compared to their smaller molecule counterparts (1 and 3). Both of 

these observations were in agreement with the trends observed in the SN-ICP-MS results. 

Both SN and LA-ICP-MS also recorded higher surface density and intensity ratios for complex 

1 and lowest surface density and intensity ratio for films of complex 4. The difference in the 

overall trend observed between SN-ICP-MS and LA-ICP-MS may be attributed to differences 

in whole surface density (determined by SN-ICP-MS) and the coverage over single line scans 

(determined by LA-ICP-MS). Line scans were generally taken from cleaner areas of the thin 

films and therefore aggregation was not as well represented by LA-ICP-MS as it was in SN-ICP-

MS. 

Line scans across the molecular thin films gave information regarding the un iformity of the 

surface coverage. Li t tle difference in film uniformity was observed between the complexes, 

with line scan RSDs for the 101Ru isotope generally in the range of 15 - 26 %. Complexes w ith 

peripheral tert-butyl groups {3 and 4} tended to shovv higher % RSDs than thP smaller 

complexes (1 and 2). The poorer precision was likely a result of the lower sensitivity of Ru in 

these films due to lower surface densities. The lower abundant 96
' 

98Ru isotopes gave poorer 

line precision, also likely due to their lower sensitivity. 

Of the fou r complexes investigated, fi lms of complex 1 gave 101Ru signal int ensit ies sim ilar to 

that expected for analytes commonly investigated in soft biological tissues, and low line scan 

RSDs. However, the line scan RSDs for films of complex 1 were sti ll greater than the desired 

level (10 %). 

4.3.2.3 Thin Polymer Films 

The polymer films described in Chapter 3: were compared to the developed thin gold films 

and molecular thin films, regarding application as an ISF. The polymer films were hardier than 

the thin gold or SAM films, due to their greater thickness and better adhesion to the quartz 
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substrate. This was a major benefit as loss of film integrity during preparation and handling 

would be minimal. 

Line scans ablated on PMMA ISFs had precisions of< 10 % for 89Y and 101Ru IS elements. This 

was a superior degree of uniformity to the thin gold and molecular thin films. Polymer ISFs 

also allow for the customisation of IS concentration so that the signal intensity of the IS and 

analytes can be closely matched. This should further improve the effectiveness of 

normalisation [288]. Add itionally, multiple IS elements can be added to the polymer ISF with 

relative ease. 

Performance of the polymer ISF was assessed based on t he improvement in precision within 

a line scan compared to raw tissue. As can be seen from the results presented in Table 38, 

precision deteriorated with normalisation of the ana lyte signal from tissue to ISs 52Cr, 89Y or 
101Ru, whilst a slight improvement was observed when analytes were normalised to 13C. This 

agrees with the observation from the quantification of t issue standards with thin film 

standards (Section 3.3.3) that the standard deviation of analyte determinations was smaller 

without normalisation or with 13C normalisation compared to normalisation with 89Y or 101Ru . 

The poorer precision may be due to t he ISF being unable to effectively compensate for 

variation in the amount of tissue ablated during analysis or incomplete ablation of the 

underlying film introducing more signal variation. This is supported by the slight improvement 

in line scan precision when 13C is used as the IS as it would be expected to better compensate 

variation in ablated mass since it is present withi n the t issue. However, if the analyte signal 

does not change much within the line scan, the uncertainty added when taking t he ratio of 

the anaiyte and any IS (which also did not vary much within t he line scan} would result in 

larger errors from normal isation [393] . Feldmann et al. [114] reported greater peak tailing for 

elements normalised to 13C compared to raw data du ring spot ablation of tissue samples. 

Though peak tailing increased with normalisation, indicating differences in the transportation 

or vaporisation/ionisation between analytes and IS, precision between spots was improved 

with normal isation to 13C. 

~ 208 ~ 



Chapter 4: Factors Affecting Quantification with an Internal Standard 

Table 38: Line scan precision (%RDS) of raw and normalised analyte signal intensities from a tissue standard 
placed on top of a PMMA /SF 

Line Scan Precision (% RSD) 
IS 

Analyte Raw 13( s2Cr 89y 101Ru 
24Mg 30 30 39 43 44 
s6Fe 7.9 5.9 15 30 31 
s1Fe 25 22 31 38 39 
63Cu 33 31 42 42 
66zn 27 25 37 41 40 

The signal intensities of the 101 Ru and 52Cr were an order of magnitude greater than the 89Y 

signal intensity. The analyte signal intensities also differed markedly, covering 4 orders of 

magnitude. It was expected that analyte/15 pairs with similar signal intensities may show 

lower line scan % RSDs than those which differed by orders of magnitude. This supposition 

was not reflected in the data which showed little difference between the line scan % RSDs for 

the three alternate ISs. Therefore, the signal intensity of analyte and IS would not have to be 

closely matched to achieve more effective normal isation. 

In contrast to the results presented in Table 38, when non-uniformity is deliberately present 

in the t hin polymer film, normalisation t o an element ot her t han Be drastically improves line 

scan % RSD. Line scans were performed on a PAA ISF, perpendicular to a previously ablated 

line scan (100 µm wide} . This caused a va lley in the line scan when the laser traversed the 100 

~im channel absent of film (Figure 80). For example, the 63Cu signal had a % RSD of 34 % 

during ablation caused by the va lley. Normalisation of the 63Cu signal to 59Co, 89Y or 197 Au 

reduced the% RSD during ablation to 7.6 - 12 %, w hilst only a slight decrease in% RSD to 33 

%was obtained with normalisation to 13C. This high lights an important limitation of the Be IS; 

due t o its re latively high concent ration, small changes in mass ablated are not reflected in the 

Be signal but are observed in analyte signals. 
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Figure 80: Line scan uniformity of 13C (blue), 59Co (purple), 63Cu (red), 89Y (green) and 197 Au (orange) across pre-
ablated channel (a) and 63Cu signal (red) after normalisation to 13C (blue), 59Co (purple), 89Y (green) and 197 Au 

(orange) (b). 
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Despite the poorer line scan % RSD for normalised analytes in tissue using ISs in the polymer 

ISF, the precision of analyte determinations was improved when an IS was used for 

quantification. The results presented in Ta ble 39 represent the quantification precision (n = 3) 

of a homogenised tissue standard using thin film standards. For the analytes investigated, all 

showed an improvement in precision when normalisation was performed. In some cases 

(
24Mg, 44Ca, 66Zn), the reduction in quantification % RSDs compared to no IS was greater for 

13C normalisation than 52
' 

53Cr or 89Y normalisation, whilst in others (56
' 

57Fe, 88Sr) % RSDs were 

fairly even across all ISs. Other studies have shown that the IS that gives the most accurate 

results does not always give concurrent improvements in precision [391]. 

Table 39: Precision of analyte determinations in a tissue standard placed atop PMMA ISFs 
Precision of Determination (% RSD) (n = 3) 

Analyte (concentration µg g-1) 
Raw 13c s2Cr 

IS 
s3Cr 89y 

24Mg (354) 14 0.55 8.27 6.48 8.72 
44Ca (76.3) 10 2.2 11 9.7 11 
56Fe (129) 26 18 18 18 21 
57Fe (129) 29 20 20 20 23 
66Zn (17.9) 11 4.1 7.7 5.1 5.6 
88Sr (19.3) 20 12 9.9 10 16 

ISs present in the polymer ISF are capable of compensating for changes in mass ablated and 

transported to the ICP-MS in t he film only. Since the ISF is outside the tissue sample, ISF ISs 

cannot accurately compensate for changes in mass of tissue ablated. 

All approaches to employing an iSF involved laying the tissue sample atop the ISF. This 

approach precludes t he ana lysis of t issue samples prepared on substrates wh ich did not have 

t he ISF. An alternate ISF method where the ISF was placed atop the t issue sample would 

overcome this limitation. Polymer ISFs were investigated for this pu rpose. A PMMA ISF was 

removed from a quartz substrate by immersing the film in water overnight and then carefully 

peel ing the film from the substrate. The difficultly of this method lay in the transference of 

the film from the water surface to the tissue as the film was easily torn during this step and 

laying the film uniformly and flat across the tissue was not always possible. Additionally, as 

the film was wet, water was also transferred to the tissue which may damage the tissue as 

the film is dragged across the surface. 

IS signal intensities from PMMA films floated from a quartz substrate and laid on a new 

quartz substrate were compared against PMMA films spin coated onto quartz substrates. IS 
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signal intensities (52' 53Cr, 89Y, 101Ru) from the floated films were within one standard deviation 

of the unmodified films. Analyte signal intensities (24Mg, 56' 57Fe, 63Cu, 66Zn) were also 

monitored to determine if contamination from the float off process occurred. No increase 

above the background was observed for the analytes when the floated films were analysed . 

Therefore the procedure used to obtain a polymer film which could be placed atop a tissue 

sample does not affect the integrity of the polymer film. 

An IS PMMA film floated off a quartz slide was placed on top of a tissue standard that was 

quantified with a thin film calibration series by LA-ICP-MS. The tissue standard contained Fe 

(27.86 µg g-1), Zn (17.89 µg g-1
) and Sr (3.41 µg g-1) and the IS film contained Cr (2.89 µg g-1) 

and Y (2.57 µg g-1
) as IS elements. The typical border between qualitative and quantitative 

results is 30 % error [284]. The difference between the determined and known 

concentrations of 56Fe, 66Zn and 88Sr were less than 30 % with 52Cr, 89Y or no normalisation 

(Table 40). Therefore accurate quantification can be achieved if the IS film is placed on top of 

a tissue sample. 

Table 40: Difference in determined and known concentration in a tissue standard 

Quantification IS 
Difference in Concentration(%) 

s6Fe 66zn sssr 

No IS 13.28 29.32 10.63 
s2Cr 9.53 23.97 9.50 

-89y 28.77 14.53 19.67 ·--·--- ·-

Use of water soluble ISF substrates in place of PMMA ISFs introduced the risk of film damage 

from placing a tissue section on top of the films. Soft tissues have a high water content and 

after being sectioned frozen, were allowed to air dry before analysis by LA-ICP-MS. Water 

frozen in the tissue may dissolve the underlying PAA film, causing a migration of the IS which 

could lead to heterogeneity. To test this hypothesis, PAA films spiked with Cr, Co and Y ISs 

were analysed at the edge of a tissue standard and across holes in the tissue section to assess 

whether the IS signal varied between areas close to or within the tissue and areas far 

removed from possible interaction with water from the tissue. PMMA films with tissue atop 

were also analysed for comparison. 

PMMA films showed a decrease in 89Y and 101Ru signal intensity once the line scan reached 

the tissue edge (Figure 81a). The % RSD across the whole line scan was approximately 25 % 

for both IS elements. Increasing the laser power lead to ablation of the quartz substrate when 

only the film was ablated which reduced the precision of the line scan. The IS signal reduction 
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was not as noticeable in the PAA ISFs (Figure 81b). Across the whole line scan, two of the IS 

elements, 52Cr, and 89Y, varied by 9.8 and 17 % RSD, respectively. Variation of 59Co was much 

higher (91 %} due to the element being present in the tissue. As this was less than the whole 

line scan % RSD for the PMMA ISF, damage to the PAA film from water in the tissue section 

placed atop the ISF was considered negligible. Additionally, the 52Cr, 59Co and 89Y signal 

intensities from the PAA ISF were within one standard deviation of the respective signal 

intensities generated from ablating over a crack in the tissue section expected to have 

contained high levels of water. Therefore, defects introduced into the water soluble PAA ISFs 

by placing a frozen tissue section on top of the ISF was negligible and the use of water soluble 

films as underlying IS substrates is acceptable. 
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Figure 81 : IS and analyte signal intensity as a function of the distance transverse by the laser. The edge of the 
tissue is ablated at approximately 2.7 mm across the PMMA /SF (a) and 2.3 mm across the PAA /SF (b). 
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4 .4 Conclusions 

A number of factors that affect analyte signal and IS effectiveness in elemental bio-imaging 

applications were investigated. LA-ICP-MS parameters were varied beyond the scope of 

normal operating conditions used in elemental bio-imaging applications to determine 

response patterns of selected elements. From the response patterns, implications on IS 

selection were identified and some general guidelines for IS selection were generated . In 

agreement with the literature, a close match in mass tended to be the dominant factor 

influencing IS effectiveness. The closed ablation cell design (standard cell) showed greater 

signal instability across cell sampling locations than the two-volume cell design (LFC) and also 

showed non-l inear signal response to increasing ablation vo lume. Therefore, IS selection is 

particularly important for elemental bio-imaging applications performed with the closed cell 

design. The common practice of using 13
( as an IS for LA-ICP-MS elemental bio-imaging 

applications is effective at compensating for changing conditions expected to occur. 

However, the use of an IS close in mass to the analyte provided more effective norma lisation . 

A thin fi lm of gold applied to glass substrates was investigated for use as an ISF for elemental 

bio-imaging applications. The delicate nature of the films, long washout times for the 197 Au 

signal, and poor line scan precision made t he fi lms unsuitable as ISFs. Some of these 

!imitations may be overcome by using a different metal for film deposition. However, thin 

films of any metal are likely to be easily damaged during handling. More robust fil ms may be 

prepared by binding the Au to the substrate su rface [422, 423). 

The molecular th in fi lms were more robust than the t hin gold films and showed improvement 

in line scan % RSDs. However, washing of the films by sonication was required to improve 

uniformity and th is lead to flaking of the gold layer and hence damage to the molecular thin 

films. Additionally, the line scan RSDs were often still high. The molecular thin films were 

considered inappropriate as ISFs for elementa l bio-imaging. 

Though the molecular thin films were unsuitable as ISFs, the use of LA-ICP-MS to analyse 

SAMs on a macroscopic level was demonstrated. ICP-MS has previously been used t o 

determine monolayer and thin film surface coverage [321, 424, 425] after dissolving the film 

in a suitable medium but LA-ICP-MS had not been used to analyse SAMs prior to work 

presented here. For this application, LA-ICP-MS offers the advantages of direct solid analysis 
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(which reduces the risk of contamination or sample loss that may occur during dissolution 

procedures and reduces sample preparation time), and the capability of analysing larger 

sample areas and macroscopic features. 

Thin polymer films offered the best strategy for incorporation of an alternative IS for 

elemental bio-imaging. IS standards could be added over a wide concentration range to 

match analyte concentration in the sample, showed good uniformity with acceptable line 

scan precision and were sufficiently robust. Normalisation of tissue analytes to an IS in the 

polymer film lead to deterioration of the line scan precision. This may have been due to the 

film ineffectively compensating for changes in the mass ablated or incomplete ablation of the 

underlying film . Ineffective compensation for mass ablated is a limitation to the approach of 

including an IS that is actually outside the sample. Although sample and film are ablated 

together, and therefore variation in mass transport and ICP-MS conditions can be 

compensated; variation in sample thickness or density cannot be compensated for. However, 

normalisation to an IS in the film (or 13C) did improve precision of quantification and 

therefore the use of polymer ISFs is beneficial. Additionally, the polymer ISFs allow for the 

inclusion of multiple ISs which enable the user to take advantage of the general guidelines 

identified for the selection of an IS. 
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Crystal Imaging in Cartilage with 

Quantification 

5.1 Introduction 

Initial imaging experiments demonstrated the potential of LA-ICP-MS for CaP crystal 

detection and to identify and investigate relationships between elements associated with CaP 

crystals. However, the localised areas of high Ca and P observed in cartilage and SF samples 

could not be confirmed as CaP crystal deposits as only relative intensities were measured. To 

further improve the technique, crystal confirmation by an already well established technique 

and the use of standards to convert scales to concentration data was required. This was 

achieved through the use of light microscopy (LM) and staining with Aliza ri n Red S (ARS} to 

confirm crysta l presence and t he quantification procedure developed in Chapter 3: . 

Additionally, cartilage samples sectioned to give a depth profile were analysed by LA-ICP-MS 

to observe element dist ribution as a function of tissue depth. 

5.1.1 Depth Analysis 

Hyaline articular cartilage covers the ends of articulating bones, with a thickness of up to 5 

mm. It is glass like in appearance with low friction and a high capacity to bear load. Hyaline 

cartilage is essentially a fibre reinforced gel, where the gel is formed by macromolecules and 

the fibres are collagen [207]. Cartilage can be generally divided into several zones which 

differ bot h in composit ion and arrangement of its compositions, which give each zone 

different mechanical characteristics (Figure 82) [205, 426]. The superficial or tangential zone 

makes up approximately 10 - 20 % of the t issue and has t he highest col lagen and lowest 

macromolecule content. The collagen fibres are orientated parallel to t he bone and 

chondrocytes are flattened and disc-shaped . This layer is also the first to display changes in 

OA. The transitional layer is composed almost enti rely of macromolecules and includes some 

spherical chondrocytes. This layer is involved in the transition between the shearing forces 

imposed on the surface layer and the compression forces imposed on the deeper cartilage 

layers. The largest layer, known as the radial layer, consists of collagen fibres mostly 

structured perpendicular to t he bone, and chondrocytes. This layer distributes the load and 

resists compression and is lower in macromolecule and cell density than the above layer. 
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Cells in the radial layer often group together in columnar organisation [205]. The deepest 

cartilage layer, adjoining the bone, is calcified to a varying degree [207]. Generally, cell 

density decreases towards the bone and cell shape changes from disc-like to more spherical. 

The cartilage surface is covered by a very thin (100s of nm - a few µm) layer known as the 

lamina splendens [205]. This layer is rich in protein, acellular and non-fibrous. The precise 

role of the lamina splendens is not yet known but is of great interest to researchers. 
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Figure 82: Histological stain and depiction of the zones in hyaline cartilage. Compositional and orientation 
changes are illustrated by macromolecule and collagen content (left)~ and fibre (middle) and cell (right) content 
and orientation. Adapted from Athanasiou (2010) [205} 

There is a paucity of information regarding the trace element content of cartilage. A change 

in trace element content with age has been observed in rib carti lage [427], trachea [428], and 

tendons and ligaments [429]. There is very little information available regarding any trace 

element changes throughout the depth of the cartilage. Calcium concentrations in cartilage 

have been reported to vary with depth (29]. Trace elements may play a ro le in cart ilage repai r 

or degeneration. Therefore information regarding trace element distribution in cartilage may 

aid in understanding the role of trace elements in these processes. 

5.1.2 Aims and Objectives 

The aim of th is chapter was to util ise the thin film quantification procedure developed in 

Chapter 3: for cartilage imaging to further improve the LA-ICP-MS imaging technique for 

crystal detection . Element distributions in relation to cartilage depth were also investigated . 
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5.2 Experimental 

5.2.1 Tissue Preparation 

Cartilage samples were received from the Institute of Health and Biomedical Innovation at 

QUT. Collection, storage and analysis of cartilage samples were performed in compliance with 

the relevant laws and institutional guidelines of UTS. The study was approved by the ethics 

committee of the UTS. 

Cartilage sections were obtained after knee arthroplasty. The cartilage was removed from the 

bone using a scalpel and stored frozen until sectioning. Samples were fixed in formalin over 

severa l days and then dehydrated in ethanol and xylene before paraffin infiltration. Calcium 

crystals w il l not dissolve in formalin but can be lost if t issue is decalcified [31] .The samples 

were sectioned at 6 µm with a microtome and mounted on glass microscope sl ides. Since 

samples were received on slides and they could not be prepared on the developed ISFs. 

5.2.2 Alizarin Red S Staining 

$ectioned cartilage samples were stained for calcium using the Alizarin Red S (ARS} staining 

technique. A control tissue section was also stained for quality control. A 2 % aqueous 

solution of Alizarin Red S (Gurr Certistain, BDH Lab Supplies, England) was prepared and the 

pH adjusted to 4.2 with 10 % ammonium hydroxide. Slides were immersed in the ARS for 

approximately 5 min and dried with blotting paper before the sections were dehydrated by 

immersion in acetone fo r 30 s, a 1:1 mixture of acetone and xylene fo r 15 s and final ly xylene 

fo r 30 s. Coverslips were then placed on top of the slides for observation and photography by 

LM . Samples were stored at room temperature in a slide box until analysis by LA-ICP-MS. 

5.2.3 LA-ICP-MS Imaging Conditions 

LA-ICP-MS cond itions used were the same as for the init ial imaging experiments and are 

listed in Table 13. The instrument was tuned before each experiment in regards to the signal 

intensity of 31P, 4°Ca and 44Ca, whilst maintaining low levels of noise (m/z 220) and low rates 

of oxide formation (< 0.3 % 248Th0+/232Th+). Samples were analysed by line scans. The data 

~ 218 ~ 



Chapter 5: Crystal Imaging in Cartilage with Quantification 

collected from LA-ICP-MS analysis was processed using the ISIDAS vl.7 software package and 

the images were produced by Mayavi. 

Table 41: Typical LA-ICP-MS parameters used for elemental bio-imaging of cartilage samples 
ICP-MS Agilent Technologies Laser Ablation New Wave 

7500cs UP213 
Rf power 1350W Wavelength 213 nm 
Carrier gas (Ar) 1.25 L min-1 Repetition freq uency 20 Hz 
Plasma gas flow 15 L min-1 Laser power density 0.1- 0.2 J cm-2 

Sampling depth 4.0mm Laser beam diameter 25-65 µm 
Dwell time 0.1 s (0.2 s 31P, 43Ca) Scan speed 15 µm s-1 

·-
Scan mode Peak hopping Distance between lines 16 - 55 µm 
Reaction gas flow 3.0 ml min-1 (H2) 

KEO +2V 

5.2.4 Standards 

Thin PMMA film standards were prepared according to the method described in Chapter 3:. 

Standards were spiked with Mg, P, Ca, Fe, Zn and Sr. The concentrations for each element in 

the calibration series is listed below in Table 42. Standards were analysed under the same 

conditions as the cartilage sample. Six line scans were analysed on each standard and the 

signal intensity average was used for calibration. As the samples were prepared on glass 

microscope slides, an IS in the films was not used. 

Table 42: Element concentrations in PMMA standards r·-------· Concentr~on (µg gj_ ________ ---~-~ Standard 
Mg p Ca Fe Zn Sr 

Blank 0.00 0.00 0.00 0.00 0.00 0.00 ·------
A 59.3 56.8 57.1 23.2 10.6 12.3 ----- -· 
B 114 116 111 56.9 28.2 28.5 

-· c 171 167 170 34.6 112 45.4 
·-

D 228 231 222 113 56.3 56.8 ·-
E 28.0 916 457 167 5.75 5.81 

A schematic representation of the work flow used in this chapter is included in Figure 83. 
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Figure 83: Work flow of final analysis of cartilage samples. Step 1 involved the preparation of thin film standards by spin coating; Step 2 represents the preparation of samples with the 
removal of cartilage from the bone, sectioning and finally staining with Alizarin RedS; Step 3 represents the analysis of sa m pies and standards by LA-ICP-MS and Step 4 shows the 

conversion of line scan data into images with a scale added after calibration plots were constructed from the thin film standards. 
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5.3 Results and Discussion 

5.3.1 Crystal Imaging 

Samples which gave a posit ive result with ARS stain ing (Figure 84) were analysed by LA-ICP-

MS and the images compared. Crystals had not been previously confirmed in the samples. 

Access to a trained analyst to st udy the ARS stained sections was not obt ained. Therefore the 

positive results observed with ARS sta ining did not confirm the presence of BCP or CPPD 

crystals. However, stained particular matter was ind icative of Ca and therefore val idat ion of 

the LA-ICP-MS method was made by the corre lation of high Ca signa l intensit ies in 

corresponding areas of t he ARS and LA-ICP-MS images. 

Figure 84: ARS stained cartilage section 

Calcium maps of cartilage sections correlated well with the ARS LM image. The agreement 

between ARS and LA-ICP-MS images could be improved by choosing a scale so that ARS 

stained areas appeared red in the LA-ICP-MS image; a sharp contrast to the Ca present 

throughou the cartilage section. Through correct selection of the scale, no false negatives 

were recorded for the Ca LA-ICP-MS images. However, there is a strong risk of false positives 

for the Ca maps if the scale is not correctly assigned. Two exam ples of the strong corre lation 

between ARS and Ca images are presented below in Figure 85 and Figure 86. Other element al 

maps were included to observe rela tionships between elements. 
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Concentration 
(µg g-1) 
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Figure 85: Quantified elemental maps and ARS LM image of cartilage section. Laser parameters: 25 µm spot 
size, 25 Jlm s-1 scan speed. 

A series of PMMA standards spiked with Mg, P, Ca, Fe, Zn and Sr were prepa red and used to 

provide indicative concentration values. Quantification was not strictly necessary for this 

appl ication as the imaging of CaP crystal deposits was the aim and therefore crystal presence 

and number is the main concern. The concentration of Ca or P w ithin crystal deposit s would 

be ma rkedly higher than the concentrat ion of t hese element s in t he surrounding tissue. 

Therefore this project sought to detect CaP crystal deposits based on the higher signal 

intensities from these elements in the crystal deposits. However, the difference in signal 

intensity between background Ca and P within the tissue and any CaP crystal deposits would 

have to be determined in order to avoid false positives caused by a narrow scale range. 

Therefore standards were used to calculate indicative concentration values for the elemental 

maps. 

The ca libration range for Mg, Fe, Zn and Sr covered the concent rat ions found in all samples. 

For Ca, some cartilage sections contained Ca at levels outside the calibration range 

represented in the PMMA standards. However, it seems impractical and unwarranted to 

prepare standards over the concentration range indicated for crystals. The Ca concentration 

ra nge used in this study was appropriate to differentiate between t he Ca present within the 

tissue (within the concentration range) and CaP crystal deposits (outside the concentration 

range). 
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Calibration plots of all elements were linear over the range studied (R2 > 0.99 except for P R2 

< 0.95). Difficulty in quantifying P was due to its high first FIP (10.49 eV), resulting in about 33 

% of P being ionised in a sample, and high background at m/z 31 (14N160H+, 15N16Q+). 

Quantification of P has been achieved by using oxygen as a reaction gas in other studies [244, 

263]. The reaction gas isolates the 31P signal from the background by reacting with p+ to form 

PO+ which can be monitored at 47 m/z, a mass relatively free from abundant interferences. 

This method of interference removal was not investigated in this study due to the added 

complexity of analysing the mass spectrum for oxides and the possibility of increasing the 
24Mg160 + interference on 4°Ca. 

Concentration 
{µg g-1) 

Concentration 
(µg g-1) 

Concentration 
(mgg-1) 

> 170 > 12.7 

0 0 
> 2.5 > 1930 

2.0mm 

0 

Figure 86: Elemental maps and ARS LM image of cartilage section. Laser parameters: 40 µm spot size, 40 µm s-1 

scan speed. 

There is a high risk of false positives if the colour scale is not chosen correctly. This is 

demonstrated by another cartilage sample presented in Figure 87. As can be seen in the ARS 

image, the morphology of particles within the largest stained area in the section does not 

appear to indicate CaP crystal deposits. This was confirmed by the absence of a higher 31P 

signal intensity in this area. The ARS image does correlate with a higher concentration of 44Ca 

as well as higher 56Fe and 88Sr concentrations. The scale for the 4°Ca image can be reduced 

(max 0.66 mg g-1) such that more localised areas of higher Ca concentration could be 

identified. The use of standards however ensures that these areas would not be identified as 

crystals as the Ca concentration is much lower than that observed for other samples. If the 

scale was modified to reflect the Ca concentration previously observed in the samples above 

(2.5 mg g-1), only the major stained area is highlighted in the new image. Even with 
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quantification this area may be incorrectly identified as being indicative of CaP crystals. 

However, the absence of correlation with 31P should prevent this false identification. 

Concentration Concentrat ion 
(mgg-1) (µg g-1) 

High > 2.5 
Intensity 

Low 
Intensity 0 

31p >0.66 

4D(a 

44Ca 0 

Figure 87: Localised regions of high Ca unrelated in CaP deposits. Laser parameters: 25 µm spot size, 25 µm s·1 

scan speed. 

A larger study of confirmed CaP crystal deposits with standards may lead to the identification 

of a robust cut off concentration value which could be used to reduce the number of false 

positives. Additionally, the correlation of certain elements would reduce false positives 

further. As can be seen in Figure 87, the higher Ca concentration also identified by ARS 

staining did not correlate with a higher P signal intensity in the same area. However, the 

correlation of higher signal intensities of these elements in localised areas is not definitive of 

CaP crystal deposits. 

Due to the focus on 30 image construction when developed, ISIDAS was a less powerful 

image post-processing tool than ENVI for this application. Through ENVI, a single image 

illustrating the correlation of up to three elements cou ld be produced. This was achieved by 

assigning three elements a primary colour (red, green or blue (RGB)) and superimposing the 

elemental images to give a RGB composite image where the colours become mixed if one or 

more element is present in a pixel (Figure 87 and Figure 88) . The RGB image may be used to 

more accurately identify co-localised regions of element distributions and thus reduce false 

positives. An example of a RGB image was included in Figure 88. ISIDAS offered one 

~ 224 ~ 

> 113 

0 

>8 .2 

0 

> 3.2 

0 



Chapter 5: Crystal Imaging in Cartilage with Quantification 

important advantage over ENVI: greater contro l over the sca le used to depict signal intensity 

in the images. 

44Ca sssr 31p 31 p 44Ca assr 

Figure 88: 44Ca map overlaid on ARS LM image and RGB composite images showing element correlation. Laser 
parameters: 25 µm spot size, 25 µm s-1 scan speed. 

5.3.2 Depth Profiles 

Cartilage sections cut perpendicular to the bone were prepared for elemental bio-imaging by 

LA-ICP-MS to provide an elemental depth profile. The cellular distribution can be clearly seen 

in the LM image (Figure 89). Cell density decreases towards the bone surface. High resolution 

images were able to resolve individual chondrocytes, illustrating the potential of this 

technique for single cell imaging (Figure 90). 

Synovial 
cavity 

Bone 

Figure 89: Light microscope image of cartilage section cut perpendicular to bone 

Preliminary images indicated higher concentrations of trace elements (Mg, P, Ca, Fe, Cu, Zn 

and Sr} in the superficial zone with some elements also increasing in concentration in the 

deep cartilage zone (Mg, Ca and Sr). This may be due to calcification of the cartilage in the 

deep zone [207]. Other elements (P, Fe and Zn) showed a decrease deeper through the 

cartilage. The decrease of P from the transitiona l to radial zones agrees with the knowledge 
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of decreasing cellular and macromolecule distribution [207]. The higher P signal intensity in 

the superficial zone could be due to the high cellular content or high protein content of the 

lamina splendens [205]. Rb showed a different distribution pattern with a lower signal 

intensity observed in the superficial zone and relatively constant signal intensity throughout 

the rest of the cartilage. Cu also showed relatively constant signal intensity throughout the 

cartilage with a higher signal intensity observed in the superficial zone. An RGB composite 

image was included in Figure 90 to directly show the relationship between 31P (red), 44Ca 

(green) and 66Zn (blue). The superficial zone appears white due to all elements being present 

at a high intensity. The different distributions of 44Ca and 66Zn can also be clearly seen from 

the predominance of green (44Ca) in the deeper zones and blue (66Zn) in the transitional zone. 
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31p 

44Ca 
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Figure 90: High resolution image of element distribution in cartilage with depth. Pixel size is approximately 25 x 
23 µm. Laser parameters: 25 µm spot size1 25 µm s·1 scan speed. 

To determine if the signal intensity gradients observed in the cartilage depth sections were 

significant, a series (n = 5 for all elements but P, where n = 3) of thin PMMA film standards 

were prepared according to the method outlined in Section 3.2.1.1. Standards were prepared 

with 0 - 70 µg g·1 Mg, 0 - 275 µg g·1 P, 0 - 140 µg g·1 Ca, 0 - 50 µg g·1 Fe and 0 - 17 µg g·1 Zn 

and Sr. The quantification standards were linear (R2 > 0.98) over the different ranges for each 

element. A number of cartilage depth sections were analysed with the standards and showed 

similar concentration ranges and element distributions. An example of a quantified cartilage 

depth section is included below in Figure 91. The upper concentration limit of the Ca and P 

calibration curves was below the minimum red concentration calculated in the cartilage 
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sections. Due to extrapolation of the calibration curves the upper limit on the scales provided 

with the Ca and P images should be interpreted with caution. However, the wide 

concentration ranges depicted in the image show that there is a significant change in Ca and 

P concentration with depth and warrants further investigation. Elemental maps of Mg, P, Ca, 

Fe and Sr showed similar distribution patterns w ith the highest concentrations observed in 

the superficial zone. Element concentrations were lowest in the centre of the cartilage. There 

also appeared to be a small increase in concentration at the deepest layer of cartilage, 

possibly due to calcification in this area . 
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Figure 91: Depth distribution maps of articular cartilage, acquired with a laser spot size of 40 µm and scan speed 
of 40 µm s-1

• Cartilage is orientated with bone (B) on the left and synovial cavity {S) on the right. A light 
microscopy image of the section was also included (bottom right). Laser parameters: 40 µm spot size, 4011m s-1 

scan speed. 

The depth distribution maps illustrate trace element content in cartilage related to depth. 

The quantified sample shows that the difference in concentration of Ca and P between the 

superficial and transitional zones is significant. A larger study of cartilage sections from 

different sources would be required to prove if the results presented here were 

representative of all adult cartilage. Additionally, cartilage from healthy joints should be 

analysed to see if there are differences in trace element concentration or distribution 

between healthy and diseased cartilage. These results may aid in understanding trace 

element transport between the synovial cavity and bone and thus may provide valuable 

information to drug delivery design or bioengineering of synthetic cartilage for joint repair. 
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5.4 Conclusions 

Maps of Ca distribution correlated with LM images of ARS stained sections. However, 

agreement between images was largely dependent on selection of the colour scale 

maximum. There is a strong risk of false positives for the detection of CaP crystals if the LA-

ICP-MS image scale is not appropriately defined. The use of standards for crystal detection in 

cartilage is strongly recommended. The use of standards and co-localisation of other crystal-

associated elements should reduce the risk of false positives. 

Element depth profiles were also analysed in cartilage sections. All the elements investigated 

showed significantly higher concentrations in the superficial zone and lowest concentrations 

in the transitional zone. The elements Mg, P, Ca and Sr also showed an increase in 

concentration in the deepest cartilage region, possibly due to calcification. Elemental bio-

imaging by LA-ICP-MS may be used to monitor drug delivery to and distribution within the 

cartilage with metal labelling or provide valuable information on element distributions in 

relation to bioengineering of synthetic cartilage. 
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Chapter 6: Conclusions and 

Recommendations 

6.1 Conclusions 

LA-ICP-MS proved to be a useful technique for the detection of CaP crystals and other 

elements associated with the crystals in human knee cartilage and SF. Determination of Ca 

was a challenge due to the significant interference of 40Ar+ on the main Ca isotope (4°Ca, 97 

%). The second major isotope, 44Ca (2.1 %), was also affected by interferences (mainly 
12C160 2). These isotopes had background signals that hindered the detection of Ca or washed 

out images due to insufficient contrast from poor S/B. To improve the contrast, and therefore 

aid in the detection of crystals, an improvement in the S/B ratio was sought. Two methods 

were investigated for this purpose; the cool plasma technique and the col lision/reaction cell 

(CRC). CRC proved to be a superior method with better S/B ratios, lower detection limits and 

more accurate isotope ratios achieved compared to cool plasma conditions. 

A co rre lation in element distribut ions of Ca and Sr was observed in the cartilage and SF 

images. The correlation between the elements may have been the result of mutual isobaric 

interferences (e .g. {44Ca/ on 88Sr+) and not representative of the true distribution of these 

elements. To investigate this claim, PMMA films spiked with a range of Ca and Sr 

concentrations were analysed . The contribution of Ca-based interferences on Sr isotopes was 

small or nil but the CRC did not remove t hese interferences completely. Sr-based 

inte rferences contributed to the 43Ca signal but had on!y a negligible effect on the 4°Ca signal. 

Since the Ca concentration in the samples and in any CaP crystals is much higher than the Sr 

concentration, unauthentic Sr or Ca detection due to Ca or Sr-based interferences was 

unlikely. Therefore the correlation between Ca and Sr distributions was genuine. 

Cartilage and SF element maps showed localised areas of high Ca, P, Mg and Sr signal 

intensities. The data suggested that these areas represented crystal deposits. Multielement 

detection provided information on the type of crystals present (whitlockite crystals in the 

case of Mg) or information regarding the inorganic composition present during crystal 

formation and/or propagation. In cartilage samples, the Ca LA-ICP-MS distribution maps 

agreed with light microscopy images of ARS stained sections. However, agreement was 
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dependent on correct definition of the Ca scale maximum; t here was a risk of false positives if 

t he scale maximum was set too low due to localisation of Ca throughout the cartilage t issue. 

Correct select ion of the scale was achieved t hrough the use of standards and the risk of false 

positives further reduced by mu ltie lement analysis used to verify co- loca lisation of crysta l 

associated elements. 

SF samples spiked with CaP powders demonstrated the ability of LA-ICP-MS to differentiate 

and/or identify crystals based on their Ca/P ratio. Interpretation of results could be simplified 

with imaging software designed to highlight areas with Ca/P ratios corresponding to 

standards of interest. X-ray mapping (XRM) proved to be another useful tool for the detection 

and identification of CaP powders based on their Ca/P ratio. XRM offered higher resolution 

and powerful post-processing software for images compared to LA-ICP-MS but LA-ICP-MS 

offered better detection limits for trace elements and detected elements missed by XRM . In 

comparison to other techniques used in crysta l detect ion and identificat ion (discussed in 

Chapter 2), LA-ICP-MS and XRM both offer the highest degree of sensitivity (comparable to 

EM and AFM) and require minimal sample preparation but are relatively complex, time 

consuming and the equipment is unlikely to be available in clinical settings. Therefore the use 

of LM with staining w il l remain t he technique of choice for this application in clinical settings. 

However, in a research setting LA-ICP-MS and XRM can give t he user complementary 

information to techniques such as Raman and IR spectrometry which can provide organic as 

well as inorganic information . The use of multiple techniques is therefore required to give a 

full picture of the ro le of crystals in arthritis. 

A procedure for the quantification of soft tissue by LA-I CP-MS that was more reliab le, 

involved less sample preparation t ime and hand ling t han t he existing method was developed. 

The t hin fi lm standards were also more homogeneous than tissue standards which simplified 

data analysis. The accuracy of the new procedure was demonstrated by t he accurate 

quantification of Cu and Zn in two homogenised tissue samples previously quantified by SN-

ICP-MS after digestion. The thin polymer films provided adequate matrix-matching to 

biological soft tissues. The potential for quantification by IDMS was demonstrated by spiking 

a thin polymer film with an enriched isotope standard solution and natural standard solution. 

This method would be of great benefit as samples could be quantified without the need of a 

calibration series as standard and sample are analysed together. Application of IDMS with the 

thin polymer films to soft tissue quantification requires modification of the IDMS equation or 

determination of the mass ablated during ana lysis. 
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The thin polymer films were also used to incorporate an IS alternative to 13C by placing the 

soft tissue sample on top of a spin coated substrate or applying the film to the tissue surface. 

These films offered the benefit of IS selection, the inclusion of multiple ISs and addition of the 

IS at a known concentration. However, the method could not compensate for variations in 

mass of tissue ablated since the IS was effectively external to the sample. Improvement in the 

precision of quantification was observed when an IS from the underlying film was used. 

Guidelines for the selection of a suitable IS for analytes investigated by elemental bio-imaging 

were developed. A close match in mass was a dominate factor in IS effectiveness. IS selection 

was particularly important for imaging studies using the closed cell design due to signal 

instability across sampling locations that varied between elements. The use of 13C as an IS 

was found to be acceptable but an alternative IS close in mass to the analyte was preferable. 

6.2 Recommendations 

The elemental bio-imaging data acqu ired from cartilage and SF samples encourages further 

studies to both improve and validate t he technique. Analys is of samples wit h known crysta l 

presence and identity confirmed by an established technique (such as PLM) would help 

determine the limitations of the technique wit h regard to detection limit s, fa lse positives and 

false negatives. Further studies with crystal standards can assess the ability of the technique 

to correctly identify crystal types. Additionally .. a tudy with a large sample size could help 

establish a reliable cut-·off value for the scale on Ca maps to improve the accuracy of crystal 

detection. 

Complementary analysis of samples with other imaging techniques that give information on 

the organic composition (MALDI or FTIR) may provide further insights in t he role of elements 

and prote ins in crysta l formation and persistence. Several organic components, with 

inh ibitory or promotive funct ions, have been associated with crystal formation in calcified 

tissues [276] . Calcium binding proteins are increased in the extracellular matrix of CPPD-

diseased cartilage [25]. 

The preparation procedures for soft tissue samples may alter the distribution or 

concentration of elements. Prolonged storage in formalin (a tissue fixative) can lead to the 

loss of weakly bound or free ions [14]. Flash freezing may be a more reliable sample 

preparation method than fixing or embedding the tissue. CaP crystals should remain insoluble 
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during the sample preparation procedures used in this study. However other elements may 

diffuse to different areas of the tissue leading to false distribution maps. A comparison of 

different sample preparation procedures is recommended to assess the impact of sample 

preparation procedures on element distribution and concentration as well as crystal survival. 

The development of imaging software purpose built for elemental bio-imaging applications is 

recommended to simplify the interpretation of results and the extraction of relevant data 

from images. lolite and ISIDAS are two examples of software packages designed for such 

applications but more features are required for useful post-processing of images. Features 

such as user definition of scale intervals, selective highlighting of concentration ranges or 

element ratio values and extraction of ROI data would simplify image interpretation by 

highlighting information of importance to the application. In this case, Ca/P ratios indicative 

of CPPD or BCP crystals could be highlighted on an image to improve and automate crystal 

detection and identification. 

A number of water soluble polymers in an aqueous media are available commercially as 

glues. These glues present a convenient source of stock polymer solutions that could be 

spiked with analytes before spin coating. Unfortunately, many polymer solut ions are 

contaminated w ith elements of interest at levels which would prevent low level calibration 

standards from being produced. A trial of different glues is recommended to improve the 

developed water soluble spin coating technique in regards to reducing preparation time and 

sample handling, and to select a glue with little contamination. 

External calibration with PM MA or PAA films may be improved by t he production of th icker 

films t hat match the t hickness of the ti ssue sample. Films up to 100 µm th ick can be prepared 

from multi-step spin coating methods [354]. Vladimirsky et al. [381] reported two techniques 

fo r fabricat ing th ick PMMA films in the range of 60 - 80 µm or 5 - 1500 µm thickness: a 

modified multiple spin coating method and bonding of a solid PMMA sheet to a substrate. 

The latter method involved spin coating a relatively thin PMMA film on a substrate (< 2 µm) 

and then solvent-bonding sheets of plexiglass (PMMA) onto the film using an optimal amount 

of solvent and roller technique. Thicker films may also be produced by the screen printing 

method [430]. If thicker polymer films are to be used, an investigation of the ablation 

behaviour of the polymer film and tissue is recommended. Ablation behaviour of the polymer 

can be modified by adding organic or other modifiers for better matrix-matching [431]. 
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Another route of investigation for external calibration of soft tissues is the use of gels as 

external standards. Gels can be modified to match the water content and density of the 

tissue sample. Gels also offer the advantage of being treated like tissue; they can be frozen, 

fixed, embedded and sectioned following the procedure of the tissue sample. Cooled ablation 

cells would be required for analys is of frozen gels. A gelatine standard was prepared by 

Anderson et al. [432] by dispersing elements in a gelatine solution before it was allowed to 

gel. Gel standards have been used for quantification of soft tissues by SIMS analysis [297]. 

Gels used for diffusive gradient thin film analysis have also been analysed by LA-ICP-MS [433]. 

Much like the water soluble glues, it may be difficult to source gels free of analyte 

contamination. 

The ISF method showed potential for IDMS quantification of soft tissues. It is recommended 

that the technique be applied to the quantification of a tissue standard or appropriate CRM 

to assess the accuracy of this technique . However, before th is can be investigated, the IDMS 

equation needs to be modified to exclude the requirement of known sample mass or the 

elemental bio-imaging technique must be modified to allow the determination of mass 

ablated during analysis. Further improvements could be made by improving the quality of the 

wat er sol uble spin coated films or preparing isotopically enriched solutions miscible with 

xylene and chlorobenzene for incorporation in the PMMA films. This method could reduce 

analysis time by excluding the need to run calibration series or standard checks during long 

analyses as a standard is constantly sampled with the sample. 

Finally, development of the spin coating procedure for the reliable removal of an intact, dry 

polymer fi lm which can be appl ied to the t issue su rface would enable t he applicat ion of this 

technique to a variety of al ready prepared soft tissue samples. Alternatively, a different 

method fo r the production of a thin polymer film which could be easily removed from a 

substrate cou ld be investigated. One such approach could be the use of an adhesive tape . 

Cullander et al. [434] developed an adhesive tape with low metal contamination for use in 

sampling skin for the detection and quantification of metals. Commercial tapes generally 

have high metal contamination (> 1 ppm) . They acquired a nylon tape with low metal 

contamination and using a draw-down coater and small convection oven, applied a specified 

thickness of adhesive (24 µm). This same procedure could be used to spike the adhesive with 

ISs and the adhesive then placed on top of a tissue section. 
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