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

elemental bio-imaging technique that combines high sensitivity and spatial resolution of 

elements with quantification in two or three dimensions. LA-ICP-MS has recently been 

applied to detection and quantification of non-elemental analytes (eg. proteins) in tissue 

sections using immunohistochemical methods. This approach uses molecular probes 

such as antibodies, tagged with reporter elements such as the lanthanides which are not 

found naturally in biological samples. Analyses based on these methods is known as 

immuno-mass spectrometry imaging (iMSI) and has the potential for application to 

currently refractive research questions in cell and organ biology and new diagnostic 

platforms. 

The drawbacks of commonly used matrix-matched tissue standards were addressed by 

development of novel facile methods for the preparation of moulded gelatin standards. 

Surface roughness and robustness were compared against cryo-sectioned gelatin and 

homogenised brain tissue standards. The moulded standards had significantly higher 

accuracy, precision and reproducibility and were easier to prepare. Additionally, 

background metals in gelatin were removed using chelating resins to increase the 

dynamic calibration range and to improve limits of analysis. 

The resolution of LA-ICP-MS elemental bio-imaging is usually constrained by the 

diameter of the laser spot size and is often not adequate to explore in situ sub-cellular 

distributions of elements and proteins in biological tissue sections. Super-resolution 

reconstruction is a method used for many imaging modalities, combining multiple lower 

resolution images to create a higher resolution image. This thesis describes a super-

resolution reconstruction method for LA-ICP-MS imaging by ablating consecutive layers 

of a biological specimen with offset orthogonal scans. Layer-by-layer image 

reconstruction was extended to the third dimension without the requirement of image 

registration across multiple sections. Quantitative super-resolution reconstruction 

provided superior image clarity and fidelity in two- and three-dimensions. 
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These methods were applied to the development of  iMSI for both antibody and aptamer 

probes to quantify and localise dystrophin in muscle, and myelin basic protein in brain. 

Quantification of dystrophin is challenging by conventional methods and is central to 

development of Duchenne muscular dystrophy treatments. Samples were stained with a 

gadolinium labelled anti-dystrophin antibody and analysed by LA-ICP-MS. Normal 

mouse and normal human samples were found to have ~700 and ~300 parts per billion 

gadolinium respectively with under 20% relative standard deviation. The results 

improved on current methods and met FDA guidelines. The feasibility of using aptamers 

for iMSI was confirmed, which may enable analysis of challenging targets.  
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1. Literature Review 

1.1 Metals in biology 

Metals are a fundamental building block for life and are required to sustain the growth, 

development, and sustenance of all living organisms and ecosystems. Metals are 

distributed in a heterogeneous way across biological systems in both a spatial and 

temporal manner and are the root cause of various diseases and conditions. Both the 

form and the location of a metal dictates the effects it has in a biological entity [1]. The 

chemical composition of biological tissues is of great interest in biomedical research. 

Essential elements such as Cu, Zn and Fe play an important structural and functional 

role in proteins and enzymes. Knowledge on their chemical species, location, and 

concentration is the key for understanding their biological functions such as signalling, 

metabolism, and homeostasis in cells. Elucidating the important roles of metals in 

biological systems requires a multi-disciplinary approach at the interface of chemistry, 

biology and physics. 

1.1.1 Sources of metals 

Metals are usually heterogeneously distributed in tissues or cells and may be present free 

or bound to proteins, depending on their affinity and stability. Metals play important 

roles in the human body, maintaining cell structure and regulating gene expression, 

neurotransmission, and antioxidant response. There are major elements in high 

abundance which are responsible for vital bodily functions. Calcium and magnesium are 

used structurally in the synthesis of bone [2,3] and teeth [4], sodium and potassium 

contribute to isotonicity in various anatomical fluids [5], and cobalt is central to the 

essential cofactor, cobalamin (vitamin B12) [6].  

Metals also contribute to the function of the body through their interaction either with 

or within various proteins. An estimated 50% of proteins contain metals [7], thus 

monitoring their abundance within biological systems can act as a predictor of the state 

of various tissues or metabolic pathways. Metals known to be contained in these 

metalloproteins are as follows: vanadium, chromium, manganese, iron, cobalt, nickel, 
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copper, zinc, molybdenum, tungsten, silicon, selenium, and tin [8] which are involved in 

crucial functions and forms. Variability of these metalloproteins and by extension the 

reactive metals they contain may be indicative of disease states or abnormalities. This 

has been demonstrated in a mouse model where iron concentrations in specific areas of 

the brain serve as a risk predictor for Parkinsonian neurodegeneration [9].  

This imbalance of metals within the body may be caused by endogenous system 

malfunction or exogenous introduction of toxic species. An excessive metal 

accumulation in the nervous system may be toxic, inducing oxidative stress, disrupting 

mitochondrial function, and impairing the activity of numerous enzymes. Damage 

caused by metal accumulation may result in permanent injuries, including severe 

neurological disorders [10]. Metals are also purposefully introduced into the body to help 

with diagnostic scanning techniques where they are used as contrast agents, under the 

assumption they are safely evacuated by the body afterwards. Gadolinium-based 

contrast agents were found to be the cause of a rare syndrome called nephrogenic 

systemic fibrosis due to trace level accumulation of gadolinium in organs over the course 

of multiple treatments resulting in new guidelines for use [11]. Sometimes the 

introduction of exogenous metal is accidental from any manufactured good with 

contamination being an ever-increasing fear. Due to the various agents and chemicals 

used in manufacturing and everyday life the environment itself can be a source of metals 

which are inherently toxic when inhaled, ingested or when skin contact is made such as 

arsenic, lead and mercury [12]. The effect that metals levels have on human biology is 

vast and in need of deep analysis. 

1.1.2 Analysis of elements  

Metal ions are fundamental components of the chemistry of life. In fact, it is estimated 

that one third of proteins require a metal cofactor to perform their functions. The 

determination of chemical forms of elements is still an analytical challenge.  

The study of the metal species calls for a new generation of analytical tools (bioanalysis) 

that substitute the traditional atomic detectors based in the use of photons (atomic 

absorption spectrometry (AAS), inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES), atomic fluorescence spectroscopy(AFS)) by mass detectors 
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(mass spectrometry (MS) and inductively coupled plasma-mass spectrometry (ICP-MS)) 

that characterize ions [13]. 

1.1.3 Mass Spectrometry in bioanalysis  

Mass spectrometry (MS) is an analysis technique based on separating the ionised form 

of elements using the mass to charge ratio of given ions.. It is an extremely sensitive 

technique, highly versatile and whose are of application are experiencing enormous 

growth in recent years. The MS can provide very valuable information about the 

chemical compounds: the molecular mass, the global formula and, from the pattern of 

fragmentations, the molecular structure, as well as the elemental and isotopic 

composition in natural or labelled substances. Recent advances in technology have 

revolutionized the way in which biological systems are visualized and studied. Advances 

in Mass Spectrometry have allowed the analysis of cellular proteins and metabolites 

(proteomics and metabolomics respectively) on an unimaginable scale [14]. 

The term Metabolomics refers to the study, identification and systematic quantification 

of low molecular weight compounds in certain cells, tissues or biological fluids that are 

the product of metabolic reactions in living beings. One of its main objectives is to 

identify subtle changes in the metabolic profiles between biological systems in different 

physiological or pathological states. Proteomics focuses on the study of the set of proteins 

produced in a cell, tissue or organism, its location, structure, stability and interaction. In 

addition, we know that in order to properly characterize a biological system it is also 

necessary to approach the study of its metallic species. That is, the chemistry of the cell 

must be characterized not only by the genome and proteome, but also by the distribution 

of metals and metalloids between the different biomolecules. 

In recent years, there has been an increasing interest in the quantitative study of the 

elemental and molecular composition of biomolecules and their distribution in biological 

and environmental samples. Regarding the elemental composition, inorganic mass 

spectrometry and in particular ICP-MS is today the reference technique for establishing 

the elemental composition and distribution of species (speciation), especially to study 

the processes of metallic species (or with a heteroatom) in an organism or to evaluate 

the extent and impact derived from possible environmental contamination produced in 
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biological systems. With respect to the molecular composition of biological samples, 

organic or molecular mass spectrometry (MALDI and ESI-MS), using the soft ionization 

of biomolecules for the analysis of biopolymers, is currently one of the most powerful 

analysis tools (although the sensitivity of molecular mass spectrometry techniques is still 

insufficient in relation to the need to define biological processes at the cellular level). 

1.1.3.1 Elemental Mass Spectrometry 

The analysis of the total elemental content of a biological sample (e, g, fluids such as 

blood, serum, urine, a section of tissue, organ, etc.) can be performed in some cases 

directly or, generally, after mineralization to dissolve the metals and eliminate the 

organic matrix using sensitive and selective atomic techniques for the elemental 

determination at the trace level (Atomic Spectrometry techniques). 

Undoubtedly, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is today the 

most powerful and appropriate technique for this purpose. ICP-MS was introduced as an 

analytical technique by Houk et al. [15] in the early 1980s. Although the basic design 

has not changed, the important improvements in terms of detection limits, linear 

detection dynamic range and robustness have established the ICP-MS as one of the main 

techniques for the analysis of trace elements and ultra-trace in organic, inorganic and 

biological samples [16]. Thanks to its characteristics such as low detection limits, 

practically independent of the chemical form in which the elements are found and of the 

sample matrix; its capacity for multielement and multi-isotopic determination; and its 

high dynamic range, make it the elemental detection technique of choice for a multitude 

of studies [17]. 

1.1.3.2 Inductively coupled plasma mass spectrometry 

When classifying and quantifying elements, it is extremely important to minimise signal 

interferences and be able to compare acquired signals to a real quantity such as 

concentration. With ICP-MS, there are numerous constraints which will be covered in 

this thesis. 

The elemental sensing range of ICP-MS is between 7 to 250 amu (lithium to uranium) 

but only for elements with stable positive ions within that range [18]. Also, due to the 
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use of argon as a carrier gas in most systems there are numerous spectral intereferences 

with the mass analyser which can confound the signal [19]. There are various types of 

ICP-MS with differing methods of ion separation to maximise mass resolution, increase 

sensitivity and minimise interferences. The main varieties are single quadrapole, triple 

quadrapole, time of flight (TOF) and mulitcollector (MC). Single and triple quadrapole 

ICP-MS operate in a similar linear fashion where ions are cyclically manipulated using 

magnetic mulitpoles, filtering in an octopole first then focusing using a quadrapole, all 

after being ionised in the plasma. Triple quadrapole ICP-MS differs by having an 

additional quadrapole placed after the filtering octopole which allows for the reaction of 

gases with the ion stream to assist with the filtering of intereferences. MC and TOF 

analysers use trajectory arcs through a large magentic field to separate and detect ions 

of different mass to charge ratios. Where TOF analysers collect the full range of ions to 

detectors MC analysers position faraday cups at specific positions correlated to specific 

ions masses for detection[20].An ICP-MS quantifies elements by counting the number 

of signals of a given mass per time period. Particles are lost either via bonding with 

contaminants or condensation when they travel the distance between the laser ablation 

and the ICP-MS. An amount of time is required to register particles that flow through 

the system. This sampling time is a limitation for the quantification and accuracy. The 

sampling periods of different elemental masses are measured consecutively meaning that 

portions of sample are not all measured equally both relative to each other and the 

sample. To overcome these constraints a calibration standard is used [21].  

A calibration standard in the context of an ICP-MS is a material or element of known 

parameters that may be introduced either external or internal to the experimental 

sample. The calibration standard undergoes the same analytical regime as the 

experimental sample either combined with the sample (internal) or in parallel to the 

sample (external) and any limitations in the system affect both standard and sample. The 

final signal is then compared to an independent measurement of the concentration of 

the element of interest in the calibration standard and signal is corrected. The major 

advantage that makes this method suitable for research use in areas such as biomarker 

discovery and pharmaceuticals is that the quantification is absolute. This means that the 
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final concentrations are gauged to a benchmark outside the sample allowing for 

comparison of replicates and different samples without artefacts. 

A calibration standard requires several attributes for optimum performance. It must be 

homogenously dispersed, either externally or internally to the sample. The element or 

elements which comprise the calibration standard cannot interact or overlap with those 

under investigation; ideally being unique to the specimen. Finally the standard should 

not affect the condition of the material under investigation and, if possible, be simple to 

apply [22]. Due to this condition of minimum tampering of the sample to minimise 

previously published [23] loss of elements from processing steps external standards are 

preferable. External standards are calibration standards that are separate from or 

external to the experimental sample. There are numerous external standards, each 

developed for specific experimental conditions. 

It has been demonstrated that the ICP-MS is the most powerful detection technique for 

the analysis of trace and ultra-trace element comprising several advantages such as: high 

sensitivity, low mass interferences, great dynamic range and the capacity of the multi-

elemental and isotopic analysis. Precisely the easy coupling of ICP-MS to efficient 

separation techniques (such as high-resolution liquid chromatography (HPLC), gas 

chromatography (GC) and capillary electrophoresis (CE)) with ICP-MS has opened up 

possibilities the path for the use of "hyphenated" techniques capable of offering 

qualitative and quantitative elemental speciation with high sensitivity and selectivity. 

In addition to the analysis of aqueous solution elements (for example, after digestion of 

biological and environmental samples), ICP-MS analysis of biological and environmental 

samples "in-situ" is also possible using laser ablation (LA) combined with ICP-MS. This 

coupling allows the direct sampling of solids and provides analysis with high spatial 

resolution in the μm range, as we will see in following sections of this Thesis. 

1.1.4 Elemental bio-imaging techniques  

Nowadays, there is a wide variety of bioimaging techniques available for research in 

biology, pharmacology and clinical sciences, as well as for routine analysis. Frequently, 

"in vivo" and "ex vivo" studies using imaging methods are carried out in order to clarify 
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the mode of action and side effects of the drugs, to evaluate the toxicity of certain 

materials and / or to understand the development of diseases. 

Elemental bio-imaging (EBI) is a class of analytical techniques which gather both spatial 

and elemental data in biological specimens. They have high spatial resolution (10-

100μm) and elemental sensitivity (μg.g-1) [24] allowing localization of trace elements to 

structures within a tissue (Figure 1.1). 
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Figure 1.1: Bioimaging of four transition metals (Cu, Fe, Zn and Mn) in mouse brain by 
LA-ICP-QMS imaging, scale bar 2mm. [24]. 

In recent years the direct quantitative analysis (with a minimum sample preparation) of 

the elemental spatial distribution in a solid sample, such as a thin section of biological 

tissue, using elemental microanalytical imaging techniques has been addressed. This 

possibility is interesting, given that it provides detailed and highly reliable information 

on the precise and quantitative location of metals in biological tissues and opens the door 

to the selection of regions and samples of interest for subsequent metallomic studies 
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focused on the identification of metal-biomolecule complexes. Based on its physical 

foundation (with different spatial resolution and sensitivity), the most commonly used 

elemental bioimaging techniques are X-ray fluorescence (XRF), secondary ion mass 

spectrometry (SIMS), laser-induced breakdown spectroscopy (LIBS) and laser ablation 

(LA) coupled to an ICP-MS (LA-ICP-MS). 

The resolution, elemental sensitivity and experimental requirements for the different 

techniques restrict their use to suitable types of samples. X-ray fluorescence (XRF) has 

high spatial resolution (~100nm) but it is limited by strong matrix effects which interfere 

with sample quantification [25,26]. Sample preparation is also cumbersome requiring 

cryogenesis before the sample is mounted on a substrate [27]. These combinations of 

issues restrict the elemental sensitivity of XRM to 100-1000 µg/g. SIMS has greater 

spatial resolution (~50nm) and is elementally sensitive to 0.1 µg/g in most biological 

samples. However due to the shallow penetration depth (0.2-10nm) of this technique 

analyses are generally restricted to the surface or single position depth profiling [28]. 

LIBS has high resolution of up to 6µm[29] and elemental sensitivity of 1-10 µg/g while 

remaining a method capable of full sample analysis. Its limitation is in the high energy 

laser powers (an order of magnitude higher than LA-ICP-MS) used which causes 

thermalisation of the sample potentially changing spatial distribution of elements [30]. 

LA-ICP-MS like LIBS is a technique of analysing the whole of a sample with resolution 

of 5.0 µm and elemental sensitivity of 0.01 µg/g with LIBS having superior sensitivity to 

lighter elements (C,N,O). Counter to the high power laser of LIBS, LA-ICP-MS only 

requires enough laser power to aerosolise the sample which is far lower thereby 

minimising the thermal issues mentioned previously [31]. 

It is precisely the combination of laser ablation with inductively coupled plasma mass 

spectrometry (LA-ICP-MS), first introduced by Gray in 1985 [32], perhaps the most 

promising and sensitive technique, for elemental bioimaging, allowing multielement 

analysis and the measurement of the isotopes ratio (at trace elements and ultra-trace 

levels) with high spatial resolution and good quantitative analysis capacity. 
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1.1.4.1 LA-ICP-MS: fundamentals, principles and fields of application 

A conventional LA-ICP-MS setup (as seen in Figure 1.2) uses a high powered laser (of a 

nanosecond or shorter pulse) to ablate a sample in a given pattern (usually a rastered 

line) while constantly flowing an inert gas (either argon, helium or a mixture) over the 

sample to sweep the ablated plume into an inductively coupled plasma mass 

spectrometer (ICP-MS). The inductively coupled plasma is created from carrier gas being 

driven through an electromagnetic field generated by a high voltage radio frequency 

generator. Particles are stripped of their electrons and accelerated towards the mass 

spectrometer. A reaction cell is used to discard isobaric interference from the mass 

analyser so that the recorded signal is uncorrupted. Finally, the stream of positive ions 

is separated using magnet field oscillation by a quadrupole and detected by the mass 

analyser [33]. The data is then spatially resolved allowing analysis of the detected species 

in two and three dimensions.  

 

Figure 1.2: Laser ablation inductively coupled plasma mass spectrometry schematic 
using a helium and argon gas system [33]. 

LASER is an acronym for Light Amplified by Stimulated Emission of Radiation. Lasers 

work by the exciting (conventionally with high voltage electricity) either a solid (solid 
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state) or a gas such that ground state energy electrons are promoted to a higher “excited” 

energy level; these electrons prefer to be in the ground state so in order to remove this  

surplus energy light is emitted as the electron transitions back to the ground state [34]. 

The difference in energy between the excited and ground state influences the wavelength 

of light emitted as per de Broglie’s famous derivation 𝛥𝐸 = ℎ𝜈 [35].Different 

wavelengths have been used for lasers, ranging from infrared (IR) to ultraviolet (UV). 

Due to high absorbance in all medium, UV lasers such as: Nd: YAG (yttrium garnet and 

aluminium doped with neodymium) at wavelengths of 266nm and 213nm, and the 

excimer laser (gas laser, ArF) at 193nm, are the most widely used. 

One of the crucial advantages of the LA-ICP-MS technique is the acquisition of 

quantitative elemental data but this is limited by the requirement of calibration standards 

[36]. There are also equipment based restrictions to the accuracy of LA-ICP-MS which 

will be discussed in the following sections [37]. 

1.1.4.1.1 Laser Ablation limits 

The interaction of the laser and the substrate has a major impact on the quality and 

accuracy of the signal collected. The quantity of ablated material is dependent on 

thickness, density and flux of the laser [38]. There is a delicate balance between having 

sufficient laser fluence to ablate material, and enough to avoid the roll-off point [39]. 

The roll-off point occurs when the laser energy transferred to the sample is so high that 

a plasma cloud is formed in the laser path. This plasma cloud shields the sample from 

the incoming laser thereby reducing ablation efficiency which can be severely 

detrimental to data collection [40]. 

The minimum possible laser spot size that will ablate the sample should be used for 

increased spatial resolution and elemental detection, [41]. The resolution of a laser 

system is dependent on the diffraction limited relation displayed in Equation 1.1.  For 

LA-ICP-MS, wavelength is the most important variable for improving resolution and 

therefore ultraviolet lasers are used [42]. Given this equation and a standard UV laser 

wavelength of 193nm this resolution limit is sub-micron (~0.32µm) which is lower than 

the minimum spot size for a commercial laser ablation system (~1um). 
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𝑟 =
4𝑓𝜆

𝜋𝐷
 

Equation 1.1 Diffraction limited relation [43], where r= resolving length, f=focal 
length, λ=wavelength and D=beam diameter 

 

Another aspect of importance is the pulse width of the laser. Due to the high energy 

transfer from laser to sample there is a significant heat conduction factor through the 

sample. Minimisation of heat transference away from the ablation site is key, because of 

excess energy (causing signal roll-off) and the role of heat in driving diffusion. A solution 

to minimise heat transfer is the pulse width which can be reduced from nanosecond to 

femtosecond. The femtosecond laser dwell time is generally shorter than the heat 

transfer mechanism of most materials. As can be seen in Figure 1.3, ablation site 

secondary effects are reduced when femtosecond lasers are used [44].  

 

Figure 1.3: Comparison of ablation spot between a) nanosecond and b) femtosecond 
pulse width LA-ICP-MS systems [44]. 

The final restriction for laser ablation considers the speed at which the ablated material 

is transported to the ICP-MS. This metric is called washout time and is improved through 

ablation cell design. There are three major designs which are all small volume cells with 

high pressure gas flow in different formats. The philosophy of these “fast” washout cells 

is that with faster transport of sample to the ICP-MS there are less sampling artefacts 

and the laser can be run at faster scanning speeds for shorter experimental time [45]. 
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1.1.4.1.2 Quantification strategies by means of LA-ICP-MS 

Elemental bioimaging by means of laser ablation coupled to inductively coupled plasma 

mass spectrometry (LA-ICP-MS) is a technique for the investigation of elemental 

distributions in the tissue sections and provides high spatial resolution, excellent 

sensitivity and the possibility of quantitative imaging. 

The quantification and calibration of elemental imaging by LA-ICP-MS has been 

extensively reviewed by Hare et al. [46] and the different strategies for the quantification 

of elements in biological tissues include: internal standardization (IS) where a naturally 

occurring element is used to calibrate [37], external calibration where elements are 

doped into an external medium and cross calibrated to the sample [47], online standard 

addition where known concentration of an element is added in liquid form to the flow 

of material from laser to ICP-MS [48,49], isotopic dilution where a known concentration 

of an isotopically enriched element is doped into the sample [50,51], matrix-matched 

standards where the external standard medium is manufactured from the matrix of the 

sample [52], and other methods such as film coating where metals are sputtered onto the 

sample to serve as an IS [53], or printing where either an IS or enriched isotope is applied 

using an inkjet printer [54]. Due to the biological nature of the samples in this thesis, 

only external calibration methods are discussed as they effect sample structure or 

elemental distribution less than internal standard methods. 

A certified reference material (CRM) is a commercially produced external standard 

derived from various materials. Its parameters are thoroughly specified and can vary 

from pig liver [55] to glass [56]. The limitation of these types of external standards are 

in the non-uniform manner of application and the relative concentration of the reference 

material compared to that of the investigated material [57]. For this reason, there is a 

limited selection of CRM which are of use for LA-ICP-MS quantitative imaging. 

Spin coated poly(methyl methacrylate) (PMMA) films doped with ruthenium, yttrium, 

copper and zinc allowing a soft tissue to be deposited on top of the sample as a thin film 

is one approach [58]. The homogenous application of PMMA via spin coating largely 

addressed the application issues of CRMs. For this method, the standards are applied 

under the tissue; therefor higher ablation powers are required and may intersect with at 



14 
 

the roll-off point. Additionally, PMMA cracks when stored in a fridge and possible 

incomplete homogenisation. Beryllium, manganese, cobalt, rhodium, tantalum, tungsten 

and rhenium spiked agarose gels have been used in a similar manner to PMMA. This 

method also requires total ablation of specimen which exacerbates the thermal issue 

mentioned early in this chapter [59]. 

Another method taken from thin film manufacturing is the evaporative deposition of 

gold. Unlike the CRM and thin film methods, this technique applies gold to the surface 

of a sample with great uniformity. However, evaporative deposition requires high 

vacuum conditions which are not compatible with many biological samples. Unlike 

doping or spiking of materials, the concentration of gold from deposition is very high 

compared to trace elements in the sample, due to the 9nm thickness of the gold coating 

[60]. This mismatch between the concentration of the calibration standards and the 

analyte of interest can result in inaccuracies [57]. 

Most quantitative studies have relied upon the preparation of matrix-matched laboratory 

standards. This matrix matched external standard approach was developed specifically 

to address the effects of non-analyte components or chemical matrix effects. These are 

external standards constructed with homogenised tissue of the same organ and animal 

as the sample spiked with elemental salts. An example matrix matched calibration was 

fabricated using homogenized brain tissue doped with cobalt, copper, iron, magnesium, 

manganese, strontium, selenium and zinc [52]. The homogenate is analysed within the 

same experimental cycle as the specimen to account for signal variation from laser 

fluence fluctuation during a LA-ICP-MS run. The only weakness of these standards is 

when samples contain lower concentrations of element than is endogenous to the matrix 

matched standards source tissue. To improve upon matrix matched standards a 

replacement would need little to no endogenous elements of interest for LA-ICP-MS 

while also maintain equivalent ablation behaviour as tissue. 

Elemental bioimaging has recently matured into the best array of tools to investigate the 

fundamental interactions of biological systems. Of the various techniques LA-ICP-MS is 

the most suited due to the transition metals involved and the concentrations at which 

they are present. LA-ICP-MS also allows for accurate and sensitive quantification of both 
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endogenous and exogenous metals. It is compatible with current immunohistochemistry 

processes and allows other staining protocols to be developed. 

1.1.4.1.3 Applications of LA-ICP-MS 

Elemental bioimaging through LA-ICP-MS has evolved rapidly to become the method of 

choice for a wide variety of biological and medical samples. Elemental bioimaging of 

endogenous and exogenous metals have been used to construct a metal profile of single 

cells [61] or testing a Zebrafish embryo model for ecotoxicology [62]. Metals such as 

copper also have major roles in Menkes disease [63] and Wilson’s disease [64] which 

have been studied using animals models and human samples to improve diagnostics and 

test treatments. Metals used in treatment were generally assumed to naturally pass 

through the body without accumulation apart from in specialised cases. However EBI 

revealed that some metal containing treatments such as anticancer agents [65], magnetic 

resonance imaging contrast agents [66] and antibacterial silver nanoparticles [67] 

bioaccumulated in some cases over the course of a lifetime.  

More recently has been the usage of rare earth metals tagging agents in immune-based 

research as an alternative to fluorescent and radioactive tags. Two recent examples are 

tagging metallothionein in ocular tissue [68] and single cells tagged with metals in 3D 

[69] showing the breadth of which these newer immune-tags can be used in biological 

systems. 

1.1.4.2 Immuno-Mass Spectrometry Imaging and beyond 

LA-ICP-MS has been successfully used for the measurement of heteroatoms which are 

directly associated with proteins in tissues in a wide variety of applications. To apply 

this technique for the analysis of biomolecules, which do not have detectable elements, 

naturally present in their structure, labelling strategies with a metal or heteroatom tags 

can be employed as a promising tool.  

The potential of immunoassays with an element-tagged antibody in combination with 

LA-ICP-MS detection for multiplexing assay has been demonstrated in several 

applications. The introduction of antibodies tagged with rare earth elements to spatially 

and quantitatively map specific epitopes was first demonstrated on β-amyloid peptide 
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by Hutchinson et al in 2005 [70]. Since then in the field of neurology, this process has 

allowed the measurement of changes in the distribution of trace metals in the brain. 

Studies co-localising iron and the neurotransmitter dopamine in rodent models of 

neurodegeneration have provided solutions to problems about the aetiology of 

Parkinson’s disease, which had remained unresolved for a century because of analytical 

limitations [71].  

Using LA-ICP-MS to analyse antibody probes tagged with metals to incubate tissue 

samples thereby localising the metal probe to the epitope of interest is increasingly 

referred to as immuno-mass spectrometry imaging (iMSI). Compared to conventional 

IHC fully quantitative maps may be easily constructed from LA-ICP-MS analysis but 

currently at lower resolution than optical techniques [72]. 

Probes have progressed in the last 50 years as new biological agents have been 

discovered. Antibodies were the first probe produced predominantly widely used for 

identification of species in biological samples. These are produced in either whole 

animals or hybridoma cells lines [73] and can be produced to a large number of molecules 

provided they are immunogenic or can be made immunogenic by conjugation techniques 

[74]. Since then a number of selective binding agents have been discovered (e.g. 

Messenger RNA) [75–77], or synthetically manufactured such as spiroligomers [78–80], 

which are synthetic oligomers made by coupling pairs of bis-amino acids into a fused 

ring system. However, recently a class of molecules with the ability to be functionalised 

and which have the potential to bind with high specificity to small and large biological 

and chemical targets have been developed. These are usually short synthetic sequences 

of RNA or DNA called aptamers [81]. 
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Structurally antibodies and aptamers differ vastly, most obviously in physical size with 

an antibody being around 150 kDa where as an aptamer is generally around 30 kDa as 

illustrated by Figure 1.4 [82]. This has the advantage of allowing more rapid tissue 

penetration [83]. The production method for aptamers also means they have a larger 

range of targets as they are produced by amplification of sequences with high affinity 

for the target from extensive random libraries of nucleic acid sequences. This has the 

further advantage that target compounds which have low immunogenicity can be used 

to produce aptamers with exquisite selectivity able to differentiate even between chiral 

compounds [84].  

  

Figure 1.4: Comparison of antibody and aptamer structures [85]. 

 

Polyclonal antibodies are produced in vivo by repeatedly challenging a host with the 

target antigen and then purifying the desired antibody from the serum, or for production 

of monoclonal antibodies, using complex cell culture techniques to produce hybridomas 

[73]. The architecture of an antibody allows signal amplification where antibodies 

against the species specific Fc (fragment crystallizable) portion of a primary antibody 

may be exploited in a secondary labelling approaches as illustrated in Figure 1.5 [86]. 

Aptamers are generally more chemically and thermally robust than antibodies but those 
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derived from RNA are very susceptible to enzymatic degradation compared to antibodies 

[87]. 

 

Figure 1.5: Schematic of indirect immunolabelling using fluorescent tagging [88]. 

 

Overall both antibodies and aptamers have their relative advantages and disadvantages. 

The advantages of each can be exploited by using the two types of probe both singly and 

in tandem when creating protocols for investigating tissue samples allowing greater 

flexibility and a larger range of epitopes to be examined. 

1.1.5 Tagging agents  

Biological research often requires the use of molecular labels that are covalently attached 

to a protein of interest to facilitate detection or purification of the labelled protein and/or 

its binding partners. Conventional tags include fluorescent labels or 

enzymatic/colorimetric labels. Fluorescent tags generally compromise of a fluorescent 

protein or molecule which emit light when excited by photons [89]. The most widely 

used tagging systems are enzymatic/colorimetric such as horse radish peroxidase, which 

takes advantage of colour development usually by an enzymatic reaction where the 

absorbance of light is used to measure signal intensity [90]. This immunohistochemical 
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analysis by using insoluble chromogenic products cannot be quantified so comparison 

between samples is accomplished only by observation of positive versus negative areas 

of staining [91].  

 

Figure 1.6: Double immunolabeling of two cytokeratins, Ck14 (IgG3) and Ck8/18/19 
(IgG1), in a duct wall of the human mammary gland (Twenty micrometers scale bar 
and colours are for Ck8/18/19 (a, FITC, green), Ck14 (b, Alexa-647, pink) and for 
nuclei (DAPI, blue) [86]. 

A major class of tags for antibodies and nucleic acid probes are fluorescent molecules 

such as fluorescein isothiocyanate (FITC), green fluorescent protein or DsRed [92]. 

Fluorescent tagging works by exciting the fluorescent molecule/protein with photons of 

a specific wavelength thereby inducing emission of photons of another wavelength. For 

immunohistochemistry, these fluorescent molecules have the advantage of being used 

for analysis of multiple analytes (“multiplexing”) in a single tissue specimen. The 

majority of literature describe double labelling and then usage of a direct tissue stain 

usually 4′,6-diamidino-2-phenylindole (DAPI) for contrast (as seen in Figure 1.6). The 

process of fluorescence varies between tags due to the number of excitation-emission 

pathways making quantification difficult [93]. For absolute quantification via 

fluorescent tags excitation must be standardised for each fluorescent tag, as well as 

accounting for secondary optical effects such as scattering [94]. Further, spectral overlap 

limits the number of targets that can be simultaneously determined. 

Nanoparticles are a new class of tags comprised of nanosized collections of elements 

coated in easily functionalised compounds. Nanoparticles can be detected using multiple 

methods due to their fluorescent, colorimetric or combined nature, and is dependent on 
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size and elemental composition [95–98]. They overcome the issues present with other 

fluorescent tags with customisable quantum properties allowing for a system which does 

not have multiple excitation-emission pathway and spectral overlap issues [99]. 

However, all this customisability does not come without restrictions. They have blinking 

issues or are too large to enter cells of interest [100–102]. While this area has excellent 

potential to monitor practically any system using various binding chemistries, it has not 

been tested extensively. 

The experiments performed in this work will be focus on the use of lanthanides as 

tagging labels. Specific elemental tags with little to no natural occurrence in biological 

systems are attached to probes and detected using mass spectrometry [103]. MaxPar™ 

reagent is a proprietary polymer based elemental tag which uses lanthanide group 

elements commercially available by Fludigm [104]. There are also many other options 

such as 2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 

acid (SCN- DOTA) or metal-coded affinity tags (MeCAT) [105], which takes advantage 

of traditional analytical chemistry standardisation techniques [46]. They are also easily 

attached to probes such as antibodies (as seen in Figure 1.7) with flexibility to be used 

concurrently. 
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Figure 1.7: Scheme of selected bi-functional ligands used as labelling reagents and their 
binding to amino acids of an antibody. The SCN-DOTA covalently binds to 3-amino 
groups of lysine residues. The other opportunity shown here is the labelling via a 
maleimide group which binds to the sulfhydryl residues after partial reduction of the 
antibody’s cysteine-based disulfide bridges. MeCAT and SCN-DOTA contain a DOTA 
macro-cycle (pink circle) to complex lanthanide ions whereas the MAXPAR polymer 
chain contains many DTPA residues as chelating compounds (yellow circle). 

Antibodies and aptamers are the most flexible probes and may be applied to small 

molecules as well as protein species and may be used in conjunction with elemental tags. 

Elemental tagging allows the use of ICP-MS to give the required ability to identify, 

quantify and spatially resolve multiple interrelated targets in tissue sections which would 

not be accessible using conventional optical microscopy.  

1.1.6 Image processing 

LA-ICP-MS imaging resolution is currently restricted by beam diameter as was 

historically the case for optical imaging techniques. This limitation in optical microscopy 

spawned the field of imaging science which focuses on surpassing the resolution limit 

while also minimising the artefacts created by new methods of processing. Most tools 
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from this field have not been tested with LA-ICP-MS imaging due to the mismatch 

between the medium of analysis: photons and other electromagnetic waves for imaging 

science[106–108]; aerosolised elements and compounds for LA-ICP-MS [109]. The other 

shortcoming is that LA-ICP-MS is a destructive technique which discounts conventional 

multi-image reconstruction algorithms for resolution improvement which use tens to 

thousands of images to recreate a single image [110,111]. Despite this limitation 

reconstruction is a viable strategy for LA-ICP-MS as it does not depend on inherent 

properties of electromagnetic waves.  

Super resolution reconstruction (SRR) is an established technique in geographical and 

biological imaging fields [112–114] based on using multiple lower resolution images to 

build a higher resolution reconstruction, illustrated by Figure 1.8. The higher resolution 

reconstruction requires an interpolation algorithm to populate pixels not filled by the 

lower resolution images. There are several interpolation strategies used in current SRR 

algorithms such as linear, cubic and nearest neighbour interpolation [115]. Within the 

EBI field, SRR has only been used in Air Flow-Assisted Ionization Mass Spectrometry 

Imaging by Tang et al [116] on rat brain and kidney sections. Their study concluded 

that the application of the super-resolution reconstruction technique, based on sparse 

representation for Mass Spectrometry Imaging (MSI), was feasible and effective. 
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Figure 1.8: Illustration of the basic principle of Super Resolution Reconstruction.  

Currently most LA-ICP-MS applications are acquired under conditions where  𝑣𝑙 =
𝑥𝑠

𝑡𝑠𝑐 
 

Equation 1.2 , where 𝑣𝑙  is the scan velocity, 𝑥𝑠 is the laser spot size and 𝑡𝑠𝑐 is the 

integration time, developed by Lear et al [38] to maintain the original dimensions of bio-

images. Herrmann et al.  [117], Drescher et al.  [118], Mueller et al.  [119], Theiner et al. 

[120] and Niehoff et al. [121] have published various papers that use anisotropic pixel 

dimensions which violate this equation in order to improve the resolution in the scan 

direction. This anisotropic pixel regime share similarities with an anisotropic orthogonal 

super resolution reconstruction method for magnetic resonance imaging [122]. 

Combining these two methods, we propose a super resolution reconstruction method for 

LA-ICP-MS using 2 consecutive raster scans taken in orthogonal directions as illustrated 

in Figure 1.9. 
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Figure 1.9: Scheme illustrating the super-resolution reconstruction from the acquisition 
of two orthogonal thick slices [122]. 

Higher resolution images allow comparison between LA-ICP-MS data and other 

similarly resolved images. This analysis between optical, elemental and structural data 

is complex and requires tools to correlate, interrogate and apply statistical calculations 

in parallel. LA-ICP-MS data is not considered a default type for import into the tools 

currently used by the biological sciences. There remains a gap where a program or 

workflow which can bridge LA-ICP-MS to fields such as optical microscopy or 

tomography. 

1.2 Thesis aims 

This thesis encompasses the development of tools and processes to improve elemental 

bioimaging and iMSI by LA-ICP-MS. 

The aims of this thesis are to: 

1. Develop external calibration standards equivalent to matrix matched standards 

with lower background for all elements with the following objectives: 

 

a. Development of a method for fast and simple manufacture of external 

calibration standards form gelatin  

b. Comparison of the analytical figures of merit of gelatin standards against 

conventional matrix matched standards 

c. Use profilometry to compare physical characteristics of each standard type 
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2. Evaluate image processing algorithms on LA-ICP-MS specifically super 

resolution reconstruction for resolution improvements with the following 

objectives: 

a. Adapt super resolution reconstruction algorithms for LA-ICP-MS 

b. Improve resolution of images 

c. Optimise experimental parameters for resolution improvement 

d. Compare quantitative characteristics of super resolution reconstruction to 

conventional LA-ICP-MS 

 

3. Quantify dystrophin in murine quadricep tissues using super resolution 

reconstruction with the following objectives: 

a. Evaluate conventional and SRR LA-ICP-MS on metal tagged dystrophin 

antibody for quantification of dystrophin in murine quadriceps 

b. Interrogate a mouse model of Duchenne’s muscular dystrophy using novel 

immuno- mass spectrometry imaging protocol for diagnostics 

c. Compare immuno-mass spectrometry imaging protocol on human 

quadricep samples 

d. Acquire 3-dimensional SRR images of murine quadriceps to explore the 

possible heterogeneity of dystrophin expression in the z-axis 

 

4. Compare antibodies and aptamers as probes for the quantification of target 

epitopes with the following objectives: 

a. Confirm binding of aptamers and antibodies for myelin basic protein 

b. Evaluate direct and indirect labelling protocols 

c. Stain murine brain samples with tagged aptamers for comparison of 

elemental and fluorescent tagging agents using optical microscopy and 

LA-ICP-MS 
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2 Materials and Methods 
All experiments were carried out within the Faculty of Science at the University of 

Technology Sydney and the David Geffen School of Medicine at the University of 

California, Los Angeles. 

2.1 Instrumentation 

2.1.1 Solution nebulization inductively coupled plasma mass 

spectrometry 

All solution nebulization inductively coupled plasma mass spectrometry (SN-ICP-MS) 

were performed using 7500cx and 7700x series ICP-MS (Agilent Technologies, 

Waldbronn, Germany)(Figure 2.1) equipped with a micromistTM concentric nebuliser 

(Glass Expansion, West Melbourne, Australia) and a Scott type double pass spray 

chamber cooled to 2°C used for sample introduction. Platinum sampling and skimmer 

cones were used. The 7500cx ICP-MS was controlled by Agilent Technologies ICP-MS 

Chemstation software (B.03.07) and on a Hewlett-Packard (Hewlett-Packard Palo Alto, 

CA) desktop computer via a category 5e ethernet cable. The 7700x ICP-MS was 

controlled by Agilent Technologies ICP-MS MassHunter 4.3 software (C.01.03) and on 

a Hewlett-Packard (Hewlett-Packard Palo Alto, CA) desktop computer via a category 5e 

ethernet cable. All experiments used 99.9995% ultra-high purity liquid argon (Argon 5.0, 

Coregas Pty Ltd, Yennora, 

NSW, Australia). 

SN-ICP-MS was used to 

analyse digested 

standards. An Agilent 

integrated autosampler 

(AIS) was loaded with 

solutions for analysis. 

Solutions were transferred 

Figure 2.1: Agilent 7500cx (left) and 7700x (right) Series 
Inductively Coupled Plasma Mass Spectrometer fitted with 
Agilent Integrated Autosampler [124]. 
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to the ICP-MS using a 1.02 mm internal diameter Tygon tubing and a three channels 

peristaltic pump. The solution was pumped at a continuous flow of 1.0 mL.min-1. A 100 

ppb Rhodium solution in 1% HNO3 was used as an internal standard and introduced into 

the analyte flow via a T connector post-pump. The solution was delivered to the plasma 

of the ICP via a Micromist nebulizer and Scott type double pass spray chamber. The 

typical ICP-MS conditions can be found in Table 2.1.  

Table 2.1: Typical ICP-MS parameters for SN-ICP-MS. 

 
Agilent 7500cx 

SN-ICP-MS 

Agilent 7700cx 

SN-ICP-MS 

Sample introduction 

RF power (W) 1500 1500 

Carrier gas flow rate (L min-1) 0.85 0.7 

Makeup gas flow rate (L min-1) 0.15 0.5 

Sample depth, mm 8 8 

Ion lenses 

Extracts 1, 2 (V) 4.5, -170 3.8,-185 

Omega bias, lens (V) -26, 2.4 -120,18 

Cell entrance, exit (V) -50,-68 -30,-40 

Octopole parameters 

Octopole RF (V) 185 190 

Octopole bias (V) -6 -8 

Collision gas, flow rate (mL min-1) 0 0 
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Table 2.2: Typical LA-ICP-MS parameters. 

New Wave Excimer 193 Agilent 7700x  

Laser Fluence 0.01, 0.02mJ.cm-2 Sample introduction 

Laser Power 5% RF power (W) 1350 

Spot Size 10,15,20,35 μm Carrier gas flow rate (L min-1) 1.15 

Scan Speed 10-140 μm.s-1 Makeup gas flow rate (L min-1) 0 

Frequency 20 & 40Hz Sample depth, mm 4 

 Ion lenses 

Extracts 1, 2 (V) 4.5, -125 

Omega bias, lens (V) -80, 13.2 

Cell entrance, exit (V) -60, -90 

Octopole parameters 

Octopole RF (V) 180 

Octopole bias (V) -18 

Collision gas, flow rate (mL min-1) H2, 3.1 

 

  



30 
 

2.1.3 Microscopy 

Leica FS CB microscope with Leica EL6000 fluorescent light source was used for 

brightfield microscopy and low-resolution fluorescent mapping Figure 2.3. A Nikon A1 

laser scanning confocal microscope was used for high resolution and 3-dimensional 

mapping. 

Microscopy was performed using a Leica FS CB 

optical microscope. Objectives of 5x ,10x, 20x 

and 50x with a 10x eyepiece were used to snake-

wise raster capture the regions of interest. 

Cursory fluorescent images of FITC and stains 

were taken using a Leica EL6000 fluorescent 

light source. H3 and A filters were used to isolate 

FITC and 33342 Hoechst respectively. Images 

were saved in a Tagged Image File Format (tiff). 

2.1.4 Profilometry 

Profilometry was used to compare the ablation characteristics of tissue samples, matrix 

matched standards and gelatin standards. Surface roughness and ablation depth were 

measured using a DektakXT 

Profilometer (Bruker, Billerica, 

MA). A 2um stylus with 1mg of 

force with an overall scan 

resolution of 0.33um was used in 

hill and valley mode. All 

measurements were performed in 

triplicate across the full width, 

height and diagonal of pre- and 

post- ablation area. Visualisation 

and statistics were generated using 

Vision64 (Bruker) software. 

Figure 2.3: Leica FS CB microscope. 

Figure 2.4: DektakXT Profilometer. 



31 

Surface topography was measured using a DektakXT Profilometer (Figure 2.4), (Bruker, 

Billerica, MA). A Dell (Round Rock, TX) desktop computer loaded with Vision64 

software (Bruker, Billerica, MA) was used to control profilometry experiments. 

2.1.5 Protein quantification via Spectrophotometry 

Thermo Scientific™ NanoDrop 2000 

Spectrophotometer (Figure 2.5) was used to 

estimate the concentration of antibodies and 

aptamers after MaxPar tagging. For 

antibodies the A280 mode was used using 

IgG as the reference value due to the type of 

antibodies used in this work. This means 

sample concentrations were calculated using 

the assumed mass extinction coefficient of 

13.7 at 280 nm for a 1% IgG solution. 

Alternatively, for aptamers the Nucleic Acid 

mode was used using ssDNA-33 as the 

reference value as all aptamers used were 

single strand Deoxyribonucleic acid (DNA) 

[125]. 4μL volumes of sample were aliquoted 

for all measurements. 

2.2 Data acquisition and processing 

2.2.1 Data acquisition 

All standard LA-ICP MS experiments were conducted in line with current best practice 

[38] using rastered (Figure 2.6) line sampling with scan speeds and ICP-MS dwell times

set according to the parameters outlined by Lear et al.. Raster lines all began on the same 

side of the sample with 10 second laser warm up time and a 20 second wash out time 

between lines. This regime was modified when super-resolution reconstruction (SRR) 

laser ablation was performed, the details of which will be covered in Chapter 4. In brief, 

the parameter equation from Lear et al. [38] was altered such that the scan speed 

Figure 2.5: Thermo Scientific™ NanoDrop 
2000 Spectrophotometer. 



μ
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Figure 2.7: Graphic user interface for ImaJar software. 

 

2.2.2 Data visualization and manipulation 

After LA-ICP-MS image data was construction in ImaJar, it is exported as either CSV 

for FIJI or Visualization Toolkit (VTK) for Paraview. Once imported both software 

packages were used to perform several functions required for quantitative imaging. 

Primarily quantification of the image using the calibration curves constructed from the 

standards. Image manipulation such as thresholding and filtering were also performed 

in both software. Image statistics such as histograms and calculation of the mean, median 

and mode were also completed using both software. 

2.3 Experimental Methods 

2.3.1 Chemicals and Reagents 

Argon and hydrogen used in all experiments were supplied as 99.99% pure liquid (Ace 

Cryogenics; Castle Hill NSW, Australia). All ‘water’ referred to in experiments was 18.2 

MΩ cm-1 deionised water. High purity metal salts were purchased from Sigma-Aldrich 

(Castle Hill NSW, Australia). Liquid elemental standards, ultrapure hydrogen peroxide 

and ultrapure nitric acid (Seastar Baseline 67– 70% HNO3; Choice Analytical, Thornleigh 
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NSW, Australia) unless otherwise stated. All tissue samples and homogenates were 

stored at -18 °C. Disposable plastic ware was sterile, and all pipette tips were trace metal 

free polypropylene with a high-density polyethylene filter (Gilson, WI, USA, Australia) 

to prevent aerosols and cross-contamination.  

2.3.2 Matrix Matched Mouse Brain Standards 

Tissue standards were prepared using a modification of the method described by Hare 

et al [52]. Mouse brains were harvested from control animals euthanised under existing 

ethics protocols with tissue sharing approvals at UTS. Tissues were washed in three 

changes of phosphate buffered saline pH 7.4 (PBS; NaCl 8g/L; KCl 0.2g/L; Na2HPO4 

1.15g/L; KH2PO4 0.2g/L). and connective tissue, blood vessels, and fat were carefully 

dissected away. The tissue was then homogenised using a variable speed tissue 

homogeniser (Omni Scientific, Vista CA, USA) fitted with disposable polypropylene tips 

which were cleaned of trace metal contamination by soaking in 5% nitric acid for 24 

hours and rinsed in several changes of deionised water. Homogenisation was conducted 

in short bursts and the tissue cooled on ice to minimise heat generation during the 

process.  

Metal standard solutions were prepared as follows. Stock solutions of given metals were 

made from analytical grade (99.9999% purity) nitrate salts and Milli-Q (MQ) water (18.2 

MΩ∙cm at 25⁰C, Arium Pro Vf, Sartorius, Goettingen, Germany) to 100ppm 

concentration. An aliquot (500µL) of each standard solution was individually spiked into 

0.5g of homogenized mouse brain and mixed by additional homogenisation. An 

additional 4.5g of homogenized mouse brain was added further mixed; care was taken 

to prevent local heating of the tissue. The samples were centrifuged for five minutes at 

1000 rpm in a bench top centrifuge to remove incorporated air bubbles. The resulting 

homogenates were transferred to disposable moulds and cryosectioned at 30µm using 

disposable Teflon coated microtome blades (CL Sturkey Inc., Lebanon PA, USA) and air 

dried. 

2.3.2.1 Quantification of Metal Concentrations in Standards 

The concentrations of metal standards in the gelatin standards and tissue homogenates 

were confirmed by microwave digestion and analysis of the digests by solution ICP-MS 
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(SN-ICP-MS). Aliquots of homogenised tissue standard (three replicates; approximately 

50 mg each) were microwave digested in a MARS 6 - Microwave Digestion System (CEM 

Corporation, Matthews, NC) using the “Animal Tissue” method in 5mL of a 4:1 solution 

of HNO3 (68% w/v) and H2O2 (30%w/v; Choice Analytical). Gelatin standards were 

digested by the addition of 1mL of HNO3 (68% w/v) then topped up to 5mL with MilliQ 

water. After digestion, each solution was quantitatively transferred to a sterile disposable 

centrifuge tube (15 mL; FalconTM, Becton Dickinson, Franklin Lakes NJ, USA), diluted 

with water and the weight recorded (approximately 50g/tube). The diluted solutions 

were then analysed by solution-ICP-MS (Agilent Technologies 7500cx, Santa Clara, CA, 

USA). 

2.4 Calculations 

2.4.1 Linear regression analysis 

 

Table 2.3: Table of formulas used in the excel function LINEST. 

Function Excel Syntax Equation 

Average AVERAGE(number1, [number2], ...) 
𝑎 =

1

𝑛
∑ 𝑎𝑖

𝑛

𝑖=1

 

Standard 

Deviation 

STDEV(number1,[number2],...) 

𝑠 = √
∑(𝑥 − �̅�)2

(𝑛 − 1)
 

Slope SLOPE(known_y's, known_x's) 
𝑚 =

∑(𝑥 − �̅�)(𝑦 − �̅�)

∑(𝑥 − �̅�)2
 

Intercept INTERCEPT(known_y's, known_x's) 𝑏 = �̅� − 𝑚�̅� 

Linearity RSQ(known_y's,known_x's) 𝑟2

=
∑(𝑥 − �̅�)(𝑦 − �̅�)

√∑(𝑥 − �̅�)2∑(𝑦 − �̅�)2
 



36 
 

Error in slope LINEST(known_y's,known_x's,TRUE,TRUE) 

𝑠𝑚 = √
1

𝑛 − 2
𝛴(𝑦 − �̂�)2

∑(𝑥 − �̅�)2
 

Error in 

intercept 

LINEST(known_y's,known_x's,TRUE,TRUE) 
𝑠𝑏 = √

∑(𝑦 − �̂�)2∑𝑥2

𝑛(𝑛 − 2)𝛴(𝑥 − �̅�)2
 

 

2.4.2 Limits of analysis and outliers 

Table 2.4: General equations used for statistical analysis. 

Function Equation 

Limit of detection 
𝐿𝑂𝐷 =

(�̅�0 + 3.3𝑠0) − 𝑏

𝑚
 

Limit of quantification 
𝐿𝑂𝑄 =

(�̅�0 + 10𝑠0) − 𝑏

𝑚
 

Grubb’s test for 

outliers[126] 
𝐺 =

|𝑥𝑖 − �̅�|

𝑠
 

 

2.5 Animals 

Mouse brain sections were acquired from the Howard Florey Institute of Neuroscience 

and Mental Health, University of Melbourne. Under the following Howard Florey 

Animal Ethics Committee approval 15-104-FINMH. Briefly, male C57BL/6 mice were 

raised according to standard animal care protocols and fed normal chow and water ad 

libitum. Animals were euthanised with an overdose of sodium pentobarbitone (100 mg 

kg-1) and perfused with 30 mL of warmed (37 °C) 0.1 M phosphate buffered saline (PBS), 

pH 7.4. Tissue was briefly fixed in 4% paraformaldehyde in PBS until the brains sank, 

after which they were immersed overnight in two changes of 30% sucrose in PBS. Tissue 

was then frozen at -80 °C and mounted in O.C.T.™ via the medulla oblongata and upper 

spinal cord. After equilibrating at -20 °C, the brains were sectioned using PTFE-coated 

cryotome blades (DT315R50 Silver Microtome Blades. C. L. Sturkey, Inc., Lebanon PA) 
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on a Cryostar cryotome (CryoStar™, Thermo Fisher Scientific, North Ryde, NSW, 

Australia) to 30 µm thickness at 90 µm intervals and mounted on standard microscope 

slides 

Wild-type (C57BL/6J), mdx (C57Bl/10ScSn-Dmdmdx/J background), and heterozygote 

mouse (WT/mdx bred inhouse) quadriceps tissues were purchased from Jackson 

Laboratories (Bar Harbor, ME, USA,) and rectis femoris muscle was dissected under 

guidelines established by the Institutional Animal Care and Use Committee at the 

University of California, Los Angeles. Mice were maintained in the Terasaki Life 

Sciences Vivarium following guidelines established by the Institutional Animal Care and 

Use Committee at the University of California, Los Angeles (approval #2000-029-43) and 

approval for these studies was granted by the UCLA Animal Welfare Assurance 

(approval #A3196-01). All mice used in the study were male. Animals were euthanised 

by CO2 with cervical dislocation and Quadriceps were dissected and harvested 

immediately. Tissue was then frozen at -80 °C and mounted in O.C.T.™ via the 

Quadricep. After equilibrating at -20 °C, the quadriceps were sectioned using PTFE-

coated cryotome blades to 10-50µm thickness and mounted on standard microscope 

slides.  

2.5.1 Immunohistochemistry 

All IHC experiments were performed in labs sterilized with RNase AWAY™ (Thermo 

Fisher Scientific, North Ryde, NSW, Australia). All buffers were diluted with water 

sterilized via 0.22μm filtering and then autoclaving unless otherwise stated. LoBind 

microcentrifuge tubes (Eppendorf Macquarie Park NSW, Australia) were used to store 

antibodies, aptamers and staining solutions. All disposable accessories (e.g. pipette tips 

and centrifuge tubes) were either bought sterile or sterilized by autoclave. 
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3 Standard Preparation and Comparison 

3.1 Abstract 

The quantification of elemental distributions in biological tissue requires laboratory 

prepared matrix-matched standards. Inherit variabilities in standard matrices and 

sample composition require careful evaluation of accuracy, precision and robustness. 

Standard matrices need to be as closely matched to the sample in both physical and 

biochemical properties, and preparation of standards with various biological matrices 

may not be suitable for the intended analysis. Furthermore, complex and time-

consuming preparation methods limit their applicability. This chapter presents novel 

facile methods for the preparation of gelatin standards using both commercial and 

laboratory-made moulds. Surface roughness, height and robustness of the mould-

prepared standards were compared against cryo-sectioned gelatin and homogenised 

brain tissue standards. The mould-prepared standards had significantly higher accuracy 

and precision, were easier to prepare, and provided enhanced reproducibility. We also 

present a simple method to remove background metals in gelatin using chelating resins 

to increase the dynamic calibration range and to improve limits of analysis.  

3.2 Introduction 

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was first 

applied to biological tissues in 1994 by Wang et al. [127] and is now a routine technique 

to measure the spatial distribution of elements and co-factors of functional  biomolecules. 

Recent advances in immunohistochemistry have also expanded the applicability of LA-

ICP-MS to the investigation and quantification of biomolecule distributions [128,129]. 

Progress in sampling techniques [130] and internal standardisation approaches [131,132] 

to overcome instrumental drifts has also contributed to improved precision and accuracy  

and rapid analyses [133].  One major advantage of LA-ICP-MS over other bio-imaging 

methods is the capability of calibration for quantification of the target element or 

biomolecule.  For typical analytical methods sequential analysis of reference standards 

and samples is the gold standard for validated quantification. Unfortunately, the 

diversity and individuality of biological tissues preclude the use of certified reference 
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materials or standards, and laboratories are usually required to prepare and characterise 

their own “in-house” prepared reference standards [52,134,135]. Most approaches aim 

to simulate the biological environment of metals and heteroatoms to guarantee 

consistent ablation characteristics, aerosol formation, transport, atomisation and 

ionisation[136]. However, the simulation of these matrix-matched tissue standards is 

limited as standard matrices cannot fully mimic the full spectrum of biological tissue in 

terms of heterogeneity, durability and biochemical environment. This has motivated 

many researchers to investigate a variety of approaches to harmonize the methods of 

standard preparation to meet regularity guidelines. 

One common approach to prepare reference standards includes the homogenisation of 

easily obtainable tissues from lamb, pig, cow or mouse which aims to match the target 

tissue as closely as possible. The homogenate is then spiked with aliquots of metals, again 

homogenised, frozen and subsequently sectioned to their desired thickness. A cross- 

quantification step consisting of digestion of the standard and analysis by solution 

nebulisation ICP-MS is required to determine accurate elemental levels in standards [52]. 

A variety of approaches have been published reporting the preparation of materials to 

simulate tissue obtained from brain [66,137] eye[138,139] tumour tissue [129,140] liver 

[141,142] and teeth [134,143].  

Unfortunately, high levels of endogenous elements in the chosen matrix of the standard 

limit the ability to determine lower elemental concentrations. Trace elements that are 

downregulated by a biological response are often outside the calibration range when 

calibrated against reference tissues exhibiting a natural abundance of elements. Further 

issues are related to the homogenisation and cutting process, which vary in 

reproducibility and potentially introduce a systematic error and uncertainty between 

different batches of standards. Standards originating from different tissues and/or 

different animals show different characteristics which can be traced back to differences 

in individual elemental and biomolecule levels influenced by genetics, environment and 

type of tissue. The tedious preparation and characterisation, and the susceptibility 

towards systematic error has encouraged the investigations of other standard materials 

which are easier to manufacture and show less variability. Specifically, the operation of 
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micro and cryotomes can induce deformation and dimensional changes in height as 

discussed by Dorph-Petersen et al. [144]. 

Hydrocolloid gel standards such as gelatin based standards are becoming increasingly 

frequent for the calibration of metals in biological tissues as they show similar densities 

and similarities in composition and mitigate the problems with homogenates from raw 

animal tissues [121,136,145,146]. Three major methods for the fabrication of gelatin 

standards are described in literature compromising pipetted films [147], spotted droplets 

[145] and cryo-sections [148]. However, surface tensions, “coffee-stain” effects, 

elemental discrimination and cutting artefacts may affect the homogeneity of elemental 

distribution and standard topography, which needs to be controlled carefully to sustain 

stable quantification [145].  

Furthermore, as with raw animal tissue, gelatin has natural background levels for 

biologically important metals, which complicates the determination of trace metals. The 

properties of gelatin standards can be controlled quite precisely by several parameters. 

Sala et al. [145] discussed the effect of various drying/setting and gelatin content in the 

context of coffee-stain effects and elemental discrimination. They analysed depth and 

surface distributions at various lateral resolutions and found that careful control allows 

the fabrication of highly homogenous, microanalytical standards suited for the 

calibration of elements in soft biological tissue. 

Complete ablation of the entire sample requires the standard to have the same height as 

the sample and is usually accomplished by cutting with a microtome or cryotome. 

However, even if these instruments are calibrated regularly, they are a potential source 

for lower accuracy and precision. Another approach is to avoid complete ablation of 

sample and standard in order leave some remaining tissue on the microscope slide. If 

matrix matching was successful, continuous amounts of material should be ablated from 

both sample and standards.  

In this work, we present novel facile methods for the preparation of gelatin standards 

for improved traceable standards compared to cryo-cut gelatin, and homogenates from 

raw animal tissue. We demonstrate that commercial and laboratory-made moulds offer 
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improved, simplified and reliable control of standard dimensions and surface. The 

elemental and surface homogeneity and height were compared to different animal 

tissues and cryo-sectioned gelatin, as well as robustness and reproducibility of 

calibration. This chapter explores the effect of endogenous element concentrations on 

the analytical figures of merit and present an extraction method to avoid high elemental 

background intensities to improve current limits of analysis.  

3.3 Method 

3.3.1 Gelatin Standards 

Direct comparison between gelatin and mouse brain homogenate standards were 

performed for manganese, copper and zinc due to their natural biological occurrence and 

diagnostic importance [149,150]. 

Unless otherwise listed chemicals were attained from Sigma Aldrich, Castle Hill NSW, 

Australia at the highest possible purity. A single stock solution containing the metal salts 

at the concentrations listed in Table 3.1 was prepared in a buffer containing 100mM Tris-

HCl to buffer the acidic metal salts (pH7.4 Sigma Aldrich, Castle Hill NSW, Australia), 

ethylenediaminetetraacetic acid to complex the metals so precipitation does not occur at 

high concentration (EDTA; 10 mM Sigma Aldrich, Castle Hill NSW, Australia), 1% w/w 

polyethylene glycol to strengthen the gelatin as previously reported [151] (Mn 400 Sigma 

Aldrich, Castle Hill NSW, Australia) prepared in Milli-Q (MQ) water (18.2 MΩ∙cm at 

25⁰C, Arium Pro Vf, Sartorius, Goettingen, Germany). For each of the resulting metal 

salt solutions, a 900µL aliquot was added to 100 mg gelatin from bovine skin (Type B, 

Sigma Aldrich, Castle Hill NSW, Australia) and dissolved by heating to 53⁰C for 15 

minutes on a dry block with periodic vortexing.  



μ

μ
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A 6 Hybriwell™ gasket (Figure 3.1 C) clear polycarbonate cover with two ports (depth 

0.25 mm, volume 50 µL; Grace Bio-Labs, Bend,OR) was applied to a fresh single plain 

glass microscope slide. The chamber slides were heated to 53⁰C for one minute on a dry 

heat block before filling a total volume of 50 µL metal-gelatin standard via the port using 

a piston pipette. 

 

Figure 3.2: 6-well Hybriwell™ gasket schematic [152]. 

Prior to removal of the adhesive gasket and seal, the gelatin standards were cooled to 

room temperature (30 minutes) and subsequently to -20⁰C (20 minutes) until the gelatin 

film was frozen and opaque in appearance. Liquid nitrogen freezing was not used due to 

the risk of petrification [153]. The standards were then stored at room temperature until 

required for use. 

For further characterisation, 50 mg aliquots of gelatin were digested with 50 μL of nitric 

acid (67-70% Seastar Baseline, Sidney, BC, Canada) overnight then diluted to 4mL with 

MQ water. 

Various gelatin standards thicknesses were produced with laboratory prepared moulds 

by using Teflon tape (Bush branded) (100 µm) as a spacer between a PTFE block and a 

glass microscope slide. The resulting gaps were filled with heated liquid gelatin and 

subsequently frozen and dried as per the commercial moulds. Multiple layers of the 100 

µm Teflon tape were used to manufacture gelatin standards with thicknesses of any 

multiple of 10 µm. 



44 
 

3.3.2 Tissue Standards 

Tissue standards containing copper, manganese and zinc were prepared as previously 

described by Hare et al. [52] using mouse brains harvested from control animals 

euthanised under existing ethics protocols with tissue sharing approvals at UTS. Briefly, 

mouse brains were homogenised, and weighed aliquots were spiked with metal solutions 

to give final metal concentrations as shown in Table 3.2. The spiked homogenate was 

then injected into moulds and frozen at -20oC. The frozen homogenate was cryo-

sectioned using PTFE-coated cryotome blades (DT315R50 Silver Microtome Blades. C. 

L. Sturkey, Inc., Lebanon PA) on a Cryostar cryotome (CryoStar™, Thermo Fisher 

Scientific, North Ryde, NSW, Australia ) and mounted on microscope glass slides 

(SuperfrostTM, Thermo Fisher Scientific, North Ryde, NSW, Australia). 

3.3.3 SN-ICP-MS 

SN-ICP-MS was performed as outlined in section 2.1.1.Standards for the counter 

quantification of copper, manganese and zinc standards were made from 10 ppm single 

element standards (Choice Analytical NSW, Australia) diluted in 1% HNO3 at 5, 1, 0.5, 

0.25, 0.1 and 0.05 ppm. Gelatin and brain standards were diluted 1:10 for analysis using 

500μL of 67-70% nitric acid (SEASTARTM BASELINE®, Choice Analytical Thornleigh 

NSW, Australia) and made to volume with MQ. 
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Table 3.2: Concentrations of external calibration standards. 

 Name Cu (mg/kg) Mn (mg/kg) Zn (mg/kg) 

Gel Blank 0.00 0.28 0.03 

1 3.15 2.32 1.92 

2 5.00 4.30 3.97 

3 9.04 7.50 6.69 

4 18.62 15.27 13.85 

5 48.85 39.39 29.33 

Brain Blank 5.42 0.03 2.29 

1 5.49 0.53 4.17 

2 15.93 10.00 18.09 

3 38.03 29.07 33.79 

4 51.87 44.48 64.54 

 

3.3.4 Elemental extraction to decrease background levels 

Trace or minor elements were removed from the gelatin via solid-liquid extraction of 

with non-buffered water to avoid buffer components interfering with extraction. 200 mg 

of gelatin was weighed and dissolved in 800 µL of water, heated to 53 °C, and spiked 

with chelating resins. Various resins were investigated: Amberlyst 15 (H), Amberlite 

CG50 (H) and Amberlite IR120 (Na+) were purchased from Sigma Aldrich while Bio-

Rex 70 and Chelex 100 were purchased from Bio-Rad (Gladesville, Australia). Resins 

were added to liquid gelatin standards and gently shaken for 1 hour before being 

separated by centrifugation in a Centrifuge 5702 (Eppendorf; Macquaire Park, Australia) 

operated at 2000 rpm for 2 minutes. The supernatant was diluted with a 2x concentrated 

buffer solution to produce a 10% buffered gelatin standard, which was then applied to 

the mould.  

3.3.5 LA-ICP-MS 

LA-ICP-MS parameters were set to those outlined by Lear et al [38] to obtain squared 

pixels. Four adjacent lines 4 mm in length were ablated from each standard using spot 
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sizes of 20, 35, 50, 100 μm using a NWR193 Laser Ablation System (Kenelec Scientific, 

Frenchs Forest, Australia) coupled to a 7700 ICP-MS (Agilent Technologies, Mulgrave, 

Australia) at 40 Hz with a laser fluence of 0.5 J/cm2. The four adjacent lines were re-

ablated an additional 3 times to form 4 layers of ablation to test depth homogeneity in 

gelatin standards. LA-ICP-MS conditions were optimised using NIST 612 trace elements 

in glass certified reference material (National Institute of Standards and Technology, 

Gaithersburg, USA). To maximize sensitivity and ensure a low oxide formation 

(ThO/Th<0.3%) with LA-conditions, a NIST 612 Trace Element in Glass CRM was 

ablated 

3.3.6 Data Analysis 

All Data analysis was performed with Microsoft Excel (Microsoft Corporation, 

Redmond, WA). Limits of analysis were determined from measurement of signal 

response and standard deviation from the gelatin /tissue blank[154]. Limits of detection 

(LOD) and quantification (LOQ) were calculated using the equations found in Table 2.4. 

A confidence value (k) of 3.3 for LOD and 10 for LOQ was used. 𝜎𝑏 standard deviation 

of the blank, respectively, and 𝑚 is the slope of the curve. Standard deviation calculations 

of all samples and standards was also performed using the inbuilt STDEV.P function.  

3.3.7 Profilometry 

Surface roughness of the gelatin standards was measured using a DektakXT Profilometer 

(Bruker, Billerica, MA). A 2μm stylus with 1mg of force with an overall scan resolution 

of 0.33 μm was used to scan the full length and width of gelatin standards, mouse brain 

standards, mouse lung section and mouse quadricep section for a total of 3 times each. 

Surface roughness was calculated using the Root Mean Squared Roughness (𝑅𝑅𝑀𝑆) 

equation shown below.  

𝑹𝑹𝑴𝑺 = √
∑ 𝒙

𝟐

𝑳
 

∑ 𝑥
2 is the sum of the squared displacement and 𝐿 is the length of measurement. Surface 

roughness is then normalised by the subtraction of the mean height of the standard. 
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3.4 Results and Discussion 

3.4.1 Qualitative comparison of mould methods 

The three different gelatin moulding methods were compared visually to access viability 

for further analysis of the standards. This initial test compared surface topology, stability 

and LA-ICP-MS compatibility. Cryotomed tissue sections were used as a benchmark for 

comparison as physical similarity is a minimum gauge of fitness for usage.  

 

 

Figure 3.3: Cavity slide gelatin standards. Plan view and single concavity aspect. 

The cavity slide, while easy to apply gelatin standards, produced a curved surface to each 

as seen in Figure 3.3. This topology may cause artefacts during laser ablation and would 

require constant refocussing. The limitation of having only three wells per slide at 

minimum would require two slides of standards reducing the available area for samples 

within a sample cell.  

 

 

Figure 3.4: CulturewellTM silicon gasket gelatin standards. Plan view and aspect of 4 
wells. 

The CulturewellTM gaskets (Figure 3.4) were flatter in profile than the cavity slides but 

had other issues. Due to the formation of a meniscus during pipetting the edges of the 

circles of gelatin were highly curved reducing the usable surface. Given the smaller 
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dimensions of each well this would reduce the reusability of this standard. Each gelatin 

circle was also prone to coming unstuck from the microscope slide from general handling 

which could lead to damage or loss of standards.  

 

Figure 3.5: HybriwellTM slide gelatin standards left in the freezer too long. Plan view 
and aspect of 2 wells. 

The preparation of gelatin standards utilising Hybriwells appeared to be most promising 

as curved surfaces and artefacts were easier avoided (Figure 3.6). The rectangular shape 

also makes it more compatible for efficient line by line ablation compared to the circular 

shape of the previous moulds. The large 196mm2 area of each standard is also appealing 

with only the areas beneath each injection port being unusable.  

 

Figure 3.6: HybriwellTM slide gelatin standards. Plan view and aspect of 2 wells. 

However, the freezing process must be carefully controlled. This step can affect the 

quality of a standard as seen in Figure 3.5, where the areas near the injection ports lifted 

due to leaving the slide in the freezer for too long. Nevertheless, the surface was visually 

flat and free of damaged areas across most of each standard.  
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Figure 3.8: Normalised heights as determined by profilometry showing deviations in 
height and heterogeneity in surface topography. The measured height of the 
tissues/standards was normalised to the expected height. 
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Table 3.3: Comparison of accuracy derived from different preparation methods and 
materials. 

Standard type 
Theoretical 

thickness [μm] 

Observed 

thickness [μm] 
Accuracy [%] 

Standard 

deviation [μm] 

 

Quadriceps 

sample 

(cryo-cut) 

10.00 12.64 126.4 6.68 

Lung sample 

(cryo-cut) 

5.00 2.59 49.0 2.82 

Brain standard 

(cryo-cut) 

10.00 6.73 67.3 3.52 

10 μm Gelatin 

(cryo-cut) 

10.00 7.39 73.9 0.99 

10 μm Gelatin 

(laboratory 

mould) 

10.00 10.26 102.6 0.80 

25 μm Gelatin 

(commercial 

mould) 

25.00 24.90 99.0 0.59 

30 μm Gelatin 

(laboratory 

mould) 

30.00 28.34 94.5 1.64 

 

Gelatin standards manufactured in moulds exhibited an increased height accuracy 

ranging from 94.5% to 102.6% with typical standard deviation between 0.59 and 1.64 µm. 

Only the margins of mould prepared standards appeared to contain thickness artefacts, 

typically seen as an increase height, and likely due to drying processes, similar the 

coffee-stain effect [145], but far less prominent. The profilometry comparison of 

sectioned gelatin and mould-prepared gelatin demonstrated an increased control of 

height and surface roughness for standards prepared in both commercial and laboratory-

made moulds. When performing complete ablation of a sample, inaccuracy in height 

translated directly into a systematic error in quantification. Therefore, gelatin standards 

prepared in moulds are more suited for stable quantification. The differences in height 

and roughness of various tissues and standards after cryo-sectioning require a detailed 

topographical characterisation prior and/or after analysis via LA-ICP-MS.  
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3.4.3 Post-analysis characterisation 

Figure 3.9 shows a photomicrograph image of (A) ablated lines on a homogenised brain 

standard and (B) on a mould-prepared gelatin standard. Tissue homogenisation produced 

micro-structures with physical properties that caused entire ablation of the standard in 

some areas, while tissue remained in other areas (Figure 3.9 (A)).  

These micro-structure heterogeneities increased the overall error, in particular during 

high spatial resolution analysis. Micro-structures were not observed in the gelatin 

standards and ablation produced reproducible patterns (Figure 3.9 (B)) with a consistent 

depth.  

Figure 3.9 (C) shows the topography of both homogenised brain standard and mould-

prepared gelatin standards with thicknesses of 10 µm following with 11 adjacent laser 

scan lines and increasing laser power ranging from 0.02 J cm-2 to 3.52 J cm-2. The 

ablation of adjacent lines on the homogenised brain standard resulted in crater formation 

impacting adjacent scan lines. This uncontrolled removal of surrounding tissue became 

more prominent with increasing laser power and resulted in uncontrolled mass flows of 

ablated elements and decreased spatial resolution. These effects were not observed on 

gelatin standards which improved aerosol formation and increased quantification 

stability. The improvement of increased control of material introduced into the plasma 

and overall robustness was demonstrated by four adjacent scan lines on all standards 

with Figure 3.9 (D) demonstrating the highest standard. The signals of Mn, Cu and Zn 

as typical biological relevant elements were monitored and normalised to the average 

response. The sequential ablation of gelatin layers resulted in only minor sensitivity 

drifts. The sequential ablation of layers on homogenised brain standards, however, 

resulted in significant drift; a direct consequence of poorly controlled aerosol formation 

and heterogeneity in surface topography. 



 

C)

D)
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Table 3.4: Characterisation of standard materials. The concentrations and error of each 
calibration level were cross-quantified by solution-based ICP-MS. LOD, Sensitivity and 
Linearity were determined from the calibration curve constructed by LA-ICP-MS. 

  Mn Cu Zn 

G
elatin standards 

Blank [µg/g] 2.20±0.70 0.52±0.21 0.03±1.06 

Level 1[µg/g] 2.32±0.88 3.15±0.50 1.92±1.01 

Level 2[µg/g] 4.30±1.11 5.00±0.87 3.97±1.14 

Level 3[µg/g] 7.50±1.51 9.04±1.58 6.69±1.39 

Level 4[µg/g] 15.27±2.33 18.62±2.72 13.85±1.96 

Level 5[µg/g] 39.39±2.69 48.85±2.84 29.33±2.21 

LOD [µg/g] 1.10 4.28 0.64 

Linearity (R2) 0.9983 0.9916 0.9995 

Sensitivity [cps·g/µg] 1390 ±50 143±5 175±4 

M
ouse brain standards 

Blank 0.03±0.80 5.42±1.81 2.29±7.49 

Level 1[µg/g] 0.53±1.00 5.49±1.46 4.17±7.03 

Level 2[µg/g] 10.00±4.68 15.93±6.33 18.09±19.96 

Level 3[µg/g] 29.07±16.37 38.03±24.82 33.79±45.31 

Level 4[µg/g] 44.48±16.19 51.87±22.83 64.54±53.15 

LOD [µg/g] 4.18 5.39 6.41 

Linearity (R2) 0.9872 0.9941 0.99313 

Sensitivity [cps·g/µg] 846±89 113±15 194±14 

 

The sensitivities were similar for Cu and Zn in both gelatin (Cu: 143 cps g/µg; 

Zn 175 cps g/µg) and brain tissue (Cu: 113 cps g/µg; Zn 194 cps g/µg) and increased for 

Mn in gelatin (1390 vs. 846 cps.g/µg). The improved surface roughness for the gelatin 

standard resulted in decreased standard deviation of sensitivity (i.e. the standard 

deviation of the slope) for all elements.  
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The gelatin contained lower background levels of biologically relevant elements (except 

Mn) than homogenised brain. The background concentration the elements in the 

standard matrix dictate achievable LODs via external calibration and need to be 

minimised to measure elements that may be downregulated due to metal dyshomeostasis 

or are at low concentrations. Accordingly, three different gelatin types were investigated 

for background concentrations of various metals and shown in Table 3.5.  

Table 3.5: Background concentration [pg/g] of gelatin materials prior and after an 
additional extraction step with different resins, respectively. 

 

Gelatin 

material 

24Mg 27Al 55Mn 56Fe 58Ni 63Cu 66Zn 

       

Bovine 40600±400 21300±100 2100±10 54500±340 338±9.3 530±9.4 1200±120 

Fish 260±30 310±40 8.2±3.5 910±52 7.2±11 120±10 110±110 

Porcine 4500±200 510±10 33±5.9 1300±98 17±11 70±35 300±170 

Resin added 
to porcine 
gelatin 

       

Amberlite 
IR120+ (Na) 

1.7±2.9 330±99 5.7±0.3 1260±200 20±1.1 46±8.9 69±55 

Amberlite 
CG-50 (H) 

160±19 260±170 7.1±8.0 1000±340 14±2.1 260±4.9 88±82 

Bio-Rad 
Bio-Rex-70 
(Na) 

12±21 240±75 0.4±0.7 780±55 43±5.8 76±3.9 35±43 

Amberlyst 
15 (H) 

140±52 250±63 0.6±0.7 670±24 4.5±1.2 28±1.5 33±57 

Bio-Rad 
Chelex 100 
(Na) 

86±50 320±10 0.6±1 660±76 26±5.7 18±5.1 75±83 
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Fish and porcine gelatin contained the lowest levels, which would make these materials 

favourable for lower LODs. However, from these two, only porcine gelatin formed a 

solid gel at room temperature when using 10% solutions. The background levels were 

further reduced with an extraction step during standard preparation. Porcine standards 

were heated until liquefied and spiked with ion exchange resins, which were 

subsequently separated from the gelatin via centrifugation. Five different resins were 

evaluated to reduce metal levels in the porcine gelatin standards. The addition of resins 

required effective buffering of the gelatin solutions due to pH changes affecting gelatin 

integrity. The use of extraction resins reduced the natural background level crucially. 

The background level reduction for Mg, Al, Mn, Fe, Ni, Cu and Zn, elements usually 

naturally abundant in gelatin, is also shown in Table 3.  

3.5 Conclusion 

This chapter presented a novel method for the preparation of matrix-matched gelatin 

standards by using moulds rather than cryo-sectioning. Commercial and laboratory-

made moulds were compared against cryo-sectioned gelatin and homogenised brain 

tissue standards. The method enhanced control of standard thickness and surface 

roughness compared against standards obtained after cryo-sectioning. Thickness and 

topography of standards were important parameters for stable sample calibration and 

were directly related to signal deviations and accuracy. This was shown by conducting 

LA-ICP-MS signal acquisition profilometry of standards made from homogenised tissue 

and gelatin, respectively. The homogenised tissue showed a reduced degree of control 

for material deposition, while gelatin standards allowed stable ablation, even after 

repeated ablation events. The analytical figures of merit were improved for the gelatin 

standards and limits of analysis were further reduced by an additional extraction step 

for metals during standard preparation employing different resins. The significant 

reduction of metal background levels increased the dynamic range for quantification of 

trace levels of metals in tissues.  

Although tissue homogenates may model the biological environment more precisely, 

they were also prone to systematic error and artefacts impacting accuracy and precision 

and reproducible quantification. Tissue homogenates had inferior analytical figures of 
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merit within one experiment, and therefore would have lower traceability between 

different batches of standards from different laboratories. The preparation of gelatin 

standards in moulds was highly reproducible, improved limits of analysis, and more 

suited for routine methods of imaging by LA-ICP-MS. 
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4 Super resolution reconstruction for LA-ICP-MS 

imaging 

4.1 Abstract 

The resolution of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-

MS) elemental bio-imaging is usually constrained by the diameter of the laser spot size 

and is often not adequate to explore in situ sub-cellular distributions of elements and / 

or proteins in biological tissue sections. Super-resolution reconstruction is a method 

typically used for many imaging modalities and combines multiple lower resolution 

images to create a higher resolution image. Here, we present a super-resolution 

reconstruction method for LA-ICP-MS imaging by ablating consecutive layers of a 

biological specimen with offset orthogonal scans, resulting in a 10x improvement in 

resolution for quantitative measurement of dystrophin in murine muscle fibres. Layer-

by-layer image reconstruction was also extended to the third dimension without the 

requirement of image registration across multiple thin section specimens.  Quantitative 

super-resolution reconstruction, combined with Gaussian filtering and application of the 

Richardson-Lucy total variation algorithm, provided superior image clarity and fidelity 

in two- and three-dimensions. 

4.2 Introduction 

The resolution of an image for most practical applications of laser ablation-inductively 

coupled plasma-mass spectrometry (LA-ICP-MS) using single quadrupole instruments is 

governed by the laser spot size, the ICP-MS total integration time, and the laser scan 

speed. In this context, the resolution may be defined by each sampling event of the 

specimen represented by each pixel of the image.  

The size of a pixel in the direction of the line scan is given by 𝑣𝑙𝑡𝑠𝑐 where 𝑣𝑙  is the scan 

speed of the laser and 𝑡𝑠𝑐 is total integration time [38]. Manipulation of 𝑡𝑠𝑐 or 𝑣𝑙  varies 

the resolution of the image in the direction of the line scan. For example, halving the 

total integration time will halve the lateral pixel size. This scenario has been frequently 
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used to construct images with anisotropic (rectangular) pixels of improved resolution in 

the scan direction only, whilst the spacing between consecutive scans is defined by the 

diameter of the laser spot at the sample [117–120]. The anisotropic ratio (AR) of a pixel 

is given by 𝐴𝑅 =
𝑑𝑙

𝑣𝑙𝑡𝑠𝑐
 (Equation 1) where 𝑑𝑙 is the diameter of the laser spot. 

Conventional LA-ICP-MS imaging has made major contributions to our understanding 

of the role of transition metals and other elements in health and disease at lateral 

resolutions of 25 μm2 to 2500 μm2 using laser spot sizes of 5 to 50 μm [155–157]. 

However, there remains a pressing need to improve the resolution to adequately image 

subcellular localisation of bio-metals, and more recently bio-molecules via 

immunohistochemically assisted imaging mass spectrometry [129]. Here, proteins and 

other bio-molecule targets may be interrogated in tissues by tagging antibodies with 

lanthanide doped polymers [158] or metal nanoparticles [9]. A major difficulty for both 

these imaging approaches is the square relationship between signal intensity and spot 

size, which limits the smallest practical spot size for quadrupole-based instruments to 

approximately 5 to 10 μm. Below this, there is not enough material in each sampling 

event for detection.  

Efforts to go beyond this resolution limit have involved laser oversampling and 

application of various deconvolution algorithms. For example, Stijn et al. [159] imaged 

the 3D distribution of 55Mn in corrosion growth rings of glass at sub-micrometre 

resolution via overlapping spot sampling, and deconvolution with an iterative 

Richardson-Lucy total variation (RLTV) algorithm. An alternative approach is super 

resolution reconstruction (SRR) to produce high resolution images from noisy or low-

resolution images. SRR is a mature technique used in many image-based fields including 

astronomy [110,111], magnetic resonance imaging [113,160], and light microscopy[161]. 

SSR reconstructs a higher resolution image by combining multiple images, which are 

acquired at sub-pixel distance offsets. SRR requires a nonuniform interpolation 

algorithm to populate pixels not filled by the lower resolution images [162,163], which 

typically involve linear, cubic and nearest neighbour interpolation strategies [115]. The 

SRR algorithm may also be applied in three dimensions in a similar manner to MRI 

[164–166]. 



60 
 

3D image reconstructions by laser ablation inductively coupled mass spectrometry (LA-

ICP-MS) are conventionally performed by sampling of consecutive slices of a specimen 

and image registration of each of these slices for integration into a final 3D image of 

voxels that is a representation of the original sample [67,158,167–171]. 

This chapter demonstrates a novel method of super resolution reconstruction (SRR) to 

improve the fidelity and resolution of immunohistochemically assisted quantitative LA-

ICP-MS imaging with consecutive offset orthogonal raster scans in two and three 

dimensions. In the case of three-dimensional imaging, continuous orthogonal sampling 

of the specimen was undertaken until the specimen was completely ablated, eliminating 

image registration required by conventional approaches.  

4.3 Method 

4.3.1 Instrumentation 

All LA-ICP-MS analyses were conducted on an Agilent 7700c series ICP-MS (Agilent 

Technologies, Waldbronn, Germany) coupled to a New Wave Research NWR193 

(Kennelec Scientific) ArF excimer laser emitting at a wavelength of 193 nm. Laser 

ablation and ICP-MS parameters were optimised with a gelatin standard containing Gd 

with a laser spot size of 15 µm, scan speed of 30 µm/s and laser frequency of 20Hz with 

the Ar carrier gas at 1.15 L/min. Calibration curves and construction of images were 

performed in MassImager[172], an in-house developed imaging data processing software 

package, and FIJI used for image visualisation [173]. The resulting calibration equations 

were used to convert the signal intensities of every voxel in each image to concentrations 

(ng/g). 

For solution analyses, an Agilent Technologies 7700x ICP-MS (Agilent Technologies, 

Mulgrave, Australia) was used with sample introduction via a micromist concentric 

nebuliser (Glass Expansion, West Melbourne, Australia) and a Scott type double pass 

spray chamber cooled to 2°C. ICP-MS extraction lens parameters were selected to 

maximise the sensitivity of a 1% HNO3:HCl solution containing 1 ng/mL of Li, Co, Y, 

Ce and Tl. Hydrogen was added into the octopole reaction cell to reduce interferences 
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from carbon due to the biological samples. Calibration curves were constructed and 

processed using Agilent Technologies Masshunter software. 

4.3.2 Reagents 

Gadolinium (III) nitrate hexahydrate, Tris-HCl (pH7.4), ethylenediaminetetraacetic acid 

(EDTA; 10 mM), Polyethylene glycol (Mn 400) and Gelatin from bovine skin (100 mg; 

Type B) were purchased from Sigma Aldrich (Castle Hill NSW, Australia).  

Grace Bio-Labs (Bend, OR) supplied 6 Hybriwell™ gasket (20x9.8 mm) and clear 

polycarbonate cover with two ports (item number 612107, depth 0.25 mm, volume 50µL). 

Ultrapure HNO3 and, Gd standard were supplied by Choice Analytical (Thornleigh, New 

South Wales, Australia). Anti-dystrophin monoclonal antibody (MANDYS8, sc-58754) 

was supplied by Santa Cruz Biosciences (Dallas, Texas). MaxPar™ Labelling kit was 

purchased from Fluidigm (South San Francisco, CA). Mouse on Mouse (M.O.M.™) 

Blocking Reagent (MKB-2213) was purchased from Vector Laboratories (Burlingame, 

CA). Superblock (TBS; 37535) and TBS containing 0.1% Tween-20 (28360, TBS-T) were 

supplied by Thermofisher, Waltham, Ma. 

4.3.3 Standard Preparation 

Matrix matched gelatin standards were prepared from modification of a previously 

described method [148], and detailed in Chapter 3. Briefly, a stock solution of 25 ppm 

Gd was prepared by dissolving 323.89mg of gadolinium (III) nitrate hexahydrate in 

100mL of pH 7.4 aqueous buffer comprising 100mM Tris-HCl, 10 mM EDTA, and 1% 

w/w polyethylene glycol. A series of gelatin standards were prepared by dilutions of this 

stock solution in the buffer to levels shown in Table 4.1; and addition of 100 mg of gelatin 

to 900µl of the dilutions at 53⁰C with periodic vortexing.  

Table 4.1: Concentrations of gelatin standards. 
 

Standard 1 

(ppb) 

Standard 2 

(ppb) 

Standard 3 

(ppb) 

Standard 4 

(ppb) 

Standard 5 

(ppb) 

Standard 6 

(ppb) 

Gd 1.3±0.1 16.2±0.2 61.2±0.4 241±2 893±5 3523±14 
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Flat homogeneous standard sections suitable for laser ablation were prepared by 

adhesion of 6 Hybriwell™ gaskets and clear polycarbonate covers with two ports to a 

glass slide. The slide was heated to 53⁰C for one minute on a dry heat block before 

pipetting 50 µL of the metal-gelatin standard mixture via the port.  

The standard slide was cooled to room temperature for 30 minutes and then to -20⁰C in 

a freezer for 30 minutes or until the gel was frozen. The adhesive gasket and 

polycarbonate covers were then removed, and the standards stored at room temperature 

until required for use.  

To determine the concentration of the standards, 100 µg of each standard was dissolved 

in 1 mL of HNO3 and diluted to 5 mL and analysed by solution ICP-MS as described 

above. A 7-point calibration curve for quantification of the digest gelatin was 

constructed by diluting 10ppm standards of Gd as per Table 4.2. 103Rh was used as an 

inline internal standard. 

Table 4.2: Concentration of liquid standards. 
 

Blank 

(ppb) 

Level 1 

(ppb) 

Level 2 

(ppb) 

Level 3 

(ppb) 

Level 4 

(ppb) 

Level 5 

(ppb) 

Level 6 

(ppb) 

Gd 0.00 0.2900 1.170 4.690 18.75 75.00 300.0 

 

4.3.4 Sample Preparation 

Wildtype black 6 C57BL/6 mice purchased from Jackson Laboratories (Bar Harbor, ME, 

USA) and rectis femoris muscle was dissected under guidelines by the Institutional 

Animal Care and Use Committee at the University of California, Los Angeles. Mice were 

maintained in the Terasaki Life Sciences Vivarium following guidelines by the 

Institutional Animal Care and Use Committee at the University of California, Los 

Angeles (approval #2000-029-43). Approval for these studies was granted by the UCLA 

Animal Welfare Assurance (approval #A3196-01). All mice used in the study were male.  

The MANDYS8 anti-dystrophin antibody (Santa Cruz Biotechnology) was labelled with 

158Gd using a MaxPar™ polymer label by the manufacturer (Fluidigm) [104]. 
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10μm thick (for 2D) and 50μm thick (3D) cryosections of mouse rectis femoris muscle 

were prepared for immunohistochemistry as follows. Air dried samples were washed in 

duplicate for 2 minutes with TBS at pH 7.4. Sections were then blocked with mouse on 

mouse blocking reagent for 60 min as per manufacturer’s instructions [174]. Sections 

were washed with TBS containing 0.1% Tween-20, 2 x 2 mins (TBS-T). A 1:100 dilution 

of the tagged anti-dystrophin antibody to a final concentration of 2µg/mL with 

Superblock® diluent. The sections were incubated with this solution for 30 minutes at 

room temperature. The sections were washed in triplicate for 3 minutes with TBS-T 

followed by an ultra-high purity water wash. Sections were air-dried and stored in a dry 

dust free environment until required for analysis by LA-ICP-MS. 

4.3.5 Optimisation of image acquisition parameters 

The laser repetition frequency was maintained at 20 Hz (time between laser pulses = 50 

ms) and the integrated analysis time of each plume in the ICP-MS was equal to or an 

integer multiple of 50 ms to minimize aliasing. Lateral resolution improvements below 

the spot size of the laser was based on anisotropic oversampling by the ICP-MS in the 

direction of the line scan. The lateral sampling interval (Δ𝑥) is a function of the total 

integration time i.e., Δ𝑥 = 𝑣𝑙𝑡𝑠𝑐 (Equation 1). Seven ablation conditions were considered 

(Table 4.3) spanning various scan speeds and total integration times representing ARs 

from 1 to 10. The laser spot size was kept constant at 15 μm for all experiments.  
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Table 4.3: Super resolution reconstruction acquisition parameters. 

Acquisition Spot Size  

[μm] 

Scan Speed  

[μm s-1] 

Total 

Integration 

Time [s] 

Sampling 

Interval 

[μm] 

Anisotropic 

Ratio (AR)) 

1 15 15 1 15 1 

2 15 60 0.125 7.5 2 

3 15 30 0.25 7.5 2 

4 15 15 0.5 7.5 2 

5 15 15 0.25 3.8 4 

6 15 15 0.125 1.9 8 

7 15 15 0.1 1.5 10 

 

Two raster pattern scans were performed for each condition in Table 4.3. The first data 

matrix was acquired from consecutive line scans from left to right for a given distance 

across the specimen, each line scan offset by the magnitude of the spot size of the laser 

(Figure 4.1(A)). This was followed by the collection of the second data matrix from a 

pattern scan in an orthogonal direction to the first, with the origin of ablation offset by 

half the magnitude of the spot size in the scanning directions of both layers (Figure 4.1 

(B)). The area of ablation for each pattern was a square of 300 μm by 300 μm. Standards 

were ablated in the same manner before and after each acquisition scheme using the 

same spot size, scan speed and integration time.  
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Figure 4.1: Orthogonal acquisition, (A) first line scans, (B) second line scans offset by 
half the magnitude of the laser spot size, (C) combined pattern for SRR processing. 
Arrows denote direction of scan. 

For 3D images, the sample acquisition parameters consisted of a 15μm spot size moving 

at 30 μm.s-1 scan speed with a total integration time of 0.125s, equivalent to an AR of 4. 

All samples were 50μm thick and were ablated in 10-layer acquisitions. Standards were 

ablated at the beginning, middle and end of each 10-layer batch in the same manner as 

the 2D samples. The optical focus was used to test the depth of field for ablation. 

Refocusing of layers by 5 μm of depth per layer pair was compared to unfocused ablation.  

4.3.6 Super Resolution Reconstruction  

The two matrices described above were made conformable for addition using the 

Kronecker Product [175] of the raw data (Figure 4.2 A), and the row, or column matrix 

as applicable (Figure 4.2 B), resulting in matrices with equal dimensions (Figure 4.2 C). 

These matrices were then up-sampled with null values into a checkerboard pattern 

(Figure 4.2 D) and shifted by the appropriate initial offset, stacked into a 3D array and 

trilinearly interpolated [176] (Figure 4.2 E). Finally, the two populated matrices were 

summed to create a 2D image (Figure 4.2 F).  

(A) (B) (C) 

+ = 
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Figure 4.2: SRR processing of two ablated layers. (A) The two layers acquired with an 
AR of 2 in the horizontal and vertical directions. (B) and (C) Representation of the two 
layers brought to congruence using the Kronecker Product. (D) Up-sampling with null 
values into a checkerboard pattern. (E) Layers offset and stacked into a 3D array and 
null values and trilinearly interpolated. (F) Populated layers summed together to 
produce final 2D image. 

 

Due to the depth difference between layers, step E was performed with the layers stacked 

on top of each other in order of ablation. For 2D images the layers were summed together 

in the z-axis to create a standard image. Conversely 3D images were maintained as 

stacks of 2D images for further processing with trilinear interpolation between the 

layers. 

4.3.7 Processing Algorithms 

Two steps of post-processing were used to mitigate data convolution. The first step 

consisted of smoothing with a Gaussian kernel with dimensions equivalent to the spot 

size of the laser to correct the square pixel from circular laser beam artefacts as described 

previously [177].  

The second step consisted of minimising beam related spreading of the signal using 

Richardson–Lucy Total Variance Regularization (RLTV) [159] applied via the 

DeconvolutionLab 2 in Fiji [178]. A synthetic point spread function (PSF) comprising 

two Gaussians diagonally offset by the radius of the laser beam was applied, as per the 
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original scanning pattern offset. For 3D maps, the two Gaussian PSFs were applied 

individually to each layer.  

Quantification was performed by applying the same processing workflow to the gelatin 

standards in order to account for any changes to the raw data.  

4.3.8 Image processing software 

Image processing was performed using MATLAB for SRR then FIJI for image filtering. 

The MALTLAB code for SRR was written inhouse and is available from (Appendix 9-1 

& https://github.com/Elemental-Bio-Imaging-Facility). The default FIJI Gaussian filter 

and the DeconovolutionLab2 [178] plugin for Richardson-Lucy total variance 

deconvolution (RLTV) were used in this experiment. Processing was performed on both 

samples and calibration standards. 3D images were constructed using vtk files and 

imported into Paraview [179] for visualisation. 

4.3.9 Statistical Analysis 

Statistical analyses on the raw and processed data was performed with the Real Statistics 

plugin for Excel [180]. The LODs and LOQs were estimated from the calibration curves 

according to the following equations: 

𝐿𝑂𝐷 =
3𝜎

𝑆
 and 𝐿𝑂𝑄 =

10𝜎

𝑆
 ; where σ was estimated by the standard error in the y-

intercept and S was the slope of the calibration curve.  

 

4.4 Results and Discussion 

4.4.1 Optimisation of image acquisition parameters 

We chose to use the expression of dystrophin in murine tissue as an exemplar target. 

Dystrophin is a protein found in muscle fibres and is part of the dystrophin-glycoprotein 

complex (DGC), a multimeric transmembrane protein complex that links the 

intracellular cytoskeleton and the extracellular matrix [181] that confers structural 

stability to the sarcolemma during muscle contraction [182]. It is a low abundant protein 

with a clearly defined location in the muscle membrane (Figure 4.3), making it a suitable 
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target for examining the improvements of SRR imaging, and the subsequent processing 

algorithms.  

 

Figure 4.3: Representative photomicrograph of dystrophin in murine quadriceps. The 
expression of the protein is clearly seen as a honeycomb structure in the membranes of 
the muscle fibres. The protein was stained with Gd-labelled MANDYS8 primary 
antibody and detected using a goat anti-mouse secondary antibody (Sigma) conjugated 
to alkaline phosphatase with NBT/BCIP substrate (Sigma). 

Seven scenarios were considered for investigation and optimisation of image acquisition 

parameters (Table 4.3) of various laser scan speeds ranging from 15 to 60 μm.s-1, and 

total integration times between 0.100 and 1.00s, representing ARs from 1 to 10, which 

may be thought of as a magnification factor to improve image fidelity and clarity. The 
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spot size was maintained at 15 μm for all experiments as preliminary scans (data not 

shown) indicated excellent signals of Gd for the sample under investigation, whilst spot 

sizes below 15 μm did not provide sufficient intensities for subsequent SRR. Spot sizes 

above 15 μm performed equally well in terms of AR magnification, however the criteria 

of optimisation were resolution improvement and acquisition speed.  

Figure 4.4 depicts the resulting images from each of the seven acquisitions. Each Figure 

was quantified against calibration curves consisting of 6 standards. The calibration and 

quantification procedures are described in detail in sections 4.4.2 and 4.4.3 below. Figure 

4.4 (A), (B) and (C) was constructed using conventional acquisition parameters (without 

SRR) in which the scan speed was 1x the magnitude of the spot size, and the total 

integration time was 1s, equivalent to a resolution of 15 μm per voxel and consisted of 

two passes without offset in the horizontal direction to maintain equivalence of ablated 

mass for direct comparisons of later acquisitions. Figure 4.4 (A) depicts the distribution 

of dystrophin as measured by the proxy Gd and is difficult to discern with patchy 

coverage and of limited utility. Figure 4.4 (B) shows the result of application of the 

Gaussian filter, and Figure 4.4 (C) the result of RLTV processing, respectively. As 

expected, each of these post acquisition processes did not improve the clarity of the 

image when compared against the raw image.  

Consider acquisitions 2, 3 and 4, where the AR was constant at 2 (equivalent to a lateral 

and axial resolution of 7.5 μm per voxel) and the scan speed was decreased from 60, 30 

and 15 μm.s-1, representing increments of 4x, 2x and 1 x the magnitude of the spot size. 

In each experiment the total integration time of the mass spectrometer was increased by 

a factor of the same increment in order to maintain an AR of 2.  

Visual inspection of Figure 4.4 (D) (Acquisition 2, speed 4x) shows improved Gd 

coverage and emergence of the characteristic “honeycomb” structure of dystrophin 

within the muscle fibre membranes. Figure 4.4 (E) shows smoothing of the image after 

application of the Gaussian filter, whilst Figure 4.4 (F) demonstrates that the RLTV was 

effective for improving image clarity.  
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Similarly, Figure 4.4 (G), (H) and (I) depict the raw and post processed images 

(Acquisition 3, speed 2x) with half the scan speed of the former acquisition. Although 

the AR was maintained at 2 as before, the image clarity was superior in all three images. 

This improvement in clarity was a direct consequence of the washout time of the cell on 

this instrument (~20-50ms) becoming decreasingly significant as a proportion of 

acquisition time per laser pulse. The image clarity following application of the post 

processing algorithms was again superior to the raw SRR image. This effect is even more 

prominent in Acquisition 4 in which the total scan speed was at the same magnitude of 

the spot size (Figure 4.4 (J), (K) and (L)). Here, the distribution of dystrophin is clearly 

visible in the raw image and further improved by application of the Gaussian filter and 

the RLTV algorithm.  

In general, these image blur effects were acceptable at scan speeds below two times the 

magnitude of the spot size, i.e. 30 μm.s-1. Although faster scan speeds increased the Gd 

signal, the image blur was generally not suitable for SRR acquisition.  

Acquisition 5 demonstrates that the AR can be further increased to 4, representing a 

lateral and axial resolution per voxel of 3.8 μm (Figure 4.4 (M), (N), and (O)). The 

dystrophin distribution is clearly visible in the raw image and is further clarified by 

application of the post processing algorithms. Acquisitions 6 (Figure 4.4 (P), (Q) and (R)), 

and 7 (Figure 4.4 (S), (T) and (U)) show that the AR can be further increased to 8 and 10, 

representing lateral and axial resolutions of 1.9 and 1.5 μm per voxel, respectively, 

resulting in post processed images of excellent clarity and fidelity.  

In consideration of these factors, the best compromise between resolution, acquisition 

time, and cell washout effects was when the scan speed was less than two times the 

magnitude of the spot size. This compromise is only applicable to the instrument in our 

laboratory as new cell designs available from various vendors have significantly reduced 

washout times to approximately 1 to 5 ms [45]. 

4.4.2 Calibration  

The effects of the workflow and the various processing algorithms on calibration curves 

are shown in Figure 4.6. Figure 4.6 (A) shows a representative calibration curve, and an 
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image panel of each of the six gelatin standards (Figure 4.6 (B)) obtained from ablation 

of a 300 μm by 300 μm square of the first layer in the horizontal direction with a 15 μm 

spot size, scanning speed of 30μm s-1, and a total integration time of 0.25 seconds.  

In this case, the lateral resolution was 7.5 μm, and the axial resolution was 15 μm, 

representing an AR of 2. Similarly, Figure 4.6 (C) shows the calibration curve and the 

image panel of the six gelatin standards (Figure 4.6 (D)) at 300 μm x 300 μm ablated 

from the second layer diagonally offset at 7.5 μm (half the magnitude of the spot size) 

from the first. A representative post-ablation raster pattern of a standard is shown in 

Figure 4.5. 

The analytical figures of merit for 

these acquisitions and the 

subsequent processing algorithms 

are shown in Table 4.4. The 

calibration curve of the horizontal 

layer has excellent linearity and a 

y-intercept close to the origin at 2.4 

CPS, and a slope of 0.1433 CPS.ppb-

1. The calibration curve of the 

second vertical layer (Figure 4(C)) 

also has excellent linearity and a y-

intercept close to the origin at 2.0 

CPS, and a slope of 0.1237 CPS.ppb-

1. Summation of the slopes of these 

two curves yields a value of 0.2670 CPS.ppb-1, and a y-intercept of 4.4 CPS. The LODs 

and LOQs are similar for both acquisitions.  

Figure 4.5: Post ablation raster pattern after 
two passes in the horizontal and vertical 
directions. 
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The effects of the first processing step combining two offset layers of orthogonal 

acquisition using SRR representing an AR of 2 is shown Figure 4.6 (E). The calibration 

curve remains linear and again is close to the origin at 12.1 CPS. The slope of the 

calibration curve was 0.2659 CPS.ppb-1 and was not significantly different (p-value 

0.870) from the summation of the slopes of the two previous cases. This was consistent 

with an expected doubling of the slope due to interlacing two layers into a single layer, 

i.e. two passes of the laser would be expected to double the signal intensity per voxel as 

twice the amount of material was ablated when compared against a single pass.  

Table 4.4: Analytical Figures of Merit after application of the processing algorithms.  

 

Gradient 

(CPS.ppb-1) 

Intercept  

(CPS) 

Linearity 

 (r2) 

LOD  

(ppb) 

LOQ  

(ppb) 

Horizontal 0.1433 2.4 0.9996 72 219 

Vertical 0.1237 2.0 0.9994 82 248 

Summed 0.2670 4.4 0.9995 77 234 

SRR 0.2659 12.1 0.9993 89 270 

Gaussian 0.2657 12.1 0.9993 91 275 

RLTV 0.2673 11.3 0.9993 94 285 

 

The calibration image panel (Figure 4.6 (F)) now consists of square voxels brought to 

congruence by application of the Kronecker product and bilinear interpolation of null 

values in the product matrix. Inspection of this standard image panel clearly shows the 

homogeneous distribution of Gd throughout each level of standard. The LOD of 89 ppb 

and the LOQ of 270 ppb have increased by approximately 15% when compared against 

average values from acquisitions of the single layers.  

After application of the Gaussian function (Figure 4.6 (G)), the slope was not 

significantly different from the SRR (p-value 0.326), whilst the intercept, linearity, LOD 
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and LOQ were similar to the SRR processing step, indicating that for homogeneous 

distributions of Gd, this smoothing function would have negligible impact on 

quantification. Final application of the RLTV algorithm (Figure 4.6 (I)), again had no 

significant difference in the slope compared against the Gaussian (p-value 0.117), and 

negligible impact on the linearity, y-intercept, LOD and LOQ. The image panel (Figure 

4.6 (J)) appears almost identical to the Gaussian smoothed image. 

The average response (CPS) and % RSDs for standards near the LOQ or above (standards 

4 to 6) is shown in Table 4.5 for each of the described scenarios. A one-way ANOVA 

showed a significant difference for averages of the response in all standards when the 

summed responses were compared against the processed averages (p-values < 0.05). In 

contrast, no significant difference was observed after application of one-way ANOVA 

for SRR, Gaussian and RLTV (p-value 0.24 std 4; p-value 0.09 std 5; and p-value 0.07; 

std 6). The initial processing with SRR, which included trilinear interpolation, decreased 

the %RSD in all levels of standards when compared against simple summation. 

Subsequent application of the Gaussian function decreased the %RSD further still, whilst 

application of the RLTV increased the %RSD to levels like that of the SRR processing. In 

all three post-processing cases the %RSD were lower than the raw acquisition data. These 

data demonstrate that the post processing algorithms were quantitively invariant for 

homogeneous standards, whilst the Gaussian filter provided the lowest %RSDs.   
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Table 4.5: Average Response and %RSD for calibration standard near or above the 
LOQ. 

 Standard 4 Standard 5 Standard 6  

Average 

Response 

(CPS) %RSD 

Average 

Response 

(CPS) %RSD 

Average 

Response 

(CPS) %RSD 

Summed 86 44 221 31 897 23 

SRR 93 36 230 24 952 14 

Gaussian 93 24 230 16 952 11 

RLTV 92 36 228 26 958 20 

 

4.4.3 Quantification  

In order to determine the effect of the calibration processing algorithms on 

quantification of heterogenous distributions within tissue sections, a single layer was 

ablated in the horizontal direction with a 15um spot at 30μm.s-1 and 0.25 integration 

time, equivalent to an AR of 2 (acquisition 3). This same horizontal data matrix was 

transposed vertically (layer 2) to simulate the ablation of a second layer, offset diagonally 

at 7.5 μm and subjected to each of the processing steps described above. The average 

concentrations and % RSD this double layer test shown in Table 4.6. This test was 

designed to ensure that that the workflow was also quantitatively invariant for 

heterogenous specimens as no significant difference would be expected for average 

concentrations of Gd within the post-processing algorithms, and a similar trend for RSDs 

as was observed for the calibration data. For each processing step, the simulated two-

layer sample was quantified by application of the corresponding processing step to the 

calibration data. 
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Table 4.6: Average concentrations and %RSD for simulated two-layer sample.  

Layer 

Concentration 

(ppb) %RSD 

Horizontal 690 110 

Vertical  690 110 

Summed 690 110 

SRR 756 70 

Gaussian 756 58 

RLTV 772 86 

 

As expected, application of one-way ANOVA showed there was no significant difference 

in average concentration of Gd between layer 1, layer 2 and the summed layers (p-value 

1). However, there was a significant difference between the average concentrations 

when all scenarios were compared (p-value <0.05). There was no significant difference 

in average concentration of Gd within post processing algorithms (p-value 0.15). As 

before, the %RSD was reduced after SRR processing when compared against the raw 

data quantification. The %RSD was further reduced after application of the Gaussian 

filter and increased after application of the RLTV processing step. 



 

μ μ

μ μ

μ μ
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Figure 4.8: Three-dimensional reconstructions of continuously ablated 50 μm section. 
(A) Planar view of single focus acquisition. (B) and (C) Oblique and isometric views of 
refocused laser acquisition at 5 μm for each pass. (D), (E), and (F) Planar, oblique and 
isometric views of single focus laser acquisition. The structural integrity of the 
dystrophin is clearly seen throughout the 10 layers.  

Figure 4.8(A) and (B) show the planar and oblique views, whilst Figure 4.8 (C) shows the 

isometric view of the refocussed laser acquisition. The distribution of dystrophin is seen 

throughout the 10 sections of acquisition. The continuity of the dystrophin along the 

muscle fibres in the third dimension was maintained, indicating that refocussing of the 

laser beam was viable method for three dimensional acquisitions. 

(A) 

(D) 

(B) 

(E) 

(C) 

(F) 
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Similarly, Figure 4.8 (D) and (E) show the planar and oblique views, whilst Figure 4.8 (F) 

shows the isometric view of the single focused laser acquisition. The distribution of 

dystrophin is clearly seen from the planar view. The isometric view displays a generally 

lower signal of Gd when compared to the refocussing method possibly due to reduced 

ablation efficiency when not refocusing. However, the oblique view shows equivalent 

signal down the full 10 layers of ablated muscle fibre, and the signal difference was most 

likely due to sample heterogeneity. Therefore, the single focus method was comparable 

to the refocusing method for up to a sample thickness of 50 μm. The advantage of no 

focus is that no prior testing of ablation depth per laser pass is required saving both 

sample tissue and time. 

4.5 Conclusions 

In summary, these data demonstrate that the SRR, Gaussian and RLTV post processing 

algorithms provide superior image fidelity, with no significant differences in 

concentration quantification within the post-acquisition processing procedures. The 

average concentrations of Gd across the heterogeneous sample increased by 

approximately 10 %, when compared against the raw data. Although this change was 

significantly different at α= 0.05 when compared against the raw data, the processing 

steps would not affect the final interpretation of the distributions of dystrophin as 

relative quantification is required for this application. The lowest %RSD were obtained 

with the Gaussian filter, so all quantification should be reported after application of the 

Gaussian filter on whole tissue sections. On the other hand, the best image clarity was 

obtained after RLTV, so visual interpretation of structures within tissue sections should 

be performed after the final RLTV processing step.  

Continuous ablation of 50 μm thick tissue sections and methods of a single focus and 

refocusing of the laser at 5 μm increments with each pass were equivalent for three-

dimensional images. When compared against conventual approaches, the single focus 

and refocussing methods were improved in both terms of image clarity, resolution and 

simplicity. The single focus method is recommended up to a sample thickness of 50 μm 

due to the simplicity of setup. The conventional approach usually requires ablation of 

individual sections followed by image registration and reconstruction of the final image 
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by stacking the slices into a contiguous representation of the specimen. The SRR 

approach removes the requirement for serial sectioning and image registration and 

eliminates anomalies associated with cutting artefacts. Furthermore, the three-

dimensional volume of the SRR approach is only limited by the focussing range of the 

laser, and could potentially be applied to whole organ imaging such as murine brain, 

kidney, pancreas etc. 

The ablation cell wash-out was the most significant limitation for the total acquisition 

time of the specimen for any given experiment and was limited to laser scan speeds of 

approximately 2 𝑑𝑙 μm/s. Beyond this speed, image blur effects negated the benefits of 

SRR processing. It is anticipated that this image blur problem would not be significant 

at speeds greater 2 𝑑𝑙 μm/s with new cell designs with significantly reduced washout 

times. Limitations of the “speed limit” of acquisitions and the maximum ARs would then 

migrate primarily to factors such as laser pulse frequency and speed of the mass 

spectrometer duty cycle, requiring the use of higher frequency laser systems and 

sensitive time of flight instruments. 

 



82 
 

5 Muscular Dystrophy 

5.1 Abstract 

There are many emerging interventions for the treatment of Duchenne muscular 

dystrophy, however drug approvals and clinical translations area being hampered by the 

challenges of quantifying functional dystrophin and related components of the 

dystrophin-glycoprotein complex. Standard approaches to quantification and 

localisation of dystrophin rely on Western blots and concomitant immunofluorescence. 

These approaches lack reproducibility and accuracy, require large amounts of tissue, are 

difficult to standardise, and not amenable to multiplexed measurements. 

The chapter details the development of an immuno-mass spectrometry imaging method 

to simultaneously quantify and localise dystrophin in murine and human muscle 

sections. The samples were stained using standard immunohistochemical protocols with 

a dystrophin antibody labelled with gadolinium, followed by spatial quantification by 

laser ablation-inductively coupled plasma-mass spectrometry. The coefficients of 

variation were 12% and 9% for mouse and human tissue, respectively; an improvement 

over standard approaches, and within the FDA guidelines. 

This novel application of immuno-mass spectrometry imaging facilitated the absolute 

quantification and sarcolemmal localisation of functional dystrophin and has the 

potential to quantify up to 32 dystrophin-glycoprotein complex components in a single 

muscle biopsy. This method will benefit research in Duchenne muscular dystrophy and 

will allow the interrogation of the stoichiometry of the dystrophin-glycoprotein complex. 

Implementation of this method in the clinic will improve the use of valuable patient 

resources and provide enhanced information on drug efficacy and safety and speed the 

pace of clinical translation for drugs in the development pipeline.  

5.2 Introduction 

The dystrophin-glycoprotein complex (DGC) is a multimeric transmembrane protein 

complex that links the intracellular cytoskeleton and the extracellular matrix [181] and 
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confers structural stability to the sarcolemma during muscle contraction [182]. 

Alterations in the protein expression of DGC components often result in muscular 

dystrophies, with Duchenne (DMD) and Becker (BMD) muscular dystrophy 

characterised by an absence or decreased expression of dystrophin. Dystrophin 

quantification and localisation are critical outcome measures for therapeutic trials in 

DMD [183]. Challenges for accurate dystrophin quantification include the absence of 

standards, the large size and low expression of the dystrophin protein, dystrophin-

positive revertant fibres, and residual trace dystrophin [184]. In addition, tissue 

heterogeneity of dystrophin expression may obscure successful therapies, especially 

when the amount of restored dystrophin is small [184]. Regulatory authorities consider 

the lack of consensus on standardised methods for dystrophin quantification as a critical 

barrier to progress in the field [185] which has contributed to the recent controversies 

surrounding the approval of eteplirsen (Sarepta), the first FDA-approved DMD-specific 

treatment [186,187].  

The current standard of dystrophin assessment is a combination of Western blotting 

(WB) and immunofluorescence/immunohistochemistry (IF/IHC). Assessing both the 

quantity and pattern of dystrophin expression is important because different patterns of 

expression leads to variations in the functional outcome regardless of the total amount 

of protein [183]. Quantification of dystrophin is confounded by high inter-laboratory 

variances when using Western blot and IF. A recent inter-laboratory study attempted to 

develop standard methods for IF and Western blotting of dystrophin [183]. Five 

laboratories analysed the same samples and obtained %RSDs of 23-23% for the Western 

blots and 22-67% using IF. These %RSDs exceed those recommended by the FDA for 

bioanalytical assays [188], and highlight the difficulties in standardising quantification 

approaches for dystrophin. 

Recent advances in IF image analysis methods have led to improvements in precision in 

dystrophin measurement using algorithms to identify dystrophin positive fibres. Spectrin 

has been used as a control protein to normalise dystrophin IF images in DMD, BMD, 

and wildtype muscle fibres and resulted in no statistical difference between samples 

stained and imaged over two separate days [189]. Beekman et al. developed an 
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immunofluorescent image analysis method which improved the reproducibility with 

inter-assay %RSDs of 2-17%, and had sufficient sensitivity to measure small changes in 

dystrophin expression in a DMD patient before and after treatment with an experimental 

compound [190]. However the authors note that calibration curves are not available with 

IF, and that absolute fluorescence can differ between experimental days [190]. Aeffner 

et al. have further developed IF image analysis as an effective method of analysing 

dystrophin expression as a therapeutic biomarker for DMD and BMD [191]. An 

algorithm was developed using merosin as a mask to define the membrane of the muscle 

fibres, and the number of fibres in all samples were independently verified by 

pathologists. However, signals associated with dystrophin expression was only analysed 

in the areas associated with the mask. 

There are currently several drugs under development to restore dystrophin production 

in sufferers of DMD. It is therefore essential that a reliable and reproducible method is 

available to measure dystrophin as a biomarker for therapeutic intervention [192]. The 

lack of a standardised method for the analysis of dystrophin has resulted in conflicting 

evidence on the use of dystrophin as a biomarker to measure therapeutic efficacy. There 

are reports that the data produced does not clearly establish a correlation between 

dystrophin levels and muscle function [192], and others suggest that dystrophin levels 

in a muscle biopsy correlates better with the phenotype than the genetic prediction [193]. 

Development of methods for biomarker measurements need to take into account that 

biopsies taken from patients with DMD may express low levels of dystrophin in large 

numbers of fibres [194], as well as account for revertant fibres [190]. Ideally, the 

biomarker should be reproducible and have a standardised method of quantification and 

demonstrate sensitivity across a range of dystrophin expression [189].  

Here we present the use of iMSI as an alternative, quantitative imaging technique for 

analyzing protein expression in muscle fibres that may be applied to diseases such as 

DMD or investigate other focal muscle pathologies. Bodenmiller et al. have been key in 

establishing iMSI as an accepted technique for imaging heterogeneous cancer 

biomarkers. Their seminal paper qualitatively imaged 32 breast cancer biomarkers 

Highly multiplexed imaging of tumor tissues with subcellular resolution by mass 
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cytometry [195], with these authors developing new instrumentation and software to 

improve image resolution and cell segmentation [196,197], and expanding beyond 

measuring protein expression to include mRNA in their multiplexed analyses [198]. 

Postmortem use of quantitative iMSI has identified markers of early myochardial 

ischemia [199], and to show three-dimensional structural features in the murine brain 

[158]. 

This chapter details the use of iMSI for dystrophin quantification in murine and human 

tissue with the aim to develop a bioanalytical approach to assess therapeutic 

interventions of DMD and studies of DGC stoichiometry; as well as expanding the 

analysis to the third dimension to evaluate the effect of antibody incubation time with 

increasing tissue thickness.  

Crucial to accurate quantification of the heterogeneous distribution of dystrophin is to 

objectively remove background signals due to non-specific bindings of the antibody. 

Therefore, three methods were evaluated; no correction, removal of data points based 

on a threshold of the median signal, a threshold determined by Otsu’s method [200].The 

latter assumes two classes of distributions (e.g. background and positive signal) that 

identifies a division such that the variance of each distribution is equivalent.   
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5.3 Methods 

5.3.1 Materials 

The dystrophin antibody (Mandys8) was purchased from Santa Cruz Biotechnology 

(Dallas, Texas, USA) and was labelled with Maxpar® Gd-158 reagent by Fluidigm (South 

San Francisco, CA, USA). The isotype control goat anti-rabbit antibody (ab6721 abcam, 

Cambridge, MA, USA) was labelled with the Maxpar® Lu-175 reagent also by Fluidigm. 

Bloxall and mouse on mouse (M.O.M.) basic kit were purchased from Vector 

Laboratories (Burlingame, CA, USA). Superblock was purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Tween-20 and 10x TBS from Bio-Rad (Hercules, CA, 

USA) to make 0.1% TBST.  

Gadolinium(III) nitrate hexahydrate, lutetium(III) nitrate hydrate, tris-hydrochloride 

(Tris-HCl, pH 7.4), ethylenediaminetetraacetic acid (EDTA; 10 mM), polyethylene glycol 

(Mn 400) and gelatin from bovine skin (100 mg; Type B) were purchased from Sigma 

Aldrich (Castle Hill NSW, Australia).  

Grace Bio-Labs (Bend, OR) supplied 6 Hybriwell™ gasket (20x9.8 mm) and clear 

polycarbonate cover with two ports (item number 612107, depth 0.25 mm, volume 50µL). 

Ultrapure HNO3, Gd and Lu standard were supplied by Choice Analytical (Thornleigh, 

New South Wales, Australia). 

5.3.2 Mouse models 

Wild-type (C57BL/6J) and mdx (C57Bl/10ScSn background) mouse quadriceps tissues 

were a gift from Dr. Rachelle Crosbie-Watson from UCLA (Los Angeles, CA). Tissues 

containing the four quadricep muscles (rectus femoris, vastus lateralis, vastus 

intermedius, vastus medialis) were harvested from mice maintained following guidelines 

established by the Institutional Animal Care and Use Committee at the University of 

California, Los Angeles, and approval for the mice in this study was granted by the 

UCLA Animal Welfare Assurance. Muscles were frozen in OCT, sectioned at 10 microns 

thickness, and stored at -80 degrees C until used for immunolabelling. 
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5.3.3 Human tissue 

Human muscle biopsies were obtained with informed consent from patients of the UCLA 

CDMD under University of California Los Angeles IRB‐approved protocol (#11‐001087). 

Skeletal muscle biopsies from the vastus lateralis were embedded in OCT, frozen in liquid 

nitrogen, and stored at -80 Celsius. The DMD patient in this study had a clinical 

diagnosis and prior muscle biopsy done 10 years ago that showed no or low dystrophin 

staining. The most recent biopsy demonstrated an intronic mutation (Intron 68) that 

caused an out of frame 88bp insertion. This mutation was expected to have some 

dystrophin expression, but low. The patient was ambulatory at age 16. 

5.3.4 Histological preparation 

After air-drying, the mouse muscle cryosections were washed with TBS before 

incubation with M.O.M. blocking reagent (Vector Labs, Burlingame, CA) for 60 min. 

Samples were further washed with TBST before a 5 min incubation with M.O.M. diluent 

followed by a 30 min incubation with the gadolinium-labelled primary anti-dystrophin 

antibody (Mandys-8; 1:100). Additionally, isotype controls were incubated with 

lutetium-labelled isotype control goat anti-rabbit antibody (ab6721 abcam, Cambridge, 

MA, USA; 1:500). The slides were then washed with TBST, rinsed with double distilled 

H2O, and allowed to air dry overnight. 

The human muscle biopsy cryosections were air dried, washed with TBS and incubated 

with Bloxall blocking reagent (Vector Labs, Burlingame, CA) for 10 min. The samples 

were then washed with TBST before a 30 min incubation with gadolinium-labelled 

primary anti-dystrophin antibody (Mandys-8; 1:500). The slides were washed with PBS, 

rinsed with double distilled H2O, and allowed to air dry overnight. 

5.3.5 3-dimensional sample preparation 

To explore dystrophin expression in three dimensions, cryosections of wildtype (WT) 

mouse quadricep muscle were cut at thicknesses listed in Table 5.1 and prepared for 

immunohistochemistry with the procedure describe above. It was necessary to determine 

if changing the tissue thickness required longer incubation times for the antibody to fully 

penetrate the tissue. Table 3 lists the incubation times and section thicknesses tested. 
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Table 5.1: Incubation and section parameters for 3D atlas incubation. 

Title Thickness (μm) Incubation time (min) 

A 10 30 

B 30 30 

C 30 60 

D 30 120 

E 10 30 

F 30 30 

G 50 30 

 

5.3.6 Preparation of iMSI standards 

Matrix matched gelatin standards were prepared from modification of a previously 

described method in Chapter 3.3.1. A stock solution of 25000 ppb Gd and 15000 ppb Lu 

was prepared by dissolving 323.89 mg of gadolinium(III) nitrate hexahydrate and 111.71 

mg of lutetium(III) nitrate hydrate in 100uL pH 7.4 aqueous buffer comprising 100mM 

Tris-HCl, 10 mM EDTA, and 1% w/w polyethylene glycol. A series of gelatin standards 

were prepared by dilutions of this stock solution in the buffer to levels shown in Table 

4.1; and addition of 100 mg of gelatin to 900 µl of the dilutions at 53⁰C with periodic 

vortexing.   
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Table 5.2: Concentrations of gelatin standards (ng/g± ng/g). 

Element Blank 1 2 3 4 5 

Gd 1.33±0.06 16.8±0.15 61.2±0.4 241±2 892±5 3523.06±14 

Lu 2.85±0.07 22.0±0.16 80.0±0.5 299±2 1179±4 4674.10±16. 

 

5.3.7 iMSI  

All mass spectrometry imaging experiments were performed on a New Wave Research 

NWR-193 excimer laser (Kennelec Scientific, Mitcham, Victoria, Australia) hyphenated 

to an Agilent Technologies 7700s series ICP-MS (Agilent Technologies, Mulgrave, 

Victoria, Australia). To maximize sensitivity and ensure a low oxide formation 

(ThO/Th<0.3%) with LA-conditions, a NIST 612 Trace Element in Glass CRM was 

ablated. High purity liquid Ar boil-off was used (Ace Cryogenics, Castle Hill, New South 

Wales, Australia) as the carrier gas. The low-resolution image was obtained with a laser 

spot size of 15 µm with a scan speed of 60 µm/s at 20 Hz, and the high-resolution images 

a spot size of 15 µm and a scan speed of 30 µm/s at 20 Hz.  The SRR regime was used as 

outlined in Chapter 4.3.6 

5.3.8 Image processing 

Image processing was performed using MATLAB for reconstructing the high-resolution 

images, followed by FIJI for image filtering as outlined in Chapters 4.3.7 and 4.3.8.  

5.3.9 Statistical analysis 

The averages per section obtained from Otsu’s thresholding were processed and 

calculated by Microsoft Excel.  
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5.4 Results and Discussion 

5.4.1 iMSI in wild-type and mdx mouse skeletal muscle 

Therapeutics for DMD are initially evaluated in wild type and mdx murine models. The 

feasibility of the iMSI method was therefore evaluated for the detection and spatial 

quantification of dystrophin with a Gd-158-labeled anti-dystrophin primary antibody in 

murine skeletal muscle tissue. The iMSI method was applied across a full muscle section 

at low-resolution of 15 μm (Figure 5.1 A), and in high-resolution at 1.75 µm (Figure 5.1 

B). Here, external standards of Gd were used for quantification that were validated 

according to the methods outlined in Chapter 3.  

 

Figure 5.1: Dystrophin iMSI in wild type and mdx mouse quadriceps muscle. A, low-
resolution iMSI (15μm) of whole mouse quadriceps cross section showing expected 
sarcolemmal distribution of dystrophin. High-resolution (1.75 μm) images of 
dystrophin by iMSI in wild-type (B) and mdx mouse quadriceps (C). Quantification 
scale in A denotes ppb of gadolinium for all panels. 

In Figure 5.1 A, the expected sarcolemmal pattern was observed, however the resolution 

was inadequate to discern the necessary fibre-specific concentrations. Figure 5.1 B and 

C show representative images obtained using the high-resolution protocols from Chapter 

A B 

C 
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4.3.6 across a 300 x 300 µm section of the WT and mdx mouse quadriceps, respectively. 

As expected, the wild type image showed the characteristic sarcolemmal pattern, whilst 

the sarcolemmal pattern was not observed in the mdx mouse, which does not express 

dystrophin. A lutetium-labelled goat-anti-rabbit IgG antibody was applied to wild-type 

mouse muscle sections as an isotype control. No Lu signal by iMSI was observed above 

the instrument detection limits (data not shown). 

Thresholding is an essential step for the quantification of proteins visualised by IHC in 

order to remove background signal, determine what is a “true” positive signal, and for 

normalising analyses between replicates. The best thresholding method for the 

quantification of dystrophin would ideally contain areas where dystrophin was known 

to be present (i.e. the sarcolemma) without biasing areas where dystrophin was not 

present due to non-specific bindings of the anti-body or other unexpected areas of signal. 

The threshold should be objectively chosen at a value that does not alter the specificity 

or sensitivity to identify revertant fibres nor low abundant dystrophin expression 

presented by the majority of DMD cases [184]. 

Accordingly, three approaches were investigated: no threshold, median thresholding and 

Otsu’s method. Median and Otsu’s thresholding were examined as these techniques are 

typical basic methods of thresholding for IHC analyses and are used as the foundation 

of more complex thresholding and segmentation algorithms.11 Figure 5.2 details the 

analysis of a representative section of a wild type murine quadricep after acquisition of 

a 300μm x 300μm section by iMSI and application the post-acquisition processing 

algorithms (Chapter 4.3.6) SRR, Gaussian filtering and RLTV, equivalent to a resolution 

of 1.75 μ m. Figure 5.2A details the histograms of the concentrations of Gd; Figure 5 B 

the resulting image; and Figure 5 C-E the areas of the image that were used for 

calculation of the final concentration with no thresholding, median thresholding and 

Otsu’s method, respectively. 
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Figure 5.2: Histograms with the 3 tested thresholding methods (A). Intensity map of 
WT quadricep (B) with the correlating threshold methods: Raw (C), Median (D) and 
Otsu’s (E) using the histogram colours to represent the areas of the image used for 
quantification. 

The raw histogram shows that roughly half of the data points (53%) were due to 

background signals below approximately 100 μg/kg, and calculation of the average 

A 

B C D E 
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concentration using the entire data set (Figure 5.2C) without thresholding would clearly 

bias the results to well below the true value. Removal of data points below the median 

threshold of 132 μg/kg from the raw image (approximately 50% of the dataset) thickened 

the network of membranes as represented by Figure 5.2D, although the typical 

honeycomb structure is easily seen. On the other hand, Otsu’s method of assuming two 

distributions and settling on a threshold where the variances were equal resulted in a 

higher threshold value of 343 μg/kg, representing approximately 30% of the dataset. 

Thresholding by Otsu’s (Figure 5.2E) method closely resembled the SRR, Gaussian and 

RLTV processed image (Figure 5.2B) for improved discrimination of positive dystrophin 

signals compared to the median method.  

The method was further evaluated by analyzing six serial wild type, seven mdx, and 

seven wild type isotype control murine muscle sections. Each iMSI run consisted of the 

ablation of a 300 x 300 µm sections from three representative areas from each of the 

sections of quadricep tissue from 

the WT, mdx, and WT isotype 

control samples, as shown by a 

representative section in Figure 5.3. 

Each section was calibrated against 

the gelatin standards before and 

after the acquisition of each 

section. The linearity of each wild 

type analysis ranged between 

0.997-1.00. The LOD was 

calculated for each run, and the 

method LOD of 78 ppb Gd was an 

average of six recorded values, with 

one wildtype acquisition excluded 

as an outlier by the Grubb’s test.  

As expected, the mdx control 

sections showed no evidence of the 

Figure 5.3: Representative areas of ablation of 
murine quadriceps, A, B and C. Black scale bar 
represents 1000  m. 
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sarcolemmal pattern (data not shown), whilst Lu was below the detection limits for the 

isotype controls, indicating that the method was specific for dystrophin across all 

sections.  

In all analyses of the wild type sections, the expected sarcolemmal pattern was observed. 

The averages of each of the six sections from each region and application of the 

thresholding approaches are shown in Table 5.3 below.  

Table 5.3: Average values of gadolinium (ppb) and % RSDs from the regions of interest 
and thresholding methods for wildtype murine quadriceps 
 

MUSCLE REGION A MUSCLE REGION B MUSCLE REGION C 

Raw Median Otsu Raw Median Otsu Raw Median Otsu 
Section 1 458 689 830 427 619 687 548 786 875 

Section 2 405 603 662 395 584 716 285 422 468 

Section 3 328 475 558 408 614 680 432 637 718 
Section 4 386 574 700 460 693 834 133 210 284 

Section 5 378 591 729 474 703 801 174 250 293 

Section 6 348 526 650 400 613 836 195 293 349 
          

Average 384 576 688 427 638 759 294 433 498 
% RSD 12 13 13 8 8 10 56 54 49 

          

 Raw Median Otsu       
Overall Average 369 549 648       

Overall % RSD 28 28 27       

 

Inspection of the values in Table 5.3 show the effect of each of the thresholding methods 

on the calculated averages of Gd and subsequent inference of the relative amounts of 

dystrophin. As before, the averages of the raw data were consistently below those of the 

median and Otsu’s thresholding, whilst the median was consistently below Otsu’s 

method. The overall % RSD were not significantly different at approximately 28 %. As 

was shown in Chapter 4, that the various processing algorithms were quantitatively 

invariant, these % RSDs indicate that there were biological variations in the amounts of 

dystrophin through the muscle tissue, indicating that sampling areas and volumes must 

be considered before interpretation of diagnostic significance. Specifically, biopsies and 

sampling areas should be carefully chosen to evaluate efficacy of drug interventions or 

other forms of treatments. The higher values of Gd obtained from Otsu’s method was 
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indicative of a positive bias towards larger values of Gd and is a more cautious approach 

to identifying positive dystrophin expression, and therefore favourable for the intended 

diagnostic. Therefore, Otsu’s thresholding was selected for all further analyses.  

5.4.2 iMSI in normal human and DMD skeletal muscle 

In order to determine if iMSI provided an adequate alternative to IHC, healthy human 

quadriceps sections taken from a biopsy obtained from an 80-year-old were stained using 

a primary antibody labelled with Gd158, an avidin biotin secondary with DAB as the 

visualisation agent, and hematoxylin as the counterstain. The IHC section was imaged 

optically using a slide scanner, and a sequential section was analysed with LA-ICP-MS. 

Figure 5.4 shows excellent spatial correlation between the iMSI image and the IHC 

image. Again, the expected sarcolemmal staining pattern was observed with similar 

distribution amongst the individual fibers obtained with both techniques. The average 

concentration of Gd was 308 ppb with 18% RSD.  

 

Figure 5.4: IHC with hematoxylin counterstain (A) and iMSI (B) for dystrophin in 
serial sections of human quadriceps muscle (80 year old). Scale bar in A denotes 100 
microns and applies to both images. The same gadolinium-labeled anti-dystrophin 
antibody was used in both. Quantification scale in C denotes ppb of gadolinium. 

A human muscle biopsy was also obtained from an 18-year-old man analysed by iMSI 

and is shown Figure 5.5. Dystrophin is clearly visible with the typical sarcolemma 

A B C 
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pattern evenly distributed across the entire section. The average concentration of Gd 

was 293 with 9 % RSD.   

A muscle biopsy was obtained from a 

DMD patient expected to have low 

dystrophin expression by genetic studies. 

The section was stained with the primary 

and secondary antibody as above. After 

the IHC image was taken via slide 

scanner, the coverslip was removed, and 

the section was imaged using iMSI (see 

Figure 5.6). The IHC image showed weak 

dystrophin expression, and this is 

confirmed by iMSI. The Gd concentration 

ranges from <LOD to 617 ppb, with an 

average value across the biopsy of 136 ppb. 

It is important that new approaches to 

reduce the complexity of analysis provide 

the same information as the techniques 

replaced. Therefore, the first assessment is 

ensuring that the spatial information 

provided by immunohistochemistry and 

the values from Western blot are improved or not lost. The results shown in Figure 5.4 

and Figure 5.6  improve upon separate Western blot and IF by providing simultaneous 

localisation and quantification of dystrophin. iMSI uses single muscle sections, which 

are easily obtainable from muscle needle biopsies and does not require bulk tissue needed 

for Western blot and gene analysis which is generally taken through surgical procedures. 

It does not require changes to standard IHC procedures and reduces complexity as a 

secondary antibody is not required. The imaging protocols applied here had a theoretical 

resolution of 1.75 µm, which provided appropriate resolution and signal response to 

measure dystrophin expression in a range of samples that included the low expression 

Figure 5.5: Exemplar iMSI image of 
section from 18-year-old male vastus 
lateralis biopsy. Scale bar is in ppb Gd. 
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in a DMD sample. Furthermore, iMSI uses easily prepared and validated external 

standards that facilitates comparison between clinical studies and sites. The protocol was 

validated for murine and human tissue and therefore can be used from the initial stages 

of drug development through to clinical trials. 

 

Figure 5.6: IHC (A) and iMSI (B) of dystrophin in serial muscle sections from a patient 
with Duchenne muscular dystrophy. Quantification scale in C denotes ppb of 
gadolinium in panel B. Black bar in A denotes 100 microns. 

 

The iMSI data shown here was collected over several days, and the use of an external 

calibration curve provided quantitative data that measures differences in protein 

expression and increases the reproducibility of the technique as day-to-day variations in 

instrument response are accounted for. The Otsu’s thresholding is not as specific as 

applying a mask for a membrane protein such as spectrin or merosin, however it is 

advantageous in other ways. Many promising therapeutics are targeting other member 

of the DGC such as sarcospan, with results showing that an increase in sarcospan in the 

muscle fibres of the mdx mouse model improved sarcolemmal defects [201]. Here, the IF 

images of sarcospan show that the increased expression was not confined to the 

sarcolemma. This increase would be identified as a positive signal using Otsu’s 

thresholding, however, would not be measured with a masking approach. The high-

resolution images shown in Figure 5.4 B and Figure 5.6 B show that the amount of 

A B C 
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dystrophin differs fibre to fibre. This is consistent with the findings of Beekman et al 

[190], and highlight the necessity for quantitative methods that allow greater data 

interrogation. 

The US Food and Drug Administration (FDA) industry guide for bioanalytical method 

validation [188] was consulted when validating this method. The document is designed 

as a guide only, as definitive quantitative [202] bioassays are validated according to “fit-

for-purpose” steps similar to those undertaken in standard analytical protocols [203]. 

Accordingly, Table 5.4 summarises the analysis of Gd as a marker of dystrophin 

expression. The method has appropriate sensitivity to measure different levels of 

dystrophin expression, has high linearity with all analyses of our characterised external 

standards showing an R2 greater than 0.99, and importantly the analysis was 

reproducible. The FDA guidance recommends that ligand binding assays should have a 

%RSD ±20%, and the values obtained here for the mice and human images are below that 

threshold. In general, ligand binding assays such as ELISAs or Western blots are 

performed on homogenised tissue, reducing variability. The values obtained here 

highlight the quantitative reproducibility of iMSI as an appropriate method for analysing 

dystrophin as a biomarker of therapeutic efficacy in DMD. 

Table 5.4: Technical replicates of dystrophin iMSI from consecutive serial muscle 
sections. 

Samples Gadolinium 
concentration 

%RSD (Otsu’s) 

WT mouse Region A 759 10 

WT mouse Region B 688 13 

mdx mouse quadriceps <LOD na 

Normal 18yo human vastus 
lateralis 

293 9 

Normal 80yo human vastus 
lateralis 

308 18 

DMD human vastus lateralis 136 65 
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5.4.3 3D iMSI of thick sections 

Figure 5.7 shows the quantified images of four consecutive slices of the 80-year-old 

human tissue. The concentration and image clarity decreased across the four slides, with 

the higher %RSD shown in Table 5.4. This could potentially be caused by storage and 

staining artefacts or cryosectioning error, however the available data does not allow us 

to confirm this theory. The morphological change between slice 1 and 4 could also be 

explained by the structural variation along the length of the imaged fibres. The sections 

can be seen to be of the same region qualitatively, however the structure of some of the 

fibres appear altered. The changing structure of the fibre in consecutive slices highlights 

a potential issue when single sections are used for diagnosis or checking drug efficacy. 

The wrong slice could potentially miss evidence of disease/efficacy, and alternatively it 

could provide a false positive reading that is not indicative of the muscle. Quantitative 

3-dimensional analyses may therefore be necessary to provide a clearer picture of the 

efficacy through a system.  



μ
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Figure 5.8: Two-dimensional image in the X-Z plane of 12-layer 3D stack of 30 μm 
thick sections incubated for 30 (A) ,60 (B) and 120 (C) minutes on the same intensity 
scale. Red line signifies the final layer with signal above the LOQ. 

Figure 5.8 A, B & C show that increasing the incubation time from 30 to 120 minutes did 

not affect the distribution of Gd and therefore dystrophin. The LOQ was used to 

designate the final layer of ablated tissue, which is represented in all images by the red 

line. The variation in the layer at the red line was ±1 line between Figure 5.8 A, B & C. 

Despite this variation in the last layer, there were no signal trends between the first and 

last layer. It would be expected that if antibody penetration required more time that there 

would be an obvious gradient of signal which would be apparent in the heterogenous 

distribution of dystrophin.  

Figure 5.9A, B & C show the increase in SRR LA-ICP-MS ablation layers that contain 

dystrophin as the section thickness increases. Each section was continuously ablated 

until no Gd signal was observed above the LOQ, with the final layer for each thickness 

determined as the 3rd layer for 10 μm, 12th layer for 30 μm, and 14th layer for 50 μm. 

There is an indication of a linear relationship between thickness and layers of ablation 

(i.e. each layer is ~3 μm) between the 10 μm section and the 50 μm section, however the 

A 

B 

C 
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30 μm did not closely follow this trend. This distribution variation could be explained 

either by changes in dystrophin expression levels between the lower layers of the 

different section, or cryosection effects which include uneven cuts and differences in the 

amount the tissue shrinks once dried.  

 

 

 

Figure 5.9: Two-dimensional image in the X-Z plane of 16-layer 3D stack of 30min 
incubated tissue of thickness 10 μm (A), 30 μm (B) 50 μm (C) on the same intensity 
scale Red line signifies the final layer with signal above the LOQ. 

Further evidence of cryosection variance away from calibrated thicknesses were found 

in literature [204–206] which lists not just bulk accuracy issues with thickness increasing 

from 10 μm, but also precision issues across the surface of sections where the thickness 

varies significantly. Another source of error is with z-axis shrinkage of the tissue section 

which can vary with the density [144,207,208]. Given the heterogenous structure of 

muscle fibres with depth, and the density difference between fibre membrane and 

cytoplasm, this is likely the largest contributor of error. Despite the possible morphology 

related artefacts, the extra information gained from 3D analysis of quadricep tissue using 

SRR LA-ICP-MS over 2D analysis was evident from Figure 5.10. There are numerous 

interesting morphologies which mirror morphologies found using 3D fluorescent 

microscopy which merit further investigation [209–213]. Dystrophin expression varied 

B 

C 

A 
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down the length of the fibre, illustrating that single section analysis of heterogeneous 

proteins may not provide adequate information in diagnostics and determining drug 

efficacy.  

 

Figure 5.10: 3D image of 120min incubation time 30um section, scale in ppb of Gd. 

SRR iMSI is the only 3D self-registered high-resolution LA-ICP-MS method which 

analyses tissue as a single section. All other 3D strategies require registration of 

individually cut slices into a 3D stack [69,168,205,214]. Registering images in 3D is a 

computationally heavy operation [215] and has “rare use of registration in diagnostic 

clinical practice” for the medical field [216]. Overall a registration free approach is 

always more desirable as it requires less computational resources and less time to 

process. These qualities are favourable when analysing large complex systems required 

for discovery in fundamental biology [217–220].  

5.5 Conclusion 

Quantification of dystrophin distribution in quadricep tissue was shown for murine and 

human tissues using SRR LA-ICP-MS and an Otsu’s threshold to segment the data 

analysis to only the dystrophin containing membrane. Low %RSDs were obtained across 

all tissue types, and the method was sensitive enough to detect the low expression in a 
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DMD biopsy sample. Furthermore, A 3D SRR iMSI method was developed to explore 

changes in tissue morphology and dystrophin expression, which negates the need to 

account for changes due to inherent structural variation and potential cryosectioning 

error. This method was simpler than other 3D LA-ICP-MS methods as it did not require 

image registration, and it was comparable with 3D fluorescent microscopy of muscle 

tissue with similar morphologies observed. Further investigation of the 3D distribution 

of dystrophin down muscle fibres is necessary as it may show that single section IHC is 

missing vital data, however the proposed workflow showed promise as an alternative 

tool to conventional IHC analysis of single sections. 
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6 Towards aptamer imaging 

6.1 Abstract 

Antibodies are the probe of choice for iMSI as they have a long and proven history in 

IHC. However, antibodies have some limitations such as steric hinderance effects and 

non-specific binding, or lack of specific binding efficiencies. Aptamers are novel probes 

comprising of structured sequences of nucleic acids which can be selected to bind to any 

biomolecule of interest and have not previously been used iMSI. This chapter 

demonstrates the feasibility of using tagged aptamers for iMSI of myelin basic protein in 

murine brains.  

6.2 Introduction 

Antibodies are the most common immunolabeling probe since their first use by John R 

Marrack in 1934 [221]. Naturally secreted by B cells during immune responses, 

antibodies bind to epitopes of specific antigens, and they have since been adopted as 

probes to specifically bind to targets of interest generally carrying some type of 

visualisation tag. This method is the foundation to the field of IHC and remains the 

primary method for the study of conditions and diseases. 

The majority of antibodies are produced by harvesting and purifying live animal serum 

after incubation with a given antigen [222]. Recombinant antibodies have also been 

developed which are manufactured via phage libraries amplified via infection with 

Escherichia coli (E.Coli), thus reducing the requirement of production animals [223]. 

Antibodies produced by these methods can differ in clonality which effects their tagging 

abilities. Animal produced antibodies are generally polyclonal meaning they can bind to 

various epitopes of a single antigen. Recombinant antibodies are monoclonal and can 

only bind to a single type of epitope on an antigen [224]. This means, theoretically, the 

signal from immunolabelling with polyclonal antibodies should be higher than 

monoclonal antibodies. This signal increases up to a limit of what is physically possible 

before antibodies start blocking each other from binding to epitopes which is known as 

steric hinderance [225]. Steric hinderance becomes a significant problem when 
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multiplexing; using multiple types of antibodies to bind several different epitopes, where 

staining the maximum possible number of antigens is desirable. For either traditional or 

recombinant antibodies there is a limitation that they can only target antigens which are 

produced in an immune response meaning there is a limit to the number possible targets 

of analysis.  

Aptamers are a recently developed class of probes which solve some of these antibody 

restrictions and are currently untested in iMSI. Aptamers are strands of oligonucleotides 

consisting of DNA or RNA which bind selectively to a specific molecular target [226]. 

They are produced in vitro via the systematic evolution of ligands by exponential 

enrichment (SELEX) method [227,228]. SELEX works by exposing a random artificially 

produced library of oligonucleotides to a molecular target, filtering out the 

oligonucleotides that do not bind, amplifying the bound oligonucleotides via a 

polymerase chain reaction [229] and then cyclically each step until the oligonucleotides 

with the highest binding constants remain. This makes aptamers a cheap and animal-

free probe which can bind to a target even when it does not induce an immune response 

increasing the range of possible targets [223].  

Aptamers have some additional advantages and flexibilities over antibodies. Aptamers 

are smaller in physical dimensions reducing incubation times for staining due to 

improved diffusion as well as reducing the steric hinderance issues that a larger probe 

may encounter [230]. Aptamers are very stable to store due to being manufactured 

synthetiocally and do not require additional reagents to keep them functional [231]. 

Aptamers also have the flexibility to be used as part of existing IHC protocols by 

replacing a secondary antibody [232]. These hybrid probe systems mean that new 

protocols do not need to be developed for new probes, reducing research development 

time. However, they are generally equivalent in clonality to a monoclonal antibody 

meaning reduced overall signals. This intensity issue can be compensated for by the type 

of tagging agent used. 

Tagging agents used for iMSI by LA-ICP-MS generally contain rare earth metals or 

lanthanides due to their lack of natural abundance in most biological samples. The most 

popular tags are functionalised metal chelators such as SCN-DOTA, MeCAT and 
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MAXPARTM reagents. With these tags isotopically enriched elements are used to 

maximise the signal measured by the ICP-MS. Recently Au nanoparticles have been used 

as labels for iMSI [233]. While these nanoparticles are not isotopically pure, they contain 

many more atoms of metal than a chelator tag in order to increase the signal measured. 

Another improvement of using nanoparticles is their ability to be measured by 

microscopy due to their fluorescence properties. For example, semiconductor 

nanoparticles such as quantum dots (Qdot) are used for fluorescence microscopy (FM) 

but are made of cadmium and selenium with lanthanide dopants all of which can be 

detected via iMSI [234]. They are commercially available in many formats for use in 

conventional IHC making them easy to adopt to iMSI. The ability to use these probes in 

both optical and elemental analysis allow for confirmation of the distribution of the tag. 

This hybrid tag has the added improvement of taking maximum advantage of either 

optical or elemental analysis e.g. the resolution of microscopy with the sensitivity of LA-

ICP-MS. 

Myelin basic protein (MBP) is a fundamental protein of life and the second most 

abundant of the central nervous system (CNS) [235]. MBP is produced by 

oligodendrocytes to supply MBP to the myelin sheath, the protective insulating layer of 

nerves, in the central nervous system. This protective layer of myelin sheathing can be 

affected by various diseases to the point of damage, known as demyelination. Thus MBP 

is used as a biomarker for a number of diseases primarily multiple sclerosis (MS) and 

neurodegenerative conditions such as dementia [236]. The diameter of these MBP 

containing cells are between 0.1-10μm for myelin sheaths [237] and 5-50 μm for 

oligodendrocytes [238] making them ideal targets to further evaluate the SRR-LA-ICP-

MS method developed in Chapter 4. MBP is also a thoroughly imaged protein in mouse 

brains using colourmetric [239] and fluorescent tags [240] allowing easy comparison 

and confirmation of probe tagging of all areas of the brain under analysis. Additionally, 

there is a published sequence for an aptamer which binds MBP [241] thereby reducing 

the need for generating a new aptamer via SELEX. 

This chapter demonstrates the feasibility of using a tagged aptamer to image MBP in 

murine brains.  
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6.3 Method 

6.3.1 Animal Handling 

As described in Chapter 2.5 harvested frozen 30 μm thick coronal sections of mouse 

brain were used for all experiments. 

6.3.2 Lanthanide Labelling of antibodies 

MaxPar® antibody conjugation kits were obtained from Fluidigm; (formerly DVS 

Sciences, San Francisco, CA) was used to label antibodies with isotopically purified 

europium (153Eu) according to the manufacturer’s instructions with the following 

modification. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP; Sigma, St Louis, MO 

USA) was obtained as the crystalline solid and a 0.5M solution prepared fresh daily in 

RNAse free water. The final concentration of the labelled antibodies was estimated by 

measuring the absorbance at 280nm using a microvolume UV-Vis spectrometer. 

Following estimation of the concentration, the labelled antibodies were diluted 1:2 with 

PBS-based Antibody Stabiliser (Candor Biosciences GmbH, Wangen, Germany) and 

stored at 2-8°C until required. 

6.3.3 MBP Antibody labelling  

The MBP antibody was labelled by 3 methods: directly labelled using MaxPar reagent, 

indirectly labelled with a secondary antirabbit antibody labelled with MaxPar and 

indirectly labelled with a secondary antirabbit antibody labelled with Fluorescein 

isothiocyanate (FITC). 

Unconjugated carrier free rabbit anti myelin basic protein (mouse, human rat) raised 

against aa49-62 was supplied by LifeSpan BioSciences (LS-B6794; Seattle, WA, USA), 

sheep anti-rabbit secondary (STAR36Bm Bio-RAD, Gladesville, NSW Australia) and 

rabbit isotype control (ab37415, abcam, Melbourne, VIC, Australia) were used to stain 

mouse brain sections.  

Mouse brain cryosections were prepared as described in Chapter 2.5. Following 

equilibration in PBS, the sections were blocked in a buffer comprising 1% w/v bovine 

serum albumin (BSA; Jackson Imunoresearch, West Grove, PA, USA), 0.3% Triton X-
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100, 3% v/v normal goat serum (Sigma Aldrich) in PBS. Following blocking, the sections 

were incubated for 16 hours at room temperature with unlabelled or 153Eu labelled MBP-

antibody diluted 1:500 in the same buffer. After this time, sections were rinsed 3 x 5 min 

in PBS and 1 x 5 min in water or secondary. Sections were air dried and stored at room 

temperature until analysis.  

Alternatively, MBP was visualised via a 2-hour incubation in the dark with a 1:200 anti-

Rabbit-FITC secondary (Goat anti-Rabbit IgG (H+L) Secondary Antibody [FITC] 

NB7182 Novus Biologicals, Littleton CO). 

Sections incubated with the same concentration (1:500 from 1 mg/ml neat concentration) 

of antibody determined from the A280 nanodrop readings which were 0.6mg/ml for anti-

MBP and 0.55mg/ml for labelled isotype control. 

6.3.4 MBP Aptamer labelling 

 A Myelin Basic Protein specific deoxyribonucleic acid (DNA) aptamer and a scrambled-

sequence using a DNA shuffler [242] DNA control aptamer were purchased with either 

biotin or cysteine functionalisation at the 5’ terminal end from Sigma Aldrich 

Customised Oligonucleotide Service (Castle Hill, Australia; Table 6.1). The 

oligonucleotide sequence was previously published by Rosenblum et al, [241].  

Aptamers were suspended in 10mM Tris pH 7.0 containing 1mM EDTA (TE) buffer to 

final concentration of 100 µM. 

The MaxPar® antibody conjugation kit was used to label thiol functionalised aptamers 

with isotopically purified europium (153Eu) according to the manufacturer’s instructions 

with the following modification. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP; 

Sigma, St Louis, MO USA) was obtained as the crystalline solid and a 0.5M solution 

prepared fresh daily in RNAse free water. The final concentration of the labelled aptamer 

was estimated to be 40µM by measuring the absorbance at 280nm using a microvolume 

UV-Vis spectrophotometer. Tagged aptamers were stored as is at 2-8°C until required. 
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Table 6.1: Sequences and Functionalisation of Oligonucleotides. 

Aptamer Sequence 5’-3’; 

Myelin Basic Protein [Biotin]GCGTCGATTGCCATGGGTTGGGTCCGCGCAGTG

AGCTCTCCTGGACCACGCAGTGAGCTCCCCTGGACC 

 

[cysteine]CGCGTCGATTGCCATGGGTTGGGTCCGCGCAG

TGAGCTCTCCTGGACCACGCAGTGAGCTCCCCTGGACC 

 

Scrambled [Biotin]GGCGTCGTCACACGCTTGCCGGTGTGGCGACTC

AGGCGGTGATTCGGCACGCACACTTCCGTGCTCCAG 

[cysteine]GGCGTCGTCACACGCTTGCCGGTGTGGCGACT

CAGGCGGTGATTCGGCACGCACACTTCCGTGCTCCAG 

 

Aptamers were refolded prior to use if not otherwise stated. Aptamers were diluted in 

folding buffer (1 µM Magnesium Chloride MgCl2 in PBS pH7.4) to a final concentration 

of 1µM. The resulting aptamer solution was heated to 95°C for 5 mins on a dry heat block 

then rapidly cooled on ice for 5 mins.  

Myelin basic protein was detected in mouse brain cryosections using aptamers by the 

method of Rosenblaum et al. [241] with the following modifications. Briefly, sections cut 

at 30µm were brought to room temperature then post fixed in in PBS containing 2% 

Paraformaldehyde and 0.3% Triton. Sections were washed 3 x 5min in DNAse free PBS 

before blocking with 2% Bovine Serum Albumin (Jackson Labs) in PBS for 30 mins. For 

MaxPar labelled aptamers, the sections were then incubated with 1µM solutions of the 

appropriate aptamer in PBS pH7.4 containing salmon sperm DNA (4µg) for 2 hours at 

room temperature. 

For biotinylated aptamers, Avidin/biotin Blocking kit (Endogenous Avidin/Biotin 

Blocking Kit (ab64212) Abcam) was used to block endogenous biotin in the brain [243] 
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according to the manufacturer’s directions . Following biotin blocking, the sections were 

incubated with 1µM solutions of the appropriate aptamer in PBS pH7.4 containing 

salmon sperm DNA (4µg) for 2 hours at room temperature. MBP labelled with 

biotinylated aptamer was then visualised with either europium (DELFIA Eu-N1 

Streptavidin, Perkin Elmer, Glen Waverley, Melbourne, VIC, Australia), Fluorescein 

isothiocyanate- (FITC- Streptavidin, Sigma Aldrich, Castle Hill NSW, Australia) or Qdot 

(Qdot 705 Thermo Fisher Scientific, North Ryde, NSW, Australia ) labelled with 

streptavidin.  

For Eu-streptavidin, sections were washed 3x 5mins in PBS. Eu- streptavidin was diluted 

1:200 in a 1X PBS and sections were covered with the solution and incubated for 2 hours 

at room temperature. Finally, the sections were washed 3 x 5 mins in PBS and 1x 5 mins 

in water before being allowed to air dry in a dust free environment. 

For FITC- Streptavidin, the sections were washed 3 x 5 mins in PBS and FITC-

Streptavidin (GTX30950 GeneTex) diluted 1:200 in a 1X PBS and incubated for 2 hours 

in the dark at room temperature. Finally, the sections were washed 3 x 5min in PBS in 

the dark before incubation with Hoechst 33342 diluted 1in 5000 in water (Hoechst 33342, 

Trihydrochloride, Trihydrate - 10 mg/mL Solution in Water H3570, ThermoFischer 

Scientific) for 10min in the dark. Excess solution was removed and the sections 

coverslipped with 80% (v/v) Glycerol in water and stored in the dark prior to examination 

by fluorescence microscopy. 

For Qdot-Streptavidin, the sections were washed 3 x 5 mins in PBS and Qdot-

Streptavidin (Qdot 705) diluted 1:200 in a 1X PBS and incubated for 2 hours in the dark 

at room temperature. Finally, the sections were washed 3 x 5min in PBS in the dark 

before incubation with Hoechst 33342 diluted 1in 5000 in water (Hoechst 33342, 

Trihydrochloride, Trihydrate - 10 mg/mL Solution in Water H3570, ThermoFischer 

Scientific) for 10min in the dark. Excess solution was removed and the sections 

coverslipped with 80% (v/v) Glycerol in water and stored in the dark prior to examination 

by fluorescence microscopy. 
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6.3.5 Myelin Basic Protein Antibody and Aptamer specificity analysis 

MBP aptamer Biotin 5’, MBP and aptamer Cysteine 5’ (Sigma Aldrich, Castle Hill NSW, 

Australia) were tested for specific binding to Pure Myelin Basic Protein (mouse ≥95% 

SDS-PAGE purified M2941 Sigma Aldrich, Castle Hill NSW, Australia). Aptamers were 

folded as per section 6.3.4 before usage. Relevant primary emission, irrelevant target 

(human serum albumin (HSA) SRP6182 Sigma Aldrich, Castle Hill NSW, Australia) and 

probe emission blanks were run in parallel. 2uL of 0.5mg/mL MBP diluted in PBS was 

spotted onto nitrocellulose membrane (0.45um Bio-Rad Laboratories, Gladesville NSW) 

and left to air-dry. Denhardt’s solution (1X Astral) was used to block aptamers 

membranes and Antibody Blocking Buffer (see Chapter 6.3.3) for antibody membranes. 

Membranes were blocked for 1 hours with the respective blocking solutions. Once the 

hour was up 3x5min wash 1X PBS and appropriate solutions were pipetted (1:100 

dilution of aptamer in Aptamer buffer, and 1:500 dilution of antibody in Antibody buffer) 

on to membrane and incubated for 2 hours. Once the 2 hours was up 3x5min wash 1X 

PBS.  

Optical mapping was performed using Horseradish peroxidase (HRP) functionalised to 

either streptavidin (for aptamer) or anti-rabbit antibody (for anti-MBP antibody) diluted 

1:200 in respective incubation buffers. After 2 hours incubation with HRP probe solution 

wash 3x5min in 1X PBS, followed by pipetting TMB Enhanced One Component HRP 

Membrane Substrate (T9455 Sigma) until the membrane was covered and until  a blue 

spot developed (~10min), then washed with MQ 3x5min. 

Elemental mapping was performed using Europium (Eu) functionalised to either 

streptavidin (for aptamer) or anti-rabbit antibody (for anti-MBP antibody) diluted 1:200 

in respective incubation buffers. After 2 hours incubation with Eu probe solution wash 

3x5min in 1X PBS and leave to air-dry then analyse using LA-ICP-MS as per Chapter 

6.3.7 

6.3.6 Microscopy 

Brightfield microscopy was performed using a Leica FS CB. Objectives of 5x ,10x, 20x 

and 50x with a 10x eyepiece were used to manually snake-wise raster capture the regions 



113 
 

of interest. Fluorescent images of FITC and stains were taken using a Leica EL6000 

fluorescent light source. All comparative images were taken using the same exposure, 

saturation, gamma and gain. H3 and A filters were used to isolate Qdot705, FITC and 

33342 Hoechst. Images were saved in a Tagged Image File Format (tiff).  

6.3.7 LA-ICP-MS 

LA-ICP-MS was performed on tissue using the SRR-LA-ICP-MS method as described in 

Chapter 4.3.6 with the following modifications. A 10μm laser spot size was used with a 

scanning speed of 20 μm/s and a total integration time of 0.125s for high resolution 

images and a 35μm laser spot size was used with a scanning speed of 70 μm/s and a total 

integration time of 0.125s for low resolution images. For elementally imaging of dot blots 

a conventional LA-ICP-MS was used as per Chapter 2.2 using a 35 μm spot size, a 

scanning speed of 140 μm/s and an integration time of 0.25s. The isotopes 31P and. 153Eu 

were analysed for all respective samples.  

6.3.8 Preparation of iMSI standards 

Matrix matched gelatin standards were prepared from modification of the previously 

described method in Chapter 3.3.1. A stock solution of 25000 ppb Eu was prepared by 

dissolving 844.95 mg of europium(III) nitrate hydrate in 100uL pH 7.4 aqueous buffer 

comprising 100mM Tris-HCl, 10 mM EDTA, and 1% w/w polyethylene glycol. A series 

of gelatin standards were prepared by dilutions of this stock solution in the buffer to 

levels shown in Table 4.1; and addition of 100 mg of gelatin to 900 µl of the dilutions at 

53⁰C with periodic vortexing.  

Table 6.2: Concentrations of gelatin standards (ng/g). 

Element Blank 1 2 3 4 5 

Eu 61.8±0.51 291.7±2.63 560.4±5.70 1076±19 2591±31 4931±57 
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6.4 Results and Discussion 

6.4.1 Antibody vs Aptamer  

As antibodies are the traditional means of staining tissue for a specific epitope they were 

used as benchmarks to which aptamers were compared. Comparison was done both by 

a conventional IHC methods using fluorescence microscopy and using LA-ICP-MS for 

elemental imaging. Before this comparison the aptamer sequence used for the MBP 

aptamer needed to be confirmed for binding specificity. This was done by dot blot 

analysis in the following section. 

6.4.2 Aptamer binding confirmation via dot blot 

Dot blots are a simple way to simulate the labelling of an antigen using a membrane 

instead of tissue. Conventionally done using colourmetric tags, the MBP aptamers were 

tested using both the colourmetric and elemental tags. This was done to first confirm the 

aptamers were binding visually, and then to more closely simulate the final labelling 

regime using elemental tags and LA-ICP-MS. 

Figure 6.1 displays the five membranes used to test the binding of MBP aptamer via a 

colourmetric tag. To show that labelling is specific 3 controls were performed (seen in 

Figure 6.1 A-C) where either the protein or the probe was omitted from the protocol or 

where another protein was used, in this case HSA instead of MBP. All these controls 

show no positive signal thereby no contamination of solutions was assured. Figure 6.1 

D & E are the only membranes which show signal, and both contain the MBP aptamer. 

Figure 6.1 D is the unfolded MBP aptamer which was assumed to be the non-binding 

state of the aptamer. Figure 6.1 E is the folded MBP aptamer and shows equivalent signal 

to the unfolded aptamer. Both aptamers were diluted in the folding buffer, so it is possible 

that the heating step of the folding protocol was not required to conform the aptamer 

into a binding form. Despite this the MBP aptamer was shown to bind selectively to MBP 

with colourmetric tag visualisation. 
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Figure 6.4: Mouse hippocampus stained with MBP aptamer 5' Biotin and Streptavidin 
Qdot (Red) and Hoechst 33342 (Blue). The white arrow points to a possible 
oligodendrocyte. 

To further confirm the distribution of MBP by the stains equivalent areas were isolated 

from images provided by the Human Protein Atlas (HPA) [240] of anti-MBP tagged 

mouse brain. Figure 6.4 and Figure 6.5 A show the same relative regions of the 

hippocampus and have the same V-shaped distribution of nuclear staining with strands 

of MBP observed (green for Figure 6.5 A and red for Figure 6.4). Equivalently Figure 6.3 

A & B show similar stranded MBP stain (green) encompassing nuclear stains (blue) as 

Figure 6.5 B. The signal of the HPA images (Figure 6.5) are generally sharper than the 

ones performed from our experiments due to tissue thickness related scattering [245] as 

they used 14 μm compared to our 30 μm. Despite this difference experimentally similar 

features were localised sufficiently that they could be identified for all labelled samples. 
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less specific in staining than the FITC stain due to protocol related issues.  MBP 

antibodies and MBP aptamers matched literature images from the Human Protein Atlas 

[240]. With FM confirmation of tissue binding between the antibody and the aptamer 

the antibody was used as a benchmark for the elemental distribution of the aptamer. 

Low-resolution elemental imaging showed evidence of aptamer degredation with the 

thiol functionalised MBP aptamer by way of very high signal clusters. The biotin 

functionalised aptamer did not have this issue and matched the elemental image of the 

MBP antibody elemental stain. As a result high-resolution imaging was performed on 

tissue stained with the MBP aptamer biotin 5’-streptavidin Eu. The final image showed 

evidence of some cells containing MBP when compared to FM literature images from 

the Human Protein Atlas [240]. There was, however, features shown in the FM image 

that were smaller than the 1.25 μm theoretical resolution of the elemental image. Overall 

the use of aptamers were shown to be viable for iMSI of myelin basic protein. 
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7 Overall conclusions and future work 
Gelatin matrix matched standards were investigated and were demonstrated to be a 

superior alternative to tissue produced matrix matched standards. The gelatin standards 

manufactured using both commercial and Teflon tape moulds were flatter and more 

accurate in thickness and surface roughness than matrix matched tissue standards.  The 

analytical figures of merit were improved for the gelatin standards and limits of analysis 

were further reduced by an additional extraction step for metals during standard 

preparation employing different resins.  

Super resolution reconstruction was modified for application to LA-ICP-MS imaging 

which improved resolution over traditional raster scanning regimes up to a theoretical 

limit of 1 μm, while also maintaining signal intensity. The processing steps were 

quantitatively invariant, and SRR was the first method that has demonstrated three-

dimensional imaging of intact sections of thick tissues by LA-ICP-MS. The SRR 

processing was automated via MATLAB coding for both two- and three-dimensional 

imaging.  

A protocol for elemental labelling and imaging of dystrophin in murine and human 

tissues was developed and shows excellent promise for a clinical diagnostic that exceeds 

the FDA guidelines. This pilot study demonstrated that SRR was essential to attain the 

required resolution for clear demarcation of muscle fibres that expressed dystrophin, and 

that three-dimensional SRR showed that muscle fibre dystrophin expression varied 

throughout the tissue, indicating that adequate sampling of various biopsies is required 

to fully evaluate the effects of medical interventions for muscular dystrophy.  

Aptamers were compared to antibodies for iMSI and were used to image myelin basic 

protein and were equivalent to antibodies for iMSI based on using biotin functionalised 

aptamers, following by incubation with streptavidin tagged with europium. Other 

protocols including direct tagging of aptamers via thiol functionalisation requires further 

development. The feasibility of quantum dot tagging was also demonstrated and requires 

protocol improvement. 
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Future development of gelatin standards to improve routine and facile manufacture 

requires the development of reusable custom moulds to maximise microscope slide space, 

possibly by three-dimensional printing techniques. The spiking of gelatin with an 

internal standard would also allow isotopic dilution approaches for improved analytical 

figures of merit. 

Super resolution reconstruction requires continued investigation of various algorithms 

of deconvolution for image improvement, investigation of thicker sections for three-

dimensional imaging in relation to laser working distances and mitigation of laser power 

fluctuations with extended acquisition times. The possibility of expansion microscopy to 

increase resolution by swelling tissues and application of SRR-LA-ICP-MS requires 

investigation to further improve resolution.  

The quantitative imaging of the expression of an ordered protein such as dystrophin 

shows the broad applicability of iMSI to further diagnostic information for muscular 

dystrophies.  A highly multiplexed analysis of the DGC will allow the determination of 

the distribution of these proteins. This will result in an increased knowledge on the 

fundamental processes of strength and stability of muscle fibres, and potentially identify 

new therapeutic targets and mechanisms as changes in the expression of relevant 

proteins after medical interventions will may be readily observed. The application of 

these quantitative imaging technologies has the potential to provide unique insights and 

new knowledge in muscle biology and the action of novel therapeutics. 

iMSI using aptamer probes requires further investigation into thiol functionalised 

aptamers and tagging by MaxPar protocols to minimise aptamer degradation. The 

development of quantum dot and other lanthanide containing fluorescent nanocrystal 

tagging to minimise overstaining and nonspecific binding also requires investigation. 

The development of aptamers for other targets and investigation to other modified 

aptamer types with improved features may also be pursued.   

The iMSI instrumentation may also be improved by exploitation of ablation cells with 

faster washouts, and the development of cell devices for performing simultaneous 
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fluorescent microscopy and LA-ICP-MS imaging to reducing experimental acquisition 

time and comparisons.   
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9 Appendix 
Appendix 9-1 Super Resolution Reconstruction MATLAB code 

%% Import raw data 
delimiterIn = ','; 
headerlinesIn = 1; 
Directory='D:\'; 
mkdir ([Directory], 'OutDirectory'); 
OutDirectory=([Directory 'OutDirectory\']); 
mkdir ([Directory], 'SliceDirectory'); 
SliceDirectory=([Directory 'SliceDirectory\']); 
mkdir ([Directory], 'ProcessedSliceDirectory'); 
ProcessedSliceDirectory=([Directory 'ProcessedSliceDirectory\']); 
  
%% Files and initial conditions for loop 
HFiles=dir([Directory '*horz*.csv']); 
VFiles=dir([Directory '*vert*.csv']); 
lengthV=length(VFiles); 
lengthH=length(HFiles); 
layer=0; 
  
%% Constants from LA-ICP-MS parameters 
Speed=20; 
Scantime=0.1 ; 
SpotSize=10; 
gradient=1; 
intercept=0; 
Frequency=20; 
M=SpotSize/(Speed*Scantime); 
N=floor(M/2); 
if mod(N,2)==0 
  N=N+1; 
end 
Layers=2; 
TheoryRes=Speed/Frequency; 
ExpRes=Speed/(M*2); 
  
%% Data is measured then trimmed of warmup and washout time data 
dataH = importdata([Directory HFiles(1).name],delimiterIn,headerlinesIn); 
dataV = importdata([Directory VFiles(1).name],delimiterIn,headerlinesIn); 
  
la1=size(dataH.data,1); 
wa=size(dataH.data,2); 
lb1=size(dataV.data,1); 
wb=size(dataV.data,2); 
j=round(((1.2/Scantime)*10; 
k=round((la1-(wa*M))-j; 
l=round((lb1-(wb*M))-j);% 
A1=dataH.data; 
A1(la1-l+1:la1, :) = [];  
A1(1:j, :) = [];  
updowncut1=A1; 
sizex=size(updowncut1,1)*Layers+N;  
sizey=size(updowncut1,2)*M*Layers+N; 
lengthz=length(dir([Directory '*.csv']));  
FirstLayer=kron(dataH.data,ones(1,M));  
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%% Empty 3D array is constructed from measured values 
RM=zeros(sizey,sizex,lengthz);%to include padding and kron 
  
%% Reconstruction of data to fill the above 3D array 
  
for ifp=1:lengthV 
  fileH = importdata([Directory HFiles(ifp).name],delimiterIn,headerlinesIn); 
  fileV = importdata([Directory VFiles(ifp).name],delimiterIn,headerlinesIn); 
  dataH=fileH.data; 
  dataV=fileV.data; 
   
  dataH(la1-l+1:la1, :) = [];  
  dataH(1:j, :) = [];  
  dataH=(dataH-intercept)/gradient;  
  dataH=kron(dataH,ones(1,M));  
  dataH=upsample(dataH,Layers);  
  dataH=transpose(dataH);  
  dataH=upsample(dataH,Layers);  
   
  dataH=padarray(dataH,[N N],0,'post');  
   
  dataV(lb1-k+1:lb1, :) = [];  
  dataV(1:j, :) = [];  
  dataV=(dataV-intercept)/gradient;  
  dataV=kron(dataV,ones(1,M));  
  dataV=upsample(dataV,Layers);  
  dataV=transpose(dataV);  
  dataV=upsample(dataV,Layers);  
  dataV=transpose(dataV);  
   
  dataV=padarray(dataV,[N N],0,'pre');  
   
  layer=layer+1; 
   
  RM(:,:,layer) = dataH; 
   
  layer=layer+1; 
   
  RM(:,:,layer) = dataV; 
   
   
end 
  
if lengthV<lengthH 
   
  dataH1 = importdata([Directory HFiles(lengthH).name],delimiterIn,headerlinesIn); 
    
  dataH1(la1-l+1:la1, :) = [];  
  dataH1(1:j, :) = [];  
   
  dataH1=(dataH1-intercept)/gradient;  
  dataH1=kron(dataH1,ones(1,M));  
  dataH1=upsample(dataH1,Layers);  
  dataH1=transpose(dataH1);  
  dataH1=upsample(dataH1,Layers);  
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  dataH1=padarray(dataH1,[N N],0,'post');  
   
  layer=layer+1; 
   
  RM(:,:,layer) = dataH1; 
   
end 
   
RM(RM == 0) = NaN; 
  
%% Trilinear interpolation of empty elements of array 
FM = ones(size(RM)); 
MM = ones(size(RM)); 
MM = MM.*RM; 
[NcomX, NcomY, NcomZ] = size(RM); 
  
for iz=1:NcomZ 
  for ic=1:NcomY 
    for ir=1:NcomX 
      if isnan(MM(ir,ic,iz)) 
        cf=0; 
        avenum=0; 
        if (iz>1)&&(~isnan(MM(ir,ic,iz-1))) 
          cf=cf+MM(ir,ic,iz-1); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(iz>1)&&(~isnan(MM(ir-1,ic,iz-1))) 
          cf=cf+MM(ir-1,ic,iz-1); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(iz>1)&&(~isnan(MM(ir+1,ic,iz-1))) 
          cf=cf+MM(ir+1,ic,iz-1); 
          avenum=avenum+1; 
        end 
        if (ic-1>0)&&(iz>1)&&(~isnan(MM(ir,ic-1,iz-1))) 
          cf=cf+MM(ir,ic-1,iz-1); 
          avenum=avenum+1; 
        end 
        if (ic+1<=NcomY)&&(iz>1)&&(~isnan(MM(ir,ic+1,iz-1))) 
          cf=cf+MM(ir,ic+1,iz-1); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(ic-1>0)&&(iz>1)&&(~isnan(MM(ir-1,ic-1,iz-1))) 
          cf=cf+MM(ir-1,ic-1,iz-1); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(ic+1<=NcomY)&&(iz>1)&&(~isnan(MM(ir+1,ic+1,iz-1))) 
          cf=cf+MM(ir+1,ic+1,iz-1); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(ic-1>0)&&(iz>1)&&(~isnan(MM(ir+1,ic-1,iz-1))) 
          cf=cf+MM(ir+1,ic-1,iz-1); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(ic+1<=NcomY)&&(iz>1)&&(~isnan(MM(ir-1,ic+1,iz-1))) 
          cf=cf+MM(ir-1,ic+1,iz-1); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(~isnan(MM(ir-1,ic,iz))) 
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          cf=cf+MM(ir-1,ic,iz); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(~isnan(MM(ir+1,ic,iz))) 
          cf=cf+MM(ir+1,ic,iz); 
          avenum=avenum+1; 
        end 
        if (ic-1>0)&&(~isnan(MM(ir,ic-1,iz))) 
          cf=cf+MM(ir,ic-1,iz); 
          avenum=avenum+1; 
        end 
        if (ic+1<=NcomY)&&(~isnan(MM(ir,ic+1,iz))) 
          cf=cf+MM(ir,ic+1,iz); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(ic-1>0)&&(~isnan(MM(ir-1,ic-1,iz))) 
          cf=cf+MM(ir-1,ic-1,iz); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(ic+1<=NcomY)&&(~isnan(MM(ir+1,ic+1,iz))) 
          cf=cf+MM(ir+1,ic+1,iz); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(ic-1>0)&&(~isnan(MM(ir+1,ic-1,iz))) 
          cf=cf+MM(ir+1,ic-1,iz); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(ic+1<=NcomY)&&(~isnan(MM(ir-1,ic+1,iz))) 
          cf=cf+MM(ir-1,ic+1,iz); 
          avenum=avenum+1; 
        end 
        %from layer to layer+1 
        if (iz<NcomZ)&&(~isnan(MM(ir,ic,iz+1))) 
          cf=cf+MM(ir,ic,iz+1); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(iz<NcomZ)&&(~isnan(MM(ir-1,ic,iz+1))) 
          cf=cf+MM(ir-1,ic,iz+1); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(iz<NcomZ)&&(~isnan(MM(ir+1,ic,iz+1))) 
          cf=cf+MM(ir+1,ic,iz+1); 
          avenum=avenum+1; 
        end 
        if (ic-1>0)&&(iz<NcomZ)&&(~isnan(MM(ir,ic-1,iz+1))) 
          cf=cf+MM(ir,ic-1,iz+1); 
          avenum=avenum+1; 
        end 
        if (ic+1<=NcomY)&&(iz<NcomZ)&&(~isnan(MM(ir,ic+1,iz+1))) 
          cf=cf+MM(ir,ic+1,iz+1); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(ic-1>0)&&(iz<NcomZ)&&(~isnan(MM(ir-1,ic-1,iz+1))) 
          cf=cf+MM(ir-1,ic-1,iz+1); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(ic+1<=NcomY)&&(iz<NcomZ)&&(~isnan(MM(ir+1,ic+1,iz+1))) 
          cf=cf+MM(ir+1,ic+1,iz+1); 
          avenum=avenum+1; 
        end 
        if (ir+1<=NcomX)&&(ic-1>0)&&(iz<NcomZ)&&(~isnan(MM(ir+1,ic-1,iz+1))) 
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          cf=cf+MM(ir+1,ic-1,iz+1); 
          avenum=avenum+1; 
        end 
        if (ir-1>0)&&(ic+1<=NcomY)&&(iz<NcomZ)&&(~isnan(MM(ir-1,ic+1,iz+1))) 
          cf=cf+MM(ir-1,ic+1,iz+1); 
          avenum=avenum+1; 
        end 
              
        FM(ir,ic,iz)=cf/avenum; 
      else 
        FM(ir,ic,iz)=MM(ir,ic,iz); 
      end 
    end 
  end 
end 
  
%% Remove any errors from interpolation and create flat 2D array from summing 3D array 
FM(isnan(FM))=0;  
InterpBig3D=FM;  
Interp2D=sum(InterpBig3D,3;  
 
%% Split 3D array into layers and export 
for ilayers=1:lengthz 
  name = sprintf('%sSlice0%d_Gd158SRR.csv',SliceDirectory,ilayers); 
  dlmwrite(name,FM(:, :, ilayers)); 
end 
 
%% Export 2d Array as csv and vtk for paraview 
dlmwrite([OutDirectory 'SRRCombined2D.csv'],Interp2D); 
 
InterpBin=InterpBig3D; 
  
[x y z]=size(InterpBin); 
filename='3DSRR.vtk';  
total=numel(InterpBig3D); 
z=size(InterpBig3D,3);  
fp=fopen(sprintf('%s',filename),'w');  
fp=fopen([OutDirectory '3DSRR.vtk'],'w');  
fprintf(fp,sprintf('# vtk DataFile Version 2.0\n%s\nASCII\nDATASET STRUCTURED_POINTS\nDIMENSIONS 
%d %d %d\nORIGIN 0.0 0.0 0.0\nSPACING 1.0 1.0 5.0\n \nPOINT_DATA %d\nSCALARS values 
double\nLOOKUP_TABLE default\n',filename,x,y,z,total)'); 
for z1=1:z; 
for y1=1:y; 
for  x1=1:x; 
  if x1>=x; 
    fprintf(fp,'%d\n',InterpBin(x1,y1,z1)); 
  else 
  fprintf(fp,'%d\t',InterpBin(x1,y1,z1)); 
  end 
       
end 
end 
end 
fclose(fp); 
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