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Abstract 

Cardiovascular calcification contributes to the 17 million deaths globally caused 
by cardiovascular diseases [1]. It is found in atherosclerotic plaques and remains one of 
the leading causes of valve stenosis. The only viable treatment for this disease remains 
the replacement of the tissue via surgical intervention [1]. Recently, Bertazzo et al. 
showed the presence of nano/micro calcified particles in calcified heart tissues, as an 
early calcified structure that could be detected in the vascular tissue [2,3]. With the recent 
discovery of the cardiovascular calcified particles, only little is known about their 
structure and composition.  

By combining state-of-the-art nano-analytical electron microscopy 
characterisation techniques, the work in the thesis shows the presence of two types of 
particles within the population of cardiovascular calcified particles. These two types of 
particles are composed of either apatite or whitlockite mineral with a different structure 
and crystallinity, suggesting at least two kinds of biomineralisation process leading to 
their formation.  

Using electron energy loss spectroscopy and atom probe tomography, the work 
in the thesis further unveils the presence of organic material, possibly protein in nature, 
within the mineralised structure of the calcified particles suggesting a biological process 
in their formation. More importantly, using a novel approach of in situ nano compression 
inside a scanning electron microscope, the work has also deduced the presence of 
nanogranules within the whitlockite particles, which shows a single crystal structure 
under diffraction studies. These results suggest that whitlockite particles have a 
mesocrystalline structure. To the best of our knowledge, this is also the first study to show 
the existence of whitlockite mesocrystals. Finally, the work reports the presence of 
whitlockite particles in different species of amniotes, providing clues to a possible 
common biomineralisation process in amniotes and a unified model of cardiovascular 
calcification. 
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Chapter 1 

Introduction 

Living organisms have unique ability to utilise the properties of minerals and 

form hybrid materials composed of organic-inorganic elements. The resulting diversity 

of complex biomineral morphologies produced by living organisms enables exquisite 

control on their functions and existence [4]. Yet in contrast to the healthy physiological 

mineralisation, mineralised structures can also be formed at unexpected sites such as 

kidney [5], breast [6], lungs [7], dental calculus [8] and cardiovascular tissue [2,3,9], 

contributing to the genesis of different pathologies. Today, with the advancement of 

material science and microscopy characterisation techniques, a great deal is known about 

the structure, composition, and mechanism of several biominerals formed by vertebrates 

and invertebrates. 

Characterisation techniques have been applied to study mineralisation in the 

cardiovascular tissue of humans ex vivo [2,9,10]. The work from Bertazzo et al. [2] 

revealed that there are at least three types of mineralised structures present in calcific 

lesions in the form of compact calcification, fibrous structures and spherical particles. 

Among these, spherical particles are the most common type of mineralised structures that 

are present in both diseased samples and in samples independent of disease severity. 

Furthermore, these particles range from 100 nm to 5 µm and are composed of calcium, 

phosphorus, oxygen, and magnesium. With their recent discovery, only little is known 

about their structure composition and mechanism of formation. Therefore, in-depth study 
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of their structure is of paramount importance to develop fundamental knowledge for the 

study of their formation mechanisms.  

The work presented in this thesis reports detailed characterisation of these 

aforementioned calcified particles using a combination of advanced electron microscopy 

techniques to understand their internal structure, composition and mechanical behaviour.  

1.1 Scope of the thesis 

This thesis is split into eight chapters. Chapter one discusses the rationale of 

the study and highlights the scope of each chapter briefly. 

Chapter two reports the literature review. The chapter is divided into three 

parts. The first part reviews the biomineralisation and different crystal structures present 

in nature. The second part reviews the calcium phosphate in biomineralisation, and the 

third part discusses the calcification in the cardiovascular tissue.  

Chapter three reports the structural and chemical characterisation of the 

calcified particles using electron microscopy. The chapter is divided into two parts. The 

first part overviews the basics of scanning electron microscopy (SEM), focussed ion 

beam (FIB), scanning/transmission electron microscopy (STEM), selected area electron 

diffraction and high-resolution lattice imaging. The second part of the chapter reports the 

work combining these electron microscopy techniques to the study the physical and 

chemical properties of calcified particles while addressing the questions of whether there 

is more than one kind of particle in the identified population of calcified particles by 

Bertazzo et al. [1]. 

Chapter four firstly overviews the basics of electron energy loss spectroscopy 

(EELS) including the instrumentation, electron energy loss spectrum and spectral 

processing techniques. Following this, it reports the application of spatially resolved 

electron energy loss spectroscopy to investigate the presence of organics within the 

structure of the calcified particles. 

Chapter five is dedicated to atom probe tomography (APT) analysis of calcified 

particles. The chapter first provides background about the APT technique and then 

discusses the sample optimisation methods for APT analysis. Finally, the results 
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complement the EELS analysis to examine the presence of organics with atomic scale 

resolution.  

Chapter six explores the mechanical behaviour of calcified particles. The study 

presented in this chapter uses in-situ compression inside an SEM to demonstrate direct 

experimental evidence to understand the nanogranularity, toughness and crack behaviour 

of the calcified particles.  

Chapter seven examines the presence of calcified particles across a number of 

different vertebrate species using electron microscopy techniques. The work further 

reports the structural and chemical characterisation of calcified material and compares 

this to that of human cardiovascular tissue.  

Chapter eight summarises the key findings of the work presented in this thesis 

and provides suggestions for future research.  

1.2 List of publications and talks 

- S. Agarwal, SS. Pramana, G. Sernicola, T. Martin, A. Bhowmick, S. Kolling, FS. 

Hage, A. Radecka, P. Bagot, D. Dye, PM. Koenraad, AH. Chester, MH. Yacoub, M. 

Moody, F. Guiliani, S. Skinner, RD. Brydson, S. Bertazzo, MM. Stevens. “Nano-

Scale Characterisation of Mineral found in Human Cardiovascular Calcification”. 

Oral presentation, 2016 MRS Meetings & Exhibit, Boston USA, Nov 27- Dec 2, 

2016.  

- S. Agarwal, SS. Pramana, G. Sernicola, T. Martin, A. Bhowmick, S. Kolling, FS. 

Hage, A. Radecka, P. Bagot, D. Dye, PM. Koenraad, AH. Chester, MH. Yacoub, M. 

Moody, F. Guiliani, S. Skinner, RD. Brydson, S. Bertazzo, MM. Stevens. “Nano-to-

Atomic Scale Characterisation of Mineral found in Human Cardiovascular 

Calcification”. Oral presentation and poster presentation, 2016 Gordon Research 

Conference on Biomineralization, Girona Spain, August 14-19, 2016.  

- S. Agarwal and S. Bertazzo. “New Paradigms in Cardiovascular Calcification,” 

Comptes Rendus Chimie 19, 1605–1609, 2016. 
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- S. Agarwal, S. Bertazzo, AH. Chester, MM. Stevens. “Pathological 

Biomineralization: Structural Insights into Cardiovascular Calcification”. Oral 

presentation, 13th International Symposium on Biomineralization, Granada Spain, 

September 16-19, 2015. 

- E. Kim, L. Zwi-Dantsis, N. Reznikov, CS. Hansel, S. Agarwal, MM. Stevens. “One-
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Chapter 2 

Literature Review 

2.1 Biomineralisation 

Minerals are ubiquitous constituents of living organisms that are found in 

different taxa and phyla contributing to a multitude of essential structural and 

biochemical functions [11]. Biomineralisation refers to the process by which living 

organisms form minerals [4,12]. Therefore, the term ‘biomineral’ reflects the complex 

mineralised materials that are composites of both mineral and organic components. 

Indeed, mineralised tissues were one of the many objects that van Leeuwenhoek 

examined back in the 17th century [13]. Moreover, biominerals are preserved more 

frequently as fossils than non-mineralised biogenic materials. In fact, the fossil record 

suggests that oldest biologically produced minerals were formed 1.6 billion years ago. 

These were manganese encrusting bacteria, and remarkably their morphology is 

comparable to those produced by the living bacteria [14].  

With the advancement of material science and microscopy techniques, more 

than 60 minerals that are produced by living organisms are known today (e.g. [15,16]), 

with approximately 20% of these minerals have an amorphous structure while 80% have 

a crystalline structure. This is an estimate, as a number of amorphous minerals are 

difficult to detect when they coexist with the crystalline phases [17,18], and this list is 

likely to be incomplete, as new biominerals may yet be discovered [12,19].  
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Biominerals can be formed by biologically-controlled mineralisation or by 

biologically-induced mineralisation. Biologically-controlled minerals are usually formed 

by the intracellular driven activities with defined properties such as morphology, 

composition, structure and size. Common examples include bones, teeth and shells. Such 

biominerals have optimised strength and toughness for different biological functions 

including protection, motion, support, magnetic and optical. Indeed, the diversity of 

biomineralisation in nature is intriguing, for even simple biominerals possess precise 

architectural order over several length scales and exhibit complex structures with superior 

material properties [20]. In contrast, biologically-induced biominerals are formed as 

result of interaction between biological activity and environment or organism’s 

metabolism. Since the organism has little control in the formation of these minerals, they 

are often heterogeneous and poorly defined. Common examples include marine 

sediments, bacterially induced metal oxides and carbonate formed as a result of 

precipitation during photosynthesis in plants. Furthermore, uncontrolled pathological 

mineralisation also shares characteristic features with biologically induced mineralisation 

resulting in some life threatening conditions in humans, for example, cardiovascular 

calcification, calculi formation (in renal, pancreatic, biliary) and calcification related to 

cancer [21,22].  

2.1.1 Characteristics of biominerals in nature 

Living systems have an unparalleled ability to form a wide spectrum of minerals 

as a result of direct or indirect consequences of biological activity that distinguishes them 

from their inorganically produced counterparts. The most noticeable trait is the unusual 

morphologies of biominerals. Biominerals present a high-level control over their 

structure, size, and composition resulting in diverse morphologies optimised for the 

functional need. For example, the hierarchical structure of bone from the nanoscale to 

macroscale is organised to withstand different types of stresses [20]. Another fascinating 

example is the skeleton of the glass sponge Euplectella which shows several levels 

hierarchy in its structure that provides mechanical stability by overcoming the low 

strength of the glass [23]. 

The second characteristic of biominerals is that they have different 

agglomerations of crystals arranged in various forms. As a result, they can be grouped 
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into three broad classifications by their structure in the crystallographic regime, namely 

amorphous minerals, polycrystalline and single crystals [24]. Amorphous biominerals 

have no preferred form and can be readily formed into a desired shape, for example, the 

skeletons of siliceous diatoms and radiolarian that comprise amorphous silica. 

Polycrystalline biominerals are formed by small crystallites arranged readily in the 

material to give a complex morphology. As such, polycrystalline biominerals can exhibit 

a broad range of morphologies, for example, bone [25] and calcitic prisms [26,27]. Single 

crystals have regular continuous packing of unit cells throughout the structure, with no 

grain boundaries and defects in lattices, revealing a macroscopic faceted morphology. 

The existence of pure single crystals in living systems is relatively rare. This is due to the 

fact that biominerals are formed by utilising biomolecules and as such possess a variety 

of entropic effects (such as temperature, pressure or composition), resulting in the 

inclusion of impurities and dislocations in their crystal structures [24,28].  

Interestingly, some of the biominerals can exhibit single crystal-like behaviour 

in their diffraction studies, yet their morphologies are not related to their crystallographic 

structure. Common examples include skeletal plates of echinoderms [29,30] and rounded 

surfaces in sponge spicules [31]. With such an arrangement, where biominerals are made 

of many crystals but behave as single crystals, the biominerals cannot be simply classified 

as single crystals, or as polycrystals because they have a single orientation. Consequently, 

in 2005 Cölfen and Antonietti proposed the term mesocrystals as a new category of 

crystalline materials which have an oriented arrangement of crystals in their structure 

[32]. Within the scope of this thesis, mesocrystals will be reviewed in detail. 

2.1.2 Mesocrystals 

Mesocrystals are defined as superstructures of crystallographically aligned 

crystalline subunits in either perfect or slightly misaligned orientation on a scale of 1-

1000 nm [33]. The ordered alignment of mesocrystals makes them diffract similar to 

single crystals in scattering experiments. Such behaviour, often makes them difficult to 

be distinguished from single crystals. However, the presence of structural features on at 

least two different length scales, i.e. nanoparticles arranged in a single orientation, and 

the existence of a second phase such as organic additives or amorphous matter in 

mesocrystals distinguishes them from single crystals and polycrystals [30,34].  
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Following the suggestion of the notion of the mesocrystal [32], several 

biominerals from different taxa and phyla have been found to be composed of space-

filling nano-sized crystalline building blocks separated by intergranular organic 

inclusions, yet diffracting as single crystals [35]. Some of the common examples of 

mesocrystalline biominerals include the spines of some sea urchins species in the 

Echinometridae family [29,30], nacre of the pearl oyster Pinctada fucata [36], the 

skeleton of the red coral Corallium rubrum [37], calcite spicules of the calcisponge 

Pericharax heteroraphis [31] and calcite prisms of the bivalve Pinna Nobilis [38]. These 

biominerals are composed of nanogranular features, yet have a diffraction pattern similar 

to single crystal structures. Mesocrystallinity offers them resistance to fracture because 

crack propagation is largely hindered by the ductile and elastic organic layers [34]. 

Therefore, such an assembly gives them unique strength, toughness, and stiffness 

compared to their non-mesocrystalline counterparts [29–31,34–39]. However, not all 

nanogranular biominerals show mesocrystallinity in their structure [35]. From the many 

examples, Figure 2.1 illustrates the structure of spine sea urchin spine [30] and the 

skeleton of red coral [37,40].  

The sea urchin spine is an excellent example of a mesocrystal [30]. For decades, 

it was debated whether it was a single crystal based on x-ray diffraction or polycrystalline 

based on the conchoidal fracture. However, this discussion was only resolved when it 

was characterised by a mesocrystalline structure. Accordingly, sea urchin spine has a 

spongy structure, consisting of polydispersed single crystalline calcite nanoparticles in a 

brick-like arrangement, and together they diffract as a single crystal with slight 

misorientation (as seen by the arcs in the diffraction pattern and diffuse background 

indicating an amorphous phase in Figure 2.1f). The misorientation was found to be less 

than <1°, suggesting almost perfect alignment of nanoparticles in a single direction 

[30,41].  

Similarly, the skeleton of red coral is another remarkable biomineral with 

mesocrystalline structure [37,40]. It has a multi-level organisation (Figure 2.1 g-i) and 

consists of mesocrystals at the lowest hierarchical level. At the micro scale, it consists of 

crystallites separated by thin organic regions (Figure 2.1j), while at nanoscale lattice 

fringes show an oriented arrangement of 2-5 nm nanodomains, which together diffract as 

a single crystal (Figure 2.1 k-l).  
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Figure 2.1: Examples of mesocrystals, (I) Sea urchin spine (a) Scanning electron 
micrograph (SEM) of a fractured sea urchin spine, (b) High-resolution SEM image shows 
conchoidal fracture surface, (c) X-ray diffraction of sea urchin spine shows single crystal, 
(d) SEM micrograph of area bound by the yellow box in (b) shows nanoparticulate 
building blocks composing the sea urchin spine, (e) Transmission electron micrograph 
(TEM) shows bright regions in between the calcite nanoparticles, indicating an 
amorphous phase, (f) Selected area electron diffraction (SAED) of the region shown in 
(e) indicates single crystal orientation, (II) Red coral Corallium rubrum (g) Skeleton of 
the red coral Corallium rubrum after partial removal of living tissue, (h) Mosaic structure 
of a section of radial arrangement of herringbone under reflected light microscope with 
long range crystallographic order, (i) Enlarged image of area marked in (h) showing 
herringbone is made of dark strips (ds) and bright strips (bs), black arrows indicate 
elongation and orientation along c-axis, (j) TEM of red coral sclerite, (k) SAED of image 
shown in (j) shows single crystal orientation, (l) High-resolution TEM shows lattice 
fringes with nanodomains of 2-5 nm oriented in a single direction (Adapted from 
[30,40,41]). 



Literature review 

29 
 

The basis of the amazing morphologies of these biominerals lies in the 

precipitation process that leads to mineralisation. Precipitation begins when atoms, 

molecules or ions combine in aqueous solution, resulting in the supersaturation of the 

solution under the influence of thermodynamic forces. This assumption is commonly 

viewed as the classical model of crystallisation [24]. However, the structure of the 

biominerals that show mesocrystallinity challenges the classical crystallisation theory 

and is explained by an alternative theory of non-classical crystallisation [42].  

2.1.3 Classical and non-classical crystallisation in context of mesocrystals 

In the classical view, a crystal grows through adsorption of solute 

atoms/molecules following a layer-by-layer approach onto an existing crystal face, as 

suggested by Volmer [43]. When an atom/molecule from the solution arrives at crystal 

surface, it is not immediately incorporated into the crystal lattice, however, is able to 

migrate in two dimensions on the crystal surface. According to the Kossel crystal model 

system [44], there are three sites namely, kinks, steps and terraces, on the crystal face that 

allow attachment of the solute atoms/molecules in accordance with the surface energy of 

the crystal lattices (Figure 2.2).  

 
Figure 2.2: Schematic of Kossel crystal model showing classical crystallisation through 
(a) Layer-by-layer attachment of atoms/molecules in resulting in (b) Kossel crystal, (c) 
Where atoms/molecules attach to the surface sites, either by their direct incorporation 
into kink/step edges or by their adsorption onto the terraces followed by possible surface 
diffusion and incorporation into kink/step sites, here v represents the movement of atoms 
across the crystal surface (Adapted from reference [45]). 
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During the crystal growth, kink sites allow the most favourable incorporation of 

atoms, ions or molecules. When a growth unit is attached to a kink, the gain in the lattice 

energy over-compensates for the loss in the surface energy and, therefore, overall free 

energy of the system becomes negative. This causes the further growth of the crystal by 

unit cell replication without incurring structural changes in the bulk or at the surface. The 

attachment moves along the step until its completed, and a new step is started. As such, 

the overall structure would reflect the intrinsic shape of the unit cell. However, the crystal 

surface is rarely perfect, as growth can be affected by the formation of dislocation or 

vacancies. Additionally, the detachment of thermally activated molecules at the edges of 

the steps may also result in kinks at the steps. Furthermore, growth may be hindered or 

completely blocked by the additives or impurities. However, if the surface is not entirely 

covered with additives, the additives can also be incorporated or overgrown into the 

structure of the crystal, and the final morphology can result into a single crystal [24,28]. 

According to Wulff’s rule [46], if the same growth mechanism acts on each 

crystal face, the growth rate is directly related to its surface energy. As such, crystal faces 

with high surface energies grow quickly due to the available unsaturated surface bond 

and vice versa, the crystal faces with low surface energies grow slowly. Therefore, 

minimum surface energy will define the equilibrium morphology of a crystal. This 

minimum surface energy can be calculated as the sum of the surface area of all exposed 

crystal faces and the product of the surface energy. Consequently, the shape of the crystal 

will depend on the changes in the surface energies of the surface. Furthermore, if this can 

be carried out in a face-selective way, e.g. by using organic additives or inorganic ions, 

the overall morphology can be tuned into the desired form [24,28]. 

Although treatment based on purely thermodynamic equilibrium according to 

Wulff’s rule provides a fundamental viewpoint to understand the additive-based 

morphological changes, it does not predict the morphology in all cases. The reason for 

this is that crystal morphologies are also influenced by the external environment (the 

growth rate) in addition to the surface energies. Consequently, the counterplay of kinetic 

effects often rules out this thermodynamic model when predicting the correct morphology 

of the crystals. In this case, the same material does not reflect the intrinsic structure of 

the unit cell but demonstrates distinct crystal morphologies [24]. 
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In the case of mesocrystals, the overall structure shows complex tuned 

morphologies with the inclusion of biopolymers, voids, impurities, amorphous 

counterparts and organic matrix; yet displays the characteristics of a single crystal. Such 

inclusions cannot be explained by classical crystallisation, which postulates single 

molecule attachment to a critical crystal nucleus with adsorption only possible at edges 

and curves during the growth of the crystal surface. In which case, the growth is bound 

to solubility products and diffusion limits [42]. Therefore, pure thermodynamic crystal 

growth does not apply to mesocrystals, but it can be explained by the influence of the 

kinetics. Thus, crystallisation is often a sequential process rather a single step 

transformation involving structural and compositional changes. Therefore, by controlling 

the kinetics of crystallisation, different characteristic morphologies can be formed. The 

kinetic cascade is expressed by Wolfgang Ostwald’s “step rule”, where intermediate 

particles can undergo aggregation, dissolution-recrystallisation and solid phase 

transformation (Figure 2.3). This alternative pathway is proposed by non-classical 

crystallisation theory which explains the structure of mesocrystal biominerals [24,28,42]. 

 
Figure 2.3: Crystallisation pathways under thermodynamic and kinetic control based on 
Wolfgang Ostwald’s‘step rule’, (a) Thermodynamic pathway showing the one-step route 
to the final mineral phase, (b) Kinetic pathway showing sequential precipitation that 
depends on the free energy of activation (Δ G) associated with nucleation (n), growth (g) 
and phase transformation (t). Amorphous phases are common under kinetic conditions 
(Reproduced from reference [28,47]). 
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 Non-classical crystallisation theory has been developed in the past few years 

[28,42]. It takes into account, the processes of self-assembly, nanoparticle aggregation 

and final mesoscopic transformations, incorporating all restructuring processes that 

would occur on a length scale of between 1 nm and 1000 nm. The main pathways of non-

classical crystallisation involve the arrangement of nanoparticles in an oriented manner 

that can form single crystals via fusion of iso-oriented nanoparticles. If these iso-oriented 

nanoparticles are coated with organic components, they can form mesocrystals via a 

mesoscopic transformation process, which can possibly fuse into single crystals (Figure 

2.4) [42]. The growth of crystals via non-classical crystallisation may have some 

advantage in terms of effective mass fluxes being independent of solubility, ion products, 

pH and osmotic pressure. In fact, when considering the biological systems, intercalation 

of macromolecules is common due to the heterogeneous environment and processes for 

mineralisation [42]. 

 
Figure 2.4: Schematic representation of classical and non-classical crystallisation, (a) 
Classical crystallisation pathway leading to the formation of the single crystal, (b) Iso-oriented 
crystal formation by fusion of mesocrystal intermediate, (c) Self-assembly of 
primary nanoparticles covered with organics forming a mesocrystal (Adapted from 
references [32,42]). 

Reflecting on the various examples of biominerals (section 2.1.3) that are now 

classified as mesocrystals, it is clear that the morphologies of these biominerals challenge 
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the energetically more favourable morphology explained by Wulff’s rule and the classical 

theory of single crystals. Furthermore, the allowed storage of amorphous or organic 

additives in the crystal structure of these biominerals is in contrast with the classical 

theory of crystallisation. In fact, previously it was assumed that organisms controlled 

their crystal morphogenesis process towards complex shape and function. However, the 

structure of these biominerals can be explained by non-classical pathways, which allow 

the inclusion of additives in metastable precursor particles and their subsequent 

availability during crystallisation events in the reaction environment [28].  

It is noteworthy to mention that since the first suggestion of the view of 

mesocrystals, >400 examples were proposed in the literature [33,48–52]. However, with 

the critical consideration of the mechanism, the concept of mesocrystal has been refined 

to define the biominerals as mesocrystal based on their structure rather than their 

mechanism of formation. This definition is now more generalised to include the structures 

that are formed by the assembly of nanocrystals of size 1–1000 nm, in a single orientation, 

with inclusions of organic additives or subsequent crystallisation of amorphous 

precursors, provided that a memory of the constituents be retained in the resulting crystal 

[30,53]. 

2.2 Calcium phosphate in biomineralisation 

The calcium-bearing minerals comprise about 50% of various existing 

biominerals. These include calcium-containing carbonate, phosphate, oxalate and other 

mineral types. By far, the most abundant mineralised material in human and other 

vertebrates is composed of calcium phosphate [54] unlike in invertebrates which are 

mostly composed of calcium carbonate similar to otoconia in humans [55].  

Calcium phosphate minerals constitute a major part of bone, tooth enamel, and 

dentine. They are also found in various diseases that result due to mineralisation 

irregularities including soft tissue calcification (blood vessels, dysfunctional areas in the 

brain, prostate stones, damaged joints), kidney stones, dental pulp stones, dental calculus, 

salivary stones, gall stones, pineal gland calcification and cardiovascular calcification 

[56]. Calcium phosphate can exist in various phases, such as amorphous calcium 

phosphates, calcium hydrogen phosphate dihydrate or brushite (DCPD), calcium 
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hydrogen phosphate or monetite (DCPA), tricalcium phosphate (TCP), octacalcium 

phosphate (OCP), apatite group including hydroxyapatite, fluorapatite and carbonate 

apatite, and whitlockite. Among these, apatite (hydroxyapatite) and whitlockite are of 

major interest within the scope of the work presented in this thesis and are reviewed in 

detail. Several other excellent reviews are recommended for an understanding of the 

several other calcium phosphates phases in the context of biominerals [54,57,58].  

Hydroxyapatite Ca5(PO4)3(OH) is the second most stable and least soluble 

calcium orthophosphate after fluorapatite. Its detailed interpretation in terms of Ca9(PO4)6 

clusters, so called Posner’s clusters, was reported by Posner and Betts in 1964 [59]. The 

Ca9(PO4)6 clusters were found to be energetically favourable in comparison to Ca3(PO4)2 

and Ca6(PO4)4 and as such are widely used since its first report. Hydroxyapatite usually 

crystallises in monoclinic space group P21/b in its pure form [60]. However, it rarely 

exists in its pure form in living systems. In general, biological apatites usually contain 

small amounts of ions such as magnesium, carbonate, sodium, iron and chloride. 

Consequently, the hexagonal structure with space group P63/m is more common in a 

biological scenario which is more disordered and allows the inclusions of ion substitution 

in its structure [54,56,58,61]. 

Whitlockite Ca9MgH(PO4)7 is a calcium orthophosphate crystal that may coexist 

with apatite. It was first described in 1941 as a hydrothermal product from granite, 

pegmatite, in the Palermo Quarry, North Groton, New Hampshire and named after the 

mineralogist Herbert P. Whitlock. The whitlockite mineral has an x-ray diffraction 

(XRD) pattern similar to b-TCP. As a result, the terms whitlockite and b-TCP are often 

used interchangeably. However, there are subtle structural differences between these 

substances. In the structure of whitlockite, the proportion of hydrogen phosphate group 

to phosphate groups is one to six. Therefore, whitlockite is reserved for the mineral in 

which Mg2+ and HPO4
2- play a structural role while b-TCP for the low-temperature 

polymorph of Ca3(PO4)2, in which Mg2+ and HPO4
2- are absent [58,62]. 

Both hydroxyapatite and whitlockite have been reported in normal and 

pathological mineralisation. In normal calcifications, hydroxyapatite is a major 

constituent of bone [25,63] while traces of whitlockite have been reported in caries-free 

human tooth enamel [64]. In pathological mineralisation such as tooth calculi [65], 
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cardiovascular calcification [66–70] and kidney stones [5], usually more than one phase 

of calcium orthophosphates can occur at one time [58]. For example, in renal calculi, 

whitlockite is never present in its pure state but occurs with calcium oxalate, struvite and 

other apatite group minerals, while in dental calculi it occurs with hydroxyapatite and 

octacalcium phosphate [58,64,65,71]. 

The characterisation of pathological mineralisation, in general, is mainly 

overlooked compared to the study of physiological mineralisation that interests a wide 

community ranging from biologist, chemist and material scientists. As a result, an in-

depth understanding of the presence of particular calcium phosphate phases is often 

lacking. In particular, cardiovascular calcification is sometimes referred to as being 

similar to bone [72]. As a result, the structures formed during cardiovascular calcification 

have been mainly unnoticed compared to the study of the structures in other 

mineralisations. However, cardiovascular calcification contributes to morbidity and 

mortality caused by cardiovascular diseases and holds importance in both the contexts of 

biomineralisation and biological mechanisms. The next section of this review focusses in 

understanding the paradigms in cardiovascular calcification.  

2.3 Cardiovascular calcification 

The text in this section has been published in “Agarwal, S. and Bertazzo, S. New 

paradigms in cardiovascular calcification. Comptes Rendus Chimie 19, 1605–1609 

(2016) [3]”. In addition to the published text, this section is expanded to cover the details 

with relevance to the work presented in this thesis. 

“Calcification in the cardiovascular system is a common mineral metabolic 

disease that results in the formation of deposits as hard as bone. Aristotle remarked in his 

work ‘History of Animals’ that often oxen and horses have a bone inside their heart [73]. 

Moreover, calcification has also been reported in 4000 years old mummies [74]. Today 

it contributes to approximately 17 million deaths per year caused by cardiovascular 

diseases [1]. The statistics available by the American Heart Association show that 2.8% 

of the general population aged 75 or above suffer from symptoms of calcific aortic valve 

disease (CAVD). The burden of calcification is also relatively larger in male individuals 

and increases with advancing age, diabetes mellitus, hypertension, smoking, elevated 
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low-density lipoprotein levels, metabolic syndrome and renal dysfunction [75–77]. 

Furthermore, in 2012, CAVD was responsible for more than 14,000 deaths in the USA 

and was hence the second-leading cause of cardiovascular mortality [78]. The prevalence 

of the calcific disease is expected to increase with the increasing global life expectancy. 

It is estimated that by 2050, 2.1 million patients in the Europe and 3.5 million patients in 

the USA will suffer from CAVD [79]. 

The cardiovascular tissues that are more commonly affected include the aorta, 

coronary arteries, peripheral arteries, and aortic valves [80,81]. In cardiac valves, it is 

characterised by calcific lesions on the valve cusp, resulting in an impaired movement of 

the leaflets. In arteries, it can lead to stenosis through thickening and stiffening of tissues, 

reducing blood flow and eventually resulting in heart failure [82,83]. The occurrence of 

calcium deposits in the atherosclerotic plaque adversely affects the plaque stability due 

to the difference in rigidity of the mineral and the wall of the artery. The resulting 

mechanical stress increases the risk of plaque rupturing leading to acute thrombosis, 

stroke events and even fatal myocardial infarction [84,85]. Although some degree of 

calcification is associated with all cardiovascular diseases, the underlying pathology 

remains relatively unexplored [86–88]. 

2.3.1 Existing models of cardiovascular calcification 

At the beginning of the 20th century, calcification in the cardiovascular system 

was described to be a normal, passive degenerative process caused by the stresses and 

strains of cardiac function that occurred due to deterioration of tissues with age [89]. 

More recently, research into the molecular signalling processes of vascular homeostasis 

changed this view of cardiovascular calcification and redefined it as being an active 

process [81]. With the identification of bone morphogenetic protein-2a in calcified 

human carotid arteries, this active remodelling process is now thought to involve 

inflammation and calcification due to trans-differentiation of cardiovascular cells (such 

as vascular smooth muscle cells and valve interstitial cells) into osteoblast-like cells [90–

92]. This is supported by gene expression studies that showed upregulation of several 

bone specific genes and by histological studies that demonstrated endochondral bone 

formation in heavily calcified aortic valves. Other studies have also stated the role of 

matrix vesicles in calcification [93–96]. This notion is based on the hypothesis that 
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vesicles are enriched in calcium-binding proteins. Therefore, vesicles potentially serve as 

a nucleation site for calcium phosphate crystals [97], yet this is not entirely understood. 

Other cellular studies have also indicated the role of inflammatory cells like macrophages 

and T-cells for the initialisation of the calcification in the valves and atherosclerotic 

lesions [98]. These studies show a cellular and molecular signalling interplay in the 

development and accumulation of calcium phosphate mineral. 

Although cellular disease-driven processes can be targeted therapeutically, there 

are currently no drug therapies developed specifically against cardiovascular calcification 

[98–102]. The only treatment that exists today is the surgical replacement of the valve 

with mechanical or bioprosthetic implants. Regrettably, the recurrent of calcification in 

bioprosthetic valves still carries an operative mortality in around 50% of patients within 

ten years following surgery [80,81,103]. 

2.3.2 New perspectives in cardiovascular calcification 

Recently in the Stevens research group, materials characterisation techniques 

have been applied to cardiovascular calcification in samples of aortic valve tissue, mitral 

valves, coronary arteries and in aorta samples obtained from rheumatic fever, aortic valve 

stenosis and atherosclerosis patients [2]. Scanning electron microscopy (SEM) revealed 

the micro morphology of these samples, showing calcific lesions with the macroscopic 

calcific deposits found in diseased tissue. These calcific lesions can include at least three 

distinct calcified structures: spherical particles, calcified fibres and compact calcification 

(Figure 2.5 a-d) [2,9]. Interestingly, spherical particles were also present in between the 

calcified fibres and inside the compact calcification (Figure 2.5 c-d, marked by arrow). 
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Figure 2.5: Calcified structures found in the cardiovascular calcification. The 
topographical and compositional information gathered from secondary electron, and 
backscattering signals with scanning electron microscopy (SEM) are correlated by 
colour-coding and overlapping, generating density dependent colour (DDC) images that 
highlight the location of nano-scale calcified features within the organic matrix. The 
orange colour identifies denser/mineralised material (higher atomic number, Z) while 
green colour identifies less dense/organic structures (lower atomic number; for details 
refer Chapter 7, section 7.2.3). DDC-SEM micrographs of aortic valve present, (a-b) 
Dense spherical particles (scale bar = 1 µm), (c) Dense fibres (scale bar = 1 µm), and (d) 
Compact material. Black arrow in (c-d) shows the presence of a calcified particle in dense 
fibres and compact calcification respectively, scale bar = 10 µm (Reproduced from 
reference [3]). 

Energy-dispersive X-ray spectroscopy (EDS) further revealed that all three 

structures are composed of calcium, phosphorus and oxygen, while the spherical particles 

also contain magnesium (Figure 2.6 a-c). The elemental composition is, therefore, an 

indication that the different structures might have different origins [2,9].  
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Figure 2.6: Density-dependent colour scanning electron micrographs (DDC-SEM) of 
aortic valve presenting, (a) Dense spherical particles, (b) Dense fibres, and (c) Compact 
material. Corresponding energy dispersive X-ray (EDS) spectra collected at the marked 
(x) sites indicated on the micrographs a–c, respectively show the elemental composition 
of the different calcified structures, scale bars = 2 µm (Reproduced from reference [3]). 

With regards to the morphology of the calcified material, even if the calcified 

fibres in calcific lesions displayed some resemblance to the calcified fibres in bone, 

spherical particles with the size reported have never been described in bone tissue studies. 

These spherical calcified particles range between 100 nm and 5 µm in diameter and were 

found on macroscopically visible calcific lesions, in regions of aortic valves with no 

visible calcific lesions but where calcification was found elsewhere in the vascular 

system, and in aortic valves with no visible calcific lesions and where the vascular system 

examined was free of any calcific lesion (Figure 2.7) [2]. Unlike the calcified spheres 

(Figure 2.5a-b), dense fibres (Figure. 2.5c) and compact calcified material (Figure 2.5d) 

were only identified in association with calcific lesions and never in non-calcified tissues 

(Figure 2.7) [2].  
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Figure 2.7: Histograms showing the prevalence of calcified structures on the surface of 
the aortic valves. Representative images of aortic valves categorised by the extensiveness 
of three structures in calcific lesions, (a) Category shows aortic valves that did not present 
any macroscopically noticeable calcific lesions on aortic valves or in surrounding tissue 
(aorta and coronary arteries), (b) Category shows aortic valves without macroscopically 
visible calcification on aortic valves, but with macroscopically visible calcific lesions on 
surrounding tissues, (c) Category shows the analysis carried out on non-calcified areas of 
aortic valves that presented calcific lesions in other regions of the aortic valve, (d) 
Category shows analysis of non-calcified areas of aortic valves that were heavily calcified 
in other areas, (e) Category shows analysis of structures on macroscopically observable 
calcific lesions, (f) Category shows analysis on calcific lesions from heavily calcified 
aortic valves. These results were obtained from approximately 350 images from each of 
the 55 regions examined in aortic valves from 32 patients (Reproduced from reference 
[2]). 

When the calcific lesions were sectioned by focused ion beam (FIB) and imaged 

by transmission electron microscopy (TEM) [104], spherical particles were found not 

only on the surface of calcific lesions but also embedded within the lesions (Figure 2.8). 

Intriguingly, the internal structure of the calcified spheres was organised in rings, similar 

to the inner structure of a tree trunk. Crystallographic analyses also provided one of the 
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most extraordinary results, by demonstrating that the spherical particles were formed 

from highly crystalline hydroxyapatite (Figure 2.8) [2]. Interestingly, the spherical 

particles keep their original morphology and internal structure while embedded in another 

calcified structure. This is an indication that the cardiovascular calcification process is 

not a clear-cut surface precipitation of calcium phosphate, but rather a more complex 

biomineralisation process that occurs in the bulk of the tissue. Furthermore, possibly 

calcific lesions might be formed by more than one process of biomineralisation, and it is 

possible that the growth of compact calcification structures engulfs spherical particles, 

which are the most conspicuous and earliest noticeable calcified structures in the vascular 

tissue [2]. 

 
Figure 2.8: Transmission electron microscopy (TEM) image showing spherical particle 
trapped in compact organic calcium phosphate matrices marked by a yellow circle (scale 
bar = 0.5 µm). Selected area electron diffraction (SAED) pattern obtained from different 
regions of the tissue section numbered 1-2 (scale bars = 0.05 nm−1). Spherical particles 
produce diffraction pattern typical of highly crystalline material (1), whereas the 
surrounding compact material show diffraction pattern typical of a poorly crystalline 
material (2) (Reproduced from reference [3]). 

When compared to ‘matrix vesicles’ that play a major role in directing the bone 

formation, the calcified particles differed fundamentally both in structure and 

composition [93–96]. Matrix vesicles show a membrane-bound spherical structure, 

comprises of needle-like mineral and measure only 100 nm in size. In fact, they usually 

mineralise along their membrane and often contain hollow cores [93,105]. In contrast, 

the cardiovascular spherical particles are not only larger and could range up to 5 µm but 
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they also have completely solid interior structure (Figure 2.8, marked by a yellow circle). 

Moreover, matrix vesicles contain amorphous mineral while the cardiovascular related 

spherical particles diffract like a single crystal, which not only indicates they have 

different mineral but also makes them (to the best of the knowledge) the most crystalline 

mineral present in the vertebrates [106]. 

On the other hand, the compact calcification and calcific fibres (Figure 2.8) 

presented a lower crystallinity apatite, even less crystalline than bone mineral [2] (Figure 

2.9). Although these two structures have features similar to lamellar bone and are most 

likely formed by dystrophic mineralisation, they lack the nano-level organisation 

typically found in bone [63,107]. Furthermore, though their elemental composition shows 

calcium, phosphorus and oxygen, they do not show detectable amounts of magnesium [2] 

(Figure 2.6 b-c). Consequently, while the different mineralised structures in calcific 

lesions maintain their own structural and chemical identity, they are unquestionably 

different from the mineral found in bone. 

Finally, perhaps one of the most relevant findings from Bertazzo et al.’s work is 

that the morphological and chemical characteristics of the calcific material found in 

patients with rheumatic fever, atherosclerosis and aortic valve stenosis are roughly the 

same. This conclusion was supported firstly by the finding that the calcified material in 

the samples of all three diseases presents calcified spherical particles, calcified fibres and 

compact calcification. Secondly, the calcification found as a result of all these diseases 

showed roughly the same morphology, the same elemental composition and, even more 

strikingly, the same crystallinity [2]. The latter finding particularly applies to the 

spherical particles, which presented the same internal ring-shaped structure, the same 

amount of magnesium in their composition and the same electron diffraction pattern of a 

single crystal across samples of tissue affected by different calcific diseases [3]. 

Taken together, these findings provide strong evidence that three distinct calcific 

diseases (rheumatic fever, atherosclerosis and aortic valve stenosis) present a relevant 

structural commonality in their calcified material. This further indicates that they might 

even result from the same mechanism of biomineralisation. Although at this stage, it is 

not possible to know if the origin of the three diseases is the same, it is clear that once 

started; the biomineralisation process produces a similar material.  
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2.3.3 Comparison to osteogenic theory of cardiovascular calcification 

Bone mineral has been of long interest not only to the biologists and clinicians 

but also to the chemists and engineers, mainly because of its unique material properties, 

structural organisation and mechanical strength [106]. As such, different types of bone 

including lamellar or woven, mature or immature, have been widely studied and their 

basic structure is well established. Bone comprises of crystalline apatite crystals with an 

elemental composition of calcium, phosphorus, carbon and oxygen arranged along with 

collagen fibres (Figure. 2.9). The analysis of bone from different sites in the body and 

across different species have shown that it has a similar structure, composition, and 

crystallinity and more broadly it is comparable in the majority of the vertebrates that have 

been studied so far [106].  

  
Figure 2.9: Structure and composition of bone, (a-b) Representative density-dependent 
colour scanning electron micrographs (DDC-SEM) of bone tissue from a human femoral 
head showing a homogeneous density distribution of mineralised collagen fibres. The 
orange colour identifies the mineral, while green highlights the organic components of 
the tissue, scale bar in (a): 10 mm and in (b) 1 mm, (c) Transmission electron microscopy 
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image of bone. Green arrows and box indicate banded collagen fibres and black arrows 
highlight dark plate-like crystals. Notice how the dark crystals directly interact with the 
light collagen fibrils, scale bar ¼ 0.2 mm, (d) Selected area electron diffraction pattern 
of bone shows broad diffraction rings/halos (white arrows) indicative of disorder in the 
material’s atomic structure. The central bright spot represents the source electron beam 
(black arrow). The broad diffraction rings/halos are created by reflections of disordered 
atoms within the material, (e) Energy dispersion X-ray spectroscopy (EDS) elemental 
analysis of bone highlights its composition: calcium, phosphorus, carbon, and oxygen 
(Reproduced from reference [106]). 

When compared to the calcified particles from calcific lesions in vascular tissue, 

the cardiovascular calcified particles range between 100 nm to 5 µm and present a higher 

crystallinity in their structure compared to bone which is composed of plate-like 

structures with a typical size of 20 nm and lower crystallinity [63,107]. Therefore, it is 

evident that the material found in vascular calcification is not bone.  

Bone formation could nevertheless occur in vascular tissue either as a 

concomitant or as consequence of the formation of calcified particles since the mere 

presence of hard spherical particles could trigger mesenchymal stem cell differentiation 

to an osteoblast phenotype [108,109]. It is now well documented that in contact with 

practically any tissue, calcium phosphate can lead local cells to a process of 

transdifferentiation into a mineralised phenotype [110–113]. Although the mechanism by 

which the presence of calcium phosphate initiates the formation of bone-like material 

remains unclear, some studies provide evidence that valve interstitial cells may contribute 

or even be responsible for the formation of calcific lesions [114]. This hypothesis might 

also explain why in the literature there are so many results demonstrating the presence of 

bone cells and bone proteins in calcific lesions. In this way, the presence of these cells 

and proteins would indeed indicate a correlation with bone formation. However, it does 

not offer proof that the process of cardiovascular calcification is triggered by the presence 

of bone cells, which could have arrived after initial stages of calcification when the 

presence of calcium phosphate is leading to the recruitment of bone cells or 

differentiation of vascular cells to bone cells in the calcific lesion. 

Conclusively, even if the results in the current literature are not able to provide 

insights into the biochemical or cellular mechanism by which the mineral is formed in 

cardiovascular tissue, they provide an evident presence of calcified particles that are 
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different from the bone. Although the presence of these spherical particles can be found 

in SEM images published in the literature more than 30 years ago [69,115], their existence 

was overlooked until recently. It could be possibly because conventional TEM sample 

preparation techniques would have fractured them and histology techniques could have 

missed them, as when they are embedded in calcific lesions, they could be difficult to 

locate. Since, their recent discovery, current knowledge is limited to their existence and 

an in-depth characterisation is required as a fundamental approach to learning about their 

origin. New insights in this area will potentially unlock the development of new 

treatments and prevention methods.” 

2.4 Project aims 

To date, cardiovascular calcification has been regarded as an actively regulated 

process, even though the mechanisms associated with late stage mineralisation remain 

largely unknown. New evidence shows that vascular calcification is not just a simple 

process of bone formation but also includes another biomineralisation process that leads 

to the formation of a different material hitherto unknown. The ubiquitous presence of 

calcified particles in disease and independent of disease severity in cardiovascular tissue 

samples, and even before the formation of calcific lesions, suggests a role of calcified 

particles in mediating cardiovascular calcification. Furthermore, the presence of these 

particles cannot be simply explained by dystrophic calcification or a cell-mediated 

process of classic ectopic bone formation. 

Consequently, by combining the concepts of biomineralisation, many 

fundamental questions about the physical and chemical properties of cardiovascular 

related calcified particles are to be answered before shedding light on the formation 

mechanism. These include: What is the mineral within these particles if they are highly 

crystalline when compared to the bone? Is there more than one type of particle within the 

identified population? If so, how do they differ from each other in the context of structure, 

elemental composition, crystallinity? Are they also composed of organics within their 

structure which provides them with a templated morphology? What is their mechanical 

behaviour? Since they are highly crystalline and diffract like single crystals, do they have 

some relevance to mesocrystals? Are these particles present in other vertebrates species, 

or they are only specific to human cardiovascular tissue? 
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To answers these questions, the work presented in this thesis has the following aims:  

- To identify and characterise the different kinds of calcified particles in 

cardiovascular tissue. 

- To examine the existence of organic material inside the calcified particles. 

- To analyse the deformation behaviour of the calcified particles. 

- To evaluate the mesocrystallinity in the structure of the calcified particles 

- To determine the presence of single crystal like diffraction pattern, 

- To identify the presence of organic additives within the structure, 

- To determine the presence of nanocrystals within the structure of the 

calcified particles. 

- To investigate the presence of calcified particles in other vertebrates. 

In order to achieve the above-stated aims, an interdisciplinary approach of 

advanced electron microscopy techniques has been utilised as will discussed in following 

chapters. The combined results provide in-depth knowledge about these calcified 

particles. The comprehensive structural characterisation forms the basis to understand the 

formation of these particles from the wider context of biomineralisation. Moreover, the 

work provides a stepping-stone for a clinical investigation into a calcific disease that 

could have a direct impact on the potential development of much-needed treatments for 

vascular calcification.
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Chapter 3 

Structural and Chemical 
Characterisation of 
Cardiovascular Calcified Particles 
using Electron Microscopy 

3.1 Introduction 

Electron microscopy offers unique ability to study the interdisciplinary field of 

biominerals. It has been used to examine the morphologies, particle size, internal 

structures, crystal structure, crystallographic orientation, and chemical compositions of 

materials at close to atomic resolution. It has also been successfully applied to study 

cardiovascular calcification [2], bone [63], enamel [116,117], kidney stones [118], 

calcareous biominerals [30,119,120] and several other biominerals [22,121,122]. The 

organic-inorganic nature of biominerals may sometimes present challenges under 

electron microscopy considering the small grain sizes and sensitivity to the electron 

beam. Despite these challenges, high-resolution electron microscopy arguably offers a 

great versatility to study biominerals at the nanoscale. 

As discussed in Chapter 2, recently, Bertazzo et al. [2] showed three structures 

present in cardiovascular calcification in the form of compact calcification, fibrous 

calcification and spherical particles in the cardiovascular tissue. Among these, spherical 

particles with sizes ranging from 100 nm to 5 µm are the most commonly found 
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mineralised structure. These calcified particles are a fundamental feature in 

cardiovascular calcification and have been detected in diseased samples, samples 

independent of disease severity and at all stages of calcification [2]. Therefore, the early 

occurrence and prevalence of these calcified particles suggest a possible link to the 

development of calcification in cardiovascular tissue and potential role in the vascular 

physiology. For understanding the relevant processes and functions, several important 

fundamental questions need to be addressed as discussed in Chapter 2.  

This chapter focuses on two questions, firstly, if there is more than one kind of 

particle in the identified population of calcified particles? If so, then how do they differ 

regarding the structure and chemical composition? To answer these questions, this 

chapter reports the application of various electron microscopy techniques including 

scanning electron microscopy (SEM), focussed ion beam (FIB), transmission electron 

microscopy (TEM) and energy dispersive spectroscopy (EDS) and provides an in-depth 

study of the physical and chemical properties of calcified particles as a prerequisite for 

understanding their nature and ubiquity. Accordingly, the first part of the chapter 

provides a brief overview of these characterisation techniques. The second part of the 

chapter addresses the questions of whether there is more than one kind of particle and 

how these particles are different from each other.  

3.2 Overview of Electron Microscopy Techniques 

Electron microscopy provides a high spatial resolution to study the 

morphologies, internal structures, crystallography, and chemical compositions of 

materials. Electron microscopes work on the principle of a light microscope but use 

electron beam as ‘light source’. Due to the small wavelength of the electron beam (l200keV 

= 0.0251 Å), the resolution attainable by electron microscopes is in two orders magnitude 

higher (JEOL 2100F point resolution of 1.9 Å) and depth of field up to 100 times than 

that of optical light microscopy. The major basic components of electron microscopes 

include a high-vacuum column, an electron gun source and electromagnetic lenses.  

High vacuum is required in electron microscopes, firstly to reduce the collision 

between electrons and gas molecules, which lead to absorption of electron energy and 

hence reduce the resolution and secondly to protect the filament. An electron gun source 
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is used to generate a narrow, collimated beam of electrons with a precise kinetic energy, 

determined by the accelerating voltage, and electromagnetic lenses help to focus the beam 

of electrons onto the specimen [123–129]. In the current study, SEM, FIB and a TEM 

were utilised to examine the calcified particles in detail. The following section overviews 

the technical details of different electron microscopes.  

3.2.1 Scanning electron microscopy (SEM) 

A scanning electron microscope consists of a vacuum system and chamber, an 

electron gun, series of electromagnetic lenses, apertures, a sample stage and detectors 

(Figure 3.1a). The beam of electrons is generated by a thermal emission source, for 

example, tungsten filament or a field emission cathode and the acceleration voltage is 

usually in the range of 1 – 30 kV. The electrons are condensed to a fine probe after passing 

through a series of electromagnetic lenses including condenser lenses and one objective 

lens in the SEM column. The condenser lenses condense the crossover diameter of the 

electron beam which is then de-magnified and further focused by the objective lens with 

a diameter on the nanoscale. The scanning of the probe in SEM is operated by a beam 

deflection system incorporated in the objective lens which raster-scans the beam over the 

sample surface. The deflection system is controlled by two pairs of scanning 

electromagnetic coils. The first pair of coils help in bending of the beam off the optical 

axis of the microscope and the second pair of coils bends the beam back onto the axis at 

the pivot point of a scan. The electron signals emitted/reflected from the sample are 

detected by suitably positioned detectors. The detector amplifies and reconstructs the 

image by correlating one-to-one scanning points on the sample and image points on a 

screen of a cathode ray tube or liquid crystal display, thus, providing precise information 

about the surface properties of the sample. The resolution in the SEM is determined by 

the probe size, accelerating voltage and working distance. By reducing the probe size 

using condenser lens, reduces the beam current and therefore at certain point imaging 

becomes impossible, with a minimum usable probe size of 1-3 nm. Also, typically, in 

electron microscopes, by increasing the voltage, the higher energy electrons experience 

less spherical aberration when they pass through the lens and therefore result in higher 

resolution images (as will be discussed in Section 3.2.3). However, in an SEM, electrons 

that are reflected from the surface of the sample are detected, therefore, increasing the 

voltage results in the origination of electrons from the much deeper surface of the sample 
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hence reducing the topographical features. Consequently, in an SEM while maximum 20-

30 kV voltage can be used, lower voltages are recommended for imaging fine surface 

features using secondary electrons. Finally, resoltuion is also improved by reducing the 

working distance up to a certain point, typically ~7-8 mm. Beyond that point, lenses may 

not be able to focus the beam on the sample, therefore, reducing the resolution [125,130]. 

 
Figure 3.1: Scanning electron microscope (SEM), (a) Schematic of an SEM, (b) Electron 
beam interactions in an SEM (Redrawn from [125,131]). 

When the incident beam strikes the sample, it undergoes either elastic or 

inelastic scattering. When the beam is elastically scattered, it produces backscattered 

electrons, while when it is inelastically scattered, it produces secondary electrons. 

Backscattered electrons are incident electron beam scattered by atoms in the specimen. 

They are deflected at higher angles and possess almost the same energy as the incident 

electrons. The production efficiency of these high-energy electrons varies strongly with 

the sample material’s mean atomic number (Z). That is, the material with a higher atomic 

number in the sample appears brighter in backscattered electron image than those with a 

lower atomic number. Secondary electrons, on the other hand, are electrons ejected from 

atoms in the specimen. They are deflected at smaller angles, and as the incident electron 

transfers its kinetic energy to an electron in the specimen, these electrons undergo energy 

loss. Therefore, any electron with sufficient kinetic energy in the specimen is capable of 

leaving its orbital becomes a secondary electron [125,131].  
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Figure 3.1b shows the interaction volume of the incident electrons with the 

sample in a pear-like shape. Due to the low energy of the secondary electrons, these 

electrons can only escape from a depth of 5-50 nm. In contrast, higher energy 

backscattered electrons are generated deeper in the sample, i.e. 50-300 nm. Due to their 

different interaction volumes, the secondary electrons are useful for providing 

topographic contrast, and backscattered electrons are helpful for providing the 

characteristic elemental contrast of the given sample.  

Beside secondary and backscattered electrons, X-rays, are also generated from 

the deeper zone in the interaction volume (Figure 3.1b). There are two types of X-rays 

produced when the electron beam inelastically interacts with the specimen atoms. These 

include characteristic X-rays which result when the inner shell electrons of the specimen 

atoms are ejected by the electron beam and continuum (Bremsstrahlung) X-rays which 

results when the electron beam is decelerated due to the interaction between charged 

electron particles with the specimen nucleus. Due to the interaction of the continuum 

(Bremsstrahlung) X-rays with the field of the nucleus of the specimen atom, the 

distribution of the energy loss after the interaction is continuous and not characteristic of 

the specimen atomic number. Therefore, continuum X-rays do not contribute to elemental 

information. The characteristic X-rays are useful for chemical analysis and are detected 

by an additional energy dispersive spectroscopy (EDS) detector fitted into the SEM 

system. The characteristic X-rays appear as peaks in an EDS spectrum imposed upon a 

background of continuum X-rays.  

Current EDS detectors are typically lithium-drifted silicon, or Si(Li) allowing 

detection of elements with an atomic number higher than Li and are incorporated with 

software that facilitates optimum background subtraction for identification of the 

elements in the specimens. Although EDS provide useful elemental information, some 

limitations that are encountered include, the spatial resolution of a few hundreds of nm, 

the detection limit of 1000 – 3000 ppm or 0.1-0.3 wt%, energy peak overlap between the 

two individual elements and low efficiency for detection of light elements [131–134].  

Another important aspect of SEM analysis includes sample preparation. The 

sample is required to be conductive to avoid charging effects. In non-conductive samples, 

electrons are accumulated on the surface of the sample which builds up charged regions. 
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Charging causes artefacts in the sample that are visible in the image itself due to irregular 

deflection of the incident electrons. Therefore, non-conductive samples, e.g. biological 

samples are required to be coated with a conductive film by vacuum evaporation or 

sputtering. Commonly used coating material includes conducting carbon, platinum, gold 

and chromium. The sample also requires being degassed and dehydrated because if the 

water is not removed from the sample, the vacuum and the high-energy electron heat the 

water molecules in the sample, causing them to burst through the sample surface and 

hence affecting the surface morphology of the sample. Common dehydration techniques 

include critical point drying and freeze drying [125,131]. 

3.2.2 Focused ion beam (FIB) microscope 

A FIB instrument setup is identical to an SEM but uses a focused beam of ions 

instead of electrons. A basic FIB instrument uses accelerating voltages between 5-50 

keV, consists of the vacuum system and chamber, ion source, an ion column, a sample 

stage, detectors and gas delivery system. The ion beam is generated by an ion source 

through a process of field evaporation which can modify or “mill” the sample surface by 

the sputtering process and can be controlled with nanometer precision. This removal 

process is called ion milling [135].  

The efficacy of the sputtering mainly depends upon the ion source, which in turn 

depends upon the acceleration voltage, low melting point and low vapour pressure. 

Gallium (Ga) is widely used as the ion source in FIB systems due to its low melting point 

(Tmp = 29.8 °C), low volatility at the melting point resulting in a long source life, low 

surface free energy promoting viscous behaviour on the substrate and low vapour 

pressure making it suitable to be used in its pure form rather in form of an alloy. It is 

connected to a tungsten needle and heated to its melting point. Liquid Ga flows to the tip 

of tungsten needle that creates a point source of about 2–5 nm in diameter [104,126,136].  

The gas delivery system is used in conjunction with an ion beam to provide site-

specific deposition of metals or insulators via a gas injection system (GIS) for enhanced 

etching capabilities. Common depositions such as platinum, tungsten, carbon and cobalt, 

are deposited from a gaseous precursor guided by an ion beam assisted chemical vapour 

deposition. The gaseous precursor should have an adequate sticking probability to stick 
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to a surface of interest for effective deposition, and it must decompose rapidly when 

bombarded by an energetic ion beam in comparison to being sputtered away by the ion 

beam. For deposition, a controlled amount of gas is introduced into the chamber through 

a nozzle by opening a valve, positioned a few hundreds of microns above the sample 

surface. The repeated adsorption and decomposition of gas molecules on the surface 

result in the desired build-up of material in the ion scanned region. Therefore, the 

deposited metal also acts as a sacrificial layer by protecting the underlying sample from 

the destructive sputtering of the beam [104,126,136].  

In addition to a conventional FIB, there are also a dual beam FIB systems (Figure 

3.2) in which SEM column is combined with the FIB column in the same microscope. 

This combination allows the simultaneous imaging of the sample during the ion milling 

for precise sample characterisation. Typically, electron column is configured in a vertical 

position, and ion beam column is tilted at 50-550. Thus, electrons and ion beam intersect 

at an angle with a coincident point. In this configuration, the sample is tilted for milling, 

normal to the sample surface. On a single beam FIB, milling and imaging usually require 

sample tilt and change in beam currents at each step, resulting in a much more time-

consuming process. Therefore, dual beam FIB system with the sample at the coincident 

point provides apparent advantages compared to a single-beam FIB [127]. 

 
Figure 3.2: Focussed Ion Beam (FIB), (a) Dual beam FIB system showing FIB column 
at 52° off scanning electron microscope (SEM) column, (b) Schematic of milling and 
depositions guided by an ion beam (Adapted from [136]). 
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The dual beam FIB/SEM are used for various applications including “slice and 

view” technique by sputtering the sample in increments of depth and obtaining SEM 

images after each cycle, for site-specific sample preparation for various imaging 

techniques including TEM, atom probe tomography (APT), failure analysis and 

mechanical testing [127].  

Within the scope of this thesis dual beam FIB has only been used for sample 

preparation for TEM and APT. Simultaneous imaging by the electron beam during 

sample preparation in current work allowed precise positioning and thickness throughout 

the process. In general, TEM and APT sample preparation using FIB require a series of 

steps that includes a selection of the area of interest, protection of the sample by a 

sacrificial layer of platinum or cobalt, milling, simultaneous imaging and finally lifting 

out the site-specific sample from the substrate with a micromanipulator that is placed on 

the TEM grid or APT silicon-posts coupon. Direct imaging by ion-beam is commonly 

avoided at all steps as this induces ion implantation damage in the sample. Final steps in 

sample preparation, require specific thinning of the sample and polishing at a small 

voltage (~2 kV) to overcome the artefacts that might be induced in the sample due to ion 

deposition [137,138]. 

3.2.3 Transmission electron microscopy (TEM) 

Transmission electron microscope has a similar optical path to conventional 

light microscope but uses electrons and electromagnetic lenses that allow high-resolution 

imaging useful for the characterisation of materials at the nanoscale. A typical TEM 

consists of a vacuum chamber, electron source, condenser lens, sample stage, an objective 

lens, intermediate lens projector lens and series of detectors (Figure 3.3). The electrons 

in a TEM are emitted from the electron source at acceleration voltage ranging between 

80 – 400 kV voltage, much higher compared to SEM. The acceleration voltage, V 

determines the resolution in electron microscopes. This can be explained by deducing the 

Louis de Broglie’s equation: 

l = "
#
 (Equation 3.1) 

where h is Planck’s constant and p = mv is the nonrelativistic momentum. 
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In a TEM, momentum is imparted to the electron by accelerating it through the 

potential drop, V, hence giving it a kinetic energy eV. Since this potential energy should 

be equal to kinetic energy, therefore,  

eV = 	'()*

+
 (Equation 3.2) 

 where m0 is electron mass, and v is velocity. Now, equating for momentum p 

and substituting for v in Equation 3.2, 

p = 	m.v = (2m.eV)3/+ (Equation 3.3) 

By combining equations 3.1 - 3.3, the relationship between the electron 

wavelength and the accelerating voltage of the electron microscope, V is given by 

equation 3.4, which explains that the acceleration voltage is inversely proportional to the 

wavelength of the electrons. The wavelength of the electrons in TEM is, therefore, 

smaller compared to SEM, and thus TEMs have a higher resolution. Furthermore, in a 

TEM, images are formed by the detection of transmitted electrons from the sample in 

contrast to SEM, where images are formed by the detection of reflected electrons from 

the sample. Therefore higher voltages are used for high-resolution imaging in a 

TEM[124]. 

l = 5
(+6(78)9/*

  (Equation 3.4) 

Commonly used electron guns in a TEM include thermionic emission and field 

emission guns. The thermionic emission guns or cathode guns, e.g. tungsten filament gun, 

lanthanum hexaboride (LaB6) gun requires thermal energy while a field emission guns 

require the electric field to accelerate the electrons. The electrons undergo tunnelling 

effect in field emission gun whilst they undergo thermionic effect in the cathode gun to 

overcome the surface barrier. The tunnelling effect results in a ~102 times higher intensity 

and therefore a better resolution compared to the cathode guns. The condenser lens 

controls the illumination intensity and convergence angle of the incident beam on the 

sample. The other three lenses, i.e. objective, intermediate and projector lens control the 

magnification in a TEM.  



Structural and chemical characterisation of cardiovascular calcified particles 
using electron microscopy 

56 
 

TEM can be operated in image mode or diffraction mode to obtain structural and 

crystallographic information respectively. To operate the TEM in image mode, the 

intermediate lens is focussed on the image plane of the objective lens, and for diffraction 

mode, it is focussed on the back-focal plane of the objective lens. The optical paths for 

image and diffraction modes in a TEM are shown in Figure 3.3b. The projector lenses 

magnify the image or diffraction patterns for observation and project them on a 

fluorescent screen [124,139].  

In a TEM, images are generated through the deflection of electrons from their 

primary transmission path when they pass through the sample. Therefore, TEM requires 

the sample to be thin enough ~10-200 nm, i.e. electronically transparent, to allow the 

transmission of the electrons through the sample and the thickness depends on the specific 

information to be collected. There are various ways to prepare the samples for TEM 

which includes grinding, hammering, chemical thinning, ultramicrotomy, electrolytic 

thinning, ion milling, and FIB lift-out. Within the scope of this thesis, only FIB lift-out 

method has been used for TEM sample preparation and will be discussed in detail in 

Section 3.3.5.  

 
Figure 3.3: Transmission Electron Microscope (TEM), (a) Schematic of a TEM, (b) 
Electron beam interactions in a TEM showing the optical paths for image and selected 
area electron diffraction (SAED) pattern formation in a TEM (Redrawn from [139]). 
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There are two mechanisms by which electron scattering leads to image contrast 

in a TEM. Firstly, a mass-density contrast which depends upon the product of density 

and thickness of the sample. In this case, the objective aperture blocks any deflected 

electrons with a larger scattering angle than the incident angle. Therefore, the brighter 

contrast in the image depends upon the number of electrons being transmitted through 

the sample and passing through the objective aperture. So, thicker samples lead to the 

darker contrast. Images formed by this phenomenon are common for non-crystalline 

materials such as polymers and biologicals, and therefore often biological specimens are 

stained by the high-density substance to enhance the contrast. The second mechanism is 

the diffraction contrast, which is common for image formation of crystalline samples. 

Diffraction contrast can generate the bright field and dark field images by properly 

locating the objective aperture. The bright field image is formed when the transmitted 

beam passes through the objective aperture without the interference from the diffracted 

electrons, like the mass-density contrast images. Therefore, images generated by mass-

density contrast are usually bright field images. In contrast, dark field images are formed 

when the diffraction beam is allowed to pass through the objective aperture. Dark field 

images can be obtained off optic axis or along the optic axis by tilting the incoming 

electron beam.[124,139].  

TEM can be further combined with scanning transmission electron microscopy 

(STEM) offering additional imaging capability. Imaging in a scanning mode of TEM is 

fundamentally different from static-beam conventional TEM imaging. STEM works on 

the same principle as SEM, where an electron beam is scanned over the specimen using 

scan coils. The only difference is, STEM requires thin electron transparent sample similar 

to TEM rather than a bulk sample used in SEM. This is due to the reason that STEM 

images are formed by the detection of transmitted electrons from the sample in contrast 

to SEM, where images are formed by the detection of reflected electrons from the sample. 

Therefore, STEM detectors are placed below the sample to detect transmitted electrons, 

different from SEM where the imaging detectors are placed above the sample.  

Typical imaging detectors in STEM mode include annular bright-field (ABF), 

annular dark-field (ADF) and high angle annular dark field (HAADF) detector. The ABF 

detector detects transmitted electrons at small angles centred on the optic axis, whereas 

ADF detector collects transmitted electrons scattered at a higher angle, and HAADF 
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detector gathers transmitted electrons that are scattered at a comparatively larger angle 

than ADF (Figure 3.4). HAADF signals resemble the backscattered electron signal on 

SEM. It is noteworthy that the contrast of the images collected with HAADF detector is 

very sensitive to differences in the element’s atomic number (Z). Therefore, dense areas, 

as well as areas that contain heavy elements, appear bright due to more scattering of the 

electrons within the sample and less dense or areas with low atomic number element 

appear dark. Furthermore, the scanning of the electron beam makes STEM imaging 

suitable for generating elemental maps and electronic structure at nanometre resolution 

from the specimen using EDS and electron energy loss spectroscopy (EELS), 

respectively [124,140]. EELS will be discussed in detail in Chapter 4, but together the 

elemental analysis adds the capability to imaging in a TEM. 

In addition to the bright field, dark field and imaging in STEM mode, TEM is 

capable of generating high-resolution lattice images by a phenomenon called phase 

contrast different to the mechanism of mass-density and diffraction contrast. Lattice 

imaging requires both transmitted beam and diffraction beams for generating phase 

contrast. At high magnification, when a beam passes through the crystalline sample, it 

generates phase difference. An interference pattern or a fringe is produced with dark-

bright changes due to the transmitted beam and diffraction beams interferences that reveal 

the periodicity of a crystal. This mechanism produces the highest resolution of lattice and 

structure images and is referred as high-resolution transmission electron microscopy 

(HRTEM) [124,139]. 
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Figure 3.4: Electron beam interactions in scanning transmission electron microscopy 
(STEM) mode inside a transmission electron microscope (TEM), where a and b define 
semi-convergence and collection angle, respectively. The detection of transmitted 
electrons at different angles give rise to the annular bright field (ABF), annular dark field 
(ADF) and high angle annular dark field (HAADF) images (Redrawn from [124]). 

3.2.4 Selected area electron diffraction (SAED) 

The electron diffraction refers to a collective scattering phenomenon, where 

electrons are elastically scattered by the atoms in a crystal, similar to the Huygens 

principle for the diffraction of light. When the electrons interact with the sample, the 

angular distribution of scattered electrons forms scattering patterns, commonly called as 

diffraction patterns. A diffraction pattern in a TEM is formed when the transmitted beam 

is focussed on the back-focal plane of the objective lens (Figure 3.3). By placing an 

aperture in the first image plane below the objective lens, an area can be selected in an 

image commonly referred as selected area electron diffraction (SAED). A pattern of 

SAED can be enlarged on the screen or recorded by a camera by the intermediate and 

projector lenses located below the objective lens.  

In a TEM, a diffraction pattern represents a reciprocal lattice plane (hkl) 

intersecting the Ewald’s sphere. The Ewald sphere is an imaginary sphere with a radius 

of l-1 in reciprocal space, where the centre of the sphere is located at the crystal of the 
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material to be examined (Figure 3.5a). Due to short wavelength of the high energy 

electrons, the resulting radius of the Ewald sphere is very large, such that spherical 

surface is nearly flat compared with the distances between reciprocal lattice points hence 

making it useful for crystallographic analysis [139]. The diffraction condition is governed 

by Bragg’s law (Equation 3.5), and Bragg conditions are satisfied when lattice points 

touch the surface of Ewald sphere. According to Bragg, if the ‘reflecting’ hkl planes are 

spaced at a distance d and the electron wave is incident and reflected at an angle q, then 

the angle of incidence is equal to angle of scattering and the path-length difference is 

equal to dsinq. At certain 2q angles, when the Bragg conditions are satisfied, constructive 

interference occurs resulting in the formation of diffraction pattern. 

nl	=	2dsinq	 (Equation 3.5)	

In Bragg’s equation n is an integer that gives by order of scattering, l is the 

wavelength of the incident beam, d is the spacing between the crystal planes, q is the 

angle between the incident beam and scattering planes. Since the wavelength of the 

electron beam (l200keV = 0.0251 Å) is much shorter than X-ray (lCuKa = 1.54 Å), the 

diffraction angle 2q in a TEM is commonly <10. Therefore, the Bragg’s equation is 

simplified considering the geometric relation among θ, R and L demonstrated in Figure 

3.5 and rewritten as: 

λL	=	Rd	 (Equation 3.6)	

where L is camera length, and R is the distance from the central spot of the transmitted 

beam to a diffraction spot, and Equation 3.6 is the basic equation for electron diffraction 

in a TEM.  
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Figure 3.5: Selected area electron diffraction (SAED), (a) Construction of Ewald sphere 
(radius = l-1) showing that Bragg conditions for plane d* are satisfied when reciprocal 
lattice points touch the surface of Ewald sphere. The surface of Ewald sphere intersects 
at diffraction spots, (b) Formation of electron diffraction pattern, where reciprocal lattice 
plane is given by (hkl), l is the wavelength of the incident beam, 2q is the diffraction 
angle, d is the spacing between the crystal planes, R is the distance from the central spot 
of the transmitted beam to a diffraction spot. The large radius of Ewald sphere due to 
short wavelength of high energy electrons is nearly flat compared to the distances 
between the reciprocal lattice points (Adapted from[139]). 

There are mainly three different types of diffraction patterns that can be observed 

during diffraction analysis based on mainly the degree of crystallinity and orientation of 

crystals in the samples. These are amorphous, single crystal and polycrystalline patterns. 

In a single crystal, the diffraction pattern is in the form of spots, when aligned to particular 

crystal zone that is parallel to the transmitted beam. In polycrystalline materials, the 

diffraction pattern consists of a series of concentric rings or random fine spots along with 

concentric rings. In amorphous materials, diffused concentric rings are observed with no 

sign of crystallinity. The diffuse appearance of the rings is due to the large angle of the 

diffracted beam when it passes through short range order of amorphous materials. In 

polycrystalline materials, these rings are sharp, and due to the random orientation of 

crystals, they are equivalent to the rotation of spots in single crystal around the axis of 

the transmitted electron beam [139].  
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3.3 Materials and Methods 

3.3.1 Human aorta samples 

Forty-eight samples of human aorta tissue were obtained from the Oxford Heart 

Valve Bank at John Radcliffe Hospital (Oxford, UK) after they had been rejected for use 

as transplant due to reasons listed in Table 3.1. All samples were collected under 

approved ethics obtained from the Health Research Authority – NRES Committee 

London - Stanmore (Ref: 10/H0724/18). These ethics allowed to analyse the human valve 

and cardiac tissue from heart valve donors and patients undergoing valve replacement 

surgery, anonymously for this study. These ethics further allowed to access patient’s 

demographics as given in Table 3.1. 

Table 3.1: Patient demographics for human tissue samples (n = 48). 

Age (years) 

4 days to 78 years 

<20 years 20-40 years 40-60 years 60 years < 

13% 21% 27% 40% 

Sex Male 44%, Female 56% 

Reason for rejection 
Micro-infected 52%, Failed/Missing virology test 10%, 

Calcified 21%, Atheroma 6%, Unknown 10% 

 

3.3.2 Isolation of calcified particles 

The human aorta tissue samples (cut into 1 cm x 1 cm each) were incubated 

overnight at 37°C in 0.4% w/v collagenase type 1 (Sigma) solution in phosphate buffer 

saline (PBS, Sigma). After incubation, the tissues were homogenised using a tapered 

tissue grinder (Electron Microscopy Sciences), and additional PBS was used to wash the 

grinder to ensure minimal tissue loss. The tissue homogenates were again incubated 

overnight at 37°C. The digest tissue solution was then centrifuged at 5000 rpm for 5 

minutes, and the supernatant and the soft pellet was subsequently removed which left 

only the calcified material pellet in the tube. The calcified particles were easily 

recognised as a clear white pellet at the bottom of the tube. The calcified particles were 
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washed two times with PBS and re-suspended in 67% hydrazine (Sigma) in PBS, 

incubated at 55°C for 1 hour and washed with 1x deionised water and ethanol (Sigma, 

ACS reagent 99.5%). Finally, the calcified particles were centrifuged at 14000 rpm and 

were either dehydrated for electron microscopy or stored at -20°C to be used as required. 

For dehydration, calcified particle sample was treated with graded ethanol series (20, 30, 

40, 50 70, 80, 90 and 100% (v/v)) solution for 1 hour each and air-dried. The isolation 

process is shown in Figure 3.6. 

 
Figure 3.6: The process of isolation of calcified particles from human aorta tissue 
sample. 

3.3.3 Sample preparation for SEM analysis and FIB 

The dehydrated pallet of the calcified particles was suspended in 10 µl deionised 

water, and 5 µl of this solution was dropped onto a glass coverslip and air dried. The glass 

cover slip was secured on an aluminium stub with carbon tape, and silver paint was 

applied immediately surrounding dried pallet forming a junction between the cover slip 

and aluminium stub to allow the dissipation of any charge build-up on the sample. The 

calcified particles were then coated with 5 nm chromium in a Q150T S sputter coater 
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(Quorum Technologies). The metal coating, such as chromium, on the non-conductive 

sample, inhibits the charging by reducing the accumulation of static electric fields, 

reduces thermal damage and improves the secondary/backscattered electron signal by 

increasing the signal-to-noise ratio required for topographic examination in the SEM 

[141]. 

3.3.4 SEM imaging 

Following the coating procedures, isolated calcified particles from n = 48 tissue 

samples were imaged using field emission Zeiss Leo-Gemini 1525 or Zeiss Sigma 300 

operating between 5-10 kV. Both microscopes were equipped with a secondary electron, 

in-lens detectors that recorded secondary electron images for morphology and backscatter 

electron detector that recorded backscatter electron images for compositional analyses. 

Dr Sergio Bertazzo also contributed to imaging of some of the isolated particles.  

3.3.5 Sample preparation by FIB  

Isolated particles from five samples (n = 5) of human aorta tissue were used for 

TEM characterisation studies. A dual beam FIB (FEI Helios NanoLab 600) was used to 

prepare thin lamella sections for TEM analysis. Different kinds of isolated calcified 

particles were selected in the SEM column operating at 0.17 nA and 5 kV (beam current, 

voltage). The eccentric height was adjusted accordingly, and 20 µm x 2 µm x 4 µm region 

of interest was coated with a protective layer of platinum with a built-in gas injection 

source system using electron beam operated at 5 kV and 1.4 nA currents. The stage was 

then tilted to 52° to allow the electron beam and ion beam focus at 90°. The 20 µm x 2 

µm region of interest was further coated with 20 µm x 2 µm x 2 µm layer of platinum 

using ion beam operating at 93 pA, 30 kV. Two trenches of 25 µm x 5 µm x 5 µm were 

made immediately parallel to top and bottom of the platinum protective layer using ion 

beam operating between 2.8 nA to 6.5 nA at 30 kV using regular cross-section patterning. 

The platinum protected section was further thinned to 1 µm using cleaning cross section 

patterning. This further thinning was carried out at 49° and 55° degrees for top and 

bottom, respectively. After rough thinning, the sample was partly released at 7° at 2.8 

nA, 30 kV. An omniprobe micromanipulator was then attached to the open end of the 

sample with 0.5 µm x 0.5 µm x 0.5 µm platinum layer, and finally, the sample was 
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completely released from the surface. The released sample was lifted out and secured on 

a FIB 3 post lift-out copper grid (Agar Scientific) using 1 µm thick platinum layer. The 

sample section was then further thinned to approximately 80-100 nm using ion beam 

operating between 28 pA to 2.8 nA at 30 kV. Finally, the surface of the sample was 

cleaned and polished at 2 kV using 10 pA ion beam current to remove possible artefacts 

introduced by the ion milling. The schematic of FIB sample preparation is shown in 

Figure 3.7. In this thesis, each isolated calcified particle will be referred as an individual 

sample. 
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Figure 3.7: Transmission electron microscopy (TEM) sample preparation by focussed 
ion beam (FIB) lift-out method. The dotted yellow box indicates the region of interest, 
green box indicates the region of the platinum layer used to secure the sample to a FIB 3 
post lift-out copper grid and the red boxed image shows final lamella of the calcified 
particle, scale bar = 2 µm. 
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3.3.6 Imaging in TEM and STEM mode 

The samples prepared from FIB lift-out were imaged initially using either JEOL 

2000 FX operated at 120 kV or 200 kV. Further studies were performed on JEOL JEM 

2100F operated at 200 kV. JEOL 2000FX was equipped with Lanthanum Hexaboride 

(LaB6) as an electron source, point resolution of 0.23 nm, Gatan Orius SC 1000 (2×4k) 

and Oxford Instruments INCA EDS 80mm X-Max detector system. JEOL JEM 2100F 

was equipped with a field emission gun providing a high brightness and high stability 

electron source, point resolution of 0.19 nm, Gatan Orius SC 1000 (2×4k), GIF UltraScan 

(2k×2k), high-angle annular dark field (HAADF) detector, Gatan annular dark field 

detector/bright field detector, Gatan (Tridiem) image filter (GIF) system and Oxford 

Instruments INCA EDS 80mm X-Max detector system with STEM capability. Single tilt, 

double tilt low background or single tilt in-situ cooling/straining holder was used as 

required. For HAADF-STEM imaging, JEOL JEM 2100F operating at 200kV was used. 

Regular alignment was performed using a dummy sample. After alignment, a lift-out 

sample of calcified particles was imaged in TEM or STEM mode. For HAADF imaging 

camera length between 10-12 cm was used which ensured diffraction contrast was 

eliminated from the acquired image and image contrast was mainly related to the atomic 

number (Z) contrast. EDS spectra were taken for elemental analysis (Oxford Inca 

Software). A total of 120 isolated calcified particles was analysed under the TEM. 

Selected area electron diffraction (SAED) acquisition: SAED patterns were 

collected using suitable SAED aperture which covered the calcified particle. The sample 

was tilted to a low index zone axis. The procedure was followed as illustrated in William 

and Carter, 2009 [124]. 

Beam damage experiment: For beam damage experiment, diffraction patterns 

were obtained from samples cooled down to -180 °C using cryo-stage inside the TEM. 

STEM-HAADF images were collected before and after the diffraction experiment. These 

images and diffraction patterns were compared to the non-cryo-stage samples and 

analysed for any modifications caused over time by the electron beam. 

High-resolution lattice imaging: For lattice imaging, the sample was cooled to 

cryo-temperature (-180 °C) using liquid nitrogen in the cryo-sample holder to minimise 
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the electron beam damage at high spatial resolution. High-resolution images and their 

corresponding Fast Fourier Transform (FFT) were collected in TEM mode.  

3.3.7 Diffraction and indexing 

The dhkl spacing (Å) was calculated using Equation 3.6 with known wavelength 

λ, camera length L and measured distance between transmission to diffracted beam spot 

R. At least two non-collinear spots were indexed based on the reference databases of 

Inorganic Crystal Structure Database (ICSD) and Crystallography Open Database 

(COD). COD #9012415 [142] and ICSD #26204 [143] files were used for whitlockite 

and apatite, respectively. The interplanar angles were calculated to ensure the consistent 

indices. Zone axis was calculated by taking a cross product of any diffraction spots [144]. 

SingleCrystal 2.3 software was used to simulate the theoretical diffraction patterns. 

3.4. Results and Discussion 

3.4.1 Morphological analysis 

Calcified particles were isolated from human aorta tissue samples and prepared 

for electron microscopy analysis. The first hypothesis was that there were different kinds 

of particles in terms of morphology and composition in the identified population of the 

calcified particles as reported by Bertazzo et al. [2]. To investigate the first hypothesis, 

secondary electron micrographs from 48 human aorta tissue samples were analysed. A 

mixed population of particles primarily with two surface features were present in all 

samples analysed, with sizes ranging from 100 nm – 5 µm (Figure 3.8). The isolation of 

particles allowed easy characterisation of the particles without the interference of 

organics. Deproteination by hydrazine, when carried out at a distinct temperature as high 

as 55°C has been shown to remove the residual organic matrix from bone without altering 

the morphology, composition and crystallinity in samples of bone [145], which in present 

study facilitated the effective characterisation of the cardiovascular calcified particles.  
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Figure 3.8: Representative secondary electron micrographs (SEM) of isolated calcified 
particles from four different human aorta tissue samples, (a-d) Micrographs show 
primarily two types of particles based on surface features: rough-surfaced particles, 
indicated by green arrows in (a) and (b) and smooth-surfaced particles are indicated by a 
yellow arrow in (c), Of note, only two representative smooth-surfaced particles are 
indicated in (c) while a high proportion of smooth-surfaced particles is seen in (a-d), 
scale bar = 1µm. 

A small proportion of particles presented a highly irregular textured ‘coarse 

rough surface’ (marked by green arrow in Figure 3.8 a-b, Figure 3.9 a-b), while the most 

common particles were characterised by a ‘smooth surface’, with fine nanoparticulate 

surface features (two representative particles marked by yellow arrow in Figure 3.8c)). 

Both particles primarily presented a spherical shape (Figure 3.9). However, the smooth-

surfaced particle also presented distortions (Figure 3.8) and existed in the form of ovoid 
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(Figure 3.10 a-b), soft-edged cubic (Figure 3.10 c) and sometimes irregular overgrowth 

cubic shapes (Figure 3.10 d). It was difficult to quantify the amount of both the types of 

particles due to their coexistence and the variation in a number of particles observed on 

the SEM across the tissue samples analysed. However, qualitative observation showed 

that the proportion of smooth-surfaced particles was higher compared to rough-surfaced 

particles. These results were consistent across all the samples analysed.  

 
Figure 3.9: Secondary electron micrographs (SEM) of the two main types of the calcified 
particles, (a) Representative isolated rough-surfaced particle, (b) High magnification of 
the area marked in (a) showing the coarse irregular surface, (c) Representative isolated 
smooth-surfaced particle, (d) High magnification of the area marked in (c) showing a 
compact arrangement of approximately 10-20 nm nanoparticles into a smooth 
morphology. 
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Figure 3.10: Representative secondary electron micrographs (SEM) showing distortions 
in shape observed in the smooth-surfaced calcified particles, (a-b) Ovoid shape, (c) Soft-
edge cubic shape, (d) Irregular overgrowth, scale bar = 500 nm. 

3.4.2 Internal structural, compositional and crystallinity analysis 

To evaluate the differences between the two particles regarding the internal 

structures, crystallinity and chemical composition, a total of 120 isolated calcified 

particles from 5 human aorta tissue samples were sectioned into 100-120 nm thin slices 

using dual beam FIB milling. Dual beam FIB allowed choosing a specific type of 

calcified particle for TEM analysis. The thin electron transparent slices of calcified 

particles were imaged under a TEM equipped with STEM-HAADF, EDS and SAED. 

The rough-surfaced particles showed a homogenous distribution of mineral with low-

density irregular edges (Figure 3.11a) and an elemental composition of calcium, 

phosphorous, sodium and oxygen (Figure 3.11b). The SAED pattern showed 

polycrystalline diffraction rings corresponding to an apatite mineral (Figure 3.11c). In 

contrast, the large majority (~60%) of smooth-surfaced particles showed an organised 
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concentric arrangement of the mineral layers (Figure 3.11d) and an elemental 

composition similar to the rough-surfaced particle with an additional detection of 

magnesium (Figure 3.11e). Interestingly, the SAED pattern showed a single crystal 

diffraction pattern of a whitlockite mineral (Figure 3.11f). In addition, smooth-surfaced 

particles that presented some distortions in their shapes as shown in Figure 3.10; 

regardless of the size and the reported distorted shapes of smooth-surfaced particles, the 

internal structure presented mainly concentric rings, the elemental composition of 

calcium phosphorous and magnesium and a single crystal-like diffraction pattern of 

whitlockite mineral (Figure 3.12 a-l). The number of rings varied across the whitlockite 

particles, explaining the inhomogeneous density of whitlockite mineral across the 

particles. 

 
Figure 3.11: Representative high angle annular dark field (HAADF) images of thin 
sections of rough-surfaced and smooth-surfaced particles prepared by focussed ion beam 
(FIB) taken in scanning transmission electron microscopy (STEM) mode, (a) STEM-
HAADF image of a rough-surfaced particle shows a homogenous distribution of mineral 
with dark-contrast irregular edges, (b) Selected area electron diffraction (SAED) of a 
rough-surfaced particle in (a) shows a polycrystalline diffraction pattern of apatite 
mineral, (c) Energy dispersive X-ray (EDS) spectrum of rough-surfaced particle shows 
the presence of calcium and phosphorous, (d) STEM-HAADF image of a smooth-
surfaced particle shows concentric arrangement of mineral layers as seen by dark-contrast 
rings, (e) SAED of a smooth-surfaced particle in (d) shows a single crystal-like 
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diffraction pattern of whitlockite mineral, (f) EDS spectrum of smooth-surfaced particle 
shows the presence of calcium, phosphate and magnesium, scale bar = 500 nm. 

 
Figure 3.12: Representative high angle annular dark field (HAADF) images of thin 
sections of smooth-surfaced particles prepared by focussed ion beam (FIB) taken in 
scanning transmission electron microscopy (STEM) mode, (a) STEM-HAADF image of 
a whitlockite particle with soft-edged cubic shape, (b) Ovoid shape, (c) Overgrowth cubic 
shape, shows concentric ring pattern, and (d) Ovoid shape shows no rings, (e-h) Selected 
area electron diffraction (SAED) shows a single crystal-like diffraction pattern 
corresponding to whitlockite mineral, (i-l) Energy dispersive X-ray (EDS) spectra show 
the presence of calcium, phosphate and magnesium, scale bar = 500 nm. 
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Based on the surface features, crystallinity and chemical composition, calcified 

particles present two types of mineral particles, apatite and whitlockite. Furthermore, 

based on STEM-HAADF imaging contrast, in both types of particles, the brighter 

contrast could be associated with a higher atomic number element or at least higher 

density and dark contrast area could be related to low-density mineral regions or low 

atomic number (organic) elements. 

3.4.3 Analysis of effect of electron beam on crystallinity of the particles 

Considering the data acquisition by TEM, there can be a concern for damage 

caused by the electron beam. To ensure the particles were not affected by an electron 

beam, a beam damage experimental study was conducted. It has been shown in the 

literature that cooling a TEM specimen with liquid nitrogen, does not changes the 

inelastic cross-section. However, it reduces the sensitivity of the sample to structural 

damage and mass loss. The decrease in mass loss can be explained in terms of the reduced 

atomic mobility at low temperature. In fact, the sample does lose mass when returned to 

room temperature (without further irradiation) as the dislodged atoms diffuse out [146]. 

Therefore, diffraction patterns from both apatite and whitlockite particles were obtained 

using cryo-stage settings at an interval of 1 minute for up to 5 minutes to mark the changes 

in the structure of the sample over the time under beam irradiation. These diffraction 

patterns (Figure 3.13) were compared to the diffraction patterns obtained from samples 

imaged at the room temperature (Figure 3.11, Figure 3.12). 

The results showed that the images and SAED were virtually identical to images 

obtained without the cryo-stage. The diffraction patterns for rough-surfaced particle and 

smooth-surfaced particle corresponded to apatite and whitlockite mineral, respectively. 

This time-lapse experiment further verified that the degree of crystallinity was not altered 

due to electron beam irradiation. 
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Figure 3.13: Time-lapsed high angle annular dark field (HAADF) images of thin sections 
of apatite and whitlockite particles prepared by focussed ion beam (FIB) taken in 
scanning transmission electron microscopy (STEM) mode and selected area electron 
diffraction (SAED) obtained using cryo-settings, (a) STEM-HAADF image of apatite 
particle before diffraction pattern, (b) STEM-HAADF image of apatite particle after 
diffraction pattern, (i-v) corresponding SAED of apatite particle at intervals of 1 minute, 
(c) STEM-HAADF image of whitlockite particle before diffraction pattern, (d) STEM-
HAADF image of whitlockite particle after diffraction pattern, (vi-x) Corresponding 
SAED of whitlockite particle at intervals of 1 minute. 
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3.4.4 Apatite and whitlockite in cardiovascular calcification 

Whitlockite Ca9MgH(PO4)7 or particularly magnesium may coexist with apatite 

or hydroxyapatite Ca5(PO4)3(OH) as reviewed in Chapter 2. Whitlockite has a space 

group of R3c with unit cell a = b = 10.350 Å, c = 37.085 Å and unit cell angles a=b=900, 

g=120° in hexagonal setting [142,147] while cell dimensions of hydroxyapatite measure 

a=b=9.424 Å, c=6.879 Å, interaxial angles a=b=900, g=120° [143] and is present in 

hexagonal structure with space group P63/m. In hexagonal form, hydroxide ions are more 

disordered. Therefore, strains induced in the structure are compensated by substitutions 

or ion vacancies and elements like Na- and CO3
- are widespread in the biological systems 

[54,61]. 

 Whitlockite is much rarer as a geological mineral or biominerals compared to 

apatite, possibly because of its instability, but has been reported in cardiovascular 

calcification [66–70]. There are different values proposed for maximum magnesium 

incorporation in whitlockite structure, ranging from 9.5 -16 cation % of Mg in synthetic 

material. However, the extent of substitution of Mg described in in vivo observations is 

not usually stated in the literature [58]. Nevertheless, the presence of whitlockite in 

cardiac calcification provides an interesting prospect when considering the 

pathophysiology of the disease and its mechanism. Moreover, when considering the cell 

metabolic activity, magnesium is a second intracellular cation to calcium after potassium 

which could explain the presence of Mg in calcified particles. Mg attenuates the 

mitogenetic and protease activity of the whitlockite crystal [148]. The inhibitory effect 

of magnesium in the formation of apatite directs its association with whitlockite and 

indeed may give some insights into the mechanisms leading to calcification. The 

coexistence of apatite and whitlockite in cardiovascular mineralisation was also 

confirmed by other studies [10]. In this study, when isolated calcified particles were 

analysed by Raman spectroscopy, sometimes they showed a shift in the main phosphate 

peak of apatite, with a shift corresponding to that of whitlockite mineral [10]. 

Although there have been reports of the presence of apatite and whitlockite in 

vascular calcification as discussed, this is the first study to correlate apatite and 

whitlockite mineral with a specific structure present in the tissue. Furthermore, the single 

crystal-like behaviour of the whitlockite particles is also quite fascinating when taking 
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into account the nanoparticulate surface feature as shown in Figure 3.9, their overall 

spherical shape and that in a biological environment leading to the unlikely formation of 

single crystals. Therefore, to better understand the crystal structure at the nanoscale, two 

types of calcified particles were further examined under high-resolution TEM (HRTEM). 

3.4.5  High-resolution lattice analysis 

To investigate the lattice structure, thin electron transparent samples of apatite 

and whitlockite calcified particles prepared from FIB lift-out were cooled down to -180°C 

inside the TEM using a cryo-holder, in order to minimise the effects of the electron beam 

damage. The apatite particles showed the presence of fine lattices randomly oriented 

throughout the particle (Figure 3.14). Some areas between the lattices showed amorphous 

regions indicating the presence of organic elements or amorphous mineral (Figure 3.14 

marked by a green arrow). The corresponding FFTs showed polycrystalline ring patterns 

consistent with the diffraction patterns observed earlier (Figure 3.11).  

In contrast, the whitlockite particles showed an oriented arrangement of lattices 

throughout the particle. Interestingly, some minor fractions of amorphous regions (Figure 

3.15, marked by blue arrows) were observed indicating organic regions or different 

mineral phases in the particle. Furthermore, some twisting between the lattices (Figure 

3.15, marked by yellow arrows) were noted in random areas. The corresponding FFTs 

from these area showed rotations of <5° in the diffraction spots. Overall, FFTs were 

consistent with the diffraction pattern discussed earlier (Figure 3.11b).  

The small misorientaion and discontinuties at different regions across the 

whitlockite particle indicate that crystallinity is not homogeneously distributed across the 

particle. Such narrowly distributed angles have also been reported in vaterite spicules 

[149] and in nacre [150]. Such interfaces between crystals with mis-orientation on the 

order of less than 15° are termed as low angle grain boundaries or mosaicity [151,152].  



Structural and chemical characterisation of cardiovascular calcified particles 
using electron microscopy 

78 
 

 
Figure 3.14: Representative high-resolution transmission electron micrographs 
(HRTEM) of apatite particle. Areas marked with a green and pink star in inset image 
indicates the areas of the lattice images showing the random orientation of lattices across 
the particle, also indicated by corresponding FFTs on the right (i-iv). Blue arrows show 
the amorphous areas and yellow lines show the random orientations in the lattices. FFTs 
from (i-iv) shows the random fine spots reflecting the polycrystalline arrangement of 
crystals in the particle, scale bar = 10 nm. 
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Figure 3.15: Representative high-resolution transmission electron micrographs 
(HRTEM) of whitlockite particle. Areas marked with a green and pink star in inset image 
indicates the areas of the lattices images showing oriented arrangement across the 
particle, also indicated by FFTs on the right corresponding to [-2,2,1] zone axis of 
whitlockite mineral. Blue arrows show the amorphous regions; yellow arrows show the 
misalignment in the lattices caused by the slight rotation between adjacent grains. In the 
upper lattice image (marked by a green star) FFT from dotted line sqaure region, (i) shows 
the presence of small crystals,and from (ii) shows diffraction spots imposed on diffused 
background indicating amorphous area. Lattices in (i) and (ii) are rotated by 3° as shown 
by green and red dotted line in FFT (i - ii). In the lower lattice image (marked by pink 
star), lattices in (iii) and (iv) are rotated by 4° as shown by red and yellow dotted line in 
FFT (iii - iv) taken from dotted line sqaure region, and extra spots are seen in lattice area 
(iv) marked by circles indicating the presence of more than one crystal in the whitlockite 
particle, as marked by yellow circle, scale bar = 10 nm.  
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Furthermore, when the diffraction patterns of some whitlockite particles were 

closely observed, the arc of diffraction spots and strong intensity, indicating the majority 

of crystallites oriented along a particular (hkl)* direction with a slight rotation (texture), 

could be observed (Figure 3.16, marked by yellow arrow). Intriguingly, the presence of 

the amorphous areas, rotations of the lattices across the particle and indication of nano-

crystals in the particle suggests that these bio-originated whitlockite particles may 

comprise a highly-oriented array of nanocrystals rather than a single crystal. This type of 

arrangement typically reflects a mesocrystalline structure, composed of a 3D array of iso-

oriented single crystal particles ranging from 1–1000 nm (mesoscale dimensions) in size, 

where the highly oriented sub-crystals distinguish it from randomly oriented polycrystal 

and a single crystal [30,34,53].  

 
Figure 3.16: Representative selected area diffraction patterns from two whitlockite 
particles showing arc in diffraction spots in (a) (102)* and (b) (110)* direction indicative 
of the presence of nano-crystals, scale bar = 500 nm. 

As reviewed in Chapter 2, mesocrystals are a fascinating class of crystalline 

materials and have been reported in several calcareous biominerals. The non-classical 

crystallisation theory explains their formation, where crystallisation is mediated by 

nanoparticles and not by single atoms, molecules or ions like in classical crystallisation 

pathways. Such an assembly scenario offers a highly modular structure with variations 

of the particle size, shape and chemical nature as well as the organic stabilising molecules, 

resulting into aligned nanocrystals in a crystallographically oriented manner over an order 

of microscopic size regime [41]. Based on the reviewed literature and evidence presented 
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in the current chapter, the term mesocrystal refers to the structure of the whitlockite 

particles rather than the mechanism of formation [30,53]. To test this hypothesis, there 

are two important considerations, firstly the presence of organics and secondly evidence 

of nanoparticles inside the particle. Chapters 4-6 will analyse this hypothesis using 

electron energy loss spectroscopy, atom probe tomography and in situ nano compression, 

respectively. 

3.5 Conclusions 

Using a combination of high-resolution electron microscopy techniques, the 

results of the study suggests that there are two types of calcified particles present in the 

aortic tissue. These particles differ in morphology, chemical composition and 

crystallinity. It is the first study to correlate apatite and whitlockite mineral with a specific 

structure present in the tissue and an important finding that complements the three distinct 

structures (calcified particles, calcified fibres and compact calcification) found in calcific 

lesions within vascular tissue. These results indicate different mechanisms of biological 

control leading to the formation of one or the other kind of particle. Due to their different 

origin, it is likely that their impact on the function and properties of vascular tissues are 

distinct. The polycrystalline apatite particles have rough surfaces and present the same 

elemental composition and crystallinity as the compact calcification reported by Bertazzo 

et al.[2] and apparently are the precursor unit of compact calcification or might have 

some role in inducing transdifferentiation of vascular cells towards an osteoblast 

phenotype [89,153]. Whitlockite particles, on the other hand, present the most common 

type of particle, might also have an influence on the pathways leading to the formation 

of calcific deposits. These findings, therefore, prompt for future cell and animal studies 

to investigate the impact of the calcified particles when cultured with vascular cells and 

consequently on vascular tissue.  

Furthermore, the whitlockite particles show a single-crystal like structure with 

the presence of amorphous regions and twisting in the lattices at the nanometer scale. 

These findings develop a thought-provoking hypothesis that whitlockite particles have a 

mesocrystalline structure. To the best knowledge, whitlockite mesocrystals have never 

been reported before in vertebrates. Furthermore, since whitlockite particles are the most 

common particles present in the vascular tissue, this would provide insights into the 
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formation mechanism of these particles considering the non-classical nucleation and 

growth theory. Within the scope of this thesis, in the following chapters, the structural 

properties of these particles will be studied in detail forming the fundamental basis for 

future studies.
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Chapter 4 

Elemental Analysis of 
Cardiovascular Calcified Particles 
using Electron Energy Loss 
Spectroscopy 

4.1 Introduction 

Transmission electron microscope (TEM) equipped with high-angle annular 

dark-field (HAADF) imaging in scanning transmission electron microscopy (STEM) 

mode is of unique value for providing structural and crystal information with an excellent 

spatial resolution (down to the atomic scale) as discussed in Chapter 3. In a TEM, energy-

dispersive X-ray spectroscopy (EDS) is used as a standard technique of choice for 

elemental analysis [124]. However, the analysis of elements lighter than sodium (Na) 

using EDS is usually regarded as semi-quantitative because of the strong absorption of 

low-energy X-rays within the sample [132]. Electron energy loss spectroscopy (EELS) 

provides higher sensitivity for light elements and better energy resolution in comparison 

to EDS [154]. The signals obtained by EDS and EELS are complementary in nature since 

they originate from the excitation of atoms. However, while EDS detects the X-rays 

emitted after the excitation of the atoms when their electrons return to their ground states; 

EELS detects the energy loss that the electron undergoes after the inelastic interactions 

with the sample hence providing useful information about the local environment of the 
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electrons. Therefore, TEM equipped with an EEL spectrometer offers unique possibilities 

for biominerals for the detection of organic elements by providing information about the 

oxidation state, coordination and the type of bonding [154–156].  

The spatial elemental distribution maps produced by EELS are particularly 

useful for understanding the intracrystalline compositional heterogeneities in biominerals 

[22,155,157]. EELS can be optimised to simultaneously record high-resolution electron 

energy loss near-edge fine structure (ELNES) and HAADF-STEM imaging. While the 

HAADF detector detects electrons scattered to higher angles (forming the image), 

electrons scattered to lower angles are analysed by the EELS spectrometer [158,159]. 

Two prominent inelastic interactions probed by EELS, namely plasmon and core-loss 

excitations are useful in providing information on the local structure and bonding of 

specific types of atoms in several biominerals [117,158–161].  

The work presented in Chapter 3 showed the presence of two types of particles 

in cardiovascular tissue calcification: apatite and whitlockite; having distinct 

morphology, internal structure, elemental composition and crystallinity. High-resolution 

lattice images showed the presence of amorphous areas in between the crystalline 

structures of both particle types, which raised further questions about the existence of 

organic elements in the calcified particles. Due to the intrinsic limitations of the EDS 

technique, the data presented in Chapter 3 mainly showed the inorganic composition of 

the calcified particles. As biominerals are generally hybrid structures, where the 

interaction of biomolecules with the mineral is common in defining their structure [4,20], 

it is fundamentally important to investigate the organics within the calcified particles.  

This chapter reports on the application of EELS for the detailed elemental 

characterisation of apatite and whitlockite particles present in cardiovascular 

calcification. It is divided into two sections; the first section provides an overview of the 

basics of EELS, briefly examining the principles and instrumentation involved in 

recording energy-loss spectra in the TEM. The second section reports on the analysis of 

spatially resolved elemental EELS maps, which are used to understand the presence of 

organics within the structure of the two types of calcified particles. Furthermore, Chapter 

3 concluded with a hypothesis that whitlockite particles have a mesocrystalline structure. 

In biominerals with mesocrystalline structure, organic molecules usually stabilise the 
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nanocrystals, resulting in a crystallographically aligned structure diffracting as an overall 

single crystal [28,30,34]. Therefore, investigating the existence of organics within the 

whitlockite particles is necessitated to test this hypothesis.  

4.2 Basics of Electron Energy Loss Spectroscopy (EELS) 

4.2.1 Instrumentation 

Electron energy loss spectrometry (EELS) is mostly performed in a TEM, yet 

several limited dedicated spectrometers also exist with spatial resolution on the orders of 

millimetres or micrometres [162]. Considering the high resolution of TEM and STEM in 

particular, EELS in a TEM/STEM can provide a spatial resolution down to the atomic 

scale [156].  

The EEL spectrometer uses a drift tube fitted with a magnetic prism which 

disperses the electrons with different energies, akin to glass prism splitting white light 

into its component colours. The magnetic prism is designed with pole pieces which 

generate a uniform magnetic field. The resulting Lorentz force bends the scattered 

electrons by about 90 degrees and disperses them according to their kinetic energies 

[154]. The dispersed electrons are focused onto a fibre-optically coupled yttrium 

aluminium garnet (YAG) scintillator using a number of multipole magnetic lenses. The 

scintillator materials absorb the kinetic energy of the fast electrons and convert this to 

visible or ultraviolet light which is then projected onto a charge-coupled device (CCD) 

detector, forming a 2D spectrum where the spectral intensities correspond to the number 

of electrons detected for a given value of kinetic energy (i.e. energy loss). The EEL 

spectrum is read out and subsequently visualised by a software (e.g. DigitalMicrograph), 

which allows for qualitative and quantitative analysis. The EELS acquisition is also 

software controlled [156].  

An EEL spectrometer can be incorporated into the TEM in various ways. In the 

simplest form, it is placed below the viewing screen, and when the viewing screen is 

raised, i.e. out of forward electron trajectory, the inelastically scattered electrons are 

detected by the EEL spectrometer. In such cases, TEM requires no modifications and can 

operate in accordance with its original design. The post column energy filter consists of 

the single magnetic prism and a series of quadrupole and sextupole lenses that are capable 
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of acquiring both energy loss and energy filtered TEM (EFTEM) spectrum images. It is 

an efficient and a versatile system that can be practically combined with any TEM and 

STEM. In other situations, the EEL spectrometer is based on in-column filter design. In 

this design, spectrometer consists of four magnetic prisms arranged in the form of Greek 

Omega (Ω), often called an omega filter located below the projector lens system. This 

system can be used for spectroscopy but is mainly used for elemental mapping of large 

area and energy filtered electron diffraction studies [154].  

As mentioned, EELS can be combined with both TEM and STEM modes. In 

TEM mode, a slit is inserted in the spectrum plane to serially acquire energy filtered 

images at different energy loss by gradually changing the spectrometer drift tube voltage 

[163]. In STEM mode, as discussed in Chapter 3, a field-emission electron source and 

strong electromagnetic lenses are used to form a small probe with a convergence semi-

angle of ~2-10 mrad which is focused onto the sample. Therefore, depending on the probe 

size, the resulting spatial resolution can be as low as 0.2 nm [155]. The scattered electrons 

enter the EEL spectrometer, which produces an energy loss spectrum for the position of 

the probe on the sample. During the raster scan, the spectrum is stored for each pixel 

scanned by the probe resulting in a large spectrum-image data set while an image is 

recorded in synchronism by raster scanning, using an annular dark field detector [155]. 

Figure 4.1 shows basic STEM-EELS configuration for generation of the compositional 

spectrum and simultaneous HAADF imaging. The energy selecting slit used for EFTEM 

(in TEM mode) is also indicated. In the current work, EELS operated in STEM mode was 

utilised due to a high spatial resolution that can be obtained using the STEM probe. 
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Figure 4.1: Schematic of electron energy loss spectroscopy (EELS) in scanning 
transmission electron microscopy (STEM) mode. The STEM probe is systematically 
raster scanned across the sample. The incident electrons that undergo inelastic 
interactions are collected and dispersed using a magnetic prism. For energy filtered TEM 
(EFTEM), an energy window can be selected using the energy selecting slit. The 
combination of multipole lenses reforms the image, which is recorded by CCD detector. 
In EELS, the energy loss spectrum is stored for each pixel in the spectrum image of the 
area marked by green box in high angle annular dark field (HAADF) image (Redrawn 
from [164]). 

4.2.2 The electron energy loss spectrum 

An electron energy loss spectrum (Figure 4.2) shows electron intensity as a 

function of energy loss. It has many prominent features and is typically divided into of 

three regions: zero loss peak, low-loss region and core loss region. The zero-loss peak 

(ZLP), centred at 0 eV (Figure 4.2), is the most intense feature of the EEL spectrum. The 

ZLP is often referred to as “quasi-elastic” as both elastically scattered electrons (zero 

energy loss), and inelastically scattered electrons that have undergone very small energy 

losses (typically due to phonons and other vibrational states) contribute to the ZLP. The 

width of the ZLP is determined by both the stability of the electron gun and the electron 

source energy spread [163].  
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The low-loss region immediately follows the ZLP extending up to ca. 50 eV. 

This region mainly consists of peaks created by plasmons or by inter- or intra-band 

transitions (Figure 4.2). These peaks arise due to the collective excitations of valence 

electrons that result into plasmons. The energies of the plasmon typically range between 

5 eV and 30 eV. Within the low-loss regions, the edges from the excitation of the outer-

shell electrons (conduction electrons in metals, valence electrons in semiconductor or 

insulator) to vacant states above the Fermi level (so-called anti-bonding orbitals in the 

molecular orbital picture) are also present. However, interpretation of these peaks is often 

difficult because the probability of excitation depends on both valence and conduction 

band states. In thick specimens, a series of plasmon peaks can be observed due to plural 

scattering. Plural scattering occurs when incident electrons are scattered inelastically 

multiple times inside the specimen. The peak intensities are proportional to the exciting 

plasmons. Therefore, by computing the ZLP and low loss region, information about 

sample thickness can be obtained [156,163]. 

The core-loss region extends after the low-loss region in the EEL spectrum 

(Figure 4.2). It results from the transition of the atomic electrons (also called core 

electrons) located in the inner shells (K, L, M from the nucleus outwards), from occupied 

atomic-like electronic shells (e.g., 1s, 2p, 3d, etc.) to unoccupied states (molecular 

antibonding orbitals such as π*, σ*) in the conduction band. When the ionisation process 

provides the inner-shell electrons with enough energy, they overcome the attraction of 

the nucleus. Consequently, these electrons are excited to empty electronic states if they 

do not escape the material. These unoccupied energy levels are a function of the overall 

distribution of electrons depending upon how the ionised atom is bonded to the 

neighbouring atoms. Therefore, these unoccupied states can be bound states in the 

material above the Fermi level or free electron states above the vacuum level 

[155,157,162,163].  

The core loss edge is divided into two regions: energy loss near edge structure 

(ELNES) extending 30-50 eV above the edge onset and the extended energy loss fine 

structure (EXELFS), which are weak modulations of intensity extending several 100 eV 

following ELNES as shown in Figure 4.2. ELNES contains information on the local 

density of empty states in the conduction band while EXELFS contains a local 

coordination of respective atoms. ELNES and EXELFS are analogous to X-ray 
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absorption near edge structure (XANES) and extended x-ray absorption fine structure 

(EXAFS) respectively as obtained by x-ray absorption spectrometry (XAS). The only 

difference is, XAS is carried out using incoming photon, generated using synchrotron 

radiation, where a photon transfers energy instead of an electron and a final state is 

selected according to the polarisation path of the photons [156,162,163].  

 
Figure 4.2: Representative electron energy loss (EEL) spectrum showing zero loss peak, 
plasmon and core-loss edges from a cardiovascular calcified particle. The core loss edges 
zoomed spectrum show carbon-K edge, calcium-L edge and oxygen-K edge. The energy 
loss near edge structure (ELNES) region extending up to 50 eV and the extended energy 
loss fine structure (EXELFS) region extending up to 100 eV are indicated from the for 
calcium-L edge onset.  

The binding energies of core-electrons mostly are in the range of 100 to 1000 

electron volts, and differ for each element and each type of shell [162]. Therefore, the 

ionisation edges in the energy loss spectrum make the EELS signal sensitive to both the 

atom type and its electronic state [155,157,162]. These edges are superimposed on a 

commonly accepted monotonically decaying background. The background arises from 

the plasmon losses and other ionisation edges at lower energy. Therefore, to extract the 

edge intensities from the spectrum, the background needs to be subtracted, and further 

spectral processing has to be carried out. 
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Several background models are available, which include power law, polynomial 

and log–polynomial. Among these, the power law model is most commonly used to 

extrapolate the background intensity. For edges below 100 eV, accurate background 

subtraction may be difficult due to plural scattering. In such cases, the model is 

determined using linear least-squares methods before the onset of the edge. Sometimes 

due to the overlap of the edges, background subtraction may be ineffective, for example, 

if the preceding edge obscures the pre-edge region. In such cases, a multiple linear least-

squares (MLLS) fitting approach is useful. It uses specified reference spectra representing 

each of the overlapping edges and determines the presence and distribution of each edge 

component in the given spectrum [156,165,166]. Additionally, non-linear least squares 

(NLLS) is also available. It refers to models being functions rather than the references 

that are used in MLLS fitting. Consequently, it can be used to fit one or more Gaussian 

peaks to a spectrum to quantify the spectral peak properties [156,166]. Another 

commonly processing tool that is applied to EEL spectra is multivariate statistical 

analysis (MSA). In MSA, the various components that contribute to the spectra are 

identified taking into account any changes with the spatial (beam) position. Following 

this, various statistical tests are applied to determine the significant components in the 

dataset, and the dataset is processed accordingly [162].  

Principal component analysis (PCA) is one of the most common methods for 

MSA and is often used to improve the signal-to-noise ratio in datasets. It works on the 

concept of finding a minimum number of variables that define the original dataset while 

reducing the dimensionality of an original large dataset. As such, the retained principal 

components contain all significant information while the rejected components contain 

mostly noise [167–169]. For PCA analysis, the spectrum image is decomposed into a 

score matrix and a loading matrix. The rows contain spectral components, i.e. 

eigenspectra, while the columns contain the spatial distribution of these components 

[168,169]. After decomposition, a scree plot is generated, where the logarithm of each 

eigenvalue is plotted against the index of its respective component (Figure 4.3). The 

magnitude of each eigenvalue in the scree plot is given by the magnitude of variance 

contributed by the corresponding component of the data set. In the scree plot, the onset 

of a slowly decaying “tail” indicates components dominated by noise (Figure 4.3).  
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Figure 4.3: An example of the scree plot generated after the principal component analysis 
(PCA) decomposition in the multivariate statistical analysis (MSA) plugin (Reproduced 
from reference [169]). 

PCA de-noising of the experimental data is done by reconstructing the dataset 

using only the minimum number of PCA components that define the original dataset 

without compromising any significant information. Thus, only the principal components 

preceding the “tail on-set” are commonly used in the reconstructed dataset [156,168,169]. 

While this provides a good estimate of which components should be included in the 

reconstruction, in cases where the dataset could include spectral contributions that might 

approach the noise level, additional tests should be carried out in order to make sure all 

relevant spectral data is included. In practice, this means manually checking the score 

and loading of each component for spectral information (extending to components 

significantly beyond that indicated by the scree plot).  

From this manual inspection, an estimate is made of which components contain 

any significant spectral information, and the dataset is re-constructed. This is followed 

by a careful comparison of the resulting data set to the original (non-de-noised) dataset 

to make sure no significant information is lost. Moreover, the residual dataset (re-

constructed from the components excluded above) is also carefully checked for any 

residual spectral signal [168,169]. 
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4.3 Materials and Methods 

4.3.1 Sample preparation  

Calcified particles were isolated from human aorta tissues and prepared to be 

analysed by electron microscopy as described in Chapter 3. The specific type of calcified 

particle samples were prepared using FIB (Helios NanoLab 600 Series Dual Beam) for 

TEM-EELS analysis as discussed in Chapter 3, Section 3.3.5. The FIB lamella was 

attached to a FIB lift-out grid using platinum, and the thickness of the lamella was 

approximated between 60-100 nm. 

4.3.2 Analytical EELS acquisition  

The EELS study was carried out at Imperial College London and University of 

Leeds LEMAS facility in collaboration with Prof Rik D. Brydson. At the Imperial site, 

the samples were analysed on JEOL 2100F at 200 kV equipped with Gatan Orius SC 

1000 (2×4k), GIF UltraScan (2k × 2k), Gatan high-angle annular dark field (HAADF) 

detector, Gatan annular dark field (ADF) detector/bright field (BF) detector, as well as a 

Gatan (Tridiem) image filter (GIF) system [170]. At the Leeds site, the samples were 

analysed on an FEI Titan3 Themis 300 at 300 kV equipped with S-TWIN objective lens, 

a monochromator with an energy spread of approx. 0.25 eV, STEM detectors 

(HAADF/ADF/BF), FEI Super-X 4-detector EDS system, Gatan Quantum ER energy 

filter for EELS and EFTEM and Gatan OneView 4K CMOS digital camera [171].  

The EELS was performed in a TEM operating in STEM mode using small 

condenser aperture and camera length between 10-12 cm. The sample was cooled down 

to cryo-temperature under liquid N2 (-180°C) inside the TEM. EEL spectral maps were 

collected at 5-10 nm pixel size by raster scan at an exposure time of 0.1 seconds using 

maximum Y-binning with gain normalised at [1, 130] and a dispersion of 0.25 

eV/channel. The energy range was selected depending on the experimental requirements. 

The spatial drift was corrected in parallel, and HQ dark correction was applied to reduce 

the noise in acquired STEM spectrum images. The STEM-HAADF images of the sample 

were recorded after the EELS acquisition to observe any change in the sample due to the 

effect of the electron beam. 
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4.3.3 EELS spectral processing 

For EEL spectrum processing, a PCA based de-noising approach was 

advantageous for reducing the spectral noise, which effectively enhanced weak signals 

in the elemental spectra. PCA was carried out as implemented in the Multivariate 

Statistical Analysis (MSA) plugin for Gatan’s DigitalMicrograph software 1.8.x 

[169,172] (commercially available from HREM Research Inc.). In the present datasets, 

it was found that it was necessary to include the 50 most significant components for 

adequate reconstruction, which extended significantly beyond the component suggested 

by the “tail on-set” in the scree plot (Figure 4.4a). This was attributed to the weak 

intensity of the spectral fine structure in some cases approaching the noise level. Figure 

4.4b compares the de-noised and the original EELS spectrum. PCA de-noising was 

performed at the SuperSTEM facility at Daresbury under the guidance of Dr Fredrik S. 

Hage and Prof Rik D. Brydson at the University of Leeds.  

 
Figure 4.4: Scree plot and comparison of original and denoised signals, (a) 
Representative scree plot generated after the principal component analysis (PCA) 
decomposition of the dataset from a calcified particle in the multivariate statistical 
analysis (MSA) plugin showing 50 principal components taken into consideration for the 
current work, (b) Comparison of de-noised signal (blue) with the original signal (orange). 

For calibration, an area of 10 x10 pixels was selected, and the spectral image 

was then calibrated using the calcium L3 peak at 348 eV based on published literature 

[159], and then all the elemental peaks were analysed accordingly. The calibration 

process was carried out twice to ensure the peak shift was corrected in the spectral images. 

In order to eliminate the contribution of lower energy absorption, a power law 

background subtraction model was used. For individual element edges, the background 
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was subtracted by the fitting a power law function with a 15-40 eV window (or wider) 

preceding the edge on-set. For calcium L2,3- (Ca L2,3-), phosphorous L2,3- (P L2,3-), carbon 

K- (C K-) and oxygen K- (O K-) edges, the fitting windows were set at 308–342 eV, 109–

132 eV, 248–282 eV, 488-524 eV respectively. For a “full-spectrum”, i.e. all edges from 

all elements of interest, the background was subtracted for P L2,3- or C K-edges as 

required. To quantify spectral peak properties, the carbon K-edge was fitted with 

Gaussian functions using nonlinear least squares (NLLS) fitting tool available within 

DigitalMicrograph software 1.8x to enhance the hidden peaks, each representing the local 

maximum. The spectra were subsequently plotted using Origin Pro 2015 (64 bit). A 

spectrum from the platinum region in FIB prepared samples was acquired as a reference 

spectrum for amorphous carbon as commonly found [173]. For peak assignment, 

available XANES and EELS literature were used, as stated in Table 4.1. 

Table 4.1: Approximate transitions in detected elements’ edges and assignment of peaks. 

Approximate 

Energy Loss (eV) 

Bond Assignments References 

Phosphorus 

139.0 Transitions to p-like states [158,159,174,17

5] 

141.0 Transitions from 2p state to new state created 

due to interactions with calcium 3d orbital 

function (characteristic for calcium-

containing minerals) 

[158,159,174,17

5] 

146.0 Transitions to d-like states [158,159,174,17

5] 

160.0 Multiple scattering and the maximum 2p 

state cross section 

[158,159,176,17

7] 

Carbon 

284.5 Transitions to vacant π*states in the carbon-

carbon bonding environment (amorphous 

Carbon) 

[157–

159,175,176,178

–182] 
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287.0 Transitions to the vacant π*state of carbonyl 

groups possibly from amino acids 

[158,159,175,17

6,178–180,183–

186] 

290.2 Transitions to the vacant π*-A states of CO3 

groups 

[158,159,175,17

6,183,187] 

Calcium 

348.0 Transitions from L3 (2p3/2) to d-like states [158,159,176] 

351.0 Transitions from L2 (2p1/2) to d-like states [158,159,176] 

Nitrogen 

400.0  Transition to the vacant π* in an aromatic 

ring 

[158,159,188] 

401.0 Transition to the vacant π* in amide groups [158,159,188] 

408.0 Transition to the vacant σ* in amino 

compounds  

[158,159,188] 

Oxygen 

532.0 Transitions to the vacant π* in carboxyl or 

amide groups  

[159,178,183] 

536.0 Transitions to the π* states in calcium-

oxygen bonding environment 

[159,189]. 

 

4.4 Results and Discussion 

To probe the presence of intracrystalline organics inside the calcified particles, 

spatially resolved EELS was employed in a TEM operating in STEM mode. FIB prepared 

TEM lamella of isolated calcified particles was cooled down using liquid nitrogen in a 

cryo sample-holder inside the TEM column. It is known that the sensitivity of organics 

in the specimen to electron beam induced structural damage and mass loss is lowered due 

to the reduced atomic mobility of atoms in the sample at low temperature [146]. 

Consequently, the optimised cooling conditions with short exposure time for each 

spectrum and the PCA based de-noising approach was advantageous for performing 

EELS analysis without damaging the structure of the calcified particles while effectively 

enhancing signal-to-noise ratio for reliable EELS interpretation. Moreover, the particles 
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were mapped at a 5-10 nm pixel size using spectrum imaging, where each pixel in the 

spectral map stored a full spectrum along the spectral dimension [169]. Furthermore, this 

approach was particularly useful for mapping small quantities of elements present over 

the small dimension of calcified particles.  

In all apatite and whitlockite particles studied, EELS spectra showed the 

presence of phosphorous, carbon, calcium and oxygen as indicated by the P L2,3, C K, Ca 

L2,3 and O K edges respectively (Figure 4.5 and Figure 4.6).  

The main purpose of EELS analysis was to identify the presence of organics 

within the calcified particles. Therefore, the study of carbon-K edge and nitrogen K-edge 

were particularly interesting. However, the nitrogen K-edge was not detected in the EELS 

datasets. This could be possibly due to the small amount present in these particles being 

beyond the detection limit of EELS, or that the peak intensity was below the noise level. 

As a result, the prominent carbon K-edge feature present in all datasets was studied in 

detail. The fine structure of carbon K-edge is very sensitive to bonding changes at the 

energy resolution achieved by EELS. XANES literature suggests that the carbon K-edge 

reveals characteristic molecular bonds in the energy range 284-290 eV, with peaks lying 

between 286-288.5 eV mainly corresponding to the presence of organically bonded 

carbon possibly in the form of an aromatic carbonyl C═O, aromatic enol C–OH, aliphatic 

C═O, enol C-OR, nitrile C≡N, carboxyl COOH, COO-, carboxy amide, C═N, C–N, and 

at 290-290.2 eV corresponding to characteristic carbonate (CO3
2-) species [159]. Thus, 

the study of carbon bonding within these particles provided a reliable interpretation of 

organics within the calcified particles.  

For detailed analysis, in all the samples examined, the carbon-K edge was de-

convoluted (using a Gaussian fitting procedure) to identify the fine carbon structure 

(Figure 4.5d and Figure 4.6d). It showed a triplet peak structure at ~284 eV, 286-288 eV 

and 290-292 eV. In K-shell elements, possible transitions include from 1s electron to 

empty anti-bonding pi-orbital (1s-p*). Accordingly, the first peak at 284 eV was assigned 

to 1s → π∗ electronic transitions usually in C═C bonds. This peak mainly occurred as a 

small shoulder peak on a more intense peak between 286-288 eV. The peaks between 

286-288 eV correspond to 1s.→.π∗ electronic transitions, primarily in organic carbon 

functional groups: aromatics, amides (e.g. peptide groups in proteins), phenols and 
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ketones, respectively or to 1s → σ∗ transitions in C–H bonds. There were also a few small 

peaks observed between 286-288 eV, but due to the significant degree of uncertainty 

introduced by spectral noise in this region, systematic assignment of these peaks was 

avoided. The sharp peak at 290.2 eV was assigned to 1s → π∗ transitions in carbonate 

groups (CO3
2-) as shown in Figure 4.5d and Figure 4.6d. A reference spectrum from the 

platinum region was also taken in order to understand if the peak structure could be 

attributed to artefacts from sample preparation (Figure 4.6f). The carbon peak from the 

platinum (Pt) region showed amorphous features, ensuring that the triplet carbon peak in 

the sample was associated with the elemental distribution within the sample and was not 

an artefact. The amorphous carbon spectrum contained in the Pt is shown in Figure 4.6f 

point 6 that shows a broad profile across 283-288 eV.  

The deconvoluted carbon spectral maps of apatite particles (Figure 4.5f) showed 

a heterogenous distribution of an “organic peak” between at 286-288 eV and a carbonate 

(CO3
2) peak at 290-290.2 eV, with a higher indication of organics at the edges of the 

particle. Overall, the intensity of the organic carbon peak was much lower when 

compared to the intensity of the carbonate peak (Figure 4.5 d-f). However, it is worth 

mentioning that the EELS results suggest that the rough edges of apatite particles had 

higher organic content compared to the central region of the particle as indicated by the 

intensity maps (Figure 4.5f), which also corresponded to the distribution of Z-contrast (in 

the STEM-HAADF image) across the particle (Figure 4.5a).  
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Figure 4.5: Detection and distribution of organic material in an apatite particle, (a) 
Representative high angle annular dark field (HAADF) image of an apatite particle taken 
in scanning transmission electron microscopy (STEM) mode, showing rough, uneven 
edges, scale bar = 500 nm, (b) Corresponding electron energy loss (EEL) quantitative 
elemental maps from the area marked as “spectrum image” in (a) showing the presence 
of calcium (Ca L2,3), phosphorus (P L2,3) and carbon (C K), (c) EEL spectrum is taken 
from the area marked “selected region” in (a) showing the presence of phosphorus L2,3-, 
carbon K-, calcium L2,3- and oxygen K-edges, (d) Displays the detail of the EELS carbon 
K-edge marked in (c), where Gaussian peak deconvolution reveals the presence of three 
major peaks at ~285 eV (C=C, amorphous carbon), between 286-288 eV (C=O, organic 
carbon) and between 290-291 eV (CO3

2-, carbonate), (e) Shows the EEL carbon-K edge 
spectra averaged over an area 5 × 5 pixels from regions numbered 1-3 marked in (a, f) 
and (f) Spectral maps of the relative intensity of amorphous carbon, organic carbon and 
carbonate bonding as a function of position, representing their relative proportion in the 
apatite particle respectively.  
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In comparison, the whitlockite particles showed an inhomogeneous distribution 

of organic carbon and carbonate across the structure (Figure 4.6). Compared to the 

STEM-HAADF image (in Figure 4.6 a), the organic carbon peak at 286-288 eV was 

higher in the dark contrast ring regions while the carbonate peak at 290.2 was higher in 

brighter contrast regions (Figure 4.6e). Since the number of dark contrast rings and the 

width of these rings in the whitlockite particles varied across different particles as 

discussed in Chapter 3, other particles with much finer and more compact rings were also 

analysed (Figure 4.7). 

Interestingly, in whitlockite particles showing fine rings (Figure 4.7), the 

distribution of organic carbon and carbonate in the spectral maps corresponding to the 

dark contrast rings in the HAADF image was difficult to distinguish compared to the 

particles showing wider rings (Figure 4.6). However, when compared to the STEM-

HAADF image, the edge of the particle which showed wide dark contrast regions had 

higher intensity organic-carbon peaks compared to the brighter regions in the particle. 

This difference in the distribution of organics within these particles suggested that it could 

be linked to the growth of the particle. To understand this hypothesis further, smaller 

particles were also analysed. The smaller particles (Figure 4.8) showed even higher 

organic content compared to the other larger particles (Figure 4.6 and Figure 4.7). These 

results were consistent across the different whitlockite particles analysed.  

The distribution of carbon is quite fascinating and suggests that it could be linked 

to the particle growth rate as commonly reported in biominerals [120,190]. The uneven 

distribution of organic and inorganic elements in the whitlockite particles provides 

evidence that, maybe the organic within the particle is overgrown by the inorganic 

material and becomes incorporated inside the particles, or these particles are made of 

more than one crystal rather a single crystal leading to the formation of a mesocrystal, 

thoroughly discussed in Chapter 2. It is possible that there might be a cyclic deposition 

of the organic over the crystal or the particle is made of nanocrystals that are stabilised 

by organic molecules on their surface which may lead to the formation of a non-porous 

interlayer between them. Additionally, the growth rate and the grain size may directly 

control the density of intracrystalline organic inclusions which could further explain why 

some whitlockite particles show finer and more compact rings compared to others, 
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resulting in a compact organic–inorganic hybrid structure, yet the mechanism leading to 

such arrangement remains to be elucidated [30,34]. 

 
Figure 4.6: Detection and distribution of organic material in a whitlockite particle, (a) 
Representative high angle annular dark field (HAADF) image of a whitlockite particle 
taken in scanning transmission electron microscopy (STEM) mode, showing the presence 
of concentric ring patterns, scale bar = 500 nm, (b) Corresponding electron energy loss 
(EEL) quantitative elemental concentration maps from the area marked as “spectrum 
image” in (a) showing the presence of calcium, phosphorus and carbon, (c) EEL spectrum 
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is taken from the area marked “selected region” in (a) showing the presence of 
phosphorus L2,3-, carbon K-, calcium L2,3- and oxygen K-edges, (d) Displays the detail of 
the EELS carbon K-edge marked in (c), where Gaussian peak deconvolution of carbon 
K-edge reveals the presence of three major peaks labelled at ~285 eV (C=C, amorphous 
carbon), between 286-288 eV (C=O, organic carbon) and between 290-291 eV (CO3

2-, 
carbonate) respectively as detailed in Table 4.1, (e) Spectral maps of the relative intensity 
of amorphous carbon, organic carbon and inorganic carbon bonding as a function of 
position, representing their relative proportion in the whitlockite particle respectively, (f) 
Shows the EEL carbon-K edge spectra averaged over an area 5 × 5 pixels from regions 
numbered 1-5 marked in (a) and (e), indicating the varying distribution of organic and 
carbonate bonding inside the particle. EELS reference spectrum for amorphous carbon 
acquired from the platinum area is marked as (6). 

 
Figure 4.7: Detection and distribution of organic material in whitlockite particle with 
fine rings, (a) Representative high angle annular dark field (HAADF) image of a 
whitlockite particle taken in scanning transmission electron microscopy (STEM) mode, 
showing the presence of fine-compact concentric ring patterns, scale bar = 500 nm, (b) 
Corresponding electron energy loss (EEL) quantitative elemental concentration maps 
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from the area marked as “spectrum image” in (a) showing the presence of calcium and 
carbon, (c) EEL spectrum is taken from the area marked “selected region” in (a) showing 
the presence of carbon K-, calcium L2,3- and oxygen K-edges, (d) Displays the detail of 
the EELS carbon K-edge marked in (c), where Gaussian peak deconvolution reveals the 
presence of three major peaks labelled at ~285 eV (C=C, amorphous carbon), between 
286-288 eV (C=O, organic carbon) and between 290-291 eV (CO32-, carbonate) 
respectively as detailed in Table 4.1, (e) Shows the EEL carbon-K edge spectra averaged 
over an area 5 × 5 pixels from regions numbered 1-5 marked in (a, f) indicating the 
varying distribution of organic and inorganic carbon bonding inside the particle, (f) 
Spectral maps of the relative intensity of amorphous carbon, organic carbon and 
carbonate bonding as a function of position, representing their relative proportion in the 
whitlockite particle respectively. 

 
Figure 4.8: Detection and distribution of organic material in a small (< 500 nm) 
whitlockite particle, (a) Representative high angle annular dark field (HAADF) image of 
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a small whitlockite particle taken in scanning transmission electron microscopy (STEM) 
mode, showing the presence concentric ring patterns, scale bar = 100 nm, (b) 
Corresponding electron energy loss (EEL) quantitative elemental concentration maps 
from the area marked as “spectrum image” in (a) showing the presence of calcium and 
carbon, (c) EEL spectrum is taken from the area marked “selected region” in (a) showing 
the presence of carbon K-, calcium L2,3- and oxygen K-edges, (d) Displays the detail of 
the EELS carbon K-edge marked in (c), where Gaussian peak deconvolution reveals the 
presence of three major peaks labelled at ~285 eV (C=C, amorphous carbon), between 
286-288 eV (C=O, organic carbon) and between 290-291 eV (CO32-, carbonate) 
respectively as detailed in Table 4.1, (e) Shows the EEL carbon-K edge spectra averaged 
over an area 5 × 5 pixels from regions numbered 1-4 marked in (a, f) indicating the 
varying distribution of organic and inorganic carbon bonding inside the particle, (f) 
Spectral maps of the relative intensity of amorphous carbon, organic carbon and 
carbonate bonding as a function of position, representing their relative proportion in the 
small whitlockite particle respectively. 

For a complete analysis, other peaks, i.e. phosphorous, calcium and oxygen in 

both the apatite and whitlockite particles were also briefly analysed (Figure 4.9). The L 

edges (for example in calcium and phosphorous) result from 2nd atomic shell transitions. 

Accordingly, transitions from L2,3- shell (2p level, l = 1) involves transitions to both s- (l 

= 0) and d- (l = 2) states. The L1 shell (2s level, l = 0) is closer to the nucleus compared 

to L2 and L3 shells, therefore the electrons in this shell can only be excited to a p state (l 

= 1) and not to a d state (l = 2), or s (l = 0) state. In cases where L-edge is strong due to 

unfilled p states, the intensity of L1- edge is very low and perhaps invisible in the post 

L2,3-edge [156,162].  

In the present study, firstly, phosphorus L-edge exhibited three main peaks at 

∼139, ∼141, and ∼149 eV followed a broad peak at ∼160 eV (Figure 4.9c). The L3 and 

L2 peaks at ∼139, are a result of transitions from spin-orbit split 2p into 2p 3/2 and 2p ½ 

levels to unoccupied states of p-like states. [174]. The weak shoulder peak at ∼141 eV is 

characteristically observed in calcium containing minerals and is commonly interpreted 

as a result of transitions from phosphorus 2p to empty calcium 3d orbitals [159,174,175]. 

The peak at ~149 eV is associated with transitions from core 2p core states to unoccupied 

states d-like state, and the broad shoulder at ~160 eV corresponds to the cross-section 

maximum for 2p level and multiple scattering [159,176,177]. Secondly, calcium L2,3- 

edge spectra displayed a sharp onset of the ionisation edge, called white lines features at 
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~348 eV and ~351 eV (Figure 4.9d). These are called “white line” because they were first 

identified on photographic plates. These peaks arise due to the spin-orbit split of the 2p 

orbital into 2p 3/2 and 2p ½ [158,159,176]. 

Lastly, oxygen K- edge was found to exist between ~532 and 536 eV (Figure 

4.9e), commonly observed in calcium containing minerals. The peak at 532 eV is 

attributed to transition 1s→p* in carboxyl or amide groups [159,178,183] while the peak 

at 536 eV is due to calcium-oxygen transitions [159,189]. Moreover, studies have shown 

that features in the oxygen edge between 530-536 eV correspond to the presence of 

organic matter due to transitions in C=ONH or COOH and 1s→p* O-H transition in 

COOH groups [159,178,191]. Sometimes a pre-edge peak at ~528 eV was also observed. 

Studies have shown that pre-edge feature in oxygen peak could be a direct measure of 

OH and H2O in minerals [192] or it might be related to the effects of electron irradiation 

[193]. However, these studies have suggested that there can be a complex hybridization 

of oxygen orbitals and therefore, oxygen K edge analysis should be carried out with 

caution [194]. Hence, within the scope of the current work, peak assignment of only two 

main peaks (532 and 536 eV) was taken into consideration. 

Phosphorous L2,3- calcium L2,3- and oxygen K- edges in the present study were 

comparable for all the particles analysed. They showed no significant variations in their 

peak position. However, the relative intensities of these peaks varied across the particles, 

which should be indeed taken with caution considering the varying thickness of the 

sample when prepared using FIB lift-out. Additionally, the finer differences in their peaks 

arising from the inorganic content, across the range of particles analysed, was out of the 

scope of the current work. Future work investigating these differences may provide 

further insights into their structural organisation. Most studies studying biomineral 

chemistry at the nanometer scale in the literature focus on XANES literature for reference 

to electronic states rather than ELNES. The reason is that the XANES studies provide a 

very high energy resolution which is capable of observing the fine structural differences 

and it is always performed on bulk samples. However, its spatial resolution is not 

adequate to resolve features below 15 nm owing to the problems of focusing X-rays 

[195,196]. Therefore, EELS remains a better choice for investigation of smaller (5-10 

nm) features such as inter-crystal spaces, grain boundaries and protein-mineral interfaces 



Elemental analysis of cardiovascular calcified particles using electron energy loss 
spectroscopy 

105 
 

which are usually below the spatial resolution limit of XANES method, even if finest 

energy differences are compromised [162].  

 

 
Figure 4.9: Electron energy loss spectroscopy (EELS) analysis of phosphorous, calcium 
and oxygen in apatite and whitlockite particles, (a) Representative high angle annular 
dark field (HAADF) image taken in scanning transmission electron microscopy (STEM) 
mode, of (a) Apatite (marked blue) and (b) Whitlockite (marked orange) particles (scale 
bar = 500 nm) showing region marked for spectra of (c) Phosphorous L3,2- with peaks at 
~139, ~141, ~149 and ~160 eV, (d) Calcium L3,2- with peaks at 348 and ~351 eV, (e) 
Oxygen K- edges with peaks between 532 and 536 eV. 

4.5 Conclusions 

In the current study, spatially resolved EELS was used to investigate the 

presence of organics within the calcified particles. Taken together, both apatite and 

whitlockite particles showed the existence of an organically bonded carbon signal, 

providing a reliable interpretation of organics within these samples.  
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Interestingly, the whitlockite particles revealed a fascinating arrangement of 

organically bonded carbon within their structure. The distribution of organics was higher 

in small particles and particles with wide concentric rings compared to the particles with 

fine and compact concentric rings. As the particle grows or becomes condensed, the 

organics within these particles may be overgrown by the inorganic material as seen by 

the finely defined dark contrast rings in the HAADF images. Nanocrystals within these 

particles are postulated to be stabilised during the particle growth process, indicating a 

non-classical nucleation pathway of the formation. However, future studies focusing on 

their formation mechanism and kinetics will be required for a detailed understanding. 

These results add weight to the hypothesis that whitlockite particles have a 

mesocrystalline structure, where they diffract as single crystals yet are composed of 

organics with a defined internal structure. However, more evidence is required at this 

stage to conclude that whitlockite particles are mesocrystals. The work presented later in 

Chapter 6, explores the presence of nanocrystals within these particles to confirm the 

mesocrystallinity within these particles. 

There were also a few limitations in the present study. Firstly, the detection of 

the magnesium edge in whitlockite particles was compromised. The reason was that the 

magnesium shows core loss edge at energy loss of 1303 eV. Due to the dynamic range of 

the spectrum, the peaks above 1000 eV energy are typically lowered by 7-8 orders of 

magnitude than the most intense zero loss peak. In such cases, EDS spectra complement 

the elemental detection by EELS. Secondly, although the sample thickness was 

maintained at ~60-100 nm for EELS studies, much thinner samples are more desirable 

for EELS analysis. Thicker samples lead to the strong interaction of primary electrons 

within the sample which results in the multiple energy loss events by the electrons. This 

eventually reduces the signal-to-background ratio of the EELS edges, hence making it 

difficult to observe the edge fine structure. In the current study, the thickness was 

compromised over the specific type of particle sample preparation using FIB, where the 

thinner sample (< 50 nm) preparation was quite challenging. Additionally, since EELS 

signals were obtained at short exposure times to minimise damage induced by the electron 

beam, the level of noise might have been higher than the intensity of fine peak features 

in the EEL spectra. Together, these reasons would have limited the detection of the fine 

peak structures in various detected edges reported in the present study and also could 
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have contributed to no detection of nitrogen K edge within these samples. The detection 

of nitrogen is a good indication of the presence of protein in the particle, which would 

have suggested that formation of these particles is biological rather than sedimentary. 

Therefore, to complement the results from the EELS analysis, the next chapter reports on 

the application of atom probe tomography to further investigate the link between the 

organic material to the presence of a protein within these particles.
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Chapter 5 

Elemental Analysis of 
Cardiovascular Calcified Particles 
using Atom Probe Tomography 

5.1 Introduction 

Atom probe tomography (APT) is a 3-dimensional (3D) imaging mass 

spectrometry technique that offers a spatial resolution up to 0.1 nm. It works on the field 

evaporation phenomenon, where ions from the surface of a tip-shape are evaporated upon 

the application of a very high electric field. The chemical identity of these ions is detected 

by time-of-flight (TOF) mass spectrometry. Furthermore, with the use of a position 

sensitive detector (PSD), and a reverse projection algorithm, APT is capable of mapping 

the position from where the ions originated from within a nanoscale volume (105–106 

nm3) of the specimen. The resulting reconstructed 3D atom-by-atom image provides sub 

nanometre spatial resolution and parts-per-million (ppm) chemical sensitivity [197–200].  

As reported in previous Chapter 4, despite the high-resolution offered by 

electron energy loss spectroscopy (EELS) for elemental analysis in scanning transmission 

electron microscopy (STEM), the detection of minor quantities of elements was limited 

by the susceptibility of the calcified particles to electron beam damage. Furthermore, the 

low atomic number and unfavourable spectroscopic properties of several physiological 

ions made them difficult or even impossible to be detected by the EELS. Accordingly, 
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since no nitrogen was detected with the EELS analysis, it was important to investigate its 

presence and understand if the organic material present in the calcified particles is related 

to the presence of proteins. This notion would further give insight into the growth of the 

particles whether it is related to a biological process or sedimentary process. Recently, 

APT has been applied to study the nanoscale chemistry of several biominerals including 

hydroxyapatite [201], bone [202], elephant dentin [201], rat femur cortical bone [201], 

nacre [117] and dental enamel [116,203]. The successful adaptation of APT to the 

characterisation of bone-like material makes it a powerful technique to complement 

elemental analysis carried out by EELS of calcified particles, as will be discussed in this 

chapter. 

This chapter is divided into two sections. The first section overviews the basics 

about APT. The second section reports the various sample preparation procedures, the 

associated challenges for the successful APT characterisation of a calcified particle in 

found in human cardiovascular tissue calcification and the results that complement the 

EELS analysis discussed in Chapter 4. The experimental procedures and data analysis 

discussed in this chapter were carried out in collaboration with Prof Michael Moody’s 

group at the University of Oxford and Prof Paul Koenraad’s group at the Eindhoven 

University of Technology. 

5.2 Basics of Atom Probe Tomography (APT) 

5.2.1 Instrumentation 

Atom probe was developed from the field ion microscope (FIM) by Erwin 

Müller [204] and his co-workers by introducing a TOF mass spectrometer (MS) to an 

FIM so as to characterise the chemical identity of the detected atoms that were field 

evaporated from the sample surface. In fact, FIM was the first imaging technique with 

the capability to directly resolve individual atoms, dating back to 1955 [205]. Over the 

time, atom probe has undergone several developments, and today it is one of the most 

advanced techniques that provide extensive capabilities of both analysing chemical 

composition of materials at the atomic scale (around 0.1-0.3 nm resolution in depth and 

0.3-0.5 nm laterally) and 3D imaging. 
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The current state-of-the-art atom probe is based on the Kelly et al. design, called 

the Local Electrode Atom Probe or LEAPÒ, in which microelectrode is placed near 

sample [206]. This arrangement enhances the electric field in a confined region thus 

allowing to probe one of the several samples mounted on the same sample holder. The 

design further helps to reduce the voltage required to reach critical field at which atoms 

from the surface of the sample undergo emission. Additionally, the modern electronics 

has also significantly improved the angular field-of-view by enhancing the TOF 

measurement accuracy for the lower flight path [197]. 

Typically, atom probe comprises an ultra-high vacuum analysis chamber which 

has base pressure on the order of 10-11 Torr. The ultra-high vacuum limits firstly, the 

contamination of the sample and secondly, the interaction of the field evaporated ions 

with anything on their flight to the detector. As any contributions from the contaminants 

and any deviations in the flight path, impact the accuracy of the reconstruction 

respectively. The sample is mounted on a stage which allows the precise alignment of the 

sample, pointed towards the aperture of the counter electrode as shown in Figure 5.1. The 

counter electrode is connected to a high voltage (HV) pulser. In the voltage-assisted 

mode, the pulser provides negative HV pulses, which lasts for a few nanoseconds with 

the rise and decay times of 0.5 – 5 ns. In the laser-assisted mode, gas and solid-states 

lasers are commonly used to generate the pulsed beam which is focused on the sample 

tip from a few tens of nanoseconds to 100 femtoseconds. The temperature of the stage 

and hence the sample is lowered to cryogenic temperature ~20 K to reduce atomistic 

vibrations. Thus, limiting the surface migration of surface atoms under the intense electric 

field and to better control the field evaporation. In addition, the temperature can be 

adjusted by thermo-resistance [197,198,207]. 

The sample is required to be in the form of a sharp tip with a radius, R, between 

30-80 nm. This enables the generation of electric fields at the specimen apex of the 

requisite magnitude by biasing the specimen to a few kilovolts (the field is proportional 

to V/R). The tip of the sample is usually biased at high DC voltage 3-15 kV. Initially, the 

small radius of the sample and high voltage induces strong electrostatic field at the tip of 

the sample, just below the point of triggering field evaporation. The sample tip is kept at 

this standing voltage while the field evaporation is highly controlled by the superposition 

of voltage or laser pulses. These pulses enable the ionisation and evaporation of 
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individual atoms from the surface of the sample by field evaporation effect. The ions 

released by the sample are projected by the intense electric field onto the position-

sensitive detector (PSD) equipped with a time-of flight mass spectrometer (TOF-MS). 

The TOF is measured as the time between the application of a specific laser or voltage 

pulse that triggered the field evaporation event and its subsequent arrival at the detector. 

TOF can be converted into the m/q ratio (mass-to-charge-state ratio) enabling chemical 

identification of each detected ion. The information of the X-Y positions at which each 

ion strikes the detector and the sequential order of their arrival of on the PSD is further 

utilised to reconstruct the original 3D position of the atoms on the tip. This process is 

repeated until either a suitable yield of ions is detected or the specimen fractures under 

the intense electric field during the analysis. The mass resolving power of the atom probe 

(m/Δm > 1000) is sufficient to individually resolve all isotopes of every element even at 

higher-charge states [197,198,207].  

 
Figure 5.1: Schematic view of atom probe tomography procedure, showing the specimen 
is in the form of the sharp tip which is subjected to a DC high voltage (HV). The 
illumination by laser pulses (or application of HV pulses) triggers the field evaporation 
of ions that are detected by the position-sensitive detector (PSD). The PSD records their 
position and time-of-flight (TOF) for chemical identification and allows the 3-
dimensional (3D) reconstruction of the specimen. The VDC=direct current high voltage 
(Modified from [207]). 
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5.2.2 Atom probe specimen preparation 

As with many other characterisation techniques, the sample preparation for atom 

probe is crucial. As mentioned in the above section, the sample takes the form of the 

sharp tip with a radius of 30-80 nm which tapers at an angle ~10°-20°. Since, due to this 

taper, the radius of the tip increases as the atoms are continuously removed from the 

surface of the sample, the small angle maintained along the shank of the tip provides 

reduced electrical resistance due to the larger cross section area.  

Commonly used techniques to make desired atom probe samples include 

electrochemical polishing and focused ion beam (FIB) milling. Electrochemical polishing 

methods are comparatively straightforward and less time-consuming to FIB milling. It is 

frequently used for preparing APT samples of whiskers, metal wires cut from the bulk 

material and have been reviewed in detail in references [197,208–213]. For samples that 

cannot be prepared by electrochemical polishing or samples that have to prepared from 

the selective region of interest, FIB milling provides an alternative method [214]. FIB 

milling has been reviewed in detail in Chapter 3 and has been widely applied to prepare 

samples of nonconductive materials such as biominerals. It provides advantages for 

preparing a site-specific sample for APT analysis and also provides SEM images for 

calibrating shape of the tip during the 3D reconstruction of the APT image 

[197,198,207,211,214,215]. In the current work, sample preparation of calcified particles 

was carried out using FEI Helios NanoLab 600 FIB and FEI Nova and will be discussed 

in following sections.  

5.3 Experimental Procedures 

In composite materials, such as biominerals, the primary challenge for 

successful atom probe analysis includes, firstly, developing an appropriate sample 

preparation method and secondly, finding optimal operational parameters that minimise 

sample failure while providing a good yield of data for spectral analysis and 

reconstruction [198]. Most methods available to-date require embedding the non-

conducting materials within a conductive layer of metal such as platinum, cobalt, nickel. 

This can further limit the analysis of the biological materials due to problems such as 

non-uniform coating or the combination of two materials resulting in different regions 
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within the tip requiring different field strength to trigger evaporation and mechanical 

stress. Consequently, this can lead to limited quality and poor yield in datasets and 

increased probability of the fracture of the sample tips [198].  

Considering the recent discovery of cardiovascular calcified particles, and the 

fact that atom probe has only recently been applied to biominerals such bone [202], teeth 

and chitin tooth [117,201], the current work is new and has never been reported in the 

literature. Furthermore, the nanoscale spherical morphology of the particles and the 

requirement to target a specific type of particle added further challenges in sample 

preparation. Therefore, several sample preparation methods were investigated to identify 

the best procedures to enable atom probe analysis. 

5.3.1 Tip preparation by FIB -lift out method 

Calcified particles were isolated from human aorta tissues and prepared for APT 

analysis by FIB as described in Chapter 3. Tip preparation by FIB lift out method was 

carried out using Helios NanoLab 600 (FEI) at Imperial College London under the 

guidance of Dr Anna Radecka.  

The specific type of calcified particle was selected in the SEM operating at 0.17 

nA and 5 kV (Figure 5.2a). The eccentric height was adjusted accordingly, and the 

particle region (10 µm x 2 µm x 0.3 µm) was coated with a protective layer of platinum 

using 0.17 nA electron beam currents operating at 5 kV (Figure 5.2b). The stage was then 

tilted to 52°, and an additional layer of platinum measuring dimensions 10 µm x 2.5 µm 

x 1 µm was deposited using ion beam, operated at accelerating voltage of 8 kV and a 

beam current of 0.66 nA (Figure 5.2c). Following the coating procedures, the FIB column 

was operated at accelerating voltage of 30 kV. The stage was then tilted to 22°. A trench 

of 13 µm x 4 µm x 7 µm was made on adjacent parallel top position using regular cross-

section using ion beam at 6.5 nA operating at 30 kV (Figure 5.2d). The trench was then 

cleaned using cleaning-cross section (13 µm x 1.5 µm x 3.5 µm) at 2.8 nA at 30 kV. The 

stage was then rotated to 180°, and another trench pattern was repeated for the other side. 

The stage was then tilted to 0°, and the resulting triangle wedge was released from one-

side using ion beam milling at 2.8 nA. The omniprobe micromanipulator was then 

attached to the contact free end of the triangular wedge with a 0.5 µm x 0.5 µm x 0.5 µm 
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platinum layer using ion beam operated at 93 pA and 30 kV. Once the wedge was secured 

to an omniprobe micromanipulator, it was released from the other side using ion beam 

milling at 2.8 nA. The released sample wedge was finally lifted out from the sample 

surface and transferred to a coupon with 36 flat-topped silicon microtip posts (Figure 

5.2e-g). The sample wedge was mounted on to the carrier tip of the silicon post with a 

0.3 µm thick layer of platinum using ion beam operating at 28 pA and 30 kV. The wedge 

was subsequently milled free from the omniprobe micromanipulator (Figure 5.2h). The 

stage was rotated to 180°, and the sample wedge was secured to the silicon carrier tip 

with 0.3 µm platinum on the other side (Figure 5.2i).  

 
Figure 5.2: Representative secondary electron micrographs (SEM) of different steps 
involved in focussed ion beam (FIB) lift out method for atom probe sample preparation, 
(a) Single calcified particle is selected, (b) Particle is protected with electron beam 



Elemental analysis of cardiovascular calcified particles using atom probe 
tomography 

115 
 

deposited platinum at 0° tilt, (c) Particle is then protected with ion beam deposited layer 
of platinum, (d) Trenches are cut parallel to the protected region of interest, (e) 36 
microtip silicon coupon, (f) Sample lamella is lifted-out and placed on single microtip of 
silicon coupon (top view), (g) Sample lamella placed on single microtip of silicon coupon 
(front view), (h) Lamella wedge secured with platinum and is cut to release from the bulk, 
(i) 90° perspective view of sample wedge secured on a microtip of silicon coupon and 
ready for annular milling process. 

The appropriate tip shape as required for atom probe analysis was attained by a 

sequence of annular milling patterns as indicated in Table 5.1, to finally obtain a resultant 

tip of end radius < 50 nm. The first milling step was used to remove the bulk sample and 

push down the silicon spikes (that result during the milling) at least 10 nm away from the 

sample region of interest. This is necessary for effective analysis under atom probe as 

these spikes can act as independent field emission sources that can interfere with the main 

experiment. The subsequent milling steps marked the shaping of the tip. The last two 

milling passes were operated at 5 kV and 2 kV for cleaning and polishing the final tip 

respectively, thus minimising gallium ion implantation during the preparation steps 

(Figure 5.3).  

Table 5.1: Parameters of annular milling patterns. As a general trend, milling patterning 
followed a milling motion from outside to inside with respect to the tip. 

Milling pass Patterns dimensions [µm] Voltage [kV] Beam current 

Outer radius Inner radius   

1st 5.00 3.00 30 0.46 nA 

2nd 3.00 2.00 30 0.28 nA 

3rd 2.50 1.20 30 93 pA 

4th 1.50 0.80 30 48 pA 

5th 1.20 0.50 30 28 pA 

6th 1.00 0.15 8 5.7 pA 

Cleaning up 2.00 5 47 pA 

Polishing 2 10 nA 
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Figure 5.3: Milling process for atom probe sample preparation, (a) Illustrative milling 
process of an atom probe sample tip using annular (doughnut-shaped) milling pattern in 
a focused ion-beam (FIB). The inner annulus and beam current is progressively decreased 
from (i) to (iv) to obtain the desired final tip shape measuring radius (R) < 50 nm, (b) 
Representative secondary electron micrographs (SEM) of milling process of calcified 
particles on silicon microtip in FIB for atom probe analysis, scale bar = 1 µm. 

5.3.2 Tip preparation by drop method and FIB annular milling 

A 10 µl concentrated solution of isolated calcified particles was dropped on the 

36-flat-topped silicon microtip posts coupon (Figure 5.4a-b). Following the drop of the 

particles, the coupon was dried overnight (Figure 5.4c). The coupon was then sputter 

coated with chromium using Q150T S sputter coater (Quorum Technologies) and 

transferred immediately to FIB (FEI Helios NanoLab 600). It was assumed that during 

the drop procedure, some of the particles would land on the flat-topped carrier tips of the 

coupon (Figure 5.4d). Inside the FIB, each microtip with particles was first coated with 
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electron beam deposited platinum and then with ion-beam deposited platinum to form a 

protective layer (Figure 5.4e). Following this, each tip was milled using annular milling 

as described in Table 5.1 until a sharp tip of radius ~45-50 nm was produced (Figure 5.4 

f-h). This method was carried out under the guidance of Dr Anna Radecka. 

 
Figure 5.4: Atom probe sample preparation with drop method using chromium and 
platinum coating, (a-b) Illustrated process showing (a) Isolated calcified particles and 
36-posts microtip silicon coupon, (b) Isolated calcified particles dropped on 36-posts 
microtip silicon coupon, (c-h) Representative secondary electron micrographs (SEM) of 
various steps showing, (c) Coupon after overnight drying and coated with chromium, (d) 
High resolution image of microtip marked in (c) with yellow rectangle showing calcified 
particles on a microtip coated with chromium, (e) Platinum (Pt) protective layer on 
chromium (Cr) coated calcified particles, (f) Starting of annular milling process, (g) 
Progressive annular milling, (h) Final sharp tip with radius < 50 nm. 

5.3.3 Tip preparation by drop method, HF cleaning, cobalt and platinum coating, 

and FIB annular milling 

The 36-flat-topped silicon microtip posts coupon was cleaned using hydrofluoric 

(HF) acid to remove any impurities (Figure 5.5a). The coupon was then coated with ~150 

nm cobalt using thermal evaporation at a base pressure of approximately 10−6 Torr to 

ensure minimal contamination of the deposited material (Figure 5.5b). HF cleaning and 

cobalt coating were performed by Dr James Douglas at the University of Oxford. A 10 

µl concentrated solution of isolated calcified particles was then dropped on the cobalt 

coated 36-flat-topped silicon microtip posts coupon and left for drying overnight (Figure 

5.5 c-e). The coupon with the particles was further sputter coated with 150 nm cobalt and 
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transferred to FEI Helios Nano lab FIB (Figure 5.5f). Inside the FIB, each microtip with 

particles was first coated with electron beam deposited platinum and then with ion-beam 

deposited platinum to form a protective layer (Figure 5.5 g-h). Following this, each tip 

was milled using annular milling as described in Table 5.1 until a sharp tip of radius < 

~45-50 nm was produced (Figure 5.5 i-l). This method was carried out under the guidance 

of Dr Anna Radecka. 

 
Figure 5.5: Atom probe sample preparation with drop method using cobalt and platinum 
coating, (a-c) Illustrated process showing (a) 36-posts microtip silicon coupon cleaned 
using hydrofluoric (HF) acid, (b) 36-posts microtip coupon coated with 150 nm cobalt, 
(c) Isolated calcified particles dropped onto cobalt coated coupon, (d-l) Representative 
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secondary electron micrographs (SEM) of various steps showing, (d) Coupon after 
overnight drying, (e) Density of calcified particles on coupon surface, (f) Calcified 
particle on a microtip coated with cobalt, (g) Electron beam deposited platinum on cobalt 
coated calcified particles, (h) Platinum protective layer deposited by ion beam, (i) 
Starting of annular milling process, (j) Calcified particles embedded under the protective 
layer seen during the annular milling, (k) Progressive annular milling process, (l) Final 
sharp tip with radius < 50 nm. 

5.3.4 Tip preparation by in situ electron beam cobalt deposition inside FIB  

In this approach, 10 µl solution of isolated calcified particles was dropped on to 

an atomically flat p-type silicon substrate. The silicon substrate and a flat-topped silicon 

microtip posts coupon were mounted in an FEI Nova focused ion beam (FIB). Each tip 

on the microtip posts coupon was etched to a width of approximately 250 nm prior to 

placing the particles on the tips. Using a tungsten micromanipulator, a single selected 

particle was electrostatically lifted from the flat silicon substrate (Figure 5.6 a-b). Due to 

the attraction of the particles to the metal needle, no metal bonding was required at this 

stage, limiting potential damage to the particle. Each particle that stuck to the needle was 

then transferred across to the etched silicon microtips (Figure 5.6c) and welded to the tip 

using electron-beam deposited tungsten. Following the mounting and welding of the 

particle to the microtip, the particle was coated with electron beam deposited cobalt 

(Figure 5.6d). At no point during the lift-out process was the particle exposed to the FIB 

beam. After the lift-out, particles larger than 300nm were sharpened with the FIB using 

a standard annular milling process (Figure 5.6 e-f). The atom probe tip preparation by 

this method was conducted by Dr Sebastian Koelling at the Eindhoven University of 

Technology.  



Elemental analysis of cardiovascular calcified particles using atom probe 
tomography 

120 
 

 
Figure 5.6: Representative secondary electron micrographs (SEM) showing atom probe 
sample preparation with focussed ion beam (FIB) electron beam deposited cobalt method, 
(a) Single calcified particle is selected, (b) Particle is electrostatically lifted using 
tungsten manipulator, (c) Particle is placed on the pre-sharpened microtip, (d) Particle is 
secured using electron beam deposited tungsten and then coated with cobalt, (e) Particle 
is further sharpened using standard annular milling process with (f) Final tip measuring 
radius < 50 nm (Courtesy Dr Sebastian Koelling). 

5.3.5 Atom probe operating procedures 

The atom probe analysis of samples prepared using FIB lift-out method, drop 

method with Cr/Pt coating and drop method with Co/Pt coating were carried out in laser-

pulsed mode using Cameca LEAP 3000 X HR equipped with green laser (532 nm) under 

the guidance of Dr Tomas L. Martin at the University of Oxford in collaboration with 

Prof Michael Moody’s group. The stage temperature was set to 55 K, and laser pulse 

energy was operated between 0.3 nJ-0.5 nJ, pulse frequency 200 kHz.  

The atom probe analysis of single particle samples prepared using electron beam 

deposited cobalt method was carried out using the Cameca LEAP 4000 X HR equipped 

with a UV-laser of a 355nm wavelength by Dr Sebastian Koelling at the Eindhoven 
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University of Technology in collaboration with Prof Paul Koenraad’s group. The vacuum 

inside the atom probe was maintained higher than 3x10-11 Torr. Samples were analysed 

at a temperature of 20-40 K, with a laser energy of 15-60 pJ and a laser frequency of 65-

125 kHz. 

5.3.6 Mass spectra analysis and 3D reconstruction  

The processing of atom probe data was performed using commercially available 

Integrated Visualization and Analysis Software package (IVAS v3.6.14, Cameca 

Scientific Instruments, Madison, WI). For data analysis, the initial tip radius was 

calculated from the SEM images. This information is necessary to calibrate the image 

reconstruction. Regions of partial sample fracture identified by spikes in the voltage vs 

ion sequence plot were avoided from inclusion in the data. The region of interest (ROI) 

from the spatial region of the detector hit map was limited to the high-density region of 

the ions detected by the detector to improve the quality of reconstruction. Following the 

TOF corrections, a mass-to-charge-state ratio spectrum was converted from the TOF 

information and calibrated using calcium (40Ca2+) and cobalt (59Co+) peaks. 

Subsequently, the peak identity assignment was carried out and is detailed in Table 5.2. 

Following the peak assignment, a 3D reconstruction, based on a reverse projection of the 

detector hit positions to the original real space coordinates of the evaporated atoms, was 

made using the relation between applied DC voltage and tip radius to generate atom maps. 

Table 5.2: Ranged ion peak assignment from APT spectra. 

Mass/Charge (Da) Ion  Mass/Charge (Da) Ion 

1 H+  43.5 CaPO2+ 

2 H2
+  44 CO2

+ 

3 H3
+  45 CO2H+ 

6, 6.5 C2+  46 unidentified 

7 N2+  47 PO+ 

12 C+/Mg2+  48 unidentified 

12.5 Mg2+  51.5 unidentified 

13 C+/Mg2+  52 CaO4
+ 

14 N+  59 Co+ 
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15 COOH3+  62.5 PO2
+ 

16 O+  65 Pt3+ 

17 OH+  66 Pt3+ 

18 H2O+ (or vacuum)  67 CoO2
 

18.5 C3H2+ (trace)  69 Ga+ 

19 H3O+  71 Ga+ 

20, 21, 22 Ca2+  72 CaO2
+  

21.5 Ca2+  73 CaO2
+ 

23 Na+  74 CaO2
+ 

24 Mg+  75 CoO+ 

25 Mg+  76 CoO+ 

26 Mg+/CN+  77 CoO+ 

27 NaP2+/ CN+  78 CaO2
+ 

28 N2
+/Si+  79 CaO2

+ 

29 Si+  80 CaO2
+ 

29.5 Co2+  81 CaO2
+ 

30 Si+  82 CaO2
+ 

31 P+  83 CaO2
+ 

31.5 P2H2+  89 unidentified 

32 O2
+  90.5 unidentified 

33 O2H+  87 unidentified 

34 O2H+  97 Pt2+ 

36 C3  97.5 Pt2+ 

37 C3H+
  98 unidentified 

37.5 CaO2
2+  99 unidentified 

38 C3H2
+  102.5 CaPO2

+ 

38.5 unidentified  103 unidentified 

40 Ca+  119 Co2H+ 

42 CaH2
+  138 unidentified 

43 CP+    
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5.4 Results and Discussion 

Isolated calcified particles from human cardiovascular tissue were shaped into 

sharp tip using several methods and analysed using atom probe. The current work 

highlighted the analysis of calcified particles to the smallest length scale possible to date. 

The small size of the particles and hybrid inorganic, organic composition contributed to 

the complexity of finding the optimal experimental conditions. Moreover, since each 

material is unique, especially in case of biominerals, many factors contribute to balance 

the yield of the data, quality of the data, and time required for the analysis. Among these, 

sample preparation remains one of the key factors for successful analysis. Consequently, 

several sample preparation methods were tested as reported in Sections 5.2.1 – 5.2.4.  

5.4.1 Platinum (Pt) coating and FIB lift-out method 

For in situ deposition inside FIB, carbon deposition was ruled out due to its 

interference with the appropriate signals that would originate from the organics within 

the calcified particle in the APT analysis. The platinum deposition and FIB lift-out 

method are one of the most commonly used methods utilised for preparation of 

biominerals samples for APT analysis [213]. Therefore, in situ platinum deposition and 

FIB lift-out method was the first method employed. However, in the current study due to 

the small size of the calcified particles, the manipulation was found to be time-consuming 

and equally challenging. When the particle was covered with platinum (Figure 5.2c), it 

was also difficult to locate the particle in the FIB lamella and therefore positioning it 

precisely on silicon microtip. Consequently, several tips were prepared using the in situ 

lift out method to increase the probability of the successful sample preparation.  

When the tips of calcified particles prepared with FIB lift-out method were 

analysed using LEAP 3000X HR equipped with 532 nm laser, ~90% of the tips fractured 

as soon as the laser pulse was applied to the tip. The remainder of the tips fractured before 

yielding a reasonable amount of data for analysis. The fracture of the tips could be due to 

several reasons. These could include the difference in the field evaporation for metallic 

platinum coating (≈40-55 V/nm) and mineral material of the particles (≈10-18 V/nm), 

that are more pronounced under different laser evaporation conditions i.e. once the 

coating is removed the mineral material is exposed to a much higher field than that 
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required for controlled field evaporation. Another reason could be the shank angle of the 

tip. Studies have suggested that a larger shank angle (30°-35°) usually produces reliable 

APT data sets with good yield while smaller shank angles may result in early fractures, 

particularly with green laser pulsing. However, controlling the shank angle on of the tips 

during FIB milling is difficult and challenging to monitor and usually results in 

inadvertent differences in tip geometry [216]. Furthermore, failure could also be due to 

the weak interfaces in the sample or poor adhesion of the coating with the sample 

material, thus resulting in mechanical stress under the application of the intense electric 

field and leading to shearing and fracturing of the sample tips. However, all these 

parameters largely depend on the composition of the material being tested for APT 

analysis and hybrid material such as biominerals remain a particular challenge for APT 

experiments [202].  

5.4.2 Chromium (Cr) coating 

In the second method, particles were dropped directly onto the flat-topped 

microtips silicon coupon and sputter coated with chromium. Although the process was 

less-time consuming than the FIB lift-out method; it was also limited by a number of 

reasons. The dropped particles resulted in the random distribution of the particles on the 

posts. Since the cross-sectional width of the microtip measured 2 µm, the particles were 

inconsistently positioned on each tip. While some tips had particles in bulk, others had 

few or none. The other limitation of the drop method was not having the preferred type 

of particle, i.e. apatite or whitlockite on the microtip. Despite these constraints, the most 

suitable microtips with particles were able to be subsequently sharpened into tips with 

radius < 50 nm for APT analysis using FIB annular milling. 

During the APT experiment, it was commonly found that in the case of the 

chromium coating, the stresses of the electric field resulted in delamination of the film. 

Furthermore, delaminated chromium metal flakes were found to stick to the local 

electrode inside the atom probe resulting in discontinuation of the experiment (Figure 5.7 

a-b), and requiring its replacement for subsequent analyses. This is both time-consuming 

and expensive if the electrode is irretrievably damaged. The flaky appearance of the 

chromium coating was confirmed subsequently when the microtip silicon coupon was 

analysed under the SEM (Figure 5.7 c-d). The likely reason could be the oxidation of 
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chromium layer during the transfer of the microtip coupon from one instrument to other 

during sample preparation and analysis. Moreover, this effect was particularly 

undesirable because it also resulted in the destruction of other sample tips on the 

micropost array, beyond the one specifically being analysed.  

 
Figure 5.7: Delamination of chromium film, (a-b) Optical micrographs during the atom 
probe experiment showing the chromium flake stuck to local electrode in (a) Microscope 
view and (b) Laser view mode, (c-d) Representative secondary electron micrographs of 
microtip silicon coupon showing delamination of the chromium around the coupon, (d) 
Zoomed micrograph of area marked in (c) Showing the flaky chromium appearance. 

5.4.3 Cobalt/Platinum coating 

In the third method, the particles were dropped onto an HF cleaned microtip 

silicon coupon and subsequently coated with cobalt/platinum and milled into sharp tips 

measuring with radius < 50 nm using FIB. Similar to the chromium-method, the sample 

preparation was less time consuming, but unlike the chromium coating, the cobalt coating 

showed improved performance of the tips during APT analysis.  

The samples were analysed using LEAP 3000X HR equipped with 532 nm laser. 

Interestingly, the sample preparation using cobalt successfully improved the yield of the 
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data before the sample was fractured. Figure 5.8 shows the 3D full atom map of a 

whitlockite particle indicating the presence of the major elements including calcium, 

phosphorus, magnesium, carbon, cobalt, platinum and traces of sodium, potassium. 

Among these the presence of carbon is of particular interest, complementing the EELS 

analysis as discussed in Chapter 4. Table 5.3 displays the decomposed elements present 

in the particle. However, unambiguous identification of all the small peaks was very 

challenging in the mass spectra, as there were usually contributions from numerous 

complex ions such as oxides and complexes of phosphorous (POx) and many of these 

peaks were in the thermal tails of an adjacent larger peak or below the background level 

of the spectrum and therefore could not be taken into account (Figure 5.8a). The full peak 

assignment is shown in Table 5.2.  

Table 5.3: Decomposed atomic elemental concentration in a whitlockite particle.  

Ion type Atomic (%) 

Cobalt 33.68 

Oxygen 26.42 

Hydrogen 13.47 

Calcium 11.48 

Carbon 5.89 

Silicon 3.03 

Phosphorous 2.12 

Sodium 1.87 

Gallium 0.87 

Magnesium 0.76 

Nitrogen 0.39 

An isosurface (or isoconcentration surface) was applied to the 3D dataset of 

calcium and cobalt atom maps showing 50% of total atoms for clarity (Figure 5.8b). The 

isosurfaces represent a region of the data within which the concentration of a given 

element (or elements) is greater than the defined threshold concentration value. The 

concentration was calculated from contributions from single ions, decomposed molecular 

ions or a combination of ions [197]. In the current sample, the isosurface represented 

11.5% decomposed calcium ions. Figure 5.8b shows the isosurface, clearly defining the 
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interface with the concentration of calcium higher on one side indicating the presence of 

a calcified particle and lower on the other side indicating the cobalt coating Additionally, 

a full atom map with all detected ions is presented in Figure 5.8c showing that a small 

region of the calcified particle was located on the tip of the sample. The presence of 

magnesium confirmed that whitlockite particle was analysed, yet small contributions 

from the apatite particle could also be present. Therefore, this preliminary study 

confirmed the advantages of the cobalt coating for an APT experimental run. However, 

it was limited due to the random distribution of calcified particles in terms of number and 

type of calcified particle on the flat-topped silicon tip and therefore to the specificity of 

the type of particle being analysed by atom probe. 

 
Figure 5.8: Atom probe analysis of a whitlockite particle prepared by cobalt/platinum 
coating method, (a) Mass spectrum for the calcified particles embedded in 



Elemental analysis of cardiovascular calcified particles using atom probe 
tomography 

128 
 

cobalt/platinum coating showing major peaks- hydrogen (H+), carbon (C2+), magnesium 
(Mg2+), Nitrogen (N+), calcium (Ca2+), silicon (Si+), cobalt (Co2+), oxygen (O+), 
complexes of phosphorous (POx) and gallium (Ga+), (b) Isosurface representing 11.5% 
concentration of calcium within the 3D atom maps of calcium and cobalt, (c) 3D atom 
map of a calcified particle showing elemental distribution. Each sphere corresponds to an 
atom, sizes have been adjusted for clarity. Of note, this is a very small dataset.  

5.4.4 In situ electron beam deposited cobalt coating 

After the successful atom probe experimental run and data analysis using the 

combination of cobalt and platinum coating, in the fourth method, sample preparation 

using cobalt coating was further explored to target the specific type of calcified particle, 

i.e. apatite or whitlockite particle. In this case, particles were dropped onto a silicon 

substrate, and a specific type of particle was selected and then lifted out using FIB 

electron beam (ebeam). The particle was coated with cobalt using in situ ebeam 

deposition and analysed by LEAP 4000 X HR equipped with UV-laser (355nm). This 

method was found to be substantially advantageous compared to the other sample 

preparation approaches discussed in this chapter. Firstly, a specific type of particle could 

be targeted for the APT analysis. Secondly, since the platinum deposited using the gas 

injection system (GIS) inside the FIB contains a significant amount of carbon, resulting 

in poor coating quality, the in-situ ebeam cobalt coating provided much higher metal 

content. Moreover, since cobalt has low evaporation field (V≈ 37 V/nm) compared to 

platinum (V≈ 40-55 V/nm), the difference between the evaporation field of metallic 

coating and mineral material was low, hence causing less mechanical stress and lower 

fracture percentage. Thirdly, even at the relatively high laser pulse energy of 60pJ, the 

mass spectrum quality was much improved with dramatically reduced thermal tails. This 

is a significant advantage, as conducting the APT experiment at higher laser energy 

means that application of lower standing voltage is required, which in turn improves the 

successful yield of analysis before the sample fractures. Furthermore, the low thermal 

tails and low background in the mass spectra allowed the visibility of smaller peaks above 

the background during APT analysis. Fourthly, electron beam deposition resulted in 

considerably low gallium content into the sample which further preserved the 

microstructural features and made the elemental analysis more reliable. Lastly, since 

cobalt has a single isotope occurring, at 59 Da, it made its identification easy in the mass 
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spectrum at 59 Da and 29.5 Da. Moreover, the presence of any oxides did not contribute 

to significant overlap with the other elements present in the calcified particles.  

5.4.5 APT analysis of cardiovascular calcified particles  

The main aim of the study was to complement the results of EELS analysis and 

identify the presence of organic species inside the particles. Nevertheless, the APT 

analysis was limited to only whitlockite particles because when the apatite particles’ tips 

were subjected to the laser beam, they fractured before yielding a sufficient amount of 

data for analysis irrespective of the sample preparation techniques used. The reason could 

be their surface porosity resulting in the mechanical stress under field evaporation leading 

to fracture and shear of the particles.  

In comparison, the APT analysis of the whitlockite particles was successfully 

performed. A representative spectrum is shown in Figure 5.9a highlighting the chemical 

complexity in the calcified particle. The key elemental species including calcium, carbon, 

nitrogen, magnesium, sodium, various phosphate complexes and cobalt arising from the 

specimen preparation were found to be present between 0 Da to 34 Da (Figure 5.9b). 

Interestingly, the Co2+ peak at 29.5 Da, although large, did not overlap with the major 

ions peaks originating from the mineral, hence as mentioned earlier made the analysis 

more consistent. Table 5.4 reports the overall decomposed atomic composition of 

whitlockite particle as measured by APT. The highest contribution from the calcium 

atoms (~45%) further confirmed the advantages of the ebeam lift-out method highlighting 

that the datasets contained a maximum contribution from the calcified particle.  

Table 5.4: Decomposed atomic elemental concentration in whitlockite particle. 

Ion type Atomic (%) 

Calcium 45.28 

Cobalt 27.72 

Oxygen 11.72 

Magnesium 4.62 

Carbon 3.14 

Hydrogen 2.14 

Phosphorus 1.72 
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Silicon 1.59 

Gallium 0.98 

Sodium 0.90 

Nitrogen 0.20 

 
Figure 5.9: Atom probe analysis of a whitlockite particle prepared by in situ cobalt 
electron beam coating method, (a) Representative full mass spectra of whitlockite 
particle, (b) Close-up of the mass spectrum from 0 Da to 34 Da showing the key peaks 
arising from whitlockite particle– Ca, C, N, Mg, Na and various POx complexes. No 
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overlap of the Co containing species with the major peaks of calcified particles ensures 
unambiguous identification of ionic species during APT analysis. 

The low thermal tails and low background in the mass spectra were especially 

helpful in identifying the isotopes of carbon and magnesium which overlap at 12 Da. 

Determining the size of the smaller adjacent peaks representing the other isotopes of these 

elements helped in understanding the separate the relative contribution of carbon and 

magnesium to the 12 Da peak and hence to the particle, which was critical to the aim of 

the study. However, in the mass spectra, there were usually contributions from many 

types of complex ions, and many of these peaks were obscured by thermal tails from 

larger adjacent peaks or below the background and therefore could not be taken into 

account. Hence, the unambiguous identification of all the small peaks was very 

challenging in the mass spectra. Also, there was some uncertainty in ranging some of the 

peaks that overlapped due to equal mass-to-charge-state ratio, for example, P2O4
2+ and 

PO2
+ at 63 Da. Such uncertainties are exacerbated by the lack of previous work in 

analysing these types of materials and limited understanding of what types of molecular 

ions are likely to be field evaporated and detected in the APT experiment.  

The reconstruction of the mass spectrum into 3D atom maps provided easy 

visualisation of the compositional and spatial distribution of the major ions within the 

calcified particle. Figure 5.10 shows atom maps for one of the longer APT analyses of 

the whitlockite particle mounted using the preferred electrostatic mounting and cobalt 

coating approach. The atomic distribution of individual elements is displayed with 

different colours (Figure 5.10a). The top of the sample (apex of the tip), in blue, is the 

cobalt coating layer, followed by a small region of carbon present in the welding material. 

The remainder of the tip incorporates the calcified particle, with some cobalt coating at 

the edges (Figure 5.10b). The regions in aqua are high in calcium, phosphorous, 

magnesium and oxygen content as would be expected from CaMgPOx biomineral, while 

the pink regions are rich in carbon indicating the presence of organic material similar to 

those seen in bone and teeth [201,202]. However, it is important to be cautious with the 

analysis of carbon in these samples, due to significant overlap with magnesium that 

occurs between C+ at 12 and 13 Da, and Mg2+ ions, which are present at 12, 12.5 and 13 

Da, as well overlaps between C2
+ and Mg+ at 24 Da respectively. This means that for 
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many of the peaks, it was difficult to deconvolute the carbon signal from magnesium 

spatially.  

 
Figure 5.10: Representative decomposed 3D atom maps of a whitlockite particle, (a) 
Showing the individual distribution of major ions- calcium (Ca), magnesium (Mg), 
carbon (C), nitrogen (N), phosphorous (P), cobalt (Co), sodium (Na), gallium (Ga), (b) 
Full front and back view of atom map of the whitlockite particle. Each sphere corresponds 
to an atom, sizes have been adjusted for clarity. 
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Of particular interest to the study of the whitlockite particles were the presence 

of organic material and the presence of nitrogen potentially indicating proteins. 

Consequently, the spatial distribution of carbon, oxygen, nitrogen and hydrogen species 

was primarily further analysed. Since oxygen is present throughout the inorganic and 

organic regions of calcified particle mineral, and hydrogen is considered as a 

contaminating element ubiquitous to steel-walled vacuum chambers used for APT 

analysis, peaks from these two elements were overlooked to avoid inaccuracy in the 

analysis. Accordingly, the analysis was mainly focused on the presence of carbon and 

nitrogen, which are indeed the key indicators of regions of high organic content including 

proteins. Therefore, the peaks assignment of these elements in the mass spectrum was 

carefully considered.  

In the case of carbon, the main isotopes are detected at 6 Da and 6.5 Da in its 

doubly charged state (C2+), and 12 Da and 13 Da in its singly charged state (C+). These 

isotopes overlap with the isotopes of magnesium. In magnesium, the main isotopes are 

detected at 12 Da and 13 Da, as well as at 12.5 Da in its doubly charged state (Mg2+), 

while at 24 Da and 25 Da in its singly charged state (Mg+). Therefore, the key overlap 

between carbon and magnesium occur at 12 and 13 Da. Moreover, since both magnesium 

and carbon are key elements of whitlockite particles, and carbon being also usually 

incorporated in other complexes at higher masses, the unambiguous assignation of ionic 

identities was more challenging. However, the presence of a third isotope at 12.5 Da in 

the case of magnesium combined with the non-overlapped C2+ peaks at 6 Da and 6.5 Da 

allowed a qualitative observation of the relative positions of the carbon and magnesium 

species independent of these mass-to-charge-state ratio peak overlaps, albeit with lower 

statistics (Figure 5.11). It is clear to see from this analysis that the magnesium ions 

marked with green spheres are overwhelmingly located in the calcium-rich mineral 

region, whereas the pink carbon spheres are located primarily at two large patches free 

of calcium-content. Based on this, and the fact that the welding material and cobalt are 

not co-located to the two patches, these results provide fair assurance in ascribing this to 

organic-rich regions within the calcified particle.  
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Figure 5.11: Representative atom map of a whitlockite particle showing the position of 
the non-overlapping carbon (C2+) at 6 Da and magnesium (Mg2+) at 12.5 Da, indicating 
that carbon and magnesium are not spatially co-located. 

In the case of nitrogen, the main isotopes are detected at 7 Da in its doubly 

charged state (N2+), at 14 Da in its singly charged state (N+) and 28 Da if evaporated as a 

complex molecular ion with a single charge, N2
+. Although the carbon-oxygen (CO) 

complex ions are typically found in organic species and can also occur at 28 Da, the key 

elemental species that could overlap with nitrogen peaks is silicon. The isotopes of silicon 

are detected at 14 Da and 14.5 Da in doubly state (Si2+) and at 28 Da and 29 Da in its 

singly state (Si+). However, due to the lack of peak at 14.5 Da that is expected from the 
29Si2+ isotope, the contribution of silicon at 14 Da was considered to be low enough not 

to show a peak at 14 Da. Therefore, peak at 14 Da was assigned to nitrogen (N+). Hence, 

combined peaks at 7 Da and 14 Da confirmed the presence of nitrogen within the calcified 

particles.  

Interestingly, both nitrogen-carbon regions and calcium-rich regions were 

present in distinct regions separated from the calcium atoms while still surrounded by the 

inorganic regions (Figure 5.12) Although the organic regions (carbon-nitrogen) showed 

a low concentration compared to that of the mineral regions (calcium), the APT 

interpretation complemented the EELS results by demonstrating the organic material 

present in the calcified particles is potentially linked to proteins. It is noteworthy to 

mention, that only a part of the calcified particle contributed to the sample tip, hence 

limiting the bulk analysis as carried out in EELS. However, overall this finding also 

supports the theory of the mesocrystalline structure of the whitlockite particle and more 
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importantly provides a notion that the formation of these particles results from a 

biological rather than from a sedimentary process.  

 
Figure 5.12: Atom map of a whitlockite particle, (a) Showing the elemental distribution 
of calcium, carbon and nitrogen and (b) Carbon and nitrogen. The distinct regions 
indicate the presence of inorganic (Ca-rich) and organic (C-N rich) region within the 
calcified particle. Each sphere corresponds to an atom, sizes have been adjusted for 
clarity.  

Additionally, the APT analysis studies of other mineralised tissues, including 

human bone [202], elephant tusk dentin [201] and the invertebrate chiton [117], have 

shown the co-localisation of sodium (Na+) and magnesium (Mg2+) ions with collagen, 

and have attributed these findings to the existence of specific ion binding proteins or 

proteoglycans present in organic fibers. In the current work, sodium was found in traces 

throughout the particle further indicating that proteins associated with calcified particles 

may be similar to those observed in bone. However, this notion and further mechanism 

studies remain to be elucidated.  
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5.5 Conclusions 

There were two key findings from the current work, firstly regarding sample 

preparation and coating methods and secondly regarding the elemental analysis of the 

calcified particles. The work explored different coating and sample preparation methods 

for APT analysis of the calcified particles. These methods included platinum coating 

inside the FIB and subsequent lift-out, drop of particles on the microposts coupon with 

chromium and platinum coating, drop of particles with cobalt and platinum coating and 

in situ cobalt coating in FIB ebeam followed by electrostatic particle lift-out. All these 

methods required annular milling as the final step for fabricating the particles into the 

sharp tip for APT analysis. Among these various methods, in situ electron beam deposited 

cobalt coating in FIB was found be advantageous for successful APT analysis of calcified 

particles. Also, the shift from 532nm to 355nm laser wavelengths used for samples 

prepared using cobalt coating produced a better yield and data quality for non-conductive, 

fragile calcified particles samples. Hence, supporting the application of the APT 

technique to a much wider range of biological material types, including those too brittle 

to analyse with voltage pulsing. 

The successful atom probe analysis of calcified particles unveiled for the first 

time the elemental distribution at near sub-nanometre scale, which when combined with 

electron microscopy analysis including EELS, provides the distribution of chemical 

identities with unparalleled spatial accuracy and confidence. Although identification of 

all ions in APT remains challenging due to peak overlaps in the mass-to-charge state 

ratio, by limiting the analysis to peaks that could be unambiguously ascribed to 

magnesium, carbon and nitrogen, the spatial distribution of these elements could be 

elucidated. The findings from the current work firstly confirm the presence of proteins in 

the calcified particles and secondly confirms their biological origin rather than arising 

from a sedimentary deposition in the cardiovascular tissue. While enough data was 

obtained for analysis within the scope of the aim of the study, the sample yield 

remained too low suggesting the optimisation of the operating parameters for detailed 

analysis. However, these results complement the EELS results presented in Chapter 4 

and further supports the view of the mesocrystalline structure of the whitlockite particles, 

where these particles although they have hybrid inorganic and organic composition, yet 
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diffract as single crystals. Chapter 6 will further explore the presence of nanogranules 

present inside these particles to confirm this hypothesis further. 

These findings taken together provide fundamental new insight into the structure 

of the calcified particles. The future work investigating the involvement of potential 

proteins in nucleation of the calcified particles may provide new avenues to develop drug 

therapies to prevent either the formation of these particles or to disolve the existing 

particles. In fact, exploring the non-classical crystallisation pathway for their formation 

would be useful to understand the mechanism and kinetics related to the growth of the 

particles. 
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Chapter 6 

Mechanical Behaviour of 
Cardiovascular Calcified Particles 

6.1 Introduction 

In situ compression is a mechanical testing technique in which an indenter with 

known geometry is pressed into the sample surface, and the force and tip displacement 

are recorded simultaneously. Indentation at the nanoscale has been used to study the 

mechanical properties and to directly reveal the nanoparticulate building units in various 

biominerals having mesoscopic structure [35,39,217–219]. For example, in nacre, the 

aragonite tablets were believed to be aligned single crystals, with a c-axis orientation 

perpendicular to the interspacing organic sheets. However, upon nanoindentation, they 

did not undergo brittle failure as would be expected for a single crystal but had an 

extensive plastic deformation suggesting a mesoscopic structure. The identified layers of 

nanograins and biopolymer were found to contribute towards high energy dissipation, 

and fracture resistance via nanograin rotation and deformation [219–221]. Similarly, 

several other biominerals from different taxa and phyla have been found to have 

mesocrystalline structures, composed of space-filling nanosized crystalline building 

blocks separated by intergranular organic inclusions [1–9]. Mesocrystallinity offers 

strength, toughness and resistance to fracture because crack propagation is largely 

hindered by the ductile and elastic organic layers [34]. However, not all nanogranular 

biominerals show mesocrystallinity in their structure [35].  
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In the current study, nanoscale in situ compression was performed inside a 

scanning electron microscope (SEM) to understand the mechanical response of the 

calcified particles. Mechanical compression inside the SEM presents many advantages, 

including a large field of view which helped to locate the specific type of calcified 

particle, submicron precision positioning and high-resolution imaging throughout the 

process [222]. This combination facilitated the detection of early stages of crack 

formation, slip steps, and further surface flaws indicating the onset of material surface 

failure.  

Chapters 3 and Chapter 4 in this thesis have shown the differences between the 

apatite and whitlockite particles in terms of surface morphology, internal structure, 

elemental composition and crystallographic arrangement. In this study, there were two 

principle aims- firstly, to analyse the differences between the deformation behaviour of 

two types of particles in terms of mechanical response, toughness, crack propagation and 

evidence of nanogranules. Secondly, to investigate the hypothesis of whether whitlockite 

particles are mesocrystals. For the latter aim, the study focused on examining additional 

questions: 1) Are the whitlockite particles composed of nanogranules, and are these basic 

building blocks visible after compression? 2) If nanogranules are present in whitlockite 

particles, do they resist crack propagation as observed in other mesoscopic biominerals? 

3) How does the compression of whitlockite particles affect the electron diffraction 

pattern in contrast to original pseudo-single-crystal-like spot arrays? To address these 

aims, the current study was predominantly of a qualitative nature focusing on 

understanding the mechanical behaviour of apatite and whitlockite particles including 

nanogranularity, toughness and crack behaviour.  

6.2 Materials and Methods 

6.2.1 Sample preparation for in-situ compression 

Calcified particles were isolated as described in Chapter 3. Isolated calcified 

particles were suspended in deionised water, and 5 µl of this suspension was added to a 

5x5x0.5 mm sapphire substrate (Orientation (0001) with edge <11-20>, one-sided 

polished, MTI), which was then secured on an aluminium sample holder with silver paint. 
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To minimise the contribution of coating material to the mechanical properties of the 

particles, no coating material was applied to the particles. 

6.2.2 In-situ nano compression experimental 

In situ SEM based compression tests were conducted inside an environmental 

SEM FEI Quanta using a 10 µm diamond flat-punch indenter mounted on an Alemnis 

nanoindentation platform (Figure 6.1). This platform is operated with a piezoelectric 

transducer, attached to a uniaxial displacement control linear spring. The size of the flat-

punch was substantially bigger (10 µm) than the individual particles (up to 2 µm) so to 

establish a uniform contact with the particles during the mechanical testing. The sample 

holder was mounted on top of a calibrated load cell (Honeywell). A displacement rate of 

2 nm/s was applied, and particles were compressed up to 50% strain. The load-

displacement data were recorded simultaneously. High-resolution SEM images were 

recorded every ~2 seconds for each tested particle at 5 kV accelerating voltage to obtain 

a direct view of particle deformation mechanisms during compression. A total of 18 

whitlockite particles ranging between 500-2000 nm and 4 apatite particles ranging 

between 700-1500 nm were compressed for mechanical analyses (stress vs strain and 

energy dissipation).  

Additionally, 11 whitlockite particles were compressed for fracture analysis 

only, using a 10 µm diamond flat-punch indenter inside a Zeiss Auriga Cross Beam. 

These particles were compressed at either 25% strain for semi-compression or 75% strain 

for full-compression. These experiments were conducted in collaboration with Dr Finn 

Giuliani’s group at Imperial College London.  

 
Figure 6.1: In situ scanning electron microscopy (SEM) based compression testing, (a) 
Schematic shows the setup of a calcified particle between a diamond flat-punch indenter 
and sapphire substrate inside an SEM. The dotted line represents the original shape of the 
particle, and the solid line represents the deformation in the shape of the particle upon 
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compression, (b) Alemnis nanoindentation platform that is placed inside SEM, (c) 
Secondary electron micrograph of the actual setup inside SEM. 

6.2.3 Scanning electron microscopy acquisition 

Following the compression experiments, deformed calcified particles were 

coated with 5 nm chromium in a Q150T S sputter coater (Quorum Technologies) and 

imaged using a field emission Zeiss Leo-Gemini 1525, Zeiss Sigma 300 or Zeiss Auriga 

Cross Beam operating between 5-10 kV. These microscopes were equipped with a 

secondary electron detector, an in-lens detector that recorded secondary electron images 

and a backscatter electron detector that recorded backscatter electron images. Images 

were also acquired on Helios Nanolab 600 at 52°tilt using secondary electron imaging 

mode operating at 5 kV.  

6.2.4 Focused ion beam (FIB) sample preparation for transmission electron 

microscopy (TEM) analysis 

A thin section (~80 nm) of the compressed particle was prepared using FIB lift-

out method on Helios Nanolab 600 for TEM analysis. The compressed particle was 

coated with 10 x 2 x 4 µm electron beam deposited platinum (1.4 nA at 5kV), followed 

by 10 x 2 x 2 µm thick platinum layer (93pA at 30kV) deposited by the ion beam. Two 

trenches of 14 x 4 x 4 µm (length x height x depth) were made parallel to the platinum 

protective layer using currents between 2.8 nA and 21 nA. The sample lamella was further 

roughly thinned to 1 µm using cleaning cross section pattern at 93 pA and 2.8 nA, 

resulting in a section with dimensions of 14 x 1 x 4 µm. The sample lamella was released 

from the substrate using Omniprobe micromanipulator needle (stage tilt 0°) and finally 

attached to a 3 post-FIB lift-out copper grid (Agar Scientific) using 0.5 µm thick 

platinum. The lamella was further thinned to 80-100 nm using ion beam currents between 

28 pA and 0.92 nA. Lastly, the sample was polished with ion beam operating at 2 kV and 

10 pA current to remove the possible artefacts introduced by the gallium ion milling. A 

typical FIB lift-out sample of a compressed particle for TEM analysis is shown in Figure 

6.2. The procedure is discussed in detail in Chapter 3, Section 3.2 for further reading. 
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Figure 6.2: Sample preparation of compressed calcified particle using focussed ion beam 
(FIB) for transmission electron microscopy (TEM) analysis, (a) Representative 
secondary electron image of compressed whitlockite particle, the dotted line shows the 
region of the particle taken for FIB lamella, (b) FIB lamella prepared by lift-out method 
shows the compressed particle in between the platinum (Pt) protective layer on the top 
and sapphire substrate on the bottom, scale bar = 500 nm. 

6.2.5 TEM analysis 

Thin sections of compressed particle prepared using FIB lift-out were secured 

in a cryo-holder and cooled down to -180°C using liquid nitrogen inside JEOL JEM 

2100F operating at 200 kV. JEOL JEM 2100F was equipped with a Gatan Orius SC 1000 

(2×4k) GIF UltraScan (2k×2k), high-angle annular dark field (HAADF) detector, Gatan 

annular dark field (ADF)/bright field (ABF) detectors, and a Gatan (Tridiem) image filter 

(GIF) system [170]. Images were acquired in scanning TEM (STEM) mode using a small 

condenser aperture, camera length between 10-12 cm, and HAADF/ADF/BF detectors. 

The small camera length ensured diffraction contrast was eliminated from the acquired 

image and that the image contrast was related to the atomic number (Z) contrast.  

Selected area electron diffraction (SAED) patterns were collected in TEM mode 

from different regions of the particle. Electron energy loss spectroscopy (EELS) was 

performed in STEM mode using a GIF UltraScan (2k×2k) camera. EELS maps were 

acquired by setting energy for carbon-K-edge at 5-10 nm pixel size by raster scan at the 

exposure of 0.1 seconds using maximum Y-binning with gain normalised at [1, 130] and 

the dispersion of 0.25 eV/channel. The spatial drift was corrected in parallel. The detailed 

EELS acquisition is discussed in Chapter 4, Section 4.3.2. 
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6.2.6 Mechanical properties analysis  

For mechanical analysis, load drift was corrected according to the equation 6.1. 

The morphology of particles was assumed to be spherical, and stress, σ, and strain, ε, 

within the particles was calculated by equations 6.2 and 6.3 respectively. 

Load drift = CDEF	EGGCH7F	EI	IH67	(I)	J	CDEF	EGGCH7F	EI	IH67	(.)
IH67	(I)	J	IK67	(.)

  (Equation 6.1) 

Stress is defined as force per cross-sectional area (Equation 6.2), and strain is 

defined as the amount of deformation, i.e. displacement per unit length (Equation 6.3): 

σ =	 L
MN*

 (Equation 6.2) 

where σ is the stress, F is the applied uniaxial force, i.e. corrected load on a 

particle and r is the radius of the particle. A similar cross-sectional area was assumed 

throughout the compression test. 

ε = 
O
+N

 (Equation 6.3) 

where ε is the strain, δ is the displacement and r is the radius of the particle.  

 The particles of varying sizes were compressed up to 50% strain. The 

stress/strain curves were plotted for whitlockite particles: 500 nm (n = 5), 700-800 nm (n 

= 5) and 1400-1500 nm (n = 5), and apatite particles: 700 nm (n = 2), 1000 nm (n = 1) 

and 1500 nm (n = 1).  

 Energy dissipated by each particle was calculated by quantifying area under the 

loading curve and plotted per unit volume of the particle as a function of the particle size 

(measured by diameter). A total n = 17 whitlockite particles and n = 4 apatite particles 

were analysed. The volume of the particle was calculated using equation 6.4, where r is 

the radius of the particle obtained by SEM imaging: 

  the volume of the particle = P
Q
	𝜋𝑟Q   (Equation 6.4) 

A linear fit was performed on data points of whitlockite particles (n = 17), and data were 

analysed by Pearson’s correlation, p < 0.001 was considered significant.  
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6.2.7 EELS analysis 

Datasets noise was reduced using principal component analysis (PCA) as 

implemented in the multivariate statistical analysis (MSA) plugin for Gatan’s Digital 

Micrograph 1.8x software using the 50 most significant components [172]. The plugin 

performed effective noise reduction and enhanced weak signals hidden under noise in 

spectrum images. For calibration, an area of 10x10 pixels was selected, and the spectral 

image was then calibrated using the calcium L3 peak at 348 eV based on published data 

[159], and then all the other elemental peaks were analysed accordingly. The calibration 

process was carried out twice to ensure the peak shift was corrected in the spectral images. 

For individual element edges, a power law background subtraction with a >15-30 eV 

window was applied to the spectra at the C K-, Ca L2,3-, and N K- edges by setting the 

baseline in the 260-280 eV, 324–344 eV and 380–400 eV regions, respectively, to 

eliminate the contribution of lower energy absorption. For full-spectrum, i.e. all edges 

from all elements of interest, the background was subtracted for carbon K-edge. Carbon 

K-edge was deconvoluted using nonlinear least squares (NLLS) fitting to a Gaussian peak 

and subsequently plotted using Origin Pro 2015 (64bit). The detailed EELS spectral 

processing is discussed in Chapter 4, Section 4.3.3. 

6.3 Results and Discussion 

The apatite and whitlockite particles were compressed using a diamond flat-

punch indenter inside an SEM. Having the device inside the SEM allowed for the 

choosing of the specific types of particles, simultaneous acquisition of load-displacement 

data, and high-resolution imaging to track structural changes in the particles during 

compression. Figure 6.3 shows the stages of the compression test for apatite and 

whitlockite particles. The shape of the particles was approximated to be spherical, and 

the stress-strain response was calculated accordingly. 
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Figure 6.3: Process of in situ compression inside a scanning electron microscope (SEM). 
Representative SEM micrographs shows (a) Whitlockite particle, (b) Apatite particle, (i) 
Before compression, (ii) During compression and (iii) After compression, scale bar = 1 
µm. 

6.3.1 Deformation behaviour of whitlockite and apatite particles 

6.3.1.1 Stress and strain analysis 

At the nano-length scale, both apatite and whitlockite particles showed 

significant deformation throughout the 50% compression test without exhibiting 

catastrophic failure or disintegration. Figure 6.4 shows the stress-strain response, 

analysed from the load-displacement data. Both types of calcified particles presented a 

predominantly elastic-plastic behaviour (Figure 6.4 a-d) with significant toughness, 

unlike a brittle single crystal [219]. This behaviour can be linked to the organic and 

inorganic hybrid structure as discussed in Chapter 4 and Chapter 5 by EELS and atom 

probe tomography (APT) analysis. The combination of two distinct materials, i.e. a hard 

component interspersed into a soft organic matrix, contributes to the mechanical 

properties similar to that of a composite material. In this case, the apatite and whitlockite 

mineral represents the hard and brittle inorganic phase, while the intracrystalline organic 

material represents the soft and often ductile second phase. The elastic-plastic behaviour 
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is further illustrated by the plastic yield clearly visible by the flatten surfaces of both types 

of particles, which remain flat once the load is removed. Furthermore, the particles did 

not disintegrate completely after compression indicating a fracture behaviour similar to a 

composite material (Figure 6.3). 

 
Figure 6.4: Stress-strain curves for whitlockite and apatite particles (a) 500 nm 
whitlockite particles (n = 5), (b) 700-800 nm whitlockite particles (n = 5), (c) 1500-2000 
nm whitlockite particles (n = 5), (d) 700-1500 nm apatite particles (n = 4). A sudden drop 
in stress is consistently found in particles ranging from 500-1500 nm (indicated by ‘crack 
initiation’). 

In all the cases, there is an initial linear region, where the particles undergo 

elastic deformation. In this region, the slope of the stress–strain curves, a measure of the 

particle young’s modulus, are different across the particles, indicating that particle 

stiffness is independent of their size. This elastic linear region is followed by plastic 

deformation, characterised by a deviation from the linearity and representing defect 
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propagation (yielding). Consequently, sudden stress-drops are noted in the stress-strain 

plots of some particles (shown by arrows, Figure 6.4) indicating the instances of crack 

nucleation after which particles enter plastic deformation. 

The whitlockite particles presented a different behaviour across the size range 

tested (500 -1500 nm) (Figure 6.4 a-c). In this study, the strength of the particle was 

defined as the maximum stress reached 50% strain. At this strain, the smaller particles 

showed a much higher peak stress compared to the larger ones, (Figure 6.4 a) suggesting 

that the strength of these particles is inversely related to their size [223].  

From a theoretical aspect, the smaller particles showed a larger more uniform 

stress response after the crack onset. This is probably due to the formation and interaction 

of many small defects over the whole volume of the particle. In contrast, the larger 

particles showed different stress response, with multiple sudden stress-drops implying 

that failure was more localised at crack regions. This size-dependent fracture 

phenomenon at the nanoscale has been well reported in atomistic studies of biominerals 

[223–230]. Moreover, the mechanism of deformation in the whitlockite particles can be 

assumed to have two modes (Figure 6.5). In the first mode, when the load is applied, the 

outer conical regions are pushed into the sphere causing lateral displacement of the 

particles. When the deformation is increased, the conical regions of the top and bottom 

surface approach each other. As no further propagation of the conical regions is possible 

deeper into the sphere, the second mode of peripheral tensile stress is generated at the 

edge of the contact area, leading to the formation of cracks (Figure 6.5) [231]. These 

cracks follow a path of least resistance leading to plastic deformation, i.e. permanent 

rearrangement of the molecular structure and an increased radius of curvature in the 

calcified particles.  
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Figure 6.5: Schematic of a composite sphere under normal stress in the plastic 
deformation mode, (a) Side-view shows the overlap of conical regions, indicated by 
dashed lines and lateral displacement of the material by radial stress. (b) Top-view of 
corresponding contact area shows lateral displacement and generated peripheral tensile 
stresses at the edge of the contact area leading to crack formation. (Adapted from [231]). 

In contrast, the apatite particles showed a relatively consistent behaviour 

regardless of size range (700-1500 nm) (Figure 6.4d). This uniform behaviour could be 

due to the morphological similarity of these particles in terms of surface roughness, 

internal porosity and a disordered lattice structure as discussed in Chapter 3. Of note, 

since only a small number of apatite particles were successfully tested, the stress-strain 

analysis of these particles should be taken with caution. The analysis was limited because 

these particles exhibited adhesion to the indenter surface on retraction and sometimes left 

residue on the substrate, hindering energy dissipation analysis (Figure 6.6).  

In theory, the adhesive contact of spherical particles to the flat surfaces arises 

due to various reasons [232,233]. Some of the possible reasons include long-range 

interactions caused by van der Waals, electrostatic, and magnetic forces. Also, short 

range interactions can lead to the formation of chemical bonds along with van der Waals 

and electrostatic forces. Several studies focusing on adhesion and friction of particles 

[232–236] have shown that in most cases, van der Waal and electrostatic forces are the 

main contributors to holding the particles onto the surface. While electrostatic forces 

dominate larger particles (> 50 microns in diameter), van der Waal forces are more 

applicable to the smaller particles (< 50 microns in diameter) [232,233]. Furthermore, it 

has been suggested that for small particles with rough surfaces, the adhesion force 

increases due to an increased contact area upon compression as the individual asperities 

can slip into the gaps on the rough surface or into gaps between the surface and indenter 
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[237]. Accordingly, similar van der Waal forces are believed to be acting on the apatite 

particles on compression. As will be seen later in Figure 6.9, the rough surfaces of these 

particles are flattened on compression. Hence, leading to the increased contact area and 

increased adhesion to the flat-punch indenter. Additionally, the surface molecular 

structure, variation in surface energy and presence of organics may also contribute to 

their adhesive behaviour [232,238–241].  

 
Figure 6.6: Representative secondary electron micrograph of adhesive contact observed 
in an apatite particle, scale bar = 1 µm.  

6.3.1.2 Toughness Analysis 

For toughness analysis, the energy dissipation during compression as a function 

of the particle size was plotted. In whitlockite particles, there was a significant negative 

correlation (p < 0.001), where smaller particles had a higher average energy dissipation 

compared to the larger particles (Figure 6.7). Also, interestingly, the smaller particles 

presented a much broader scatter in their energy dissipation values compared to the larger 

particles (Figure 6.7). Some of the smaller particles could dissipate the same amount of 

energy as the large particles suggesting a similar defect size and distribution of phases 

(organic and inorganic) as the larger particles. However, a number of smaller particles 

could dissipate up to 8 times the energy of the larger ones indicating a relatively low 

defect density. These observations suggest that the larger particles are more likely to 

contain a defect size and phase distribution representative of the bulk material and hence 

show a consistent stress response. However, the overall varied behaviour is believed to 

result from the varying degree of defect size, variations in volume fraction of the 

disordered phase and the organic content as reported in previous Chapter 3 and 4 

respectively. 
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In contrast, the apatite particles showed a relatively consistent energy dissipation 

regardless of the size range (700-1500 nm). This could be due to the morphological 

similarity of these particles regarding surface roughness, internal porosity and a 

disordered lattice structure. as discussed in Chapter 3. Since only a small number of 

apatite particles were tested, these results should be considered with caution. 

 
Figure 6.7: Scatter plot shows energy dissipated by calcified particles as a function of 
the particle size (diameter) under compression, whitlockite particles (n = 17) and apatite 
(n = 4) particles. *Significance determined by Pearson’s correlation (p < 0.001). 

6.3.1.3 Crack propagation 

The surface crack propagation in the calcified particles was investigated using 

SEM imaging after the compression. In whitlockite particles, crack followed a tortuous 

profile (Figure 6.8 a-b) and was arrested possibly by the organic interlayer. This 

behaviour was in contrast to the planar crack path observed in brittle single-crystals [219]. 

Under closer examination, nanogranules were clearly exposed at crack locations (Figure 

6.8 c-f). Moreover, the undulated surface (Figure 6.8e) of the flattened particles suggested 

nanogranule boundaries within the particle. These nanogranules measured ~30 nm and 

are considered to form the basic building blocks of whitlockite particles encapsulated by 

the organic inclusions.  

In accordance with the Griffith criteria, there is a critical length scale, below 

which the fracture strength approaches that of a perfect crystal [242,243]. Fratzl and co-
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workers applied the Griffith criterion to nano-mesoscale composite structures [244]. They 

interpreted that if a flaw-containing building block is larger than a critical value of ~30 

nm, then the mineral building block will fail by stress concentration at the crack tips. 

However, if the size of the building block is less than the critical length scale (i.e. < 30 

nm), then the intrinsic crack does not accumulate stress at its tips. Thus, causing the 

building block to resist crack propagation and not fail by large catastrophic cracks [244]. 

Nevertheless, the critical length of 30 nm is only a rough approximation since this study 

does not take into account the intergranular organic matrix that substantially affects crack 

resistance in biominerals.  

In mesocrystalline whitlockite particles, the cracks nucleate on the surface due 

to the localisation of tensile stresses on the outer wall of the particles during compression 

(Figure 6.5) and then propagate around the nanogranules constituting the internal 

structure of the whitlockite particles (Figure 6.8 c-f) due to shearing forces. The 

individual granules remain intact, probably because they reach their theoretical strength 

as stated by Griffith criteria [242,243]. Consequently, the crack runs in tortuous paths 

through the organic regions with a lower elastic modulus. These cracks are not dominated 

by the crystal cleavage planes as typically seen in brittle minerals [219]. The granule size 

may also directly control the density of intracrystalline organic inclusions. Hence, leading 

to the inhomogeneous distribution of the organics inside the particles and resulting in the 

areas that are able to deflect cracks. Subsequently, as the crack travels, it absorbs more 

energy and increases frictional resistance for shearing and sliding. Thus, leading to 

irregular crack surfaces, optimised strength and a flaw tolerance design. This behaviour 

is supported by the reports of other mesocrystalline biominerals, e.g. nacre [245–247].  
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Figure 6.8: Crack propagation in whitlockite particles, (a-b) Representative secondary 
electron micrograph (SEM) top view of compressed whitlockite particle shows the 
propagation of cracks through the particle in tortuous paths, (c) Side view of compressed 
whitlockite particle shows the opening through the crack by lateral displacement, (d) 
High-resolution SEM image of area marked in (c) shows the presence of nanogranules 
within the particle, (e) Side view of compressed whitlockite particle shows undulated 
surface indicative of nanogranule boundaries within the particle, (f) High-resolution SEM 
image of area marked in (e) shows the presence of nanogranules within the particle 
through the opening of the crack. Of note, the advancing crack prefers the least resistance 
path through the boundaries of nanogranules. 
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Moreover, on compression, as the intergranular organic matrix is stressed, it 

transmits force to granules, resulting in the rotation of nanogranule. Consequently, the 

plastic strain observed could be accommodated by local densification of such 

nanogranules, bridging of organic matter surrounding them and nanogranule rotation. Li 

and co-workers reported that such rotation could also lead to deformation of the grains 

by abrasion and shear (thus energy dissipation) and increased spacing between the 

granules [221]. Similar nanogranular features have been reported in bone [248], enamel 

(consisting of 50 nm-sized grains covered with a thin cuticle of organics) [249], kidney 

stones [118,250,251], Jurassic fossils of sea urchins [252], cretaceous corals [253], and 

callovian ammonites [254] demonstrating the remarkable stability of the nanogranular 

features. However, nanogranularity is not a universal trait of all biominerals [35,255], 

and not all nanogranular biominerals possess mesocrystallinity in their structures [35]. 

In contrast, on compression, the apatite particles did not exhibit obvious surface 

cracks as observed in whitlockite particles (Figure 6.9). The limited visibility of cracks 

through these particles could be attributed to the flattening of the rough surface upon 

deformation resulting in a smoother texture of these particles. Also, evidence of 

nanogranules within these particles was hard to observe due to the irregularity of their 

surface features, homogeneous internal structure and fine nanoparticulate grains as 

indicated by their polycrystalline diffraction in the original state as discussed in Chapter 

3. 
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Figure 6.9: Crack propagation in apatite particles, (a-b) Representative secondary 
electron micrograph of top view of compressed apatite particle shows the flattened rough 
surface upon compression and filling of the surface gaps, (c-d) Side view of particles in 
(a) and (b) respectively shows the opening of crack and densification of the irregular 
rough surface. 

6.3.1.4 TEM analysis 

Thin sections of compressed calcified particles were prepared using FIB (Figure 

6.2) to observe the crack propagation inside these particles (Figure 6.10). An interesting 

internal behaviour was observed for compressed whitlockite particles. The concentric 

rings of these particles maintained their overall ring pattern even in a compressed state 

(Figure 6.10f). The central core of the particle was found to show some detachment from 

the ring with the evidence of gaps and stretch areas, indicative of a composite structure. 

High-resolution STEM-HAADF imaging (Figure 6.10 f-g) showed that the cracks 

propagate through fine paths possibly through organic molecules as indicated by the dark 
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contrast in strained regions in the images (shown by yellow arrows in Figure 6.10g). The 

overall diffraction pattern was no longer single crystal-like compare to the particle in 

original state (Figure 6.10c), however, was still highly crystalline with evidence of slight 

orientation (Figure 6.10e). On the contrary, the internal structure of apatite particle on 

STEM-HAADF imaging (Figure 6.10 m-n) showed the presence of few cracks following 

the tortuous path and signs of densification of the constituting material and gaps in some 

areas (demonstrated by the yellow arrow in Figure 6.10n). Furthermore, the diffraction 

pattern remained polycrystalline, however, was more diffused (Figure 6.10l) compared 

to original (Figure 6.10j) indicating amorphicity compared to the original form particles.  

 
Figure 6.10: Representative transmission electron microscopy (TEM) analysis before 
and after compression of calcified particles, (a) Secondary electron micrograph (SEM) 
of whitlockite particle before compression, (b) High angle annular dark field (HAADF) 
micrograph taken in scanning TEM (STEM) mode of internal structure of whitlockite 
particle before compression showing concentric rings (scale bar, a-b = 500 nm) and (c) 
Corresponding single crystal-like diffraction, (d) SEM of compressed whitlockite particle 
(scale bar = 500 nm), (e) Corresponding selected area electron diffraction (SAED) shows 
misaligned diffraction pattern, (f) STEM-HAADF image of internal structure shows 
compressed concentric ring (scale bar = 500 nm), (g) High resolution STEM-HAADF 
image of area marked in (f) shows crack propagating through least resistance path shown 
by dark contrast and yellow arrows (scale bar = 100 nm), (h) SEM of apatite particle 
before compression, (i) STEM-HAADF image internal structure of apatite particle before 
compression shows no-organised mineral and (scale bar, h-i = 500 nm), (j) 
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Corresponding SAED shows polycrystalline diffraction, (k) SEM of compressed apatite 
particle (scale bar = 500 nm) and (l) Corresponding SAED shows diffused polycrystalline 
diffraction pattern, (m) STEM-HAADF image of internal structure of compressed apatite 
particle shows densified mineral (scale bar = 500 nm), (n) High resolution STEM-
HAADF image of area marked in (m) shows few crack propagation shown by dark 
contrast, densification and gaps indicated by a yellow arrow (scale bar = 100 nm).  

6.3.2 Mesocrystallinity in whitlockite particles 

The crack propagation and TEM analysis of compressed whitlockite particles 

revealed that these particles are composed of nanogranules in the space-filling organic 

matrix. Therefore, the cracks in these particles propagate in an intergranular manner 

through a path of least resistance or are possibly arrested in the organic inclusions (as 

discussed in Chapter 4 and Chapter 5 with respect to EELS and APT). This composition 

suggests an oriented assembly of the nanogranules (as seen through the cracks) in the 

whitlockite particles in their original state, which jointly scatters into single-crystal-like 

spot arrays in diffraction studies as reported in Chapter 3. To finally confirm the 

mesocrystallinity in the whitlockite particles, these particles were semi-compressed (at a 

strain of 25%) and fully compressed (at a strain of 75%) using diamond flat-punch 

indenter. The hypothesis was that under semi-compression (lower imposed strain) 

nanogranule alignment should be preserved at some locations inside the particle, while 

the full compression should completely damage the internal arrangement. Therefore, the 

full compression should change the single-crystal-like diffraction to the random 

polycrystalline diffraction pattern.  

6.3.2.1 Diffraction analysis of compressed particles 

To test this hypothesis, an electron-transparent TEM thin section of semi-

compressed particles and fully compressed particles were prepared using a FIB lift-out 

technique. The thin lamella was analysed under TEM to uncover the crystallographic 

details using selected area electron diffraction (SAED). In semi-compressed particles 

(Figure 6.11b), fine cracks were observed near the edge, spreading at the periphery of the 

particle (marked by yellow and green arrows in Figure 6.11b). The cracks did not 

propagate deep through the internal core of the particles. As such, it was assumed that the 

alignment of the grains is preserved in the centre or crack free regions. In contrast, in the 
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areas of concentrated cracks, the alignment of the grains should be disordered due to 

misalignment, densification or nanogranule rotation. Consequently, the SAED pattern 

from the centre of the particle showed a single crystal-like diffraction pattern (Figure 6.11 

c). Whereas, the SAED pattern near the edge of the particle showed a disordered spot 

pattern with a diffused background (Figure 6.11d). These results confirmed the 

misalignment of the nanogranules near the edge, while the crack-free structure was still 

intact at the centre. 

 
Figure 6.11: Semi-compressed whitlockite particle, (a) Secondary electron micrograph 
(SEM) of top view of semi-compressed whitlockite particle after compression, (b) High 
angle annular dark field (HAADF) micrograph taken in scanning transmission electron 
microscopy (STEM) mode in a TEM shows the internal structure of semi-compressed 
particle. The cracks are concentrated near the edge of the particle, shown by yellow 
arrows, and only fine cracks are beginning to propagate into the centre indicated by green 
arrows, (c) Selected area electron diffraction (SAED) from the centre of the particle, 
marked by yellow circle ‘1’ in (b) shows a single-crystal-like diffraction pattern while, 
(d) the SAED from near the edge of the particle, marked by yellow circle ‘2’ in (b) shows 
slight misalignment of single-crystal-like diffraction pattern indicative of 
polycrystallinity, scale bar (a-b) = 500 nm. 
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In contrast, fully compressed particles (Figure 6.12 b-c), showed crack 

propagation deep through the core of the particle in tortuous trails (Figure 6.12 d). The 

diffraction pattern presented a polycrystalline ring pattern with diffused background 

indicating the deformation of the nanogranules to fine crystallites. This behaviour clearly 

demonstrated the transition of whitlockite from a single crystal-like structure to 

polycrystalline (approaching amorphous structure) at different stress rates. 

 
Figure 6.12: Fully compressed whitlockite particle, (a-c) Secondary electron 
micrographs (SEM) of whitlockite particles, (a) Before compression, (b) After 
compression, (c) Top view of fully-compressed whitlockite particles, (d) High angle 
annular dark field (HAADF) micrograph of fully-compressed whitlockite particle taken 
in scanning transmission electron microscopy (STEM) mode in a TEM shows crack 
propagation throughout the particle, indicated by dark contrast regions, (e) Selected area 
electron diffraction (SAED) from the area marked by yellow circle in (d) shows a 
polycrystalline diffraction pattern indicative of misalignment of the grains within the 
particle, scale bar (a-d) = 500 nm. 

6.3.2.2 EELS analysis of compressed particles 

Lastly, STEM-EELS analysis of the compressed whitlockite particles was 

performed to see the distribution of organic material after compression. Interestingly, 

whitlockite particles showed a higher concentration carbon K-edge signal at stress areas 

(marked by yellow arrows, Figure 6.13 a). Remarkably, nitrogen K-edge (401 eV) was 
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detected in addition to the organic carbon (286-288 eV, organic). This could be a result 

of compression effect leading to compaction. Hence, increased density of the intercalated 

organic molecules or the organic molecule bridging effect. These results indicate the 

association of organics with proteins within these particles. Furthermore, these findings 

support the atom probe analysis discussed in Chapter 5. Potentially this adds to the 

argument that carbon K-edge associated with organics can be attributed to C═O 

transitions related to amide linkages within amino acid units in proteins. Taken together, 

these results suggest that whitlockite particles are mesocrystals rather than single crystals.  

 
Figure 6.13: Electron energy loss spectroscopy (EELS) analysis of compressed 
whitlockite particle, (a) High angle annular dark field (HAADF) micrographs of 
compressed whitlockite particle taken in scanning transmission electron microscopy 
(STEM) mode in a TEM after in situ compression (scale bar = 500 nm), yellow arrows 
indicate areas of stress, (b) EEL spectrum taken from the area marked “selected region” 
in (a) shows the presence of carbon K-, calcium L2,3-, nitrogen K- and oxygen K-edges, 
(c) Corresponding EEL quantitative elemental concentration maps from the area marked 
as “spectrum image” in (a) shows the presence of (i) calcium, (ii) carbon, (iii) nitrogen 
and (iv) merged map of carbon and nitrogen, (d) Displays the detail of the EELS carbon 
K-edge marked in (b), where Gaussian peak deconvolution reveals the presence of three 
major peaks labelled as amorphous carbon (C=C) at ~285 eV, organic carbon (C=O or 
C≡N) lying between 286-288 eV and carbonate (CO3

2- ) lying between 290-291 eV, (e) 
Corresponding maps show the relative intensity of amorphous carbon (C=C), organic 
carbon (C=O, C≡N) and carbonate peaks (CO3

2 ) as a function of position indicating the 
varying distribution of organic and inorganic carbon bonding inside the particle. 
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6.4 Conclusions 

To summarise, this study successfully demonstrated that the deformation 

behaviour of whitlockite and apatite particles differ from each other regarding stress vs 

strain, toughness, crack propagation and internal nanogranular composition. Both the 

particles presented an overall plastic yield and did not disintegrate completely after 

compression. The cracks followed a tortuous profile in both the particles, possibly 

arrested by the intercrystalline organic material, which indeed provides calcified particles 

with a flaw tolerance design. Secondly, whitlockite particles showed the presence of 

nanogranules, as visualised through the cracks, indicating a nanogranular architecture. 

Semi-compression studies demonstrated that whitlockite particles in their original state 

have nanogranules with a perfectly co-oriented arrangement, which results in a single 

crystal like diffraction pattern. However, after compression, granules rotate, compress, 

and slide resulting in a random polycrystalline diffraction pattern. Thus, further 

supporting whitlockite particles are mesocrystals rather than true single crystals. 

The fine nanogranular structure in whitlockite mesocrystal particles further 

suggests that these particles are possibly following a colloid-driven mineralisation route 

towards non-classical crystallisation. Several studies have shown that the non-classical 

crystallisation of colloids accreting into mineral gives rise to nano- or mesoscopic internal 

structure [32,35,41,256]. In this process, amorphous mineral-precursor colloids undergo 

a phase transformation from solid-amorphous to solid-crystalline. During this so called 

‘pseudomorphic transformation’ mineral morphology deviates from perfect single crystal 

characteristics (formed in equilibrium conditions), while it preserves the nanogranuale 

morphology. During this process, once a crystalline granule is formed, it advances 

through the mineral body in a random and tortuous path. Ordered crystallisation, 

commonly referred to as homoepitaxial nucleation occurs when crystallinity propagates 

through the mineral volume by ‘‘hopping” from granule to granule. The homoepitaxial 

templating action gives rise to highly crystallographically co-oriented nanogranules, i.e. 

a mesocrystal. Such structures preserve the nanogranularity, organic inclusions and 

amorphous mineral phases as seen in the whitlockite particles [35].  

The above viewpoint is also supported by the energy dissipation results, which 

showed a much broader scatter in the energy dissipation values of the smaller particles 
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that dissipated up to 8 times the energy as compared to larger particles. Moreover, the 

EELS results reported in Chapter 4, also clearly showed that large particles that reflected 

fine rings had lower intensity organic peaks compared to the smaller particles or particles 

with wider rings. It is possible that as more and more granules crystallise, they are 

stabilised by the particle organic material. Finally, at a certain point of crystallisation, 

when the nanogranules have stabilised, some organic material or the amorphous mineral 

remains preserved in the structure of the particle. Therefore, usually, a core is observed 

in many calcified particles, which remain conserved even upon compression of the 

particle. The intercrystalline conservation of organic and amorphous mineral has been 

reported in calcareous species, such as sea urchins and nacre that have mesocrystalline 

structure [30,35,36,257]. This non-classical mineralisation pathway lays the basis for 

mesocrystal formation. Future studies elucidating the mechanism and identification of 

the specific proteins constituting the organic material would be useful in the 

understanding of the formation of these particles. Additionally, a deeper understanding 

of the interfacial functions at the molecular level would be helpful. Atomistic simulations 

could be a useful tool in deducing the quantitative mechanical properties like Young’s 

modulus, hardness and yield strength.
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Chapter 7 

Calcification in Cardiovascular 
Tissue of Vertebrates  

7.1 Introduction 

The work presented in previous chapters shows the presence of two types of 

calcified particles, composed of either whitlockite or apatite mineral in human samples. 

These particles have distinct internal structure and crystallinity, with whitlockite particles 

being the most common particles present in the human cardiovascular tissue. 

In addition to the work presented in this thesis, other studies carried out using 

inductively coupled plasma mass spectrometry (ICP-MS) by Dr Sergio Bertazzo and Dr 

Jean-Philippe St-Pierre have also shown the presence of calcified particles in vascular 

tissue samples obtained from 4 days old up to 78-year old individuals (unpublished work). 

The presence of calcified particles even at early ages indicated that the calcified particles 

in vascular tissue are possibly a normal component of vascular tissue. Consequently, it 

was hypothesised that calcified particles could be present in the vascular tissues of species 

from other vertebrate classes and that the presence of calcified particles is a conserved 

evolutionary phenomenon across different species. Furthermore, the majority of the work 

focusing on cardiovascular calcification has been targeted to human species. While 

appreciating the limited access to human samples for research, the study was considered 

important to pave the way for designing future animal models of cardiovascular 

calcification and evaluate their origin from a broader perspective of biomineralisation.  
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The work presented in this chapter is a short preliminary study to understand the 

occurrence of calcified particles in other mammals, birds (avian reptiles), reptiles (non-

avian), amphibians and fishes and gain further insights about the biomineralisation across 

different species. The study was done in collaboration with Dr Sergio Bertazzo. 

7.2 Materials and Methods 

7.2.1 Vascular tissue samples from vertebrates 

Twenty-three samples of vascular tissue from eighteen vertebrates were 

collected from the Royal Veterinary College – London (Hertfordshire, UK), University 

College London (London, UK), University of Manchester (Manchester, UK), Medical 

Research Council Centre for Macaques, Porton Down, Salisbury (Salisbury, UK) and 

RWTH Aachen University (Aachen, Germany). These samples were obtained from post-

mortem autopsy of animals that had died of natural causes. The tissues were immediately 

fixed with 4% (w/v) formaldehyde (Sigma, BioReagent, ≥36.0%) solution in phosphate 

buffered saline (PBS; Sigma) at room temperature for at least 1 day. The table 7.1 lists 

the details of these samples. 

Table 7.1: Animal derived vascular tissues (number of species = 18; number of samples 
= 23). 

Animal groups Type Species / age 

Mammals 
Wild-

type 

2 x piglet (8 weeks old and 4 days old) 

1 x goat (4 years old) 

1 x calf (5 months old) 

3 x cats (5, 12 and 12.5 years old) 

3 x dogs (Adult, 22 and 9 years old) 

1 x sheep (2 years old) 

1 x rabbit (5 years old) 

1 x horse (6 years old) 

1 x rat (0.5 year old) 

1 x rhesus macaque (18 years old) 

Bird (avian 

reptile) 
1 x cassowary (-) 
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Non-avian 

reptiles 

(lizards, etc.) 

1 x gecko (-) 

1 x iguana (-) 

Amphibians 1 x frog (-) 

Fish 

cartilaginous fishes: 1 x stingray (Urobatis halleri), 1 

x catshark (Scyliorhinus rotifer); bony fishes: 1 x red 

mullet (Mullus surmelatus), 1 x wels catfish (Silurus 

glanis) 

7.2.2 Sample preparation for scanning electron microscopy (SEM) analysis and 

focussed ion beam (FIB)  

The tissue samples were either dehydrated using series ethanol to distilled water 

series or embedded in paraffin wax and sectioned at 4 µm and mounted on a glass cover 

slip. In latter case, samples were then dewaxed using xylene followed by dehydration 

using ethanol to distilled water series. The tissue samples or dewaxed sections were 

secured on an aluminium stub with carbon tape, and silver paint was applied immediately 

surrounding the sections forming a junction between the cover slip and aluminium stub 

to allow the dissipation of any charge build-up on the sample. These samples were then 

coated with 5 nm chromium in a Q150T S sputter coater (Quorum Technologies). The 

sample preparation was carried out by Dr Sergio Bertazzo at Imperial College London. 

7.2.3 SEM imaging 

Following the coating procedures, vertebrate tissue samples were imaged using 

field emission Zeiss Leo-Gemini 1525 or Zeiss Auriga operating between 5-10 kV. Both 

microscopes were equipped with a secondary electron, in-lens and backscatter electron 

detectors and energy dispersive X-ray (EDS) spectrometer (Oxford Instruments). The 

secondary electron images were recorded using secondary and inlens detectors, while the 

backscatter electron images were recorded using backscatter electron detector for 

compositional analyses. EDS spectra were collected using point and ID mode. In this 

mode, the beam is focused on the point of interest with a resolution of 3µm and spectra 

are collected from that point. Dr Sergio Bertazzo also contributed to the SEM imaging at 

Imperial College London. 
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For density-dependent colour SEM imaging [2], micrographs of same regions 

were obtained using back-scattered and secondary electrons modes. The back-scattered 

images were assigned to a red channel, and secondary electron images were assigned to 

the green channel using ImageJ software. These images were then stacked, where red 

colour reflected the higher atomic number or mineralised (denser) areas in the samples 

while the green colour corresponded to lower atomic number or organic (less dense) areas 

(Figure 7.1).  

 
Figure 7.1: Density-dependent colour (DDC) secondary electron microscopy (SEM) 
imaging, (a) Representative secondary electron micrograph and (b) back-scattered 
electron micrograph of vascular tissue from a mammal species (dog) showing the 
calcified particle embedded in the tissue, (c) DDC-SEM micrograph generated by 
combining secondary and backscatter electron images using ImageJ. The orange colour 
identifies denser material while green colour identifies less dense structures, scale bar = 
1 µm. 

7.2.4  FIB sample preparation 

Following the SEM imaging, the calcified particles in the tissue samples were 

prepared using an FEI Helios NanoLab 600 for TEM analysis. The tissue region with 

calcified particle was coated with 14 x 2 x 4 µm electron beam deposited platinum (1.4 
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nA at 5kV), followed by 14 x 2 x 2 µm thick ion beam deposited platinum layer (93pA 

at 30kV). Two trenches of 18 x 4 x 4 µm (length x height x depth) were made parallel to 

the platinum protective layer using currents between 2.8 nA and 21 nA. The tissue sample 

lamella was further roughly thinned to 1 µm using cleaning cross section pattern at 93 

pA and 2.8 nA, resulting in a section with dimensions of 18 x 1 x 4 µm. The sample 

lamella was released from the bulk tissue using Omniprobe micromanipulator needle 

(stage tilt 0 degrees) and finally attached to a 3 post-FIB lift-out copper grid (Agar 

Scientific) using 0.5 µm thick platinum. The lamella was further thinned to 80-100 nm 

using ion beam currents between 28 pA and 0.92 nA. Lastly, the sample was polished at 

2 kV using 10 pA current to remove the possible artefacts introduced by the gallium ion 

milling. A typical FIB lift-out procedure for tissue sample is shown in Figure 7.1. The 

procedure is discussed in detail in Chapter 3, Section 3.3.5 for further reading. 

 
Figure 7.2: Representative secondary electron micrographs of tissue sample preparation 
procedure by focussed ion beam (FIB) for transmission electron microscopy (TEM) 
analysis, (a) Target site on bulk tissue with embedded calcified particles highlighted by 
yellow box, (b) Site covered by a protective layer of platinum deposited by electron beam, 
(c) Site after the platinum protection, (d) Milling done in parallel pattern across the site, 
(e) Tissue lamella with calcified particle lifted out from the bulk tissue using Omniprobe 
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micromanipulator, (f) Final thin section of the tissue with calcified particle with ~80 nm 
thickness for TEM analysis, scale bar = 1 µm. 

7.2.5 Transmission electron microscopy (TEM) analysis 

One species of each mammal, bird and reptile class that showed calcified 

particles in the SEM analysis was selected for TEM analysis. Thin sections of tissue 

samples prepared using FIB were analysed using JEOL JEM 2100F operating at 200 kV. 

The images and EDS spectra for elemental analysis were obtained in high angle annular 

dark field (HAADF) using scanning transmission electron microscopy (STEM) mode, 

and corresponding diffraction patterns were collected using selected area electron 

diffraction (SAED) as described in Chapter 3, Section 3.3.6. 

7.3 Results and Discussion 

The vascular tissue samples were obtained from different vertebrate species and 

prepared for electron microscopy analysis. The samples were divided into five categories: 

mammals, birds (avian-reptiles), non-avian reptiles, amphibians and fishes.  

7.3.1 Structural and elemental analysis by SEM  

The tissue samples were first examined by SEM using secondary electron 

imaging and back-scatter electron imaging. Density-dependent colour SEM micrographs 

were generated by combining secondary electron imaging and back-scatter images [2]. 

The orange colour highlighted the denser area while the green colour highlights the less 

dense material (organic) in the vascular tissue samples of different species analysed.  

Interestingly, calcification (calcium, phosphorous) was found in the vascular 

tissue samples from various mammal species (Figure 7.3a-f), reptiles (non-avian) (Figure 

7.3g-h) and birds (avian reptiles) (Figure 7.3i) in the form of either calcified particles or 

compact calcification. In reptiles, samples from iguana showed both calcified particles 

and compact calcification in their structures. While the samples from gecko lizard only 

showed a few areas with minor compact calcification. Similarly, in birds, samples from 

cassowary showed calcification both in the form of calcified particles and compact 

calcification. Compared to the observations made in mammals, birds and reptiles, 
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vascular tissue samples of amphibians (Figure 7.3j) and fishes (Figure 7.3k-l) did not 

show calcification in any form, i.e. calcified particles or compact calcification.  

 
Figure 7.3: Density-dependent colour secondary electron micrographs (DDC-SEM) and 
energy dispersive X-ray (EDS) spectrum taken from the point marked by a cross (x) 
showing calcification in the form of calcified particles and compact calcification in 
various vertebrates. The orange colour identifies higher density while the green colour 
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identifies less dense areas. Representative species from mammals: (a) Dog, (b) Rhesus 
macaque, (c) Cat, (d) Rabbit, (e) Goat, (f) Rabbit; Reptiles: (g) Iguana, (h) Gecko lizard; 
Birds: (i) Cassowary; Amphibians: (j) Frog; Fish: (k) Catshark, (l) Stringray, scale bar = 
1 µm (Courtesy Dr Sergio Bertazzo).  

7.3.2 Internal structural, compositional and crystallinity analysis by TEM 

To investigate the internal morphology, crystallinity and composition of 

calcified particles found in the different vertebrate species, thin lamella samples from 

each mammal, birds (avian reptile) and reptiles (non-avian) were prepared using dual 

beam FIB milling. The thin electron transparent slices of tissue with calcified particles 

were imaged under a TEM equipped with STEM-HAADF, EDS and SAED. 

The calcified particles from the species of mammals, birds (avian reptile) and 

reptiles (non-avian) showed concentric rings in their internal structure, the elemental 

composition of calcium, phosphorus, magnesium, oxygen and a single crystal like 

diffraction pattern of whitlockite mineral (Figure 7.4). Interestingly, these features were 

similar to the whitlockite calcified particles found in human samples (discussed in 

Chapter 3).  

Of note, mammals, birds and reptiles belong to an amniote group while 

amphibians and fishes belong to anamniotes. The occurrence of similar type particles in 

the vascular tissues of amniotes is quite fascinating, together providing a suggestion about 

a common biomineralisation process in their vascular tissue. It could also be possible that 

calcified particles are a natural component of vascular tissues of amniotes (mammals, 

birds and reptiles) and indeed not essentially associated with pathologies. However, the 

origin and mechanistic studies yet remain to be elucidated, and further research is 

required in this area to validate these results in detail.  
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Figure 7.4: Representative high angle annular dark field (HAADF) images taken in 
scanning transmission electron microscopy (STEM) mode inside TEM of thin sections 
of vascular tissue of amniotes with calcified particles present prepared by focussed ion 
beam (FIB) in, (i) Mammals: (a) STEM-HAADF image of a calcified particle from a 
dog, (b) Corresponding selected area electron diffraction (SAED) of a calcified particle 
in (a) showing a single crystal-like diffraction pattern of whitlockite mineral, (c) Energy 
dispersive X-ray (EDS) spectrum of a calcified particle in (a) showing the presence of 
calcium, phosphorous, magnesium, oxygen; (ii) Birds: (d) STEM-HAADF image of a 
calcified particle from a cassowary, (e) Corresponding SAED of a calcified particle in (d) 
showing a single crystal-like diffraction pattern of whitlockite mineral, (f) EDS spectrum 
of a calcified particle in (d) showing the presence of calcium, phosphorous, magnesium, 
oxygen; (iii) Reptiles: (g) STEM-HAADF image of a calcified particle from an iguana, 
(h) Corresponding SAED of a calcified particle in (g) showing a crystalline diffraction 
pattern of whitlockite mineral, (i) EDS spectrum of a calcified particle in (g) showing the 
presence of calcium, phosphorous, magnesium, oxygen.  
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7.4 Conclusions 

Collectively, the presence of calcified particles in humans as well as other 

amniotes provides a new paradigm for understanding the cardiovascular calcification. 

These preliminary observations suggest the possibility of common unknown 

biomineralisation process occurring in amniotes and a unified model for calcification in 

the vascular system. Nevertheless, the formation mechanism and the role of calcified 

particles in mediating lesion formation remains uncertain. Samples from species of 

different animals should be studied in further detail to understand the growth and 

mechanism of the calcified particles, which indeed could be adapted to study human 

calcification.  

Furthermore, the study of species of other animals not documented in the current 

work could also be explored to verify the common presence of calcified particles. These 

analyses would be quite interesting from the evolutionary point of view, providing some 

useful structural insights of the vascular system. Additionally, various characterisation 

techniques as reported in Chapter 3 to Chapter 6 could be used to understand the physical 

and chemical features of calcified particles in other vertebrate species. Also, 

understanding the differences between anamniotes and amniotes in detail will help to 

reveal important information about the biological and pathological roles of calcified 

particles in the cardiovascular system.
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Chapter 8 

Conclusion of the Thesis and 
Future Work 

8.1 Conclusions and Perspectives 

Calcification in human cardiovascular system refers to the formation of calcium 

mineral deposits in the aorta, coronary arteries, peripheral arteries, and aortic valves 

[80,81]. The presence of calcific lesions in the heart valves leads to impaired movement 

of the valve leaflets, reduced blood flow in arteries and eventually a leading cause of 

heart failure. The only viable treatment for this disease remains the replacement of the 

tissue via surgical intervention. Recently, Bertazzo et al. reported the presence of highly 

crystalline calcium phosphate nano/micro calcified particles in calcified heart tissue [2]. 

These particles were found in all donor samples regardless of the existence of the calcific 

disease indicating their role in initiating calcification in cardiovascular tissues. Although 

the first report of the showing the presence of these particles was published in the 1960s, 

their presence was dismissed until recently. Due to the novelty of these particles no 

comprehensive characterisation studies had been carried out to date. In fact, like several 

well-defined biomineralisation processes in nature, the controlled morphology and size 

of the particles indicated a defined interaction of biomolecules with the mineral as it 

forms, hence giving human body the ability to control their structural properties like other 

mineralised tissues including bones, teeth and otoconia. Therefore, understanding their 

internal structure, the presence of organic material and the interface between organic and 
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inorganic material inside calcified particles at the nano/atomic length scale is paramount 

in order to control their formation. This fundamental gap in knowledge of their physical 

and chemical properties precludes the understanding of their mechanism of formation 

and their role in the development of calcification in the cardiovascular system. 

In this thesis, a combination of several nano-analytical characterisation 

techniques was used to successfully characterise the calcified particles and build across 

the gap in knowledge. There were four key findings from this work. Firstly, there are at 

least two types of calcified particles in cardiovascular calcification having apatite or 

whitlockite mineral that are different in surface features, internal structure, crystallinity 

and mechanical behaviour. More, importantly this is the first study to correlate apatite 

and whitlockite mineral with a specific structure present in the cardiovascular tissue. 

Secondly, both apatite and whitlockite particles show the presence of an organic material 

with an indication of proteins inside their structure suggesting a biological process led to 

their formation. Thirdly, whitlockite particles, diffracting as single crystals have a 

mesocrystalline structure which makes them the first whitlockite mesocrystals to the best 

of the knowledge. Besides, since whitlockite particles are the most common type of 

particles present in the vascular tissue, this provides further insight into the formation 

mechanism of these particles considering the non-classical nucleation and growth theory. 

Finally, calcified particles are also found to be present in other mammals, avian reptiles 

and non-avian reptiles. The presence of these particles in several amniotic classes makes 

them a common feature of vascular tissue and suggests a common biomineralisation 

process in amniotes. These key findings draw following conclusions:  

8.1.1 Interdisciplinary material science characterisation approach 

The current work demonstrated the combined use of nano-to-atomic scale 

material characterisation techniques to study the cardiovascular calcification related 

calcified particles. These techniques included scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS), 

atom probe tomography (APT) and in situ nano compressions inside an SEM. Each 

technique was successfully optimised and consecutively applied to individual particles to 

investigate the morphology, internal structure, crystallinity, elemental composition and 

mechanical features 
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The use of focussed ion beam (FIB) milling to prepare samples including 

calcified particles and those embedded in the tissue for various characterisation 

techniques was advantageous over the standard ultramicrotome methods [25,258]. The 

diamond knife sectioning approach often disrupts the mineral organisation and 

architecture. Additionally, site specific sample preparation is not possible for high-

resolution characterisation. Therefore, optimised FIB milling methods with low energy 

polishing provided an effective sample preparation approach to study organic and 

inorganic hybrid structures. Such sample preparation techniques should be applied to 

study other biominerals where mineral architecture is important in understanding the 

organisation. 

The use of in situ mechanical compression inside the SEM as demonstrated in 

the current work was another helpful technique to locate the specific type of calcified 

particle at the submicron precision and acquire high-resolution imaging throughout the 

mechanical testing process [222]. This technique is widely used in understanding the 

mechanical properties of metal and aerospace material at the nanoscale, however, is not 

commonly applied to biological materials. The interdisciplinary approach facilitated the 

detection of early stages of the crack formation, the presence of nanogranules inside the 

calcified particles and simultaneously provided load displacement data for analysis of 

mechanical properties. Furthermore, all the compressed particles were subsequently 

located by FIB and prepared for TEM and EELS analysis. Together these finding 

revealed the tortuous crack propagation in apatite and whitlockite particles, disruption in 

their crystallinity and plasticity inside these particles.  

Similarly, APT used in current work has been widely utilised for the 

characterisation of metal, semiconductor and aerospace materials [199,210,259], with 

only a few studies showing its application to biological materials [117,201,202,260]. 

Being a novel atomic level technique for biological material applications, the current 

work demonstrated the optimisation methods with two key findings. Firstly, the 

advantage of a cobalt coating which not only gave better yield for successful analysis of 

the data but also generated mass spectra with low thermal tails, indeed providing an 

improved analysis of elements present in low quantities that displayed low peaks. The 

atom probe analysis complemented the EELS elemental analysis, and together the 

findings confirmed the presence of protein in the calcified particles; suggesting that the 
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formation of these particles is a biological process rather than a sedimentary process. 

These results provide new avenues to investigate the involvement of potential proteins in 

the nucleation of the calcified particles. Furthermore, the results provide directions to 

develop drugs that could target the organic material and hence prevent the formation of 

the calcified particles or possibly provide therapy to disaggregate the existing particles.  

Taken together, the use of this plethora of techniques to study calcification in 

cardiovascular tissue highlighted the importance of an interdisciplinary approach in 

yielding promising new possibilities to study other biological/biomaterials as detailed in 

the current work. 

8.1.2 The presence of two types of calcified particles in cardiovascular 

calcification 

The current work showed the presence of apatite and whitlockite mineral 

calcified particles present in cardiovascular calcification. The apatite particles always 

presented rough surface, showed no organised internal structure and a polycrystalline 

diffraction pattern, while the whitlockite particles presented a smooth nanoparticulate 

surface, an internal structure with concentric rings and diffracted like single crystals. 

These differences indicate that there are at least two different biomineralisation 

mechanisms interplaying in vascular tissue and provide a step forward in understanding 

the vascular mineralisation. It was noteworthy that the rough-surfaced apatite particles 

presented a similar elemental composition and crystallinity to that of compact 

calcification [2] suggesting that they might have some role in inducing 

transdifferentiation of vascular cells towards an osteoblast phenotype [89,153]. 

Moreover, the most common type of particles presenting whitlockite mineral, may, in 

fact, be involved in influencing the pathways leading to the formation of calcific deposits. 

These findings, therefore, prompt for future cell and animal studies to investigate the 

impact of the calcified particles when cultured with vascular cells and consequently on 

vascular tissue. 

The presence of whitlockite calcified particles across several amniotic species 

(mammals, birds and reptiles) with similar morphology, internal structure and 

crystallinity further provide important clues to a common biomineralisation process 

leading to their formation. However, the origin and mechanistic studies remain to be 
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elucidated. Confirming these hypotheses or even finding unexpected origins of these 

calcified structures found in the cardiovascular system, is a necessary step to a better 

understanding of the calcific disease. This knowledge will at the same time potentially 

be useful for designing future studies based on animal models and for unlocking the 

development of new therapeutic and preventative treatments. 

8.1.3 The presence of whitlockite mesocrystals 

Using combined high-resolution imaging techniques, the current work 

demonstrated that whitlockite particles diffracting as single crystals are in fact 

mesocrystals. These particles were found to be composed of organic material and 

nanogranules, which are possibly aligned in a single orientation and appear to be single 

crystals in diffraction studies. Whitlockite mesocrystals have never been reported before. 

Therefore, these results provide interesting insights into the possibility that vertebrates 

are capable of regulating the mineralisation process and producing such defined 

structures. Although the mesocrystallinity only describes the structure and not the 

mechanism of formation, it does provide clues to the nucleation and growth in relation to 

the non-classical crystallisation pathway. The combined results from EELS, APT and in 

situ compression analysis reported in Chapter 4 to Chapter 6 respectively, suggest that 

may be the growth of the whitlockite particles is colloid-driven mineralisation that 

preserves the nanogranularity, organic inclusions and amorphous mineral phases, while 

the overall structure diffracts as a single crystal [41]. Future studies to elucidate the 

different growth scenarios will provide insights into the formation of whitlockite 

mesocrystals.  

8.2 Future Work 

The current work presented in the thesis has provided the comprehensive 

structural characterisation, hence laying the fundamental basis for future studies as 

discussed below:  

8.2.1 In depth characterisation of calcified particles found in amniotes  

Current work showed the presence of calcified particles in different species of 

mammals, birds and reptiles. It would be interesting to expand this work and investigate 



Conclusion of the thesis and future work 

177 
 

different species. Furthermore, an in-depth characterisation that was demonstrated in the 

current work on the calcified particles found in human cardiovascular tissue samples 

could be adapted to other calcified structures found in different species. This would help 

to understand the similarities and differences in detail across different species, which 

might be indeed helpful in understanding evolutionary concepts of biomineralisation. 

8.2.2 Identification of the specific proteins constituting the organic material 

In the current study, atom probe analysis revealed the presence of nitrogen in 

the organic the constituents along with the carbon. This is the first indication of 

involvement of the proteins in the regulation of calcified particles. Also, the co-

localisation of sodium and magnesium ions suggest that proteins associated with 

calcified particles may be similar to those observed in bone. Therefore, identifying the 

specific proteins would be of great importance in unravelling the mechanism that causes 

the formation of the calcified particles. For example, proteomic analysis by mass 

spectrometry would be a useful approach to protein identification [261].  

8.2.3 Growth scenarios for calcified particles 

The current study showed the presence of two types of particles in 

cardiovascular calcification with different degree of crystallinity, suggesting differences 

in crystallisation kinetics and a contribution of at least more than one nucleation 

mechanism. One suggestion is the involvement of a non-classical route of mineralisation. 

Accordingly, there could be six possible growth scenarios [34]. Each of these pathways 

involves different physical and chemical forces. These include- (i) formation by 

alignment of nanoparticles templated by organic matrix, (ii) alignment of nanoparticles 

by physical fields such as electric and magnetic fields, (iii) mutual alignment of crystal 

faces and nanoparticles by crystalline bridges, (iv) formation of a mesocrystal as an 

intermediate state during single crystal formation, (v) alignment of nanoparticles by 

spatial constraints, and (vi) alignment of nanoparticles by face selective molecules. It is 

certainly possible that there might be several other scenarios of non-classical 

crystallisation in addition to the above listed.  

Additionally, another route could be mineralisation of amorphous precursors, 

where organic molecules and amorphous mineral could be trapped in the mineral during 
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the diffusion process, hence resulting in the inhomogeneous distribution of organics 

inside these particles. For exploring these different growth scenarios, the approach of 

liquid cell TEM might be useful. This system allows controlled mixing and flow of 

reagents and addition of macromolecules in situ while the nucleation is observed in live-

time by TEM imaging [262]. It has been used to understand the nucleation of calcium 

carbonate both in the presence of organic matrix [263] and in organic-free solutions 

[264]. Of note, the fact that whitlockite particles present a mesocrystalline structure 

suggests that the growth process is more likely to be slow and controlled rather than 

instant considering the highly-templated structure that these particles present. As such, 

these particles could be related to the physiology of the vascular tissue. Also, taking into 

account the observation that apatite particles present a similar degree of crystallinity to 

compact calcification, it is possible that they could be involved in the transdifferentiation 

of the vascular cells to osteoblasts hence inducing mineralisation. Future cell studies with 

mineralised particles would be useful in exploring this notion. 

8.2.4 Time resolved cryo-transmission electron microscopy 

The introduction of new time-resolved high-resolution imaging with the 

advancement in the material science field also provides a possibility to elucidate 

mineralisation mechanisms. Dey et al. reported an in vitro model system using time-

resolved cryo-TEM for mineralisation of calcium phosphate involving pre-nucleation 

clusters [265]. In their system, they reported template-directed crystallisation of 

hydroxyapatite revealing noteworthy mechanistic details, such as the aggregation of the 

crystal clusters on the monolayer surface leading to the formation of an amorphous phase 

induced by arachidic-acid and finally resulting in the crystallisation of hydroxyapatite. 

These findings give insights in exploring the surface controlled mineralisation process, 

which consequently could be utilised to study calcification in cardiovascular tissue. 

Moreover, as observing mineralisation in vivo is difficult, especially when investigating 

nanometre details, such in vitro cryogenic TEM models provide an option to observe 

mineralisation in live-time and visualise different stages of nucleation. It would, 

therefore, be interesting to develop such lab bench based calcified particles nucleation 

models to provide a possibility of deducing a mineralisation mechanism [266]. Since the 

calcified particles are also the first mineralised structured observed in cardiovascular 

tissue, it would be subsequently useful to develop analogues of calcified particles to 
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understand the development of compact and fibrous calcified structures. Such time-

resolved studies with the enhanced analytical imaging capabilities would provide a 

glimpse into the big picture of cardiovascular mineralisation.  

8.2.5 Atomistic modelling  

The study of the mechanism and identification of the specific proteins 

constituting the organic material would be helpful in deducing the quantitative 

mechanical properties like Young’s modulus, hardness and yield strength. Considering 

the spherical shape of the particles, these mechanical properties are inhomogeneously 

distributed due to geometrical reasons. The distribution is complex and cannot be 

described completely by the specification of any one parameter such as compressive 

strain along the loading axis. The interaction of the inorganic material with the organic 

material also influences the mechanical properties. Therefore, a deeper understanding of 

the interfacial functions at the molecular level would be helpful. Atomistic simulations 

offer a useful tool to study the mechanism to this level and have been recently used to 

gain insights into the mechanical properties of hydroxyapatite [225] and the basic unit of 

the natural bone configuration [223]. These works have investigated the load-deformation 

behaviour of tropocollagen molecules with hydroxyapatite, microfibril models of bone 

and a coarse grain model of the bone. Such models have been useful in understanding the 

in vivo structural and mechanical behaviour of bone [223,225–227].  

Similar models have never been applied to study the mineral deposits in 

cardiovascular tissue, probably because less was known about the various mineralised 

structures that are formed during calcification. It would indeed be helpful in 

understanding the interaction between organic materials, inorganic materials 

(hydroxyapatite or whitlockite crystals) and further interaction between organic and 

inorganic materials. Such models will be useful to theoretically understand the amount 

organic/protein and mineral constituting the particle and how this content changes across 

different shapes and sizes of the particles. Thus, this would give insights into the 

quantitative analysis of both organic and inorganic material and further insight into the 

mechanical behaviour of these nanocomposite particles. Moreover, the predictions from 

such studies may help in understanding the in vivo interactions of mineral and the tissue 

and can, therefore, be helpful in not only further understanding the overall macroscale 
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mechanical properties and insights about the growth mechanism but also for designing 

artificial valves with improved surface properties.  

8.2.6 Understanding the origin of particles 

The material science techniques utilised in current work were valuable in 

revealing the structural, chemical and mechanical properties of the calcified particles and 

other suggested characterisation based studies would be useful in mechanistic studies. 

Another step would be to understand the origin of the calcified particles and the role 

calcified particles in mediating the formation of calcific lesions and their consequences 

on the surrounding vascular cells. Therefore, designing new cell and animal model 

studies to evaluate these effects will be useful. Such results would help understand the 

function associated with pathological or biological mineralisation. Additionally, taking 

into account the blood fluid mechanics through the vascular tissue would also be useful 

in understanding their formation, growth and stability of the tissue. These investigations 

will provide insights into the time line of development of calcific deposits in the tissue. 

Furthermore, extending these studies by the inclusion of evolutionary and physiological 

components relating to the differences between anamniotes and amniotes would, in fact, 

be essential to understanding the biological function of calcified particles in vascular 

tissues. For example, exploring the role of microvesicles would be substantial and may 

well help in understanding the common origin of calcified particles. Together these 

studies will shed light on the development of new prevention and treatment methods for 

cardiovascular calcification. 
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