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Abstract 

Pathological mineralisation is a well-known phenomenon in the medical field 

as it relates to a wide range of diseases, including cancer, neurodegenerative dis-

eases, aortic valve stenosis, and atherosclerosis. Despite this, the direct study of 

pathological minerals has been rare, as most research focuses on the study of the 

organic components of these pathologies and the microenvironment the minerals are 

observed in. Even though material science methods have been used for the study of 

biomaterials, hard tissues, and other biological systems; they have not been widely 

used in the research of pathological mineralisation. This work is, subsequently, con-

centrating on the direct study of the minerals found in cardiovascular, breast, and brain 

tissues aiming to provide a full physicochemical characterization. The presence of in-

organic material in these soft tissues has been long observed in relation to several 

diseases, but the relationship between their properties and specific pathologies is not 

fully understood. Therefore, through the direct investigation of the minerals present, 

this study aims to provide new insights into the association of unique mineral proper-

ties to specific disease characteristics. In addition, the data on the mineral properties 

will then be evaluated to gain information on the mineral formation processes, in order 

to identify proteins, cells, or vesicles, which might be involved. Finally, a range of bio-

chemical assays will be used, aiming to directly investigate the presence of biological 

markers in the inorganic material to give new insights on the mineralisation mecha-

nisms. 
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Impact statement 

In this work, minerals found in cardiovascular, breast, and brain tissues are stud-

ied, all of which are associated with major pathologies that affect a large proportion of 

the world population, including Alzheimer's disease, breast cancer, and many cardio-

vascular diseases. Research advances made in recent years have provided many 

fundamental insights into the disease mechanisms. However, contemporary research 

has not delved much into the inorganic component of these diseases, even though 

minerals in the soft tissues have recently been accepted to be, in most cases, active 

players in the development of the related pathologies. Therefore, the results of this 

work aim to provide information on the properties and potential origins of pathological 

minerals, which will be used to provide new insights into the disease microenviron-

ment, increasing our understanding of the pathologies themselves. Subsequently, 

such information will trigger further research initiatives to comprehend better the pro-

cesses involved in the development and progression of the associated diseases and 

the exact role pathological minerals have in these. 

Other than that, this work will also have an impact on the broader society. It has 

been estimated that by 2050, Alzheimer's disease will affect 115 million people (1), 

breast cancer 3.2 million (2) while calcific cardiovascular diseases are projected to 

affect close to a billion people (3). In addition to the life-changing effects, these dis-

eases have on affected individuals, they also present the leading cause of death for a 

large percentage of the population every year (4), as none of them has a definitive 

treatment. Therefore, understanding these pathologies will improve public health in 

general as new prevention methods will emerge and advances on new and current 

treatment options will be made, decreasing their mortality rates. 

Other than the dire effects on many individuals' and their families' health and lives, 

currently, these pathologies also cause a huge financial burden on the patients, their 

families, and the community. All of these diseases have been shown to require an 

increased health expenditure from governments, but also require costly procedures 

and treatment methods or caring facilities that in many cases are covered by the im-

mediate family (5-7). Similarly, to reduce the health impact of these diseases in the 

wider society, for the minimisation of the economic impact they have, new inexpensive 

treatment and prevention methods need to be developed. 

Therefore, an all-encompassing comprehension of the disease components, in-

cluding a more detailed study of the minerals, is essential to understand these dis-

eases, which will in return alter for the best the lives of many people worldwide. 
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Chapter 1: Introduction 

 

1.1  Background and motivation 

Animals (8) and humans (9) experience biological mineralisation processes in 

different tissues and contexts. Mineralisation is an important biological process that, 

under physiological conditions, is responsible for the generation, growth, and healing 

of hard tissues, such as bone (10) and teeth (11). Animals and humans also experi-

ence another mineralisation process, sometimes overlooked, but with a significant im-

pact on their health: pathological mineralisation (12). Pathological mineralisation has 

been reported in a large number of soft tissues, in connection to a large number of 

underlying diseases (Table 1.1). A range of minerals have been reported, including 

calcium phosphates (13, 14) calcium carbonates (15), and calcium oxalates (16, 17); 

all of which are referred to as calcifications due to their calcium content. 

The origins of these soft-tissue calcifications were for years attributed to pas-

sive processes with no clinical significance; however, in recent years, they have been 

increasingly recognized as an important and active component of diseases. Many mo-

lecular mechanisms have since been proposed in the literature to be possibly leading 

to the mineral formation. For calcium phosphate minerals, due to having the same 

elemental composition as bone, the most common assumption is that osteogenic pro-

cesses are responsible for their presence. Recent studies have although indicated that 

soft tissue minerals might be a result of other unique mechanisms involving proteins 

and cells other than those involved in bone formation. 

Despite, in the majority of cases, the exact causes and full formation mecha-

nisms of the minerals are not entirely understood. A possible reason for this is that the 

research on pathological mineralisation has been firmly rooted in the indirect study of 

the mineral component, through the study of surrounding tissues and cells (18-21). 

Additionally, many of the studies developing mineralisation models in vitro do not take 

into account the full physicochemical properties of the minerals as observed in vivo, 

as identified through their direct analysis using material characterization methods. 

Even more importantly, the majority of the studies on pathological mineralisation mod-

els do not provide a comparison between the properties of the minerals observed in 

vivo and in vitro, but rather only focus on the ability of the model to form a mineral of 

similar elemental composition.  
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Table 1.1: List of some of the pathologies associated with pathological minerali-

sation along with information on the affected tissues and chemical composition of 

the observed minerals as reported in the literature (12). 

Disease Mineralisa-

tion Site 

Mineral 

Breast cancer  Breast Hydroxyapatite, calcium oxalate, magnesium-substi-

tuted calcium phosphate (22-25) 

Prostate cancer  Prostate Calcium carbonate phosphate, hydroxyapatite, calcium 

oxalate monohydrate, calcium oxalate dehydrate, whit-

lockite (26-29) 

Chronic kidney 

disease 

Vascular tis-

sue 

Hydroxyapatite, calcium phosphate (30, 31) 

Benign prostatic 

hyperplasia  

Prostate Hydroxyapatite, calcium oxalate monohydrate, calcium 

oxalate dehydrate (32, 33) 

Pancreatic cancer  Pancreas Calcite (34, 35) 

Ovarian cancer  Ovaries Calcium phosphate (36, 37) 

Thyroid cancer Thyroid Carbonated calcium phosphate, hydroxyapatite, amor-

phous carbonated, 

calcium phosphate apatite, octacalcium phosphate pen-

tahydrate, brushite, whewellite, weddellite, caoxite (38, 

39) 

Fahr's syndrome  Basal gan-

glia 

Calcium phosphate, calcium carbonate (40, 41) 

Systemic sclero-

sis (scleroderma) 

Connective 

tissue 

Hydroxyapatite (42, 43) 

Calcific tendonitis  Tendons Calcium carbonate apatite, hydroxyapatite (44-48) 

Kidney stones (re-

nal calculi) 

Kidneys Magnesium ammonium phosphate, hydroxyapatite, 

whewellite, weddellite, struvite, urate, cystine (17, 49-

51) 

Urinary stasis Bladder Whewellite, struvite, ammonium urate, cystine, carbapa-

tite (52-54) 

Hypoparathyroid-

ism 

Basal gan-

glia 

Calcium phosphate (55, 56) 

Atherosclerosis Cardiovas-

cular tissue 

Hydroxyapatite, whitlockite (57, 58) 

Calcific aortic 

valve disease 

Aortic valve Hydroxyapatite (13) 

Age-related mac-

ular degeneration  

Eyes Apatite, whitlockite (14) 

Alzheimer's dis-

ease 

Brain Iron oxide, calcium salts (59, 60) 

Tuberculosis Lungs Calcium phosphate (61) 

Meningioma Brain Calcium salts (62) 

Salivary stones Saliva 

glands 

Carbonated apatite, whewellite, weddellite, brushite, 

struvite (63) 

Pulp stones Dental pulp Calcium phosphate (64) 

Material characterization techniques have extensively been used in biological 

research, leading to a better understanding of organisms and biological processes. 

These methods include scanning and transmission electron microscopy, which in the 
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past allowed the visualization of infected cells (65, 66), and a large number of viruses 

(65, 67), respectively, leading to important discoveries. Likewise, spectroscopic meth-

ods, such as Raman spectroscopy (68), together with X-ray diffraction, have contrib-

uted to the discovery of the structure of DNA (69-71). These same methods have also 

been invaluable in expanding our understanding of hard tissues (72-74). For example, 

thermal analysis, infrared spectroscopy, and electron microscopy with energy disper-

sive X-ray spectroscopy have been combined to provide fundamental information on 

the structure of bone, as we know it today (75-79). 

Although this research approach has proven successful many times and has 

added to our understanding of many biological systems, it has been restricted for many 

years to specific biological fields such as hard tissues, biomaterials, and marine biol-

ogy systems. The realisation that minerals in the soft tissues have an active role in 

many diseases led however, to a need for a better comprehension of these inorganic 

components to understand the associated pathologies fully. Application of material 

characterisation methods in the study of pathological mineralisation has emerged 

therefore, in recent years as an alternative way to study minerals that play a key role 

in the associated mineralising disease. One such example being cardiovascular calci-

fication, which is now considered an active component of several related cardiovascu-

lar diseases leading to millions of deaths annually (4). 

Nevertheless, it has been yet to be accepted that the physicochemical proper-

ties of the minerals (such as their composition, crystallinity, phase, and morphology) 

are as important as the information about cells and extracellular matrix. Mineral prop-

erties can provide evidence of unique formation mechanisms for different types of 

pathological minerals. For example, distinct mineral phases, including amorphous cal-

cium phosphate and apatite (80, 81), can be easily formed in vitro, under specific and 

controlled conditions, such as at a specific temperature or pH (how acidic or basic a 

solution is) (82, 83). However, the formation or transformation of these same minerals 

in biological systems is much more complex, due to the presence of a large number 

of proteins and cells affecting the mineralisation processes and favouring the formation 

of specific mineral phases. 

In the formation of bone mineral, for instance, it is well known that cells such 

as osteoblasts are responsible for the formation of the bone matrix and its regeneration 

(84, 85). Additionally, acidic phosphoproteins, such as bone sialoprotein (86, 87) and 

collagen molecules (88) have also been found to play a major role in the nucleation of 

the mineral. Moreover, the presence of a calcium-containing mineral such as that in 

bone indicates an abundance of calcium ions in the microenvironment, either in the 

extracellular matrix or due to the presence of specific cells. The needed calcium for 
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the nucleation of bone mineral, for example, is suggested to originate from osteo-

blasts, which were found to contain substantial amounts of calcium (89). On the other 

hand, the nucleation of gallbladder stones, for instance, is believed to be a result of an 

increase in the concentration of specific ions in the extracellular environment (90). 

Such conclusions are partly due to mineral properties such as internal structure 

and crystallinity, which can hint on the origins and provide insights on the biochemical 

pathways leading to mineral formation and development. For example, amorphous 

minerals observed in kidney stones are believed to be the result of supersaturation 

mechanisms (91). On the other hand, crystalline minerals are more likely to be the 

product of mechanisms guided by cells and proteins that can control crystallinity. For 

example, minerals diffracting as single crystals, even though rarely found in the human 

body might be a result of highly controlled protein systems, similar to those reported 

in oyster shells (92) and sea urchin spines (93, 94). Moreover, crystallinity alterations 

can also give information on the mineral nature. Bone and teeth (enamel and dentin) 

minerals are formed by polycrystalline arrays of hydroxyapatite crystals (95, 96) but 

undergo physiological and pathological related crystallinity changes over the years 

(97-100). For instance, knowledge on bone mineral crystallinity changes (from amor-

phous to polycrystalline) has given insights in time depended changes leading to the 

formation of the final mineral form and ultimately lead to a better understanding of why 

and how these changes occur (81, 101). 

As with human hard tissues and mineral structures observed in animals and 

plants, the presence of pathological minerals in soft tissue is also a result of complex 

biochemical mechanisms, the complete understanding of which can only be achieved 

through the study of all components involved, both organic and inorganic. Pathological 

minerals should not be assumed as a single entity nor completely independent events. 

Therefore, this work focuses on providing a better understanding of minerals that are 

either a fundamental component or are associated with pathologies and adverse 

health outcomes. Gaining information on different pathological minerals, some of 

which are believed to play a role in the development of disease while others to be a 

by-product of a specific pathology or ageing tissues, will contribute significantly to the 

understanding of pathological mineralisation in general. 

Three types were studied; cardiovascular, breast, and brain minerals, which 

have been associated with calcific cardiovascular diseases including atherosclerosis, 

benign and malignant breast diseases, and neurodegenerative diseases such as Alz-

heimer's disease, respectively. These minerals are present in anatomically and bio-

logically different locations and are considered to have different pathological signifi-

cance. Therefore, knowledge of their physicochemical properties will allow the evalu-

ation of whether a shared formation process is responsible for their presence or the 
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mineralisation mechanisms are tissue and disease-specific. Subsequently, this data 

will also allow for a better comprehension of the role of tissue microenvironment in 

mineral formation, which will provide a more 'global' understanding of soft tissue min-

eralisation. Such information can then be used to propose mineralisation mechanisms 

but also to understand the effects of these minerals in individual diseases and tissues, 

which will subsequently lead to a better understanding of the development, diagnosis, 

and treatment of the associated pathologies. 
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1.2 Aims and objectives 

The main aim of this work is to provide the physicochemical characterisation 

of soft tissue minerals in different anatomical locations and to use this data to extract 

information on the possible origins of these minerals. 

As the work is concentrated on minerals found in three different anatomical 

locations, it is divided into three individual projects: cardiovascular, breast, and brain 

mineralisation, all of which share the same objectives. 

1. Full physicochemical characterisation of the minerals observed in the brain, 

breast, and cardiovascular tissues of both healthy and diseased individuals. For 

the physicochemical characterisation, electron microscopy will be used as it allows for 

the visualisation of minerals directly in the tissue environment, at the nanoscale, and 

for in-depth chemical analysis. Both healthy and diseased tissues will be analysed 

where appropriate to be able to gain general information on the mineral profile and to 

pinpoint in which tissue microenvironments these occur. 

2. Specific correlations between mineral phenotypes and clinical information 

were identified. Clinical information includes specific details on clinical diagnosis such 

as type of disease, stage, and clinical outcome. This will allow the identification of 

relationships between specific minerals and subcategories of diseases and subse-

quently to distinguish which minerals will be further studied. 

3. Identification of the specific biological and anatomical location of the minerals 

observed. Achieving a deep understanding of the mineral microenvironment will be 

the main aim of this stage, as it will lead to gaining knowledge on cells, cell products, 

extracellular matrix, and proteins that could take part in the mineralisation processes. 

4. Mechanisms of mineral formation to be proposed. Work will be carried out to 

test arising hypotheses, which will include the use of biological assays such as immu-

nofluorescence staining. These methods will be used to test the presence of specific 

proteins and cell markers in the minerals or their microenvironment, the results of 

which will give new insights into the mechanisms of mineral formation.  
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1.3 Thesis Outline 

Chapter 2 The essential background knowledge to understand the contents of the 

experimental work will be discussed. Information on the anatomical location, anatomy, 

and cellular components of the tissues of interest, namely; cardiovascular, breast, and 

brain, will be provided to enable an understanding of the tissues studied. A brief dis-

cussion on the pathophysiology of the mineral associated conditions (calcific cardio-

vascular diseases, breast cancer, and Alzheimer's disease) will also be included. Fi-

nally, a literature review on the data available to date on the minerals to be studied will 

be provided. 

Chapter 3 This chapter will focus on the application of several techniques to the study 

of pathological calcification and will discuss the optimised sample preparation methods 

used for the needs of this work, the study of minerals. The basic principles of scanning 

and transmission electron microscopy and what information these methods can pro-

vide on pathological minerals will be discussed. Optimised sample preparation proto-

cols used in this work for the physicochemical characterisation of pathological minerals 

directly in the tissue will be provided. Similarly, the principles of some biochemical 

methods used for protein identification, such as immunofluorescence staining and blot-

ting methods will also be included. The most suitable sample preparation protocols for 

mineral protein identification will be discussed. 

Chapter 4 The possible origins of the magnesium containing calcium phosphate na-

noparticles previously observed in cardiovascular calcification are studied. A brief 

electron microscopy mineral characterisation is carried out on cardiovascular tissues 

to confirm the results previously reported in the literature. Following, the majority of 

the chapter focuses on the identification of the possible origins of these calcific parti-

cles by blotting methods and immunofluorescence staining. 

Chapter 5 Electron microscopy physicochemical characterisation of minerals found in 

the breast tissue of healthy donors and patients with a benign or malignant breast 

disease diagnosis is presented. The association of these minerals to specific malig-

nancies and grades of tumours is evaluated, and the diagnostic potential of the min-

erals is presented. Finally, possible mechanisms of formation of these minerals are 

discussed. 

Chapter 6 The results of the electron microscopy analysis on the identification and 

characterisation of minerals observed in the brain of healthy young donors, elderly 

donors, and Alzheimer's patients are presented. Based on the results, the association 
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of these minerals to Alzheimer's disease pathology is evaluated. Finally, the role of 

one of the hallmarks of the pathology; the presence of increased amounts of phos-

phorylated tau protein in the brain, with the minerals is also investigated through the 

use of immunofluorescence staining. 

Chapter 7 This is the final chapter providing a brief overview of the results, as well as 

a summary of the limitations and scientific contribution of the research. A small dis-

cussion on the future work will also be provided. 

Appendices In appendix A, the work on pregnancy-induced placenta calcification 

carried out in collaboration with the group of Professor Inge K. Hermann (ETZ Zurich 

and Swiss Federal Laboratories for Materials Science and Technology (Empa)) is pre-

sented. This work was done in parallel with the work discussed in this thesis. Only the 

results carried out solely by the author of this thesis are discussed. The outcomes of 

the project as a whole have been published in a peer-reviewed paper (102).  
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Chapter 2: Background 

 

2.1 Cardiovascular mineralisation in cardiovascular diseases 

2.1.1 Cardiovascular system 

As a whole, the cardiovascular system consists of the heart and blood vessels. 

Blood vessels are divided into two types; arteries and veins. Arteries are carrying ox-

ygen-rich blood away from the heart to the rest of the body, and veins carry oxygen-

depleted blood back to the heart (103). Small arteries are called arterioles, and simi-

larly, small veins are called venules. The smallest blood vessels in the body are called 

capillaries, and they transfer blood between arterioles and venules. 

Other than the difference in their function, structurally, veins, and arteries also 

slightly differ. The wall of both consists of three layers (Figure 2.1); next to the lumen 

the tunica intima is found, followed by the tunica media and the outer layer, called the 

tunica adventitia (103). The tunica intima of the arteries consists of endothelial cells 

and connective tissue with its outer layer being wrapped in an elastic fibre layer called 

the internal elastic membrane (Figure 2.1). This membrane is however, absent in veins 

(103) (Figure 2.1). In the tunica media, both arteries and veins contain vascular smooth 

muscle cells organised among elastic fibres; the number of these is much lower in 

veins thus this layer is much thinner in veins than in arteries (103). Finally, the tunica 

externa is similar in both veins and arteries, consisting of connective tissue made of 

collagen fibres and fibroblasts. However, the tunica externa of arteries also includes 

the external elastic membrane. 
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Figure 2.1: Graphic illustration of the arterial wall.  (1) The tunica intima (black line) 

is made of a linen of endothelial cells called the endothelium, connective tissue, and 

the internal elastic membrane. (2) The tunica media (white line) is mainly composed 

of vascular smooth muscle cells surrounded by elastic fibres. (3) The tunica externa 

(blue line) consists of the external elastic membrane and connective tissue. 

Similarly, to blood vessels, the heart also consists of three layers; the endocar-

dium, myocardium and epicardium. The internal part of the heart is also divided into 

four chambers; right atrium, left atrium, right ventricle, and left ventricle (104) (Figure 

2.2). As the blood from the venous system enters the right atrium through two vessels; 

the inferior and superior vena cava the myocardium contracts such that the blood is 

pumped into the lungs through the pulmonary artery. The blood is then re-oxygenated 

in the lungs and is pumped back into the heart to be pumped out to the rest of the body 

through the aorta (104) (Figure 2.2). To enable the correct blood flow through the body, 

the heart also contains four valves; the tricuspid, pulmonary, mitral, and aortic valve 

(104) (Figure 2.2). Finally, the outer lining of the heart that consists of several arteries 
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providing blood supply to the heart. There are four such arteries, referred to as the 

coronary arteries (104). 

Figure 2.2: Graphic illustration of the heart showing the atriums, ventricles, 

valves, and main vessels. The venous side of the heart is indicated with blue and 

the arterial side with red. The exterior part of the heart is pained pink. 

Circulation of the blood to the heart and other organs is essential for the func-

tion of the body as it is responsible for the transportation of nutrients and oxygen. A 

sudden cut to the blood supply to any organ can be fatal; for example, if the blood 

supply feeding the heart is restricted, it can lead to heart failure and subsequent death. 

The blood of a healthy adult mainly contains red and white blood cells, as well 

as megakaryocytes (105, 106). Red blood cells are anucleate cells, responsible for 

the transportation of oxygen and are the most abundant type of blood cell (105, 106). 

White blood cells, on the other hand, are responsible for the immune response of the 

body (105, 106) and are divided into two main categories; granulocytes and mononu-

clear cells (106). There are three types of granulocytes; neutrophil, eosinophil, and 

basophil, and two types of mononuclear cells; lymphocytes (B lymphocytes, T lympho-

cytes, and natural killer lymphocytes) and monocytes (macrophages) (106). Granulo-

cytes are involved in allergic and inflammatory responses as well as to control parasitic 
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infections and destroy foreign bodies. Lymphocytes also have similar functions; how-

ever, these cells are also responsible for the production of antigens (106).  Finally, 

megakaryocytes are cells originating from the bone marrow (106). Their fragmentation 

gives rise to platelets (106), which circulate in the blood and are responsible for hae-

mostasis. Platelets are also involved in coagulation, a response to vascular injury, 

which leads to platelet activation and aggregation to the site of injury, forming a layer 

to prevent blood leakage (107). 

2.1.2 Calcific cardiovascular diseases 

Cardiovascular diseases (CVD) are a group of blood vessel and heart diseases 

affecting the function of the heart. The long list of such diseases includes arrhythmia, 

coronary artery disease, heart failure, heart attack, stroke, heart valve disease, and 

rheumatic heart disease. It is predicted that by 2030 almost 44% of the US adult pop-

ulation alone will at least have one type of CVD (108). Smoking, obesity, high blood 

pressure, and cholesterol are all considered to be risk factors for CVD (109). There-

fore, a healthy diet and active lifestyle are considered a significant part of the preven-

tion, management, and treatment of CVD. 

Unfortunately, when it comes to treatment, for most CVD in which cardiovas-

cular mineralisation is observed such as; atherosclerosis (110), aortic valve stenosis 

(111) and coronary artery disease (112) the only viable choices involve surgical inter-

ventions. Coronary artery revascularization bypass surgery, percutaneous coronary 

intervention (angioplasty), transcatheter aortic valve replacement, and surgical aortic 

valve stenosis are costly procedures usually used (113). For these diseases, there is 

no definitive pharmaceutical treatment, even though drugs such as anti-inflammatories 

(114) and antithrombotics (115) are used for their management. A major obstacle in 

the development of successful non-invasive treatment of these diseases is the pres-

ence of calcified material, the formation of which is not entirely understood and sub-

sequently cannot be prevented. 

Biologically, what is known is that atherosclerosis is a disease that affects the 

lumen of large and medium-size arteries (116). It involves the deposition of lipopro-

teins such as cholesterol within the intimal layer of the arterial wall (117) which then 

triggers a chronic inflammatory response of the endothelium with the recruitment of 

monocytes, macrophages, and T lymphocytes (118). The recruitment of macrophages 

and a range of phenotypic changes of vascular smooth muscle cell result in foam cell 

formation (118)l which frequently become mineralised through the deposition of cal-

cium deposits (119). Deposition of minerals is also found in the medial layers of arter-

ies which can be triggered even in the absence of lipids deposition due to phenotypic 

changes of vascular smooth muscle cells to osteoblast-like cells (120). 
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Calcified plaques can be found in a variety of arteries such as the aorta, carotid, 

and coronary arteries. When the plaques are located in the coronary arteries, the cor-

responding disease is called coronary artery or coronary heart disease. Over time, 

plaques in the coronary arteries restrict the blood flow to the heart or can even rapture, 

resulting in a blood clot and a sudden heart attack (121). Likewise, aortic valve steno-

sis is the result of the deposition of lipids and minerals on the leaflets of the aortic valve 

(122). Similarly to coronary heart disease, the deposition of minerals on the aortic 

valve or aorta can, over time, affect the natural blood flow and lead to fatal outcomes. 

2.1.3 Cardiovascular mineralisation 

The presence of cardiovascular calcification has also been associated to in-

creased mortality rates and worse prognosis not only in patients with a diagnosis of 

cardiovascular diseases but also in patients prompt to the development of calcification 

due to chronic kidney disease, diabetes, hypertension and other (123, 124). Despite 

the large number of proposed mineralisation mechanisms in the literature, the exact 

processes leading to the minerals observed in cardiovascular tissue are still unclear 

(21, 111, 120, 125-130). These include suggestions that cardiovascular calcification is 

a result of the transdifferentiation of vascular smooth muscle to bone cells (120), or 

due to the release of extracellular vesicles from macrophages that serve as mineral 

nucleation sides (131). It has for many years also being argued that the mineralisation 

of cardiovascular tissues is a consequence of osteogenic processes (132), a sugges-

tion mainly based on the elemental composition of the minerals and the presence of 

biological bone markers in the affected tissue.  

Studies have, however, identified a number of minerals present in cardiovas-

cular tissues suggesting a more complex mineralisation process involving several dis-

tinct mechanisms. An early study using scanning electron microscopy and X-ray dif-

fraction pattern analysis of minerals in atherosclerotic aortic tissue showed the pres-

ence of several structures including spheres, irregularly shaped particles, fibres form-

ing networks and flat plates with a chemical composition of calcium apatite of varying 

calcium to phosphorous ratios and carbonate contents (133). These results came in 

agreement with another study also using a range of spectroscopic methods; which 

reported heterogeneity amongst the structures observed and also the presence of 

trace minerals such as sodium and magnesium in the apatite minerals (134). 

 A more refined study, although showed the presence of magnesium-contain-

ing beta-tricalcium phosphate in the media layers of the aorta, while hydroxyapatite 

was mostly observed in the intima instead suggesting different origins (135). However, 

no morphological information on the magnesium-containing minerals was included. 

Interestingly though, the presence of calcification in the intima and media of arteries 
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has been found to correlate to different underlying pathologies; with calcification of the 

intima being observed in atherosclerosis while chronic kidney disease and diabetes 

result in calcification of the media layers (136, 137). Observations further supporting 

different origins for these two types of minerals, even though the two can also co-exist.  

Similarly, characterisation of calcified aortic and mitral valves reported the 

presence of nodules, nanoparticles and large minerals on the valve leaflets (138). The 

study also reports a chemical composition of calcium phosphate with varying car-

bonate contents and calcium to phosphorus ratio (138). Another study also reports the 

presence of spherical deposits and large poorly crystalline hydroxyapatite in the 

valves, whose calcium to phosphorus ratio was fount to be increasing as the disease 

is progressing (139).  

A more detailed electron microscopy study (13, 140) on vascular calcification 

in the aortic and mitral valves, coronary arteries and aorta, indicated that the minerals 

observed can be divided into three distinct structures, despite anatomical location and 

underlying disease: mineralized fibres (Figure 2.3 (a)), calcific particles (Figure 2.3 (b, 

c)), and a large mineral with no defined morphology (Figure 2.3 (d)). 

 

Figure 2.3: Density-dependent colour - scanning electron micrographs (DDC-

SEM) of calcification observed in cardiovascular tissue (12). Red and pink indi-

cate inorganic and turquoise (blue/green) indicates organic material. (a) Calcified fi-

bres indicated by arrows. Scale bar = 2 µm. (b) Calcific particles (arrow). Scale bar = 

5 µm. (c) Aggregates of calcific particles (arrows). Scale bar = 1 µm. (d) Large mineral 

of no defined morphology (arrow). Scale bar = 2 µm.  
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 The same study shows the presence of distinct magnesium-containing cal-

cium phosphate particles (13), while it also highlights differences in mineral crystallin-

ity, with the large mineral diffracting as a polycrystalline mineral (13), while the parti-

cles as a single crystal (13). Interestingly the particles were observed even in tissues 

with no macroscopic calcification and with no other form of mineral present, suggesting 

that they are the first to be deposited (13). On the other hand, the large minerals and 

mineralised fibres were only observed in patients with a diagnosis of a calcific cardio-

vascular disease confirmed through the macroscopic presence of calcification in the 

tissue (13). The uniqueness of the magnesium-containing particles was also confirmed 

through indexing of electron diffraction patterns obtained, which showed that they are 

formed by crystalline whitlockite rather than hydroxyapatite (141). This information on 

the morphology, elemental composition, crystallinity and timeline at which the cardio-

vascular minerals are observed, further supports several mineralisation mechanisms 

being involved, with the whitlockite particles possibly having a role in the development 

of the other minerals.  

Furthermore, comparing the properties of the cardiovascular minerals reported 

to the bone mineral, they were found to be remarkably different. In bone, the cal-

cium/phosphorus ratio most commonly reported is below 1.7 (75, 142-144). In con-

trast, the ratio in cardiovascular mineralisation (determined by infrared spectroscopy 

and atomic absorption spectroscopy) has been most frequently reported as 1.7 or 

above (134, 135, 139). Additionally, even though magnesium is present in bone, it is 

only considered a trace element, unlike cardiovascular minerals where it corresponds 

to a considerable percentage of the inorganic component (134, 135, 145). At the same 

time, the presence of crystalline whitlockite nanoparticles suggests a unique mecha-

nism other than an osteogenic processe as such crystallinity has never been reported 

in the bone.  

Subsequently, these findings highlighted the need for new mineralisation ori-

gins and pathways to be identified and mineralisation models to be developed (20, 21, 

146, 147). However, many studies using cell culture models to reproduce these min-

erals do not carry out a detailed mineral characterisation, focusing only on confirming 

the presence of calcium phosphate or osteogenic markers. For example, in the study 

of valvular calcification, the presence of apatite in the produced mineral was reported 

in cell mineralising models using vascular smooth muscle cells (to study calcification 

in the media layers of arteries), and macrophages (to study calcification in the intima 

layers of arteries) (148, 149), even though the mineral was not characterised. Few 

studies do although include a mineral characterisation, with a study using extracellular 

vesicles isolated from vascular smooth muscle cells showing the formation of calcium 

phosphate particles in the mineralising model used; the properties of which are similar 
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to the apatite mineral found in native tissues (20). Similarly, mineralising cell culture 

models using valvular intestinal cells to understand valvular calcification (150) report 

the production of calcium phosphate but do not give detailed information on the min-

erals reported (151-153).  

As with cell culture models, a large number of animal models have also been 

developed focusing on the induction of calcification in cardiovascular tissues (154). 

The presence of calcium phosphate and osteogenic markers in a variety of cardiovas-

cular tissues has been reported in both small (e.g. mice and rats) and big (e.g. horses 

and cows) animal models (154). However, again no detailed characterisation of the 

minerals is carried out to confirm that these are the same structures observed in hu-

mans; while most of the animal models used also have other biological, anatomical 

and pathophysiological differences to humans (154). For example, mice, (even though 

they are the most frequently used animal for the study of atherosclerosis and aortic 

valve stenosis) do not develop calcification naturally, while the models used to induce 

calcification do not report deposition in the coronary and carotid arteries, something 

widespread in humans (154). Arterial calcification has, on the other hand, been re-

ported in horses; thus, they are argued to be a more suitable model (155). However, 

characterization of the minerals present only reported the presence of hydroxyapatite 

(155), with magnesium or whitlockite not been mentioned.  

Taken all together, the results of a large number of studies using mineralising 

models could indeed give insights on the presence of the apatite minerals in cardio-

vascular tissues. Despite, none of these studies concentrates on the identification of 

the exact minerals formed, nor they compare these to what is found in native human 

tissues. Finally, all studies on cardiovascular calcification have to date dismissed the 

presence of magnesium in the mineral; subsequently, the mechanisms responsible for 

the presence of the whitlockite nanoparticles are yet undefined.  

 

2.2 Breast mineralisation in breast cancer 

2.2.1 Breast anatomy 

In humans, the breasts are anatomically located on the anterior part of the 

thorax on top of the pectoralis major muscle and the ribs (156, 157) (Figure 2.4). Their 

shape and size vary between individuals as they depend on, amongst others, racial 

and genetic factors (156). On the exterior of the main bulk of the breasts lays the nipple 

and the areola (Figure 2.4) (156). Under the skin and the nipple-areola complex lies a 

layer of subcutaneous fat (adipose tissue) which covers the fibrous (ligaments and 

stroma (connective tissue)) and glandular tissue (156). That is divided into around 20 
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ducts, which start from the lobe and converge to the nipple (Figure 2.4). Each lobe is 

made up of up to several lobules which are made of alveoli (Figure 2.4). The lobules 

are surrounded by connective tissue called stroma from both the inside and the outside 

(Figure 2.4). However, the stroma outside the lobules is formed by collagen fibres; 

thus, it is substantially denser than that found on the inside, which is predominantly 

formed by loose adipose tissue (156). The stroma extents to surround all lobules and 

ducts providing structural support.  

Figure 2.4: Graphic illustration of the breast. The rib bones, intercostal muscle, and 

the pectoralis major muscle, which are located at the posterior of the breast, and the 

different structures and tissues forming the breast: fat (adipose tissue), stroma (con-

nective tissue), ducts, lobules, and nipple-areola complex are shown. 



38 
 

2.2.2 Breast cancer 

Breast cancer is the most common type of cancer in women (158) and refers 

to several diseases. The main challenge in the diagnosis and treatment of these dis-

eases is their heterogeneity (159). The development of each breast tumour depends 

on the types of cancer cells present (160, 161), their alterations during disease pro-

gression (161, 162), and also the tumour microenvironment (161). 

 Different types of breast diseases affect different breast structures. Benign 

breast tumour diseases include; fibrocystic changes, benign phyllodes tumour, 

hamartomas, papillary lesions, and Paget's disease. Fibrocystic changes include the 

formation of cysts (abnormal cells accumulating together to form a 'bubble' filled with 

fluids (163)) in the stroma, ducts or lobules, non-sclerosing adenosis (enlargement of 

the lobules (163)) and fibrosis (damages to the connective tissue) (164). Usually, these 

changes lead to breast lumps, however, are considered to be associated with hormo-

nal changes and menopause (165) and to not contribute to an increase of the risk of 

a breast malignancy (166). Simple fibroadenomas, a type of fibroepithelial lesions (a 

growth of epithelial and stromal cells) (167) formed in the lobules (163), are also con-

sidered fibrocystic changes and harmless (166). Harmless are also considered some 

benign tumours (166) including; benign phyllodes tumour (another type of fibroepithe-

lial lesions (167, 168)),  hamartomas (lesions formed by glandular epithelial cells (ep-

ithelial cells covering the mammary glands), fibrous and adipose tissue) and papillary 

lesions (benign tumours forming in the ducts (163)). On the other hand, sclerosing 

adenosis and sclerosing papillary lesions are suggested to increase the risk of malig-

nancy (166). Finally, Paget's disease (cancerous lesions on the nipple and the areola 

(169)) is rarely encountered in the breast tissue and is usually associated with other 

underlying breast diseases, in many cases malignant (170). 

Malignant breast diseases are divided into non-invasive and invasive. The 

most common invasive breast carcinoma is the ductal carcinoma in situ (DCIS) (171), 

which involves the growth of cancer cells within the ducts. Even though the disease is 

non-invasive, it increases the possibility of developing an invasive ductal carcinoma 

(171). Invasive ductal carcinoma (IDC) is the most common among invasive breast 

tumours; anatomically starting from the ducts and over time infiltrating into other breast 

tissues and body parts (172). The second most common invasive breast cancer is 

invasive lobular carcinoma (ILC) (172), which begins in the lobules and similarly to 

IDC spreads to other parts of the breast and the body. Other malignant diseases ac-

counting for only a small percentage of malignant breast tumours include; malignant 

phyllodes tumours and invasive cribriform carcinoma (ICC), which refers to tumour 

growth with a nest-like shape (173) in the breast stroma. 
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2.2.3 Breast mineralisation 

Mineralisation of the breast tissue has been suggested to be a result of tissue 

necrosis as a consequence of injury or a range of diseases, such as chronic kidney 

disease (174) and hypertension (175). Additionally, microscopic mineral deposits 

(known as microcalcifications) found in breast tissue are a crucial component in the 

indication of underlying breast carcinomas (176). Microcalcifications are also regularly 

used as mammographic features in the differentiation between malignant and benign 

diseases (176-178). For example, multiple similar calcification clusters (appearing as 

bright white spots on the mammograms) spread over one or both breasts are consid-

ered to be concomitant of benign diseases, while variability in their appearance sug-

gests a malignant cause (176).  

This association of breast mineralisation to cancer has led to many research 

initiatives aiming to identify specific differences between benign and malignant miner-

alisation (179-181). Through electron and light microscopy, X-ray diffraction, and mi-

croprobe analysis, two chemically different types of minerals were associated with 

breast carcinomas: calcium oxalate (25, 179, 182) and hydroxyapatite (22, 24, 25, 179, 

182). Calcium oxalate has been identified mostly in the context of benign diseases 

(25, 182), although some more recent studies do not report its presence (183, 184). 

On the other hand, hydroxyapatite has been recorded widely in studies using spectro-

scopic and diffraction methods, in both benign and malignant cases (23, 179). Recent 

studies, using Raman and energy dispersive x-ray spectroscopy, have also pointed 

out the presence of magnesium-substituted apatite and whitlockite in malignant cases 

(22, 24, 182). No clear correlation has been found, however, between the levels of 

magnesium in tissue and malignancy (24, 183). Changes in the crystallinity of hydrox-

yapatite, were although reported to correlate with disease classification with an in-

creased crystallinity associated with invasive tumours (185). Furthermore, studies 

where Fourier transform infrared (FTIR) and Raman spectroscopy were used found 

that a decrease in the concentration of carbonate and protein context in the mineral is 

concomitant to an advanced malignancy (23, 179).  

Despite, most of these studies do not provide detailed information about the 

morphology of breast minerals in the microscale and how these are related to malig-

nancy. An exception to this are studies also incorporating scanning electron micros-

copy in their workflow. An early study showed the presence of pyramid calcium oxalate 

crystals and calcium phosphate minerals in the form of structures of no defined shape, 

spherical particles and rod-like crystals (25). More recent studies, on the other hand, 

only report the presence of large minerals of no defined shape on electron micrographs 

in all types of tissues used (Figure 2.5) (22, 24). The presence of whitlockite particles 
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was also reported in an invasive malignant breast tumour case, although only one 

sample was used in the analysis; therefore, no definite correlation was noted (22).  

 

Figure 2.5: Density-dependent colour - scanning electron micrographs (DDC-

SEM) of calcifications observed in breast tissue (12). Red and pink indicate inor-

ganic and turquoise (blue/green) indicates organic material. (a) Electron micrograph 

of smaller apatite mineral observed in breast tissue. (b) Electron micrograph of large 

apatite mineral observed in breast tissue. Scale bar = 2 µm.  

Other than their diagnostic capacity, the physicochemical properties of miner-

als in breast cancer are of growing interest due to their potential in providing insights 

on the prognosis of the disease (186, 187). It has been reported that breast cancer 

patients with small minerals have a lower survival rate than patients who present more 

extensive deposits (188), and the presence of minerals in ducts increases the risk of 

cancer recurrence (187). Studies have also reported that the presence of apatite in 

breast cancer cell cultures can enhance mitosis processes (19) and also the migration 

of tumour cells (189). The exact origins of these apatite minerals are still yet unknown, 

due to probably the common belief that mineralisation had no biological significance 

and was just only a by-product of cell death.  

More recent studies, however, indicate an active cellular process, with in vitro 

experiments showing that tumourigenic mammary cells can produce hydroxyapatite, 

in contrast to non-tumourigenic cells, which do not mineralize (18). Detailed charac-

terisation of the mineral morphology was not although carried out; even though, raman 

spectroscopy was used to confirm the chemical composition of the mineral. This ca-

pability of breast tumour cells to form such minerals has been attributed to the fact that 

such cells express bone-associated proteins (190, 191). It has been therefore sug-

gested that, as a consequence, osteogenic-like processes might be leading to the for-

mation of hydroxyapatite minerals in the mammary tissue (192). Despite, a compari-

son between the minerals found in vivo to those produced in vitro is still missing for a 

definite conclusion to be made. 
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2.3 Brain mineralisation in Alzheimer's disease 

2.3.1 Brain anatomy 

The human brain consists of the brainstem, cerebrum, and the cerebellum 

(193) (Figure 2.6 (a)). The brainstem is located just above the spinal cord and consists 

of three regions, the midbrain, the medulla, and the pons (193). Behind the brainstem, 

at the back of the head, the cerebellum is located. On top of the brainstem and the 

cerebellum lays the cerebrum, the largest part of the brain (193). The surface of the 

cerebrum is called the cerebral cortex; which has a folded structure forming gyri and 

sulci (Figure 2.6 (b)) all of which are named based on their location. Internally, the 

cerebral cortex is also divided into regions of grey and white matter (Figure 2.6 (b)). 

Grey matter itself contained neural cell bodies, while white matter contains neural pro-

jections (the axons).  

Figure 2.6: Graphic illustration of the brain. (a) Whole-brain schematic indicating 

the cerebrum, brain stem, and cerebellum. (b) Coronal view of the brain indicating the 

grey matter with dark grey and the white matter with off white-grey. The gyri and the 

sulci of the brain are also indicated, which are the folds and gaps found on the brain, 

respectively. 

Four lobes, the frontal, temporal, parietal, and occipital (Figure 2.7) further di-

vide the cortex; based on their specific functions (194). The frontal lobe is associated 

to socioemotional behaviour, cognitive, behavioural, and motor functions (194), the 

temporal lobe to sensory functions, language and emotions (194), the occipital lobe to 

vision (194), and the parietal lobe to the processing of incoming somatosensory sig-

nals as well as to the perception of external space, body image and attention (194).  
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Figure 2.7: Brain illustration indicating the four lobes in different colours. The 

frontal lobe is indicated with yellow, the parietal lobe with pink, the temporal lobe with 

green, and the occipital lobe with blue. 

Deep into the cerebral cortex, with functions strongly connected to individual 

lobes, a group of subcortical structures is located. These include, amongst others; the 

hippocampus and basal ganglia (194). The basal ganglia consists of a group of brain 

nuclei, including the caudate nucleus, putamen, substantia nigra claustrum, and glo-

bus palidus (195). As a whole, the basal ganglia is involved in cognitive and emotional 

operations as well as motor function control (195). However, individual nuclei are as-

sociated with specific functions; for example, the putamen is associated with motor 

function while the caudate nucleus to cognitive function. The hippocampus is, on the 

other hand, responsible for the formation and storage of memories, allowing for fasts 

and events to be recalled (194). 
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At the cellular level; the brain mainly consists of neurons (196) and glial cells 

(197). Several different neuronal species exist, all of which have different morpholo-

gies and functions (196). Morphologically, there are unipolar, bipolar, pseudo unipolar, 

and multipolar neurons, with the latter being the most common in the human brain 

(198). Despite their differences, all neurons are formed by a cell body (soma), an axon 

with axon terminals and dendrites (199). Axons and dendrites are both used for neu-

ronal communications; with axons being responsible for signal output, while dendrites 

for signal input (199). The signalling between neurons is done at synaptic points (syn-

apses) between axons and dendrites, through a bioelectrochemical process that is 

controlled by neurotransmitters; chemicals such as dopamine and serotonin (198).  

As previously mentioned, neuronal bodies are located in the grey matter of the 

brain and the axonal projections in the white matter. In the cerebral cortex, the outer 

grey matter layer called the neocortex is also divided into six different cellular layers. 

Each of these layers contains a different number and type of neurons which receive 

and send signals to specific parts of the brain. Studies showed that these cellular lay-

ers are substantially different based on their location in the cortex, which led to the 

separation of the brain lobes into smaller distinct areas; the Brodmann areas (198, 

200). The structural differences in these areas are believed to be due to the associated 

functions; thus, each Brodmann area is considered responsible for that function (200). 

Glial cells are fundamental for the correct function of neurons and include 

amongst others; oligodendrocytes, astrocytes, and microglia. Oligodendrocytes are 

responsible for the production of myelin; an insulating layer surrounding the axons 

fundamental for their function (197). Astrocytes are divided into two types: fibrous and 

protoplasmic. Fibrous astrocytes are found in white matter, while protoplasmic astro-

cytes in grey matter. Both types have however similar functions; including regulation 

of brain blood flow, homeostasis within the nervous system, proper synaptic function, 

and brain metabolism (201). Finally, microglia cells are involved in immune responses 

and are responsible for the clearance of pathogens (197). These cells, have different 

resting and activated states; thus, their morphology can give information on the occur-

rence of insults in the brain (202). 

2.3.2 Alzheimer's disease 

Neurodegenerative diseases include a number of pathologies leading to cog-

nitive impairment and movement disorders (203). One such disorder is Alzheimer's 

disease (AD), affecting about 30 million people worldwide (204). The disease is char-
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acterised by severe memory loss as well as impairments in motor functions and cog-

nition (205). Down to the cellular level, neurofibrillary tangles and amyloid plaques are 

the two primary landmarks of the pathology, always observed in AD brains (206). 

 Amyloid plaques are an accumulation of amyloid β peptides (205). Their for-

mation is believed to be due to structurally altered amyloid β monomers being re-

leased, leading to the formation of soluble amyloid β oligomers. Protofibrils are then 

formed through the attachment of new monomers to the oligomers. Aggregation of 

these protofibrils leads to fibrils that subsequently accumulate to form plaques promot-

ing further deposition of amyloid β oligomers (205, 207, 208). High concentrations of 

amyloid β oligomers have been proven toxic, having a catastrophic effect on neuronal 

cells. Synaptic damage (205) is observed soon after the levels of oligomers increase 

(207, 209, 210). Additionally, the presence of amyloid plaques leads to an inflamma-

tory response of microglial cells (205, 207, 210, 211), while the presence of amyloid β 

oligomers has been shown to affect the function of tau protein (207). 

Tau protein is a microtubule protein primarily located in axons that under nor-

mal conditions, interact with tubulin for microtubule stabilization (212). The protein 

mainly functions through well-controlled phosphorylation events (213, 214) but under 

pathological conditions, they are found to hyperphosphorylate into helical filaments 

(215). Hyperphosphorylated tau leads to the formation of neurofibrillary tangles (216) 

and succeeding functional loss of neuronal cells. However, it is yet not entirely clear 

whether the unfavourable effects of tau on cells is due to these aggregates, or due to 

the formation of insoluble or soluble oligomers following hyperphosphorylation (217). 

Despite that, the development and spreading of tau pathology is related to 

brain regions associated with cognitive impairment, with the spreading pattern to be 

an important part of the Braak stages used for the clinical evaluation of AD (218). 

Braak staging states that in the early onset of the disease changes affect the transen-

torhinal region of the cerebral cortex, while later on the subcortical nuclei, the hippo-

campus, and medial temporal lobe regions. In the late stages of the disease, the 

changes spread to other regions, including the medial occipitotemporal gyrus, tem-

poral neocortex, superior temporal gyrus, and parts of the visual cortex (219). 

Other than damages on neurons, AD pathology has more recently also been 

correlated to changes in glial cells, even though it is not entirely understood whether 

these are a result of the pathology or are contributing factors (220). For example, it 

has been observed that the presence of amyloid plaques can have a toxic effect on 

microglial cells, causing them to degenerate (202). Additionally, the increase in de-

generating microglia cells has been associated with the presence of an increased 

amount of neurofibrillary tangles (202). Astrocytes have also been observed to un-
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dergo compromises in AD pathology, with astrocyte atrophy affecting the synaptic con-

nectivity, brain homeostasis, and subsequent neuronal function (221). Neuronal com-

munication has also been observed to be compromised due to myelin degeneration 

resulting from dysfunctional oligodendrocytes in AD pathology (221). Thus, even 

though not all parts of AD pathology are fully understood, it is clear that it does not 

only involve neuronal cells but instead has an effect on all cellular components of the 

brain. 

2.3.3 Brain mineralisation 

Alzheimer's disease has also been previously associated with brain minerali-

sation, mainly in the form of intracranial vascular calcification in brain regions affected 

by the disease (222). Vascular calcification has been observed in the caudate nucleus, 

putamen, globus pallidus, and cerebellum (222) while in the hippocampus, it has been 

associated with neural cell death (222). These minerals were observed through Von 

Kossa staining suggesting a calcium-containing mineral in the form of calcified nodules 

and large mineral plates (223). Another study also reports the association of intracra-

nial vascular calcification with the presence of amyloid plaques (224); while it also 

reports the presence of mineralised plaques outside the vasculature, although the na-

ture of these was not further investigated (224). Additionally, atherosclerotic brain cal-

cification, as observed on magnetic resonance images, has been correlated to low 

cognitive scores and thus is believed to lead to cognitive impairment (225). However, 

it is not clear if the minerals have a role in the development and progression of AD 

pathology as such. 

Mineralisation of the brain was initially believed to be a result of calcium abnor-

malities in the body, but it was later suggested that iron and dopamine metabolism 

abnormalities play a significant role as well (226, 227), often associated with psychotic 

pathologies (228). Additionally, the presence of minerals in brain structures has also 

been related to other pathologies. Case studies suggest that the vascular non-athero-

sclerotic mineralisation of structures such as the cerebral cortex, basal ganglia, and 

cerebellum is related to Fahr’s disease (40). An electron microscopy study of the min-

erals observed showed that they were of mostly spherical morphology and contained 

both calcium and iron (229). Furthermore, calcifications are present in meningioma 

tumours (228); while intracranial arterial calcification has also been proven to increase 

the probability of ischemic stroke in patients with chronic kidney disease (230). 

Although most of these pathologies have been associated with calcium-con-

taining minerals, and more specifically calcium phosphate due to the knowledge al-

ready available on vascular calcification in other anatomical parts of the body, other 
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mineral properties are yet unknown. One of the limitations in the research of brain 

mineralisation is that most of the studies found in the literature are using macroscopic 

methods of mineral characterization (231-233). Such macroscopic methods are used 

to provide information on the anatomical location of the minerals in the brain, but no 

information is collected at the nanoscale. As a result, it is still not clear whether brain 

mineralisation is a passive process, due to ageing, or an active one, nor it is clear 

whether these minerals affect the progression of any of the associated pathologies. 



47 
 

Chapter 3: Experimental methods  

 

3.1 Electron microscopy in the study of pathological minerals 

The most widely used electron microscopes are scanning and transmission 

electron microscopes. Both types have been used countless times in the study of cells, 

biological structures, and tissues, providing valuable information on these systems. 

The most apparent advantage of electron microscopes over light microscopes is their 

high resolution. State-of-the-art scanning electron microscopes (SEM) have a resolu-

tion of around 0.4 nm (234). Conventional SEMs usually have a resolution limit of 

about 1 nm (235), which is at least a hundred times higher than that obtained by con-

ventional optical microscopes (236). Transmission electron microscopy (TEM), on the 

other hand, can achieve a resolution of angstroms (237) allowing information on deli-

cate biological structures to be obtained and even the visualisation of individual atoms 

within crystals. 

Electron microscopes have allowed the visualisation of bone ultrastructure, 

with a large part of the knowledge we have today on bone mineral originating from 

electron microscopy studies (72). Moreover, several researchers have shown the im-

portance of using electron microscopy in the study of pathological mineralisation (13, 

14). SEM aided the identification and provided detailed structural information on the 

minerals observed, amongst others, in cardiovascular (13), kidney (238), and ocular 

(14) tissues. Even though the most widely reported in physiological (10) and patholog-

ical minerals are usually formed by calcium phosphates, SEM visualisation of these 

minerals has indicated significant differences and allowed the identification of distinct 

mineral structures (13, 14, 74). 

Similarly, TEM imaging has also proven to be particularly useful in the under-

standing of the formation mechanisms of biological minerals, as it enables the locali-

zation of minerals in relation to cells, cell organelles, and extracellular matrix. Energy-

dispersive X-ray spectroscopy (EDS) and selected area electron diffraction (SAED) 

tools can also provide data on the chemical composition, phase, and crystallinity of 

the minerals present. Information incredibly valuable in the identification of the miner-

alisation processes taking place as differences in the phase and crystallinity can hint 

that different mechanisms are responsible for the presence of minerals. SAED has 

been employed in the study of pathological minerals and has given insights on their 

origins (13, 14). 
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3.2 Electron microscopes overview 

Electron microscopes, unlike optical microscopes which use light, employ in-

teractions between an electron beam and a sample for image formation. As previously 

mentioned, the two most common types (Figure 3.1) are scanning and transmission 

electron microscopes (239).  Scanning electron microscopes rely on reflected products 

of the interactions (240) to produce an image of the sample surface, while on the other 

hand, transmission electron microscopes, use primarily the ability of the electron beam 

to penetrate through the sample (240). 

Despite the functional differences, in both microscopes, the electrons are pro-

duced by an electron gun. In general, two types of electron guns are most widely used; 

thermionic and field emission (241). Thermionic guns typically consist of a tungsten 

filament that is heated using an electric current, providing the needed energy for elec-

trons to escape the surface of the filament (241). Field emission guns, on the contrary, 

use a sharp tungsten crystal instead with a high electric field applied near the tip of the 

crystal, causing electrons to tunnel out (241). As both types of guns are rather sensi-

tive, to avoid contamination, all traditional electron microscopes operate under high 

vacuum (242). Operating under high vacuums also eliminates the scattering of elec-

trons on air particles, allowing for a uniform electron beam to be formed (243). An 

exception to this, are some SEMs that operate at variable pressure; with the electron 

source and column maintained at high vacuum and the specimen chamber at different 

pressures (243), however, no such microscopes were used in this work. 

Following the formation of the initial electron beam, the electrons are acceler-

ated through an electric field towards the anode and focused through electromagnetic 

lenses called condenser or objective lenses (Figure 3.1) (240, 242). Condenser lenses 

are used to alter the beam size, while objective lenses adjust the angle of the beam 

and subsequently the focus point (242). In a SEM these electromagnetic lenses are 

only used for the formation of the final electron beam, while in a TEM electromagnetic 

lenses are also used for image formation (244). Apertures are also used in both mi-

croscope types to modify the beam size by blocking electrons travelling at larger an-

gles (244). 

Once the primary electron beam interacts with the atoms in the sample, a 

range of charged particles originating from the primary beam, secondary charged par-

ticles, and photons (239) are generated, which are collected to form an image, a chem-

ical spectrum, or an electron diffraction pattern (245).  In the SEM, detection happens 

by specific detectors, usually using indirect methods of detection and image formation. 

Scintillator or semiconductor detectors are usually used. One example of a scintillator 

detector is the Everhart–Thornley detector. This detector is composed of a positively 
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charged Faraday cage to attract the electrons and a scintillator which converts the 

electron signal into photons (244). The photons then enter a photomultiplier tube that 

converts them back to electrons, which are then multiplied through interactions that 

generate secondary electrons. These electrons are then captured to form an image. 

For the TEM, direct detection and image visualisation can also be employed through 

the use of a phosphorescence screen (246). The images can then be recorded on 

photographic films and in more recent years on charged coupled devices which allow 

visualisation on a computer screen (246). 

Figure 3.1: Diagrams of the electron beam path in a transmission electron mi-

croscope and a scanning electron microscope (247). 
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3.2.1 Electron – matter interactions 

When an electron beam interacts with a material, elastic and inelastic electron 

scattering is observed. In elastic scattering, the electrons do not lose kinetic energy 

through the interaction with the sample surface; however, their direction is altered 

(248). On the contrary, in inelastic scattering electrons experience energy changes 

due to interactions with the electrons and nuclei of the atoms within the sample. As a 

result, these electrons can be reflected, transmitted through, or come to rest within the 

sample (248, 249). 

Inelastic collisions can, therefore, give rise to backscattered electrons, which 

result from electromagnetic forces between the negatively charged primary beam and 

the positively charged nucleus of the atoms found in the sample, which cause primary 

electrons to be deflected back (249) (Figure 3.2). The portion of incident electrons that 

get backscattered (backscatter coefficient) was found to be related to the atomic num-

ber of the elements present in the specimen (244, 249). Higher atomic numbers are 

correlating to a higher number of backscattered electrons and therefore, a higher 

backscatter coefficient (244). 

Secondary electrons are another result of inelastic scattering. They are called 

secondary as they do not originate from the primary electron beam but are instead a 

result of the interaction between the electron beam and the sample surface. They are 

generated through energy transferred between the incoming primary electrons and the 

electrons within the electron energy levels of the sample atoms (249) (Figure 3.2). 

When enough energy is transferred, these electrons can escape the atoms and the 

sample surface (250) (Figure 3.2).  Secondary electrons were found to provide topo-

graphic information (239) as spikes and edges present in the specimen allow more 

electrons to escape the surface at different angles leading to differences in the bright-

ness of the resulting image (electron number effect) (244, 249). Additionally, the 

amount of detected secondary electrons also depends on the angle in which the spec-

imen is located in relation to the detector which also results in brightness differences 

in the end image (trajectory effect) (244). 

Another secondary product of the interaction between the primary beam and 

the atoms of the sample are photons emitted, referred to as characteristic x-rays (249). 

Characteristic x-rays are a by-product of the generation of secondary electrons (Figure 

3.2), which as they escape leave behind an electron vacancy in the corresponding 

electron energy level of that atom (Figure 3.2). A higher energy electron then fills this 

vacancy by losing some of its energy in the form of a photon (Figure 3.2). The photon 

energy corresponds to the difference in the energy between the two electron levels 
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(249). As this energy difference is a property specific to each chemical element, ana-

lysing the energy of the emitted photon can lead to the identification of the atoms pre-

sent in the sample (249). 

Finally, in cases where the sample is thin enough, the primary beam electrons 

can penetrate the sample. These electrons have interacted with the specimen atoms 

and therefore, also carry information on the sample morphology and chemical compo-

sition (249). Both elastically and inelastically transmitted electrons carry information of 

the elemental composition of the sample, as the amount of electrons passing through 

is inversely proportional to the atomic number of the elements present. 
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Figure 3.2: Graphical representation of the generation of backscattered elec-

trons, secondary electrons, and characteristic X-rays. 
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3.2.2 Electron – crystal interactions 

In the case of pathological minerals, it is also essential to consider how the 

electron beam interacts with crystalline structures, as electron behaviour is specific to 

the crystallinity and lattice of minerals. 

A crystalline structure is one in which atoms are arranged in a regular, geomet-

ric way (249). For example, the simplest crystal has a unit cell in the shape of a tube, 

which has eight edges corresponding to eight atoms (Figure 3.3). The full crystal con-

sists of repetitions of this unit cell forming a three-dimensional arrangement of atoms 

(called the crystal lattice) at specific planes (called the lattice planes) (249) at a specific 

distance apart (d spacing) (249). Each lattice plane is represented by the Miller indices 

(h,k,l) which essentially indicate the location of a plane in the lattice; h represents the 

x-axis, k the y-axis, and l the z-axis (Figure 3.3) (249). 

 

Figure 3.3: Representation of a cubic unit cell and the corresponding crystal 

lattice. Spheres indicate the atoms and lines the d spacing between them. An example 

of the lattice plane with Miller indices (0 1 0) is represented by the shaded area in the 

crystal lattice. 

This atom orientation in crystals allows the scattering of radiation waves in a 

specific way, which is described by Bragg's equation (249, 251): 

2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                                          (1) 

Where d is the d spacing of the crystal, θ the angle of incidence of the radiation wave 

(Figure 3.4), n is an integer, and λ the wavelength of the wave. 
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Figure 3.4: Schematic showing the angle of incidence and the d spacing of the 

crystal lattice. 

The relationship is also valid when electrons are used, with the only difference 

being that electrons have a much shorter wavelength than other types of radiation 

resulting in much smaller angles needed for scattering to take place (249, 251). There-

fore, the equation can be simplified to: 

2𝑑 𝜃 ≈ 𝑛𝜆                                                                    (2) 

As sin θ at small angles is approximately equal to θ. 

At a specific angle, the result of Bragg's equation gives an n value higher than 

zero, which means that the waves add up, a phenomenon called constructive interfer-

ence (251). On the other hand, when the n value is zero, the waves cancel each other 

out, leading to destructive interference (251). Based on Bragg's equation when the 

wavelength of the incident beam is known, and the incident angle can be found the d 

spacing of the crystal lattice can be found which allows the identification of the crystal 

itself (251). This principle is used in the analysis of electron diffraction patterns ob-

tained by TEM, which will be discussed further later on. 
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3.3  Scanning electron microscopy and pathological minerals 

3.3.1 Imaging 

Secondary electron images are the most common and well-recognised SEM 

images (Figure 3.5 (a, b)). Two types of detectors can be used for secondary electron 

images. The in-lens detector is inbuilt in the path of the primary electron beam of mod-

ern SEMs. It detects electrons emitted from a very small volume near the surface of 

the sample at large angles (252), which as previously mentioned, carry specific topo-

graphic information of the imaged area, resulting in high-resolution images (Figure 3.5 

(a)). The resolution of the in-lens images increases at low voltages, as shorter pene-

tration depths are achieved, allowing for more electrons to be able to escape the sur-

face and reach the detector (253). Most widely used, although, is the secondary elec-

tron (SE) detector, which can be found on all SEMs. This detector collects secondary 

electrons emitted from the interaction point at a wider range of small angles, therefore 

from a larger volume and depth. As a result, the final images are of lower resolution 

compared to the in-lens detector, with some information on the sample surface being 

lost (Figure 3.5 (b)). 

The backscattered electron (BSE) detector, on the other hand, is not widely 

used for the imaging of biological samples, due to its lower resolution. The backscat-

tered signal is invaluable; however, when information on the atomic number is re-

quired. A higher atomic number results in higher backscattered coefficients and sub-

sequently, to a higher signal (240); therefore, the difference in the number of backscat-

tered electrons generated by different materials produces high contrast differences. 

BSE images are for that reason useful in the study of biological minerals; as inorganic 

material can easily be identified in the organic matrix during imaging. In the case of 

pathological calcification in general, the elemental composition of the mineral is cal-

cium phosphate. As calcium is a larger atom than carbon, (the main element of organic 

material), it appears as white (Figure 3.5 (c)) in a dark background. BSE imaging can, 

therefore, be used as a tool for an easy initial assessment of the presence of minerals 

in organic tissues. 

The image quality of both detection modes depends strongly on the operational 

variables of the SEM, including working distance, voltage, current, and aperture size. 

It was mentioned above that a lower voltage would result in higher resolution due to a 

decrease in the interaction volume resulting in higher resolution images of the surface 

of the sample. On the other hand, a higher voltage will result in a smaller beam diam-

eter, which will increase the beam brightness and subsequently, the resolution (244). 

Beam brightness also depends on the electron gun used; with field emission guns 



56 
 

having a higher electron brightness than thermionic guns (241, 244). The operation 

current should also be considered, which also has a positive linear relationship to 

beam diameter. However, one should also take into account that for a high-resolution 

image to be formed, enough electrons need to be generated to distinguish small fea-

tures (244). Working distance and aperture also affect the resolution as they affect the 

depth of field of the microscope (the maximum distance between two objects in an 

image such that both are in focus). Smaller aperture size results in a higher depth of 

field as it reduces the beam current and can also decrease the noise (244). A long 

working distance also increases the depth of field; however, decreases resolution as 

it reduces the ability of the lenses to focus (244). Lastly, astigmatism of the lenses 

should also be 'fixed' for a high-quality image. Astigmatism is the inability of the lens 

to focus, due to differences in the electromagnetic field of the lens; resulting in 

stretched features on the images (244). At high magnifications, lens astigmatism is 

noticeable and therefore, should be fixed before capturing an image.  

All these parameters should be tested and adjusted for the best resolution and 

image quality to be achieved. Subsequently, the electron micrographs presented in 

this work, are captured using optimised parameters for each case to achieve the best 

image quality.  

3.3.2 Density Dependent Colour – Scanning Electron Microscopy (DDC-

SEM) 

As a biological system, pathological mineralisation requires the understanding 

of mineral components and the biological features associated with them to achieve a 

deeper understanding of the complex mineralisation processes. 

The DDC-SEM method uses micrographs obtained by the different detectors 

(13), which are then added artificial colours and are manipulated into one final image. 

Any image manipulation software can be used to overlay the electron micrographs and 

to assign colours to the greyscale SEM images used. Due to differences between the 

contrast of the in-lens, SE, and BSE micrographs, each colour on the final image car-

ries specific information (Figure 3.5 (a, b, c)). Dual colour images can be produced 

using the SE (or in-lens) and BSE micrographs, and in cases where all three detectors 

are available, multicolour images can be produced. The most common images are 

dual colour images (13, 20, 140, 238); for example, where the green channel is as-

signed to the SE (or in-lens) image, and the red channel to the BSE image. Thus, 

DDC-SEM images of minerals in soft tissue are produced where the mineral appears 

as red-orange (information originating from the BSE micrograph) and the less dense 

material, the organic matrix, appears as green (information on which originates from 
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the in-lens or SE detector) (Figure 3.5 (d)). Other colour combinations can also be 

used (Figure 3.5 (e, f)). 
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Figure 3.5: Electron micrographs of inorganic particles in organic material. (a) 

In-lens electron micrograph. (b) SE micrograph. (c) BSE micrograph (organic material 

(black) and inorganic material (white)) (247). (d) DDC-SEM micrograph, where the in-

lens electron micrograph was assigned the green channel and the BSE micrograph 

the red channel. Inorganic material appears as orange and organic material as green 

(247). (e) DDC-SEM micrograph with the in-lens micrograph being assigned the green 

and blue channel and the BSE micrograph the red channel. Inorganic material appears 

as red-pink and organic material as turquoise. (f) DDC-SEM micrograph with the in-

lens micrograph being assigned the red channel, the SE micrograph the green chan-

nel, and the BSE micrograph being assigned the blue channel. Inorganic material ap-

pears as blue-green and organic material red-orange. Scale bars = 1 µm. 
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3.3.3 Chemical analysis - Energy Dispersive X-ray spectroscopy (EDS) 

Scanning electron microscopes coupled with an Energy Dispersive X-ray spec-

troscopy (EDS) detector are also commonly used in pathological mineralisation re-

search (240). The detector is used to gain chemical data on the material under inves-

tigation through the detection of the characteristic X-rays originating from the sample 

surface. The detector is most widely used in the study of archaeological and hard ma-

terials, as is also useful in the identification of unknown materials in samples. For that 

reason, it is also a valuable tool in the study of biological minerals. During imaging, a 

specific point or area in the tissue is chosen for analysis (Figure 3.6 (a)) and a spec-

trum (Figure 3.6 (b)) or an elemental map (Figure 3.6 (c)) can be produced respec-

tively. This can aid the fast identification of inorganic material in soft tissues, eliminat-

ing misinterpretation of any sample preparation artefacts. In this work, at the voltages 

used and as most pathological mineralisation is made of calcium phosphate; some 

peaks of interest are calcium (Ca) at 3.692 keV, magnesium (Mg) at 1.253 keV, phos-

phorus (P) at 2.013 keV, and oxygen (O) at 0.525 keV (Figure 3.6) (254). It is worth 

keeping in mind that each atom can release more than one type of characteristic x-

rays as these can be originating from electrons getting knocked from different electron 

energy levels (254). Thus multiple peaks of the same chemical element might be ob-

served; for example, calcium can appear both at 3.692 keV and 4.038 keV (255) (Fig-

ure 3.6 (b)). 
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Figure 3.6: Chemical analysis of a pathological mineral in soft tissue (247). (a) 

SE micrograph of the area of interest. Scale bar = 50 µm. (b) An EDS spectrum ob-

tained from the area. (c) Maps of the distribution of calcium (Ca), phosphorous (P), 

and oxygen (O) in the area of interest.  

3.3.4 SEM sample preparation of biological material 

Imaging biological material using electron microscopes can be challenging due 

to the un-physiological conditions required. Biological tissues are full of water, and 

conventional microscopes operate under vacuum; therefore, several preparation steps 

must be followed for successful imaging. Firstly, samples must be dehydrated and 

dried carefully for their ultrastructure to be preserved. Furthermore, to achieve good 

image quality, coating, and painting of the biological sample is required to build a con-

ductive layer. 

The first step of sample preparation involves glutaraldehyde or formaldehyde 

fixation, used to preserve sample morphology, and to prevent autolysis (256). The 

choice of fixative and percentage used depends on the samples and the purpose of 

sample preparation. The two most widely used fixatives are formaldehyde and glutar-

aldehyde. Formaldehyde (CH2O) is usually used at ~3.7% concentration, a solution 

which is also referred to 10% neutral buffered formalin (sometimes also containing 1% 

methanol, however in this work none of the fixative solutions contained methanol) 
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(257), at a pH that should be maintained between 6.8 – 7.2. That is because a more 

acidic pH indicates oxidisation resulting in the formation of formic acid, which can lead 

to tissue artefacts (258). 

The fixative properties of formaldehyde are due to its crosslinking activity (259) 

as it can react with amino acids on proteins to form a methylene bridge (a CH2 bond) 

(260). Additionally, it has been shown to also react at a low degree with unsaturated 

lipids (which have more than one double bond between to carbon atoms); however, 

other solvents remove these unless more suitable fixatives are used such as osmium 

tetroxide. The samples should stay in the fixative for a period of 24 to 48 hours at room 

temperature, as for complete crosslinking at least 24 hours are required (257). The 

time required also varies with the thickness of the sample, thus for the fixative to pen-

etrate the tissue quickly; it should be cut in small pieces of a couple of millimetres if 

possible (261). It is also imperative to not over fix the samples, especially in cases 

where immunostaining might be employed (261). For the same reason, formaldehyde 

was preferred in this work over glutaraldehyde even though the latter is widely used in 

electron microscopy, as it has been found that glutaraldehyde fixation results to de-

creased antibody binding and increases tissue immunofluorescence (262, 263). 

Following fixation, dehydration is the subsequent step of sample preparation. 

Tissue samples can be dehydrated through a series of increased ethanol graded so-

lutions. Other dehydration agents, such as acetone can alternatively be used. The time 

required for dehydration must be adjusted depending on the size of the sample of 

interest; larger samples require more prolonged time intervals. Thus, similarly to fixa-

tion, the samples should be cut down to a few millimetres for better infiltration of the 

dehydrating agent at a shorter time. 

The dehydration step is particularly important in cases where critical point (264) 

and hexamethyldisilazane (HMDS) (265) drying are used, as these require the pres-

ence of a dehydrating agent. It may, however, be omitted when the sample is simply 

air-dried. Critical point and HMDS drying are widely used methods for biological tis-

sues because they avoid sample shrinkage, preserving its ultrastructure (Figure 3.7 

(a)). Critical point drying is based on the substitution of the dehydration agent by car-

bon dioxide. Once carbon dioxide has thoroughly infiltrated, it is then brought to its gas 

phase. As a result, the sample dries without the presence of capillary forces (266). For 

HMDS drying, the sample is immersed in HMDS after dehydration and then left to air 

dry (267). 

These methods were found unsuitable for the study of pathological minerals 

directly in tissues, as it is challenging to identify them when they are covered by or-

ganic material. It was observed that in cases where the ultrastructure of the tissue is 

preserved, the electron beam interacts with a large amount of organic material before 
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reaching the inorganic material beneath it, resulting in reduced contrast differences 

between the two (Figure 3.7 (b)). HMDS and critical point dried samples might, there-

fore, produce misleading results and lead to the omission of the inorganic material. 

Consequently, for the imaging of pathological minerals in this work, all samples were 

simply air-dried. Allowing the sample to air dry creates capillary forces in the tissue, 

causing the organic matrix to collapse in on itself. Such forces do not, however, apply 

to the mineral, which does not collapse. This difference in behaviour between the or-

ganic and inorganic material can be used for easier identification of pathological min-

erals in tissues. The electron micrographs of the air-dried samples provide very little 

information on the ultrastructure of the organic matrix but allow for high contrast with 

the inorganic material (Figure 3.7 (c)). 

 

Figure 3.7: Electron micrographs of biological tissues prepared with HMDS, 

compared to conventional air-drying (247). (a) SE micrograph of collagen fibres in 

cardiovascular tissue preserved with HMDS drying. (b) BSE micrograph of a HMDS 

prepared sample with potential calcified particles indicated by arrows. Some differ-

ences in colour, indicating different densities, can be seen. It is, however, not certain 

whether these are mineralised. (c) BSE micrograph of air-dried samples where the 

organic material has collapsed on itself, allowing for clear identification of mineral par-

ticles. Scale bars = 1 µm. 

3.3.4.1 Coating and silver painting 

Another challenge of using an electron beam in the imaging of biological sam-

ples is the build-up of electrons on their surface. As insulators, biological tissues do 

not allow electrons to escape their surface, leading to sample damage and poor qual-

ity, including distorted images. To eliminate this, the sample must be attached to an 

aluminium stub, and a conductive coating must be applied. The coating can be, 

amongst others, carbon, gold, or platinum, and should usually have a thickness be-

tween 5-15 nm, depending on sample roughness. However, when chemical analysis 

of the samples is needed, coating composition must be carefully considered, to avoid 

the overlapping of energy peaks. Such information can be obtained by identifying the 
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energy values of the characteristic X-rays emitted by each element. In the case of 

cardiovascular calcification, for instance, at voltages higher than 5 kV, phosphorous 

has an energy X-ray peak of 2.013 keV, and carbon, gold, and platinum have energy 

peaks at 0.277 keV, 2.123 keV, and 2.051 keV respectively (254). Thus, platinum is 

not the most suitable coating to use as its peak can mask the phosphorus peak. Car-

bon, on the other hand, can be used as its energy peak cannot mask other peaks of 

interest including; calcium, phosphorus, and oxygen. 

In addition to the coating, it is also essential to maintain good conductivity be-

tween the sample surface and the aluminium stub, such that any charge build-up may 

be eliminated. This can be done by applying a silver paint layer around the sample. 

Application of the silver paint before coating ensures that both the sample and the 

silver paint are dry before entering the electron microscope chamber. 

3.3.4.2 SEM sample preparation protocol 

Based on the information obtained through literature research and the results 

of different protocols, the SEM sample preparation protocols used for all samples an-

alysed in this work are as follows. Tissue samples were cut down to small pieces (Fig-

ure 3.8) of two to five millimetres and put in 4% formaldehyde (10% formalin) (Figure 

3.8) for at 24 hours at room temperature or for longer periods at 4°C. The samples 

were then washed three times with distilled water, for 5 minutes each time. Dehydra-

tion steps followed using ethanol at concentrations of 20%, 30%, 40%, 50%, 60%, 

70%, 80%, 90% for 10-minute intervals, and three 10-minute intervals at 100% ethanol 

changes (Figure 3.8). The samples were then left in an open petri dish to dry (Figure 

3.8). 

For paraffin-embedded histological slides, the paraffin wax was removed by 

immersing the slides in pure xylene for two 10-minute intervals. The slides were simply 

left to air dry. Tissue pieces or histological slides were then secured on SEM aluminium 

stubs (Figure 3.8) using conductive carbon adhesive tape. The mounted samples are 

silver painted thoroughly, and the paint is left to dry. A carbon 10 nm thick layer was 

then applied to all samples before imaging (Figure 3.8). 
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Figure 3.8: Visual representation of the sample preparation procedure of tissue 

pieces for SEM imaging. The tissue should be cut into small pieces, fixed in 10% 

formalin, washed, dehydrated through a series of ethanol solutions 20 – 100%, and 

left to air dry. The sample is then secured on an SEM stub, silver-painted, carbon-

coated, and image on the SEM. Scale bar = 1 mm. 
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3.4 Transmission electron microscopy and pathological minerals 

3.4.1 Imaging 

In modern TEMs, imaging the transmitted beam is done digitally with a camera 

system. Density differences in the sample are the primary source of the contrast on 

the resulting images, while the brightness depends on the intensity of the transmitted 

beam (241). Phase dependent contrast can also be captured in cases where a periodic 

structure is observed that causes points of constructive and destructive interference. 

Additionally, diffraction dependent contrast can also be employed, which is particularly 

useful in the study of crystalline materials (241). As previously mentioned for diffraction 

to take place the incident beam needs to be at a specific angle to the crystal lattice 

planes, thus diffraction generated contrast also changes with angle which can be al-

tered by tilting the sample within the TEM (241). 

Conventional TEM micrographs can be captured in both the bright and dark 

field. Bright-field images use the transmitted beam and are the most common. In the 

resulting image, the darker areas correspond to denser regions in the sample while 

less dense areas with higher transmission signals appear brighter (Figure 3.9 (a)). 

Darkfield images, on the other hand, omit the transmitted beam to form an image 

where the colours are reversed with darker areas indicating less dense areas (241).  

3.4.2 Selected area electron diffraction 

Diffracted electrons are also used as an analytical tool rather than for simple 

sample imaging. This TEM mode is widely used for capturing electron diffraction pat-

terns of crystals, selected area electron diffraction (SAED) (Figure 3.9). For the crea-

tion of the patterns, the diffracted beam is focused on the back-focal plane of the ob-

jective lens and enlarged, forming a reciprocal lattice image of the crystal (241). Inter-

pretation of these diffraction patterns, therefore, provides information on both the crys-

tallinity and chemical phase of the minerals present. The diffraction pattern appears 

as spots (Figure 3.9 (a_1)) in cases where the material diffracts as a symmetric single 

crystal (251), whereas for polycrystalline materials rings are observed which are a re-

sult of many crystals randomly orientated (Figure 3.9 (a_2)) (251). Finally, diffuse 

broad rings are indicative of amorphous materials. For the chemical phase to be iden-

tified, further indexing of the spots or rings observed is needed. 
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Figure 3.9: TEM micrograph showing minerals (darker areas marked with rec-

tangles) observed in cardiovascular soft tissue (light grey area) along with their 

electron diffraction patterns (247). (a) TEM micrograph of a cardiovascular tissue 

sample, where calcified particles marked by 1 are denser and diffract as a single crys-

tal, based on their electron diffraction pattern. Larger calcification marked by 2 appears 

less dense and has an amorphous structure. Scale bar = 2 µm. 

Recalling Bragg's equation (Section 3.2.2), knowing the incident angle θ and 

the wavelength λ of the beam it is possible to calculate the d spacing of the crystal 

planes such that:  

2𝑑 𝜃 ≈ 𝑛𝜆                                                         (3) 

For TEM analysis, this relation can be rewritten using laws of trigonometry 

(249, 251) (Figure 3.9), such that: 

tan 2𝜃 =
𝑟

𝐿
≈ 𝜃                                                      (4) 

Where L is the distance between the crystal and the camera and r the distance be-

tween the incident and diffracted beams (Figure 3.10).  

Therefore, the final relationship can be approximated to:  

𝜆𝐿 = 𝑟𝑑                                                         (5) 
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 Based on this formula the d spacing of the crystal can be calculated as the 

wavelength λ can be calculated from the accelerating voltage used, L is by the operator 

and r can be calculated from the SAED pattern (249, 251). 

Figure 3.10: Diagram showing the incident and diffracted beam and how these 

translate on a SAED pattern. 

 As λL is a constant, d is inversely proportional to r, with r being the reciprocal 

distance and therefore the scale bar of the SAED pattern has a unit of nm-1. Measuring 

the distance differences between the diffracted spots and the angles forming between 

them allows as a result, the indexing of the crystal with readily available online data-

bases. SAED pattern indexing becomes easier when the elemental composition is also 

known; which can be obtained through EDS analysis; also available on TEMs. 
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3.4.3 TEM sample preparation of biological material 

Similarly to SEM, a number of steps are required for TEM images of good qual-

ity to be acquired from biological samples (268). As these are non-crystalline samples, 

TEM imaging relies on density differences. Biological tissues are, however, mainly 

made of carbon with no significant density variations; therefore, contrast agents must 

be employed to enhance image contrast. 

Such agents include; osmium tetroxide (269), lead citrate (270), and uranyl 

acetate (271), among others. Osmium tetroxide attaches to lipids, resulting in cell 

membrane staining (Figure 3.11 (a)). It is used before sample dehydration as a con-

trast agent, but also as a fixative, as it can stabilize lipids when attached to them. In 

addition to osmium tetroxide, uranyl acetate is also widely used. The latter stains for 

proteins due to its ability to react with phosphate and amino groups (Figure 3.11 (b)); 

however, it does not stain for lipids (Figure 3.11 (b)). Uranyl acetate can, therefore, be 

applied along with osmium tetroxide staining to enhance image quality and contrast. 

Finally, lead citrate may be employed to enhance the previous staining with either 

osmium tetroxide or uranyl acetate for its ability to react with both. This chemical is, 

however, difficult to handle, due to its very fast precipitation when in contact with air or 

water. 

However, in the case of imaging mineralised tissues, no artificial contrasting is 

necessary to visualise the minerals, on the contrary when contrast agents are used 

the minerals cannot be visualised as clearly and sometimes cannot be identified. 

Therefore, in the TEM preparation of all of mineralised tissues used in this work, con-

trasting was unnecessary.  
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Figure 3.11: TEM micrographs of resin embedded samples with added contrast 

agents (247). (a) Cross-section of epoxy resin embedded HeLa cell with osmium te-

troxide staining; the double membrane of the nucleus is visible (arrows). (b) Cross-

section of epoxy resin embedded HeLa cell with uranyl acetate staining; although the 

nucleus is still visible, the double membrane and membranes of intracellular orga-

nelles are not seen (arrows). Scale bars = 1 µm. 

3.4.3.1 Focused Ion Beam – Scanning electron microscope 

Other than contrast, TEM imaging requires samples of a thickness of less than 

100 nm. For such thickness to be achieved, samples may be resin embedded and 

sectioned either using an ultra-microtome or a Focused Ion Beam (FIB) milling (272). 

For biological samples, resin embedding followed by ultra-microtome sectioning is 

usually preferred. Resin embedding is faster and cheaper than FIB milling, and the 

contrasting steps allow for visualisation of cell organelles and other biological struc-

tures. These sections can also be SEM imaged in cases where TEM analysis is not 

necessary. 

Despite its many advantages, ultra-microtome sectioning is only suitable for 

demineralised samples or tissues containing minerals measurable in a few nanome-

tres, but in cases where the sample contains more substantial amounts of mineral, the 

method is usually not employed. This is due to possible damage to the knives used 

during sectioning of resin blocks but most importantly, due to damages to the mineral 

itself. FIB sectioning can, therefore, be proven more suitable as it allows mineral sec-

tioning with minimal damage (Figure 3.12 (a)). In cases where ultra-microtomy is used, 

the minerals are usually fractured (Figure 3.12 (b)) or pushed out of their original loca-

tion. Finally, another advantage of FIB-SEM machines is that they enable more tar-

geted sectioning, as it allows large samples to be imaged, and subsequently for more 

targeted sectioning at high spatial accuracy. As a result, for all TEM analysis of min-

eralised tissues in this work, the samples were FIB prepared. 
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Figure 3.12: TEM microscopy of cardiovascular tissue containing minerals (247). 

(a) FIB sectioned sample where the minerals (arrows) are intact. Scale bar = 200nm. 

(b) Resin embedded sample sectioned by ultra-microtome. The mineral in the sample 

is visibly damaged (arrows) and cracks can be seen. Scale bar = 1 µm. 

 FIB-SEMs are similar to simple SEMs, with the difference that a second column 

is added, which consists of a gaseous plasma or a metal with a low melting point such 

as gallium (273). Gallium atoms are much bigger than electrons; however, similar ef-

fects to those observed in electron-matter interactions; such as elastic and inelastic 

interactions are observed (274). For FIB milling, elastic interactions are employed that 

result in energy transfer from the ion beam to the sample, which, when higher than a 

specific value causes the sample atoms to be removed (274). This effect is called 

sputtering and can be used for different time intervals and at different energies for the 

desired material to be removed from the sample creating a 'milling' effect. 

However, the effect can also have a damaging result to the sample due to 

transfer of heat causing sample damage, deflection of the beam which can result in 

drifting and subsequently milling of the area of interest and re-deposition of the re-

moved atoms to the surrounding area (274). To reduce material re-deposition, a reac-

tive gas can be used that attaches to the removed atoms making them volatile, allow-

ing for their clearance through a pumping unit (274). Another way to protect the sample 

and enhance the milling process is through the deposition of platinum at the surface 

of the area to be milled (274). Platinum deposition and gallium milling are also alter-

natively used to enable the removal of the milled side of interest from the sample onto 

a grid for TEM analysis. The detailed protocol is discussed in the next section. 
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3.4.3.2 FIB milling protocol for the preparation of TEM samples 

Initially, the sample must be secured on an aluminium stub, coated and silver-

painted carefully and thoroughly. Poor sample preparation allows for sample move-

ment and produces a 'charging effect', which might result in inaccurate FIB cutting. In 

this work, the area of interest was identified before FIB sectioning through SEM imag-

ing which allowed for BSE mode imaging for the easy identification of the mineral as 

the FIB-SEM used was not equipped with the BSE detector. The same area was iden-

tified in the sample using the SE electron detector before cutting.  

 The following milling protocol was carried for all samples analysed in this work. 

A platinum layer is deposited on top of the area of interest (Figure 3.13 (a)). Following, 

low currents (93 pA- 2.8 nA) are used for gallium milling. The material in front and 

behind the sample was milled first, followed by the area on the right-hand side and the 

area immediately below the area of interest (the lamella), to allow for easier detaching 

from the rest of the sample (Figure 3.13 (a)). The lamella is then shaped and thinned 

down to around 100nm (Figure 3.13 (b)) and is then attached to a needle probe (Figure 

3.13 (b)) through the deposition of platinum. The needle is then used to transfer the 

lamella to a TEM grid (Figure 3.13 (c)). The lamella is then attached to the grid through 

platinum deposition (Figure 3.13 (d)) and is released from the probe through gallium 

milling (Figure 3.13 (d)). Finally, the lamella is cleaned and thinned down to about 50 

nm. The sample can then be transferred to the TEM for imaging and analysis. 

  



72 
 

 

Figure 3.13: FIB micromachining sequence (247). (a) A platinum layer must be de-

posited for protection of the target area (red arrow) before the gallium ion beam is used 

for milling (blue arrow). (b) The section is attached to the probe through platinum dep-

osition (white arrow) and milled to be released from the sample (red arrows). Scale 

bar = 300 nm. (c) The section is transferred to the carbon grid (arrow) by the needle.  

Scale bar = 100 µm. (d) The section is then attached to the grid through platinum 

deposition (white arrow). Once the section is secured onto the grid (white arrow), its 

attachment to the probe is cut (red arrow). Scale bars = 10 µm. 
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3.5 Biochemical assays for pathological mineralisation 

Biochemical assays include amongst other, immunostaining and blotting meth-

ods. Even though such techniques are routinely used in biological research; it is chal-

lenging to apply them to the direct study of mineralised tissues. For example, in hard 

tissue research, such as bone, a complete understanding of its protein profile is usually 

compromised by the methods needed for the removal of its inorganic component (275, 

276). That is due to the unfavourable effects of demineralisation procedures on protein 

yield and stability (275, 276). Different methods have been proposed to overcome 

these issues; however, all methods have reported some drawbacks such as low pro-

tein yields, limitations on which proteins can be detected, and on the extraction of 

whole proteins (275-278). 

Additionally, for immunostaining which allows identification of proteins directly 

in tissues and also can give localisation information on proteins, sample preparation 

procedures again require removal of the inorganic component (279). Mineralised tis-

sues are usually demineralised prior to processing to avoid damaging of equipment 

and the surrounding tissue. Even if the minerals are preserved during the initial sample 

processing, the use of multiple solutions needed for successful staining usually results 

in mineral alterations. 

Unfortunately, these limitations have also a negative effect on research on 

pathological minerals. Protein extraction yields being one of the main challenges. This 

is because unlike bone which can be obtained in significant quantities for enough pro-

teins to be extracted for analysis and proteomics profiling, pathological minerals are 

observed in much smaller quantities. Thus, substantial amounts of soft tissues need 

to be processed for a few milligrams of these minerals to be obtained, something not 

always achievable. Another limitation that mainly arises in the use of optical and fluo-

rescence microscopy is that minerals cannot be observed in the tissue without some 

sort of staining. Commercially available stains for minerals have, however, their draw-

backs as it is not always that the resulting staining represents the mineral in its natural 

state. Furthermore, alterations of the minerals during sample preparation procedures 

are also a challenge as not all pathological minerals are stable enough to be even 

partially preserved. 

3.6 Immunofluorescence staining 

Immunofluorescence (IF) is a staining technique that allows for the detection 

and visualisation of antigens in tissues and cells (280). This is achieved through the 

use of antibodies tagged with fluorophores; molecules that absorb and emit light at 

specific wavelengths (281). The procedure involves many different steps, all of which 
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can affect the quality of the staining and therefore, should be optimised accordingly 

based on the type of sample and antibodies used. 

3.6.1 Antibodies 

 Antibodies, also known as immunoglobulin proteins (Ig), are glycoprotein mol-

ecules formed by a carbohydrate group attached to a protein (an amino acid chain). 

The carbohydrate group can be attached to either a nitrogen or an oxygen atom. Nat-

urally, they are produced by B lymphocytes (282). In detail, a foreign substance (an 

antigen) that is not recognised by the immune system generates an immune response 

which leads to the production of specific antibodies which then bind to the antigen 

(282). In immunofluorescence staining, this ability of antibodies to bind to antigens is 

used to detect antigens within cells and tissues.  

  There are five types of antibody classes, with the most common being immu-

noglobin G (IgG) because of its ability to stay in circulation longer due to slower clear-

ance. IgG antibodies also have subclasses (e.g. IgG1, IgG2) found in different animal 

species. Despite the subtype, all antibodies are formed by one or more copies of the 

same structure (Figure 3.14) formed by two light and two heavy polypeptide chains 

(amino acid chains) connected by disulphide bonds (two sulphur atoms attached) 

(282). The light chains of the antibodies are the ones binding to antigens (Figure 3.14), 

with their specificity to do that depending on their amino acid sequence (282).  

 

Figure 3.14: Representation of the general antibody structure. The heavy chains 

(blue), light chains (red), and the antigen-binding site are indicated.  
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 For IF staining, the ability of antibodies to attach to specific antigens also de-

pends on how they were produced. Proteins exist in different forms; their native three 

dimensional folded (tertiary) structure which is usually found in vivo and its primary 

structure usually resulting due to biochemical processes that denature the protein, 

breaking the bonds forming the tertiary structure (282). In IF staining, antibodies raised 

to recognise native protein structures are more suitable; however, sample preparation 

might lead to protein alterations; thus, antibodies need to be chosen and optimized for 

individual applications. 

 Production of antibodies for specific biochemical research applications is usu-

ally done with specific peptides as antigens. Peptides are preferred over other anti-

gens (for example cells) as they are easy to produce and can also be used to produce 

specific antibodies that can recognise post-translational protein alterations such as 

phosphorylation (282). However, peptide antigen produced antibodies might be less 

able to recognise native protein forms as the epitope (part of the protein) they can bind 

to might not be accessible if the protein remains in its tertiary form. Thus the peptide 

antigen needs to be chosen depending on the most accessible protein part (282), any 

possible modification the protein might have gone through, and its cross-reactivity with 

other proteins. Following, these antigens are injected into the host animal, triggering 

an immune response producing antibodies.  

Two types of antibodies are currently commercially available; polyclonal and 

monoclonal (282). Polyclonal antibodies, even though easier and cheaper to produce, 

have a significant drawback. Their quality depends on the immune response of the 

host animal; therefore, they vary from batch to batch (282). However, due to different 

immune responses, polyclonal antibodies consist of a mixture of different antibodies 

each of which can recognise different epitopes of the protein of interest, leading to 

more antibody binding and therefore higher staining ability. On the other hand, mono-

clonal antibodies are produced through a more complex process as instead of extract-

ing the antigens from individual animals, the B lymphocytes of the host animal them-

selves are extracted (282). These B lymphocytes are then cultured with cancerous 

cells to produce hybrid cells that produce antibodies, which are specific to one protein 

epitope (282). Even though these antibodies only recognise one epitope, there is little 

variance from batch to batch as all antibodies originate from the same B lymphocytes 

allowing for better experiment reproducibility.  

In biochemical assays, the monoclonal or polyclonal antibodies that attach to 

a specific protein are called primary antibodies. Secondary antibodies that bind to pri-

mary antibodies are also used for visualisation purposes; for example, in IF staining 

the secondary antibody contains a fluorophore (282) allowing for visualisation using a 



76 
 

fluorescence microscope. The way secondary antibodies attach to the primary is sim-

ilar to the way the primary antibody attaches to the protein of interest, however, instead 

of being raised against a specific protein they are raised against the host and immu-

noglobulin type of the primary antibody (282).  

The use of both a primary and a secondary antibody for the IF staining is called 

indirect labelling. Direct labelling can also be employed where a single primary anti-

body attached to a fluorophore is used (283). Even though direct labelling resolves 

problems of secondary antibody specificity, indirect labelling is usually preferred as it 

allows for the binding of multiple secondary antibodies to the same primary antibody 

leading to signal amplification (283). Direct labelling might also be useful in multiple 

staining where two antibodies are used for simultaneous labelling of different proteins 

as it eliminates cross-reactivity between the two primary and secondary antibodies 

needed for indirect labelling. For both methods, however, different fluorophores (emit-

ting at two different wavelengths) must be used to distinguish the proteins of interest 

(283). 

Other than the choice of primary and secondary antibodies based on their pro-

duction method; their reactivity should also be considered. A primary antibody should 

be able to recognise the protein of interest in the specific animal from which the sample 

(cells or tissue) originates. This animal needs to be different from the host species to 

avoid unspecific binding of the antibody to other proteins. For the same reason, sec-

ondary antibodies should also have a host animal different from that of the sample. In 

cases where multiple antibodies are used; the secondary antibodies should be raised 

in a different host animal to that of all primary antibodies.  

3.6.2 Fluorescence detection  

 As previously, mentioned IF uses fluorophores for the visualisation of the tar-

geted proteins. Fluorophores are molecules that when illuminated by a light source, 

absorb photon (light waves) (284) energy. The energy absorbed leads to the molecule 

entering an 'excited' state (100); which means that some electrons in the atoms' elec-

tron energy levels have higher energy (Figure 3.15) than that in their ground (natural) 

state causing them to enter an 'excited' state (100). When returning to their natural 

state, these electrons emit a photon that has an energy corresponding to the difference 

between the excited and ground state (100, 285) (Figure 3.15). This absorption - emis-

sion cycle is called the Stokes shift and can be repeated multiple times (100). 
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Figure 3.15: Representation of the mechanisms through which fluorophores ab-

sorb and emit light. 
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 Fluorophores used for IF staining are usually organic molecules as these are 

characterized by strong emission in the visible light spectrum (286). Additionally, these 

compounds have a high quantum yield which could theoretically reach even 100%; 

meaning they can emit the same amount of photons they absorb (286). Commercially, 

there is a large number of such antibodies available that are attached to fluorophores 

emitting light in a range of wavelengths; from 380 nm up to near-infrared at 900 nm. 

Fluorophores in the near-infrared range have been shown to have a higher quantum 

yield as they have a higher penetration depth than visible wavelengths, thus are usu-

ally preferred (287). However, in multi-labelling procedures, the wide range of choice 

allows suitable antibodies to be chosen, as it should be avoided to use antibodies that 

have overlapping absorption or emission spectrums as that would lead to misleading 

results and unspecific background in the resulting images. 

3.6.3 Tissue auto-fluorescence  

 One drawback of using fluorescence detection in soft tissue samples is that 

most types of tissue usually have some auto-fluorescence that can mask the antibody 

labelling. For example in aortic tissue; collagen and elastic fibres tend to be auto-fluo-

rescence at specific wavelengths (288) while in aged brain tissue pigments formed by 

lipids and misfolded proteins called lipofuscin pigments also auto-fluoresce, interfering 

with the staining (289). Therefore, fluorophore selection should also be, where possi-

ble, done such that the wavelengths in which the tissue auto-fluorescence are avoided.  

3.6.4 IF procedure background  

3.6.4.1 Sample preparation 

 Other than a correct choice of antibodies, sample preparation is also rather 

crucial for good quality IF staining. The first step of sample preparation is fixation. 

Fixation is essential to prevent the degradation of the sample and to preserve its mor-

phology, such that the antigens remain accessible and well preserved for antibody 

attachment (280). As previously mentioned, the most common fixatives used are glu-

taraldehyde and formaldehyde; however, in the case of IF glutaraldehyde fixation was 

found to result in weak staining and high background fluorescence (262, 263). Thus 

formaldehyde is usually the fixative of choice, which however should also be used 

appropriately to avoid over or under fixing, which will also result in reduced staining 

and badly preserved tissue structure respectively (261). Following fixation, the sam-

ples are dehydrated and embedded in paraffin wax to allow for cutting into thin slices, 
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usually about 4 µm thick, using a tissue processor (290). The slices are then placed 

onto glass slides (290).  

3.6.4.2 Antigen retrieval  

An antigen retrieval step can be used if needed to 'reverse' the effects of fixa-

tion on tissue antigenicity to unmask antigenic sites (291). The most widely used 

method is heat-induced antigen retrieval (292) which is based on the principle that the 

fixation crosslinking can be reversed through treatment with various solutions and use 

of head (292). However, in cases where minerals are to be studied, antigen retrieval 

is avoided as it results in mineral alterations and dissolution.  

3.6.4.3 Blocking agents 

 Blocking agents are used prior probing the tissue with antibodies, in order to 

reduce the amount of unspecific antibody binding due to specific endogenous en-

zymes, biotin, and receptors present on the tissue which can be recognised by either 

the primary or secondary antibodies (293). Usual blocking agents involve serum, bo-

vine serum albumin (BSA), cold-water fish gelatine, and dry milk (293). To avoid un-

specific binding of the secondary antibody to the tissue, serum from the same host 

origin as that of the secondary antibody is usually used (294). The serum can then 

bind to endogenous sides that could also be recognised by the antibody, reducing 

background staining.  

3.6.4.4 Washing buffers 

 Washing between all steps of the IF procedure is also vital to remove one so-

lution prior application of the next one. For washing, phosphate-buffered saline (PBS) 

or tris buffered saline (TBS) can be used. Detergents including triton X-100 or tween 

20, which increase cell membrane permeability (295) and bovine serum albumin (BSA) 

for its blocking effect can also be added in the washing buffers. The most widely used 

in IF are PBS or TBS solution with added 0.1% triton X-100 and 0.5% BSA that are 

referred to as PBT and TBT respectively. 

3.6.4.5 Counterstaining  

Other than antibody staining, counterstains can also be used to label biological 

structures. The most widely used is 4′,6-diamidino-2-phenylindole (DAPI), which is a 

nuclear stain used to visualise cell nuclei (296) due to its ability to bind to deoxyribo-

nucleic acid (DNA). It is typically applied at low concentrations (down to even 

1:100000) and has an absorption of 358 nm and an emission of about 462 nm (296). 
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3.6.5 IF staining protocol for mineralised tissues 

For this work, all samples to be IF stained were fixed as quickly as possible 

following surgical removal using 10% formalin for at least 24 hours or were immedi-

ately processed to be cut into histological slides (Figure 3.16). Samples were then 

dehydrated and embedded in paraffin wax before being cut into 4 – 5 µm thick slices 

and placed on histological glass slides (Figure 3.16). Following, the samples were 

dewaxed through three, five-minute interval pure xylene changes and rehydrated us-

ing a series of solutions of decreasing ethanol concentration; 100%, 90%, 70% for 3 

minutes each followed by immersion in distilled water for 5 minutes (Figure 3.16). A 

hydrophobic pen was used to mark the area surrounding the tissue to minimise the 

solutions needed in the next steps. The tissue was then blocked using 5% goat, horse 

serum, or BSA for 1 hour at room temperature diluted in the washing buffer, of choice 

(PBS/TBS/PBT/TBT) (Figure 3.16). Using the same washing buffer, the tissue was 

washed several times and is incubated at the appropriate primary antibody concentra-

tion (Figure 3.16) for 1 hour at room temperature or overnight at 4 ºC. The concentra-

tion and incubation time of the primary antibody were optimised for each experiment. 

Higher concentrations of antibodies than needed can result in unspecific binding, high 

background, and antibody agglomerates. Following the primary antibody incubation, 

the tissue was rewashed several times and incubated for another hour at room tem-

perature using the appropriate concentration of secondary antibody (Figure 3.16). 

Through and after this point, the samples are always kept in the dark. Washing follows 

again, and the samples are incubated for 15 minutes with a DAPI solution at a con-

centration of 1:1000 (Figure 3.16). DAPI is always diluted in either PBS or TBS without 

any additives. Finally, the tissue was rewashed and mounted using an aqueous 

mounting medium containing glycerol and a coverslip (Figure 3.16). The coverslip was 

sealed using traditional nail polish.  
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Figure 3.16: Visual representation of the sample preparation and IF procedure 

for mineralised tissues. For the initial sample preparation, the tissue should be cut 

into small pieces and fixed using 10% formalin. Samples are then washed using dis-

tilled water, dehydrated, embedded in paraffin wax, cut into thin slices, and placed on 

histological slides. The IF procedure involves removal of the paraffin wax using xylene, 

rehydration of the tissue, blocking using 5% BSA or goat serum, incubation with pri-

mary and secondary antibodies, and staining using DAPI. Between all steps, the tissue 

is washed using a buffer. Finally, the tissue is mounted and imaged. Scale bar = 40 

µm. 
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3.7 Correlative microscopy for the study of pathological minerals  

 Correlative light electron microscopy (CLEM) refers to the use of both light and 

electron microscopy for the study of a biological system (297, 298). It is usually used 

in research where both the presence of specific proteins needs to be identified, but 

also structural information needs to be obtained. Both scanning and transmission elec-

tron microscopy can be employed depending on the biological structures under inves-

tigation. However, the technique has rarely been used in the study of pathological 

minerals (184).  

 As discussed several times, in this work, the primary aim is the direct study of 

the minerals; correlative microscopy was therefore also considered. The method was 

tested for its ability to enable the identification of associated mineral proteins by fluo-

rescence microscopy and mineral visualisation by electron microscopy. To be able to 

do that the experimental workflow was first optimised, by examining the most suitable 

order in which the two techniques can be used. 

The effect of the immunofluorescence staining procedure on the minerals was 

initially tested. As previously mentioned, it was identified by both our work and the 

work of other researchers that antigen retrieval results in the dissolution of the miner-

als. Thus, we also examined the effect of the whole procedure, omitting the antigen 

retrieval, to the minerals. SEM imaging of the samples prior (Figure 3.17 (a)) and post 

(Figure 3.17 (b)) the immunofluorescence staining procedure showed mineral altera-

tions. The backscattered electron micrographs post-processing indicate changes that 

affect mineral density and appearance (Figure 3.17 (c, d)). The observation led to the 

conclusion that to observe the natural form of the minerals and precisely correlate 

them to the IF signal, the SEM imaging needs to be done before the staining proce-

dure. 
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Figure 3.17: Backscattered electron (BSE) micrographs of the same sample 

prior and post the immunofluorescence (IF) staining procedure. (a) BSE micro-

graph of a sample before the IF staining procedure where the mineral (arrows) can be 

distinguished clearly even at low magnifications. Scale bar = 100 µm. (b) BSE micro-

graph of a sample post the IF staining procedure, of the same area indicated by a red 

box in a, where the mineral does not appear as dense as in a (arrows). Scale bar = 50 

µm. (c) BSE micrograph at higher magnification showing clearly the presence of cal-

cification (arrow) before the IF staining. Scale bar = 25 µm. (d) BSE micrograph at 

higher magnification showing the same calcification as in c (arrow) post the IF staining. 

The calcification appears less dense and more porous, indicating that the procedure 

causes the mineral to dissolve. Scale bar = 25 µm. 

Therefore, the SEM imaging effect on the quality of the IF staining was exam-

ined, at both high and low magnifications, and at different image acquisition times. It 

was observed that the use of high magnifications and long image acquisition times (to 

obtain high resolution and low noise images), the electron beam led to a 'burning' effect 

(Figure 3.18 (a)) on the tissue. The region that had been SEM imaged (Figure 3.18 

(b)) before the staining procedure showed no fluorescence signal of neither the DAPI 
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dye nor the antibody staining (Figure 3.18 (c)). Additionally, the regions in close prox-

imity (approximately within 50 µm) to the SEM imaged area also showed reduced flu-

orescence signal in comparison to the areas further away. Interestingly, even though 

within the SEM imaged area there was, almost no auto-fluorescence in the surround-

ing areas there was an increase in tissue auto-fluorescence that in combination to a 

lower fluorescence signal of the staining lead to poor image quality. Taking these find-

ings into account, it was therefore concluded that SEM sample preparation and imag-

ing do not affect the whole sample but rather the areas directly imaged at high magni-

fications and long acquisition times.  

 

Figure 3.18: Effect of SEM imaging at high magnification and slow image acqui-

sition on IF staining and image quality. (a) Fluorescence image of a sample stained 

with DAPI dye (blue) and a phosphorylated tau antibody (green) showing that the SEM 

imaging had a 'burning effect on the area directly imaged by the electron beam. It can 

also be observed that the surrounding area shows poor staining and an increase in 

tissue autofluorescence. Scale bar = 70 µm. (b) BSE micrograph taken at high mag-

nification and slow image acquisition time, showing the same region with the calcifica-

tion appearing as white. Scale bar = 10 µm. (c) Higher magnification fluorescence 

image of the area shown in b in which the calcification can still be distinguished, how-

ever, no staining is observed. Scale bar = 10 µm. 

On the contrary, in the case of SEM imaging at lower magnifications and 

shorter image acquisition times (Figure 3.19 (a)), it was observed that the effect of the 

electron beam was reduced. The results show that the exposure was not as damaging 

with both the DAPI dye staining and the antibody staining being visible (Figure 3.19 

(b)). However, for this work, lower magnification images could not provide the desired 
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structural information on the mineral but instead could be used to confirm its presence. 

Another problem with low magnification images was also found to be that in cases 

where the mineral was not dense enough, it can be misinterpreted with organic mate-

rial.  

 

Figure 3.19: Effect of SEM imaging at high magnification and slow image acqui-

sition on IF staining and image quality. (a) BSE micrograph taken at low magnifi-

cation and short image acquisition time, showing a region with calcification appearing 

as grey. Scale bar = 40 µm. (b) Fluorescence image of a sample stained with DAPI 

dye (blue) and a phosphorylated tau antibody (green) where the staining is visible. 

Scale bar = 20 µm.  

Based on the results, it was concluded that it was not feasible to carry out 

correlative work on the same histological slide in which both the mineral and the stain-

ing can be sufficiently observed. The IF staining procedure was found to affect the 

mineral structure leading to misleading results on both the mineral structure and its 

correlation to any staining. On the other hand, the effect of the electron beam at high 

magnifications and long acquisition times is damaging to the fluorescence signal and 

image quality. Despite the minimal effect, the electron beam has at low magnifications, 

and short image acquisition times, the images do not enable the clear visualization of 

the minerals therefore in cases where the minerals are of dimensions below few milli-

metres the method is unsuitable. Lastly, at lower magnifications, a correlation between 

the SEM and fluorescence images becomes challenging due to the low image quality. 

As a result, other ways to visualize the minerals were explored, such as dyes.  
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3.8 Stains for the visualization of calcium phosphate minerals 

3.8.1 Von Kossa staining  

 The von Kossa technique for staining of minerals in tissues was first described 

by Gyula Kossa (299). It was initially believed that it employs a unique reaction be-

tween silver nitrate and calcium salts such as calcium phosphates and calcium car-

bonate by replacing the calcium ions (300). During incubation with silver nitrate, the 

tissue is also illuminated to aid the reaction and then incubated by sodium thiosulfate 

for the protection of black silver deposits (301).     

However, other researchers found that the reaction can take place in the pres-

ence of ions other than calcium such as strontium, barium, iron, and copper (301). It 

was also found that the illumination is needed not for the reaction to take place but 

rather for the production of the black silver precipitates that are insoluble to sodium 

thiosulfate, as the reaction does take place without the presence of light, producing 

yellow or brown precipitates (302). Additionally, it was also observed that in a beaker, 

with or without illumination or incubation with sodium thiosulfate, in the case of calcium 

phosphates, the resulting silver phosphate precipitates are always yellow (302). Black 

or dark brown, silver precipitates resulting from calcium phosphates were only ob-

served in the presence of proteins (Figure 3.20) (302). Therefore these precipitates 

usually observed in tissues (Figure 3.20) are not an indication of calcium phosphate 

but rather a byproduct of the reaction due to the organic material also present (302).  

The specificity of the technique to calcium phosphates in soft tissues originates 

from the fact that most of these minerals are not present in soft tissues. Furthermore, 

for minerals such as calcium carbonate and calcium oxalate which have been ob-

served in tissues; it was found that sodium carbonate precipitates can be formed and 

visualized, but they dissolve in the presence of sodium thiosulfate (302). Calcium ox-

alates, on the other hand, do not produce visible precipitates, when stained in the 

traditional von Kossa method (303), a precipitate only forms in the presence of hydro-

gen peroxide which causes calcium oxalate to transform to calcium carbonate (303).  

Subsequently, from a chemical perspective, von Kossa staining can be used 

to indicate the presence of calcium phosphates in tissues; however, the exact ele-

mental composition of the minerals should always be confirmed through another tech-

nique.  
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Figure 3.20: Von Kossa stained mouse ribs showing a black-brown precipitate 

which indicates the presence of calcium phosphate. 

In this work, the suitability of the von Kossa staining for correlative methods 

was also investigated. The precision of the staining in relation to the natural state of 

calcium phosphate minerals was examined. The results indicated that even though 

von Kossa staining is sufficient to stain parts of the minerals present (Figure 3.21), 

some of the minerals observed through SEM imaging (Figure 3.21 (a)) did not present 

any staining (Figure 3.21 (b)). Thus, it was concluded that even though von Kossa 

staining is efficient to indicate the presence of a mineral, it should be used in line with 

SEM imaging for a complete set of information on the minerals present.  
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Figure 3.21: Comparison of calcium phosphate minerals as observed through 

SEM and von Kossa staining. (a) BSE micrograph of calcium phosphate mineral 

where brighter regions indicate the inorganic material (arrows). (b) Optical micrograph 

of the von Kossa staining of the same region, it can be observed that even though 

some of the minerals are indeed stained (arrows), the staining is not an exact repre-

sentation of the mineral observed using the SEM. Scale bars = 50 µm.  

3.8.2 OsteoSense staining 

Another dye that can be used for the staining of calcium phosphate minerals is 

called OsteoSense (20, 304, 305). OsteoSense dyes are fluorescent dyes emitting in 

the near-infrared range (600 - 900 nm), usually used for in vivo studies however it was 

also found to work on formalin-fixed paraffin-embedded tissues (14, 306). The dye is 

made of a bisphosphonate, a synthetic phosphate that can bind to apatite (307).  

Comparing the OsteoSense staining of calcium phosphate minerals to the min-

erals observed in SEM imaging (Figure 3.22 (a)), it was found that the dye can stain 

most of the mineral observed naturally (Figure 3.22 (b)). Thus, OsteoSense images 

were considered to give enough information for correlation purposes between the min-

eral and other stains (Figure 3.22 (c)) making it the dye of choice in this work for reli-

able representation of the mineral context in fluorescence images.  
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Figure 3.22: Comparison of calcium phosphate minerals as observed through 

SEM and OsteoSense staining. (a) BSE micrograph of calcium phosphate mineral 

where brighter regions indicate the inorganic material (arrows). (b) Fluorescence mi-

crograph of the same region stain with OsteoSense. It can be observed that the min-

eral is stained (arrows) with high precision. Scale bars = 15 µm. (c) Fluorescence 

micrograph showing calcification stained with OsteoSense (magenta), nuclei stained 

using DAPI (blue), and pTau antibody staining (green). Scale bar = 5 µm. 
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3.9 Protein blotting methods  

 Protein blotting methods such as dot blot and western blot are methods that 

use the extraction of proteins from samples and their transfer to membranes to enable 

protein identification (308). Dot blot is a simple method that involves the direct depo-

sition of proteins on a membrane, while western blot uses electric currents to transfer 

proteins from a gel onto a membrane (308). These proteins have been previously sep-

arated through the use of electric currents through a method called gel electrophoresis 

(308).  

3.9.1 Gel electrophoresis  

 Even though other techniques for protein separation exist (such as liquid chro-

matography), gel electrophoresis is by far the most widely used. The technique uses 

differences in molecular mass or isoelectric points (or both) of proteins to achieve sep-

aration (309). In cases where one of the two parameters is used, the gel electropho-

resis is called one dimensional (1D) while when both parameters are used, two-dimen-

sional (2D). Gel electrophoresis can also vary based on the nature of the proteins; 

whether these are in their native form or denaturated (310). Molecular mass separation 

of denaturated proteins is the most commonly used 1D gel electrophoresis method, 

also called sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE). 

Separation of native proteins is called native PAGE; however, in this work, this was 

not used.  

SDS PAGE is based on the principle that the size of a molecule is inversely 

proportional to the speed at which it can migrate in a gel (Figure 3.23), assuming that 

the size of the proteins is proportional to their molecular mass and charge (309). 

Therefore, the native tertiary structures of the proteins cannot be used, as they do not 

satisfy these assumptions. SDS is used during sample preparation to denaturate the 

proteins into their linear form and to add the necessary negative charges needed for 

the proteins to move in the electric field (proteins cannot contain both positive and 

negative charges as they usually do in their native form) (309, 310). These denaturated 

proteins are then loaded onto the wells of polyacrylamide gels; which are used due to 

their porosity, allowing for a network of 'tunnels' to be formed through which protein 

molecules can travel through when an electric field is applied (Figure 3.23) (309). 

The electric field causes the negatively charged proteins to move towards the 

positively charged electrodes; with smaller proteins being able to travel faster than 

bigger ones resulting in a mass-depended separation (Figure 3.23) (309). The current 

and voltage used for the separation should be optimised based on the mass of the 

proteins of interest such that it separates effectively concentrating at a specific point. 
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To aid the visualisation of the transfer, a dye of low molecular mass (bromophenol 

blue) as the individual protein bands are invisible (Figure 3.23). Following the separa-

tion, the bands can be stained using dyes or metals for visualisation.  

Silver staining is usually used for the direct visualisation of protein bands on 

gels due to its high sensitivity, enabling staining of low amounts of proteins (311, 312). 

The staining is based on the use of silver nitrate, which can bind on negatively charged 

proteins. Following, a reduction reaction is carried out through the use of formaldehyde 

that results in visible silver grains (313). The staining enables both the visualisation of 

the number of bands but can also aid the visualisation of proteins in a sample against 

a standard solution containing molecules of known mass in kilo Dalton (kDa) called 

the 'ladder' (Figure 3.23). This gives information on the molecular mass of the proteins 

present.  

 

Figure 3.23: Graphic illustration showing 1D gel electrophoresis for protein sep-

aration based on molecular mass. The protein mass affects the speed at which they 

move in an electric field, with larger proteins moving slower and smaller proteins mov-

ing faster. The molecular weight of the proteins can also be identified by a standard 

'ladder', which contains molecules of known masses. 

Even though SDS PAGE is sufficient to evaluate the proteins present, to com-

pare the protein contexts of individual samples, and to gain information on molecular 

masses, it is possible that several proteins with similar molecular mass can be present 
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thus have not separated and cannot be identified. These proteins can be resolved with 

the use of 2D gel electrophoresis. Following the molecular mass separation, an isoe-

lectric point gel electrophoresis can be done which uses a pH gradient (Figure 3.24), 

that is proportional to the isoelectric points of the proteins causing them to separate 

horizontally (309) (Figure 3.24). However, this method was not used in this work.  

 

Figure 3.24: Graphic illustration showing 2D gel electrophoresis for protein sep-

aration based on isoelectric point following separation using molecular mass. 

Isoelectric point separation is based on the isoelectric point of the proteins that is pro-

portional to the pH. A pH gradient is applied on top of the gel, which results in the 

horizontal movement of the proteins. 

3.9.2 Western blot and dot blot 

Another way of protein identification in the individual bands is through antibody 

staining, which can be employed following protein transferring onto a membrane; 

called blotting (308). The membranes used for these purposes are microporous and 

made by, including amongst others nitrocellulose and nylon (308). Nitrocellulose mem-

branes are in general the most commonly used, even though their porous size is big 

enough to allow small protein molecules to pass through rather than bind to it resulting 

in weak protein staining (308). The way that protein molecules bind to the nitrocellu-
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lose membrane is not fully understood; however, it is believed to be through hydro-

phobic interactions (308). Furthermore, for western blotting, the addition of methanol 

in the transfer buffer was found to increase the binding ability of the membrane. Meth-

anol was also found to prevent shrinking of the polyacrylamide gel that can lead to 

distorted protein bands (308) and enables the transfer buffer to be reused several 

times (314). 

In western blot, the transfer is done through electro-blotting; the use of an elec-

tric field to transfer the proteins from a gel to the membrane (308). This can be done 

through a wet transfer set up, in which the gel and membrane are secured in a 'sand-

wich' form (Figure 3.25) and immersed fully in the transfer buffer. The choice of volt-

age, current, and time should be adjusted based on the molecular size of the proteins 

under investigation. Larger proteins need more time to get 'transferred'; however, this 

might lead to smaller proteins passing through the membrane (308). For an SDS 

PAGE gel, the negatively charged proteins are transferred to the membrane (308) as 

they move towards the anode (close to the membrane).  

Figure 3.25: Graphic illustration showing the 'sandwich' set up used in a wet 

western blot transfer.  

Following the protein transfer, the membrane can then be stained using the 

same principle involved in immunofluorescence staining. Blocking has to be optimised; 

however, in general, the membranes are blocked with 5% nonfat dry milk which at-

taches to parts of the membrane where there has been no protein binding (during the 

transfer) such that they are not available to antibody binding (310). Similarly, to immu-

nofluorescence the membrane is then incubated using antibodies; with indirect detec-

tion usually performed for signal amplification (using individual primary and secondary 

antibodies). Detection can be done either through the use of chromogenic (gives a 

visible precipitate on the protein band), fluorescent or chemiluminescent (a chemical 
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reaction that produces light which can be detected using specific equipment) probes 

(310).  

 Dot blotting, on the other hand, involves the manual deposition of proteins on 

a nitrocellulose membrane (315), rather than through an electric field as in western 

blot. Even though it does not give any information on protein mass, it can still be em-

ployed for protein identification by immunostaining (316). An advantage of dot blot is 

that it allows for the concentration of proteins as the sample can be applied at the 

same spot several times which increases antibody binding and subsequently the sig-

nal. Therefore, in the case of mineral protein extraction, it was considered a good tool 

to determine whether protein concentrations in the samples are high enough to be 

detected and to increase the protein concentration for staining if needed.  

3.9.3 Sample preparation  

3.9.3.1 Tissue digestion   

 The first steps for sample preparation in all immunoblotting methods involve 

protein extraction (310). Tissues and cells undergo a disintegration process called ly-

sis, which can be achieved both chemically and mechanically (310).  

For tissue samples, a mechanical disturbance is usually carried out first 

through the use of a homogenizer, which essentially 'minces' the tissue. Mechanical 

disturbance can also be used in cases where the mineral content needs to be isolated 

as the tissue structure needs to be destroyed for the minerals to be released. Mincing 

the tissue also aids digestion when digestive enzymes are to be used (317). These 

are compounds used to break up the extracellular matrix and cell junctions, and sub-

sequently, the structure of the tissue (317). Collagenase is one such compound usu-

ally used due to its ability to break the extracellular matrix and also the peptide bonds 

in collagen (317). As collagen is one of the most abundant proteins in the extracellular 

matrix present in most tissues, (318) collagenase can sufficiently aid tissue digestion 

(134).  

3.9.3.2 Mineral isolation and demineralisation  

 Following tissue digestion, for mineralized tissues, full mineral isolation can 

take place through the use of various methods depending on the purpose for which 

minerals are needed. For physicochemical characterization of the minerals, hydrazine 

treatment is usually carried out which was found to remove almost all organic material 

(134). However, in cases where the protein content of the mineral needs to be pre-

served, such methods are not suitable. In this work, minerals were instead isolated 
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through the use of a sucrose density gradient and centrifugation, a technique usually 

used for the isolation of vesicles and macromolecules (319, 320). The method uses 

sucrose fractions of different density layers on top of each other to form a density 

gradient to separate a sample into its different components (319). Applying a centrifu-

gal force on the gradient causes proteins and molecules to move through the gradient 

at different speeds based on their size, achieving their separation (319).  

Optimization of the original method was carried out such that the density of the 

gradient and centrifugation forces were enough for the mineral content to move to the 

bottom of the gradient while the organic material did not. The mineral was then washed 

to remove the sucrose, and SEM imaged to evaluate the efficiency of the method (Fig-

ure 3.26). The results of the isolation also depended on the effectiveness of tissue 

digestion as incomplete tissue homogenization resulted in tissue pieces encapsulating 

the mineral crystals, which could not be fully isolated (Figure 3.26 (a)). In cases where 

homogenization was carried out successfully, only a small amount of organic material 

was found attached to the minerals when the sucrose gradient density was not suffi-

cient for separation (Figure 3.26 (b)). Finally, a successful tissue homogenization and 

a very dense fraction (70%) at the bottom of the sucrose gradient achieved the removal 

of most of the organic material and subsequently good isolation of the crystals (Figure 

3.26 (c)). 
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Figure 3.26: SE micrographs of cardiovascular minerals following isolation from 

the tissue using a sucrose density gradient. (a) SE micrograph showing organic 

material (arrow) surrounding the mineral crystals indicating that tissue homogenization 

was not completed successfully as the mineral crystals are trapped in the organic ma-

terial. (b) SE micrograph showing some organic material attached to the particles (ar-

rows). (c) SE micrograph of calcium phosphate crystals with no organic material ob-

served. Scale bar = 1 µm. 
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 Once a sufficient amount of mineral was isolated, demineralisation was carried 

out for protein extraction. Several studies exist detailing protocols for the extraction of 

proteins from bones; thus, similar methodologies can also be used for pathological 

calcium phosphate minerals (275, 276, 321). Demineralisation agents include weak 

inorganic acids such as formic acid (322) and diluted strong acids such as hydrochloric 

acid (276). Ethylenediaminetetraacetic acid (EDTA), a chelating agent, is also used 

(275) due to its ability to react with calcium ions to form a soluble solution (276, 323). 

Removing the calcium ions from calcium phosphate also results in a solution of phos-

phate ions leading to complete demineralisation (275). In comparison to other demin-

eralisation agents, EDTA was found to have a more favourable outcome on the protein 

contents as it does not break them down (275). Following demineralisation, SDS can 

be used for protein solubilization in the sample preparation for gel electrophoresis and 

blotting (275). Some studies indicate that SDS is not effective enough in the solubili-

zation of bone proteins; thus, guanidine hydrochloric acid is used instead (275). How-

ever, in this study, the use of SDS was considered to produce good results in the 

subsequent procedures. 

Demineralisation methods used for bone also include precipitation or dialysis 

steps to concentrate the proteins and remove salts (276). Unfortunately, precipitation 

steps for the concentration of the proteins and separation from the salt contents also 

result in salt precipitation especially when demineralisation solutions are high in salt 

such as EDTA (276) thus dialysis is preferred. The amounts of proteins extracted by 

pathological minerals in this work were deficient; thus, such methods were not em-

ployed as they resulted in the loss of the proteins. The downside to this is that EDTA 

was subsequently not removed which as suggested in the literature (275) resulted in 

smeared bands on the SDS page 

 

 3.9.3.3 Lysis 

 

For tissues and cells, a wide range of lysis buffers can be used following ho-

mogenization to break down biological structures further; all of which have the same 

principle components: a buffering agent, detergents, and protease inhibitors (310).  

Detergents are used to solubilize proteins; with ionic detergents such as SDS used in 

cases where the denaturation of the proteins is needed (310). This is determined by 

the ability of antibodies to detect denaturized proteins. In cases where this is not the 

case, lysis buffers without detergents are used or non-ionic weaker ones such as Tri-

ton X-100 (310). Protease inhibitors include such as leupeptin and pepstatin are usu-

ally also added to slow down protein processes that can lead to degradation (324). 
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Such processes are also slowed down by keeping the lysate at low temperatures. 

Finally, the choice of the buffer should be made based on its ionic strength, and the 

effect this has on the protein yield (324). Lysis can also be carried out following protein 

extraction from minerals to solubilize the proteins further if needed. 

To determine the presence or amount of proteins in the resulting lysates, a 

Bradford protein assay (325) can be used. The technique is based on colour changes 

resulting from the binding of the amino acids in the proteins to the coomassie brilliant 

blue dye (326). This binding results in a spectral shift and thus, a colour change of the 

solution to blue, which determines the presence of proteins (326). This spectral shift 

can then be analysed using a spectrophotometer which based on the absorbance can 

give information on the protein concentration when it is compared to a standard of 

known protein concentration (327). 

3.9.3.4 Loading  

 In gel-electrophoresis, the samples were then mixed with a 'loading' buffer that 

can also contain SDS for complete denaturation. To enhance protein denaturation, the 

lysates are usually also boiled for 5 minutes at 95 ºC (310). As previously mentioned 

in SDS PAGE, SDS is also used to negatively charge the proteins, while in native 

PAGE, a dye called coomassie blue is used to provide the negative charges needed 

(310). Coomassie brilliant blue is also used to allow visualization of the protein solution 

when loaded in the gel and during the separation. The loading buffer also contains a 

reducing agent to break the disulfide bridges in the proteins to ensure that they are 

unfolded and therefore are correctly separated during electrophoresis (328). This step 

can also be carried out before running a dot blot even though; it is not required. 

3.9.3.5 Protein extraction from pathological minerals protocol  

 Protein extraction steps depend on whether tissues, cells, and minerals are to 

be studied. For the study of pathological minerals, all tissues were initially cut into 

small pieces (Figure 3.27) and were then mechanically and chemically digested 

through the use of collagenase (Figure 3.27). Centrifugation was then carried out, and 

the supernatant was removed (Figure 3.27), eliminating as much organic material as 

possible, this step was repeated up to three times. The minerals were re-suspended 

in PBS and added on top of a sucrose gradient (Figure 3.27) containing 40%, 50%, 

60%, 70% sucrose following centrifugation. The supernatant was discarded (Figure 

3.27), and the minerals were washed before being incubated using 0.5 M EDTA over-

night (Figure 3.27). The resulting solution was centrifuged; the supernatant was col-

lected and mixed with the lysis buffer (Figure 3.27) for 30 minutes and centrifuged 
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again. The supernatant was collected and mixed with the loading buffer (Figure 3.27), 

boiled for 5 minutes at 95 ºC and spanned down at 16000 rcf (relative centrifugal force) 

for 1 minute. The supernatant was then used for gel electrophoresis and blotting (Fig-

ure 3.27).  

The preparation method might need to be adjusted in cases where the minerals 

are more soluble and would not withstand the extensive use of solutions in the initial 

steps. In some cases, the minerals could dissolve and thus cannot be isolated; there-

fore, other biochemical assays might be more suitable.  
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Figure 3.27: Visual representation of the protein extraction from pathological 

minerals. The tissue is firstly mechanical and chemically digested such that the or-

ganic matrix is broken up and the minerals are released. Centrifugation is then used 

to separate the mineral content which is then completely isolated through the use of a 

sucrose gradient. Demineralisation of the mineral takes place for the proteins to be 

released, followed by lysis for solubilization of the proteins and addition of the loading 

buffer for complete denaturation and for proteins to be negatively charged as required 

for gel electrophoresis. 
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Chapter 4: Cardiovascular calcification in cardiovascu-

lar diseases 

 

4.1 Introduction  

As previously mentioned, cardiovascular mineralisation is associated with 

many diseases, including atherosclerosis and aortic valve stenosis (111). Several 

competing mineral formation mechanisms can be found in the literature (21, 111, 120, 

125-130); however, the exact processes responsible are not entirely understood. 

Electron microscopy characterisation of cardiovascular minerals in a range of 

cardiovascular tissues has shown that there are three distinct minerals present; calci-

fied fibres, calcified particles, and large calcifications (13). The minerals were found to 

have a chemical composition of calcium phosphate; with the exception of calcified 

particles composed of whitlockite (a magnesium containing calcium phosphate); which 

were also found to diffract as a single crystal. The finding suggested that it is possible 

that more than one mineralisation mechanisms to be responsible for the formation and 

development of cardiovascular calcification and subsequently, many cardiovascular 

diseases. Most of the research on cardiovascular calcification, however, focuses on 

the origins of the apatite minerals (calcified fibres and large calcification) dismissing 

the presence of the magnesium-containing particles. The shape, composition and 

crystallinity of which suggest a process yet to be identified, as the mineralisation mod-

els found in the literature have not to date reproduce them.  

In this chapter, we focus on the investigation of the possible origins of these 

particles, aiming to identify a possible mineralisation mechanism that can result in the 

formation of such a unique mineral. Moving away from the proposed mechanisms of 

formation found in the literature, the possibility that these nanoparticles are originating 

from blood or blood components was examined. Identifying the origins of the particles 

can open several pathways to advance our knowledge on their role in calcific cardio-

vascular disease and in cases where they have unfavourable effects, to allow the de-

velopment of methods to prevent their formation.  

To identify the origins of the whitlockite particles, firstly physicochemical 

characterization of the particles in several cardiovascular tissues was carried 

out. Following, whether the calcified particles can be found in the bloodstream 

of patients as independent entities were investigated. Finally, cells and vesicles, 

which could play a role in the mineralisation processes were identified, and their 

association to the whitlockite nanoparticles was examined through the use of dot blot 

and immunofluorescence staining.  
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4.2 Materials and methods 

4.2.1 Samples 

4.2.1.1 Human cardiovascular tissues 

Fresh human aortic tissue samples from 8 donors obtained from the Oxford 

Heart Valve Bank (John Radcliffe Hospital, Oxford, UK) after they had been rejected 

for transplant for various reasons, were used for the biochemical assays carried out in 

this work. For the SEM analysis, tissue from 32 human aortic valves, 17 mitral valves, 

14 coronary arteries, and 22 aortas was used, obtained for the purposes of the original 

study carried out by Dr Sergio Bertazzo. Samples were collected under approved eth-

ical guidelines with informed consent that allowed the anonymous analysis of the tis-

sues. Ethical approval was obtained from the Health Research Authority - NRES Com-

mittee London (10/H0724/18) to research tissue from organ donors. 

4.2.1.2 Blood and platelet-rich plasma 

Blood was obtained from 69 patients with no cardiovascular diseases to act as 

the control group and 63 patients with a confirmed diagnosis of aortic valve stenosis 

patients. The study was approved by the North West Preston Research ethics com-

mittee and was carried out in collaboration with Professor David S. Wald (Queen Mary 

University of London, Barts and The London School of Medicine and Dentistry, 

Wolfson Institute of Preventive Medicine, London, United Kingdom). Written consent 

was obtained from all patients. Platelet-rich plasma was also obtained in collaboration 

with Professor Janice Tsui from NHS blood and transplant biobank after a project eth-

ical approval was obtained by the Proportionate Review Sub-Committee of the North 

East - Tyne & Wear South Research Ethics Committee (18/NE/-354).  

4.2.2 Isolation of calcified particles from tissue 

The isolation of the whitlockite nanoparticle was carried out as explained in 

chapter 3 section 3.9.4.5. Initially, fresh aortic tissue was cut into small pieces and was 

then mechanically digested using a tissue homogenizer until all tissue was broken up. 

The tissue was then incubated overnight at 37 ºC and constant agitation, in 1 ml of 

collagenase (10 mg/ml) diluted in 1 ml of PBS, mechanically homogenized again the 

next day, during which 1 ml of PBS was added. The solution was incubated again 

overnight at 37 ºC and constant agitation in the solution. The digested tissue was cen-
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trifuged, the supernatant was removed along with the tissue pellet on top of the parti-

cles. The particle pellet was re-suspended in 500 ml of PBS, and the solution was 

applied at the top of a sucrose gradient.  

4.2.3 Isolation of platelet dense granules 

For the isolation of platelet dense granules, methods previously described in 

the literature were adjusted for the purposes of this study (329). A 200 ml platelet-rich 

plasma was centrifuged at 2800 rcf for 10 min. The supernatant was removed, and the 

resulting pellet was re-suspended at 1ml of homogenization buffer per 50ml of platelet-

rich plasma originally used. The homogenization buffer was made of 100 mM potas-

sium chloride (KCl), 25 mM sodium chloride (NaCl), 2 mM magnesium sulfate 

(MgSO4), 12 mM sodium citrate, 10 mM glucose, 25 mM N-2-hydroxyethylpiperazine-

N’-2-ethanesulfonic acid (HEPES), 5 mM Adenosine Triphosphate (ATP), 0.35% (w/v) 

bovine serum albumin (BSA) and protease inhibitors; 0.1 mM 4-(2-aminoethyl) ben-

zenesulfonyl fluoride, 10 µM pepstatin, 10 µM leupeptin, 10 µM trans-epoxysuccinyl 

L-leucylamido-(4-guanidino) butane, and 10 µM N-ɑ-tosyl-L-lysine chloromethyl ke-

tone. The pH of the buffer was adjusted to 7.0 with 1 M hydrochloric acid (HCl) or 1 M 

sodium hydroxide (NaOH). Platelets were sonicated, and intact cells were separated 

by centrifugation at 1000 rcf for 15 min. Sonication and centrifugation were repeated 

twice with the pellets re-suspended in 0.5 ml of homogenization buffer. The three su-

pernatants were combined and centrifuged at 19000 rcf for 20 minutes. The pellet was 

re-suspended with 1 ml of lysis buffer and added on top of with a sucrose gradient (30 

– 60%). The gradient was centrifuged at 100,000 rcf for 60 min at 4 ºC. The dense 

granule-rich fraction was then identified using TEM imaging.  

4.2.4 SEM sample preparation  

Tissue samples were prepared as detailed in chapter 3, section 3.3.4.2. Iso-

lated whitlockite nanoparticles were suspended in deionised water, and 5 µL of the 

solution were placed onto a clear glass slide and left to dry. The slide was then secured 

to an aluminium sample holder with carbon tape, which was then silver painted. All 

samples were carbon-coated using a Quorum K975X coater before imaging.  

4.2.4.1 Blood preparation for SEM imaging 

Blood samples were centrifuged at 1000 rcf for 10 minutes to separate red 

blood cells from white blood cells and platelets. Red blood cells were then removed 

and centrifuged at 3600 rcf for 10 minutes. 5 μl from the bottom of the tube were re-

moved and placed onto microscopic slides and left to air dry.  
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The samples were then coated with 5 nm of using a Quorum K975X. The 

backscattered electron detector mode and EDS analysis were used to identify and 

confirm the presence of whitlockite nanoparticles in the blood.  

4.2.4.2 Validation study for nanoparticles in blood 

Blood samples from a healthy volunteer were used. Hydroxyapatite microcrys-

tals (Sigma-Aldrich hydroxyapatite nanopowder 693863-5G) were used at concentra-

tions between 0.5 mg/mL and 0.005 mg/mL. All blood samples containing hydroxyap-

atite nanoparticles were then prepared for SEM imaging, as described in section 

4.2.4.1.  

4.2.4.3 SEM imaging 

Samples were imaged using a Hitachi S-3499N and a Carl Zeiss Crossbeam. 

Voltage, current, aperture, and working distance were adjusted for individual samples 

and microscope. Density-dependent colour SEM images were obtained as described 

in chapter 3 section 3.3.2. Energy-dispersive X-ray spectroscopy (EDS) analysis was 

carried out using Oxford Instruments EDS detectors.  

4.2.5 FIB – TEM analysis  

A FEI Helios NanoLab 600 DualBeam Focused Ion Beam System was used 

for cutting, with the assistance of Dr Sergio Bertazzo. Samples extracted and prepared 

by FIB were imaged and analysed on a JEOL 2100 TEM at an operating voltage 200 

kV.  

Platelets and platelet dense granules were also imaged by TEM. 10 µl of plate-

lets, and platelet dense granules were applied to a TEM grid and left to dry. The sam-

ples were imaged using at 120 kV and 80 kV on a JEOL 2100 TEM and a JEOL 1010 

TEM respectively.  

TEM electron diffraction patterns were obtained with the help of Dr Ecaterina 

Ware (Imperial College London). The indexing of the patterns was carried out manu-

ally using the measurement tools on Gatan Microscopy Suite 2 software. The image 

scale bars were used as a reference for calibration. EDS data obtained from the same 

particles was used as a reference to estimate the chemical profile of the minerals. All 

data collected was then compared using existing available data on the CrystalWorks 

Server (https://cds.dl.ac.uk/), for the chemical phase of the minerals to be identified.  

 

 

https://cds.dl.ac.uk/


105 
 

4.2.6 Protein extraction  

 Protein extraction from calcified particles was carried out as detailed in chapter 

3, section 3.9.4.5. Particles were incubated in 0.5 M EDTA for 24 hours at room tem-

perature and constant agitation. They were then centrifuged at 20238 rcf for 10 

minutes, the supernatant was collected, and the pellet was re-suspended in EDTA for 

72 hours at room temperature and constant agitation. The final solution and the 24-

hour supernatant were both used in SDS PAGE and dot blot. Following demineralisa-

tion, the resulting solution was added to a triton lysis buffer (15 0mM NaCl, 1% Triton 

X-100 and 50 mM Tris pH 8) was added in one portion (sample-buffer ratio 1:1), which 

was incubated for 90 minutes at 4 ºC and then centrifuged at 16000 rcf for 10 minutes. 

The supernatant was collected, and the pellet discarded. To ensure the presence of 

proteins within the lysates, a Bradford assay was carried out using 50 µl of the sample 

(325). Following, the demineralised particles were added to 2x laemmli sample buffer 

(65.8 mM Tris-HCl, pH 6.8, 26.3% (w/v) glycerol, 2.1% SDS (Bio-rad #1610737) with 

added 50 mM dithiothreitol (DTT)) (sample- buffer ratio 1:1). The solutions were then 

boiled at 95 ºC for 5 minutes and centrifuged at 16000 rcf for 5 minutes. The superna-

tant was collected and used immediately or aliquot and stored at - 80 ºC for several 

months. 

For protein extraction from tissue, following homogenisation and separation 

from the mineral contents, the tissue solution was collected and spin down at 20238 

rcf for 10 minutes, the pellet was then collected and re-suspended in triton lysis buffer 

(see above) (sample-buffer ration 1:4) and incubated for 90 minutes at 4 ºC. The so-

lution was then centrifuged at 16000 rcf for 10 minutes, the pellet was discarded, and 

the supernatant was added to the laemmli solution, boiled and centrifuged as specified 

above. Platelets were directly treated with laemmli.  

4.2.7 SDS page 

 For the SDS page, 20 µl of each sample were loaded onto separate wells of a 

4-20% gel (Bio-Rad #4561094). For the gel electrophoresis, 10% 10x tris/glycine/SDS 

buffer (Bio-Rad #1610732) diluted in distilled water was used. The gel was run at 150 

V for around 45 minutes.  

 Following, the gel was incubated in a fixation solution (50% ethanol, 10% acetic 

acid, and 40% distilled water) for 20 minutes and was then dehydrated using 30% 

ethanol for 10 minutes. The silver staining was done using a ProteoSilver Silver stain-

ing kid (Sigma Aldrich PROTSIL1-1KT). The gel was then washed using distilled water 

and incubated in 1% sensitizer solution (Sigma Aldrich 3739) for 10 minutes and 
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washed twice with distilled water for 10 minutes each time. Following the gel was in-

cubated for 10 minutes in 1% silver solution (Sigma Aldrich 3614), was quickly washed 

for one minute with distilled water, and then was incubated with 5% developer solution 

(Sigma Aldrich 3864 and Sigma Aldrich 3989) for up to 10 minutes. A stop solution 

(Sigma Aldrich 4114) was used to end the reaction. 

4.2.8 Dot blot  

 Proteins extracted from platelet and particles were deposited onto a mem-

brane. Five drops of 2 µl were used; each drop was left to dry prior to the addition of 

the next drop. For the serotonin and collagen controls, pure serotonin (Sigma Aldrich 

14927) and collagen I (Sigma Aldrich C3867) samples were used.  

The membrane was then blocked using 5% dry milk powder for one hour at 

room temperature; the drops were changed every 15 minutes to ensure no precipita-

tion of milk was taking place and that the whole membrane was blocked efficiently. 

The membranes were washed 4 times with PBS for 2 minutes each, incubated with 

the primary antibodies (rabbit polyclonal to CD41 (abcam® ab63983), goat polyclonal 

to serotonin transporter (abcam® ab130130), rabbit monoclonal [EPR12735] to sero-

tonin transporter (abcam® ab181034), rat monoclonal [YC5/45] to serotonin (abcam® 

ab6336), rabbit polyclonal to CD63 (abcam® ab118307), anti-CD62P antibody 

[EPR1444(2)(B)] (abcam®ab178424), rabbit polyclonal to collagen I (abcam® 

ab34710)) at a dilution of 1:10 in PBS for one hour. Following, the membranes were 

rewashed 4 times for 2 minutes each using PBS and were incubated with the second-

ary antibodies (goat anti-rabbit alexa fluoro 488 (abcam® ab150077), donkey anti-

mouse alexa fluoro 568 (abcam® ab175700), anti-rat IgG (H+L) highly cross-ad-

sorbed, CF™ 633 (Sigma Aldrich SAB4600133) or a donkey anti-goat alexa fluor 555 

(Thermofisher A-21432)) at a concentration 1:100 in PBS for one hour. Finally, the 

membrane was rewashed 4 times for 2 minutes each and was imaged using a Leica 

optical microscope at a 10x magnification, 100 microsecond capture time, and 30% 

intensity.  

4.2.9 Immunofluorescence staining  

 Samples were prepared as detailed in chapter 3, section 3.6.5. Deparaffinisa-

tion and rehydration of the aortic tissue samples took place through a sequence of 

xylene and ethanol washes. For slight demineralisation of the whitlockite nanoparticles 

in the tissue, 0.5 M EDTA was applied to the samples for 30 minutes. The samples 

were then blocked for 1 hour using 5% BSA diluted in PBS. Samples were washed 

three times with PBS for 3-minute intervals, and incubated with one undiluted primary 
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antibody (rabbit polyclonal to CD41 (abcam® ab63983), mouse monoclonal to CD41 

[M148] (abcam® ab11024) or goat polyclonal to serotonin transporter (abcam® 

ab130130), rabbit polyclonal to collagen I (abcam® ab34710), goat polyclonal to alpha 

smooth muscle actin (abcam® ab21027)) for one hour at room temperature. Following, 

the samples were washed three times with PBS for 3-minute intervals and incubated 

with the secondary polyclonal antibodies (goat anti-rabbit alexa fluoro 488 (abcam® 

ab150077), donkey anti-mouse alexa fluoro 568 (abcam® ab175700) or a donkey anti-

goat alexa fluor 555 (Thermofisher A-21432)) diluted in PBS to a concentration of 1:10 

for 1 hour. The samples were then rewashed three times with PBS for 3-minute inter-

vals and incubated with pure OsteoSense 680EX (PerkinElmer NEV10020EX) for 20 

minutes. Two PBS washes, 10 minutes each were then carried out, and the tissue was 

incubated in DAPI stain (abcam® ab228549) at a concentration of 1:1000 (diluted in 

PBS) for 15 minutes. The sample was then washed twice using PBS for 3-minute in-

tervals. Finally, the samples were mounted with a coverslip using Fluoroshield mount-

ing medium (abcam® ab104135) and was sealed using nail polish at the edges of the 

coverslip. All samples were imaged using an Olympus FV1000 and a Zeiss LSM 980 

Airyscan confocal microscope. All antibodies were tested for specificity using second-

ary antibody, and negative controls where appropriate.  

Co-localisation analysis was done using the Coloc 2 function of FIJI Image J 

software, which was obtained as the Mandres' overlap coefficient (330, 331). 

4.2.9.1 Statistical analysis  

 All statistical analysis was done using OriginLab 2019 and GraphPad Prism 

8.3.1 software. A Mann-Witney two-tailed unpaired U test (332) was used (p<0.05). 

The test is non-parametric thus; it does not assume that the data points follow a normal 

distribution. All box blots represent the upper and lower quartiles; the whiskers indicate 

standard deviation, and the middle line the median value. All data is represented as 

the average value ± standard deviation.  
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4.3 Results and discussion  

4.3.1 Physicochemical characterisation 

Scanning electron microscopy indicated the presence of calcified nanoparticles 

(Figure 4.1 (a)) in various amounts, despite the outcome of the macroscopic assess-

ment of the samples for the presence of calcification. In accordance with previous work 

(13), the nanoparticles were observed in samples where no other type of mineral was 

present, suggesting that they are the first calcified structure present in cardiovascular 

tissue, and therefore might play a role in the development of the associated diseases. 

The nanoparticles were present in cardiovascular tissue as distinct entities (Figure 4.1 

(b)) with an average diameter of 459 nm ± 314.6 nm and were found to be composed 

of magnesium, calcium, and phosphorus (Figure 4.1 (c, d)). Additionally, SAED pat-

terns obtained from FIB prepared TEM sections indicated that the particles are dif-

fracting as a single crystal (Figure 4.1 (b)). Indexing of the SAED patterns indicated a 

chemical phase of magnesium whitlockite (333) (Figure 4.2).  

It was noted that these nanoparticles, were always observed as independent 

entities; thus, it was concluded unlikely that they accumulate over time to grow and 

transform into the larger apatite calcification observed in the tissues. In addition, the 

size and shape of the nanoparticles, also suggests a process involving a vesicle which 

possibly mineralises over time. Therefore, we suggest that a distinct mineralisation 

mechanism is taking place, leading to the formation of the whitlockite nanoparticles, 

different from the mineralisation mechanisms associated with the other apatite miner-

als previously reported in the literature.  

As mentioned in chapter 2 comparison to bone mineral under physiological 

conditions, which does not present highly crystalline magnesium containing particles 

(13), indicated that the calcified particles do not follow the same mechanisms of for-

mation as those involved in physiological bone. Osteogenic processes might, how-

ever, be triggered due to the presence of these nanoparticles, leading to the formation 

of the hydroxyapatite minerals. It has been previously reported in the literature that the 

presence of calcium phosphates promotes osteogenic differentiation of cells (334). 

Additionally, It has been suggested that the presence of whitlockite rather than apatite 

induces a higher degree of osteogenic differentiation in mesenchymal stem cells (335). 

Such observations could explain the countless studies reporting osteogenic markers 

in cardiovascular and other mineralising tissues of diseased individuals. 
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Figure 4.1: Electron microscopy analysis of calcified particles. (a) DDC-SEM mi-

crograph of calcified particles observed in aortic tissue. Red and pink indicate inor-

ganic and turquoise (blue/green) indicates organic material.  Scale bar = 2 µm. (b) 

TEM micrograph of a FIB prepared section of a nanoparticle with SAED pattern (inset) 

indicating properties of a single crystal structure. Scale bar = 200nm. (c) EDS spec-

trum confirming an elemental composition of calcium, phosphate, and magnesium. (d) 

Scanning TEM mapping of the particle shown in b confirming the presence of calcium, 

magnesium and phosphorus. 
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Figure 4.2: Electron diffraction pattern obtained from a nanoparticles showing 

the vector points (-3 3 0), (-1 3 2) and (-4 0 2), corresponding to the zone axis [1 

1 2]. Scale bar = 10 nm1. 

In addition, looking at the anatomical location of the whitlockite nanoparticles 

in the aortic tissue, it was found they accumulate deep into the vascular wall, after the 

internal elastic membrane, spreading into the tunica media (Figure 4.3). This observa-

tion subsequently led to the belief that vascular smooth muscle cells are responsible 

for the development of medial calcification (120, 336). However, in none of the related 

studies, vascular smooth muscle cells were able to produce whitlockite nanoparticles, 

with most mineralizing models reporting the production of apatite mineral.  
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Figure 4.3: Anatomical location of whitlockite particles as observed in aortic tis-

sue where inorganic material is indicated by bright areas and organic material 

as dark areas. BSE image of aortic tissue showing that the whitlockite particles (white 

parts in the red rectangle) are concentrated in the tunica media of the aorta (rectangle). 

Scale bar = 500 µm.  

Therefore, in this work, it is hypothesized that the nanoparticles originate from 

mineralization mechanisms other than those already reported in the literature. It is in-

stead proposed, that the whitlockite nanoparticles or their precursors originate from 

the blood. The hypothesis suggests a mineralization mechanism following similar prin-

ciples to those employed by nanoparticle delivery for therapeutic purposes which were 

found to be able to penetrate through the vascular wall into the tunica media and ad-

ventitia (337, 338). This could be done through transcytosis, transcellular channels 

(339, 340), or through the recruitment of specific blood cell types following similar path-

ways to those leading to the recruitment of lymphocytes in the tunica intima in athero-

sclerosis (341).  

4.3.2 Whitlockite nanoparticle origins  

4.3.2.1 Blood circulating calcified particles 

Firstly, to understand the origins of the whitlockite nanoparticles, it was exam-

ined whether they are present in the blood, a result of a blood-derived precipitation 

process. For this part of the work, blood from aortic valve stenosis patients was used 
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as they also present the whitlockite nanoparticles on the valve leaflets (13). Healthy 

volunteers with no record of cardiovascular diseases were also used as a control 

group. 

A control study was carried out to validate the accuracy of SEM imaging in 

detecting such particles in blood samples. Blood from a healthy volunteer with added 

concentrations of synthetic hydroxyapatite nanoparticle crystals was prepared and im-

aged in the same way as the obtained samples. The hydroxyapatite particles used had 

the same morphology as the whitlockite particles, and an average size of 200 nm, 

slightly smaller than the average size of the particles (459 nm). Concentrations be-

tween 0.5 mg/mL and 0.005 mg/mL were tested. The SEM results indicated that the 

hydroxyapatite particles were detectable by SEM in blood samples, down to a concen-

tration of 0.008 mg/mL (Figure 4.4 (a)). No particles were detected at a concentration 

of 0.007 mg/mL or below (Figure 4.4 (b)). The validation experiments were carried out 

twice for each tested concentration, with the same results being observed.  

 

 

Figure 4.4: Backscattered electron micrographs of blood samples. (a) Blood sam-

ple of a healthy volunteer with hydroxyapatite nanoparticles (arrow) added at a con-

centration of 0.05 mg/mL. (b) Blood sample of a patient with aortic valve stenosis 

where no calcified nanoparticles were detected.  Scale bars = 5 µm.  

On the other hand, no whitlockite nanoparticles were observed in neither the 

blood obtained by the volunteers in the control group nor the aortic valve stenosis 

patient group. The result indicated that the calcified nanoparticles are not present in 

the bloodstream of neither healthy nor diseased volunteers; or if present, they are at 

a concentration lower than 0.008 mg/ml. It was therefore concluded that it is unlikely 

that they are forming and circulating freely in the bloodstream prior to penetrating 

through the vascular wall.  
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Analysis on the amount of serum phosphate, serum calcium, and the calcium- 

phosphate product all of which had been previously associated with aortic valve ste-

nosis (342); was also carried out using blood samples from the same patients by the 

collaborators of this work for the purposes of the published study (343). No statistical 

significance was observed in serum calcium values (p = 0.154) (343). However, the 

serum phosphate and the calcium-phosphate product differences between the two 

groups were found to be statistically significant with p values of 0.011 and 0.005, re-

spectively (343). The results come in agreement with previous studies that identified 

a correlation between increased phosphorus and calcium-phosphate product levels to 

an increased risk of developing cardiovascular diseases (344, 345).  

Therefore, the serum phosphate and the calcium-phosphate product might 

have a role in the calcification processes, even though the blood phosphate and cal-

cium are only a small percentage of the total body amounts. Both calcium and phos-

phate are found in blood either bound to proteins and lipids or in ionic forms (346), the 

specific location of which could hint on which blood components might play a role in 

the mineralization processes. Interestingly, increased calcium and phosphate levels in 

the blood (347, 348) are also observed in patients with platelets of increased mean 

volume; a factor also correlated to cardiovascular calcification (349).  

4.3.2.2 Platelet-derived precursors 

Based on these outcomes, the remaining of the work concentrated on the iden-

tification of other possible mechanisms of mineral formation and possible blood-de-

rived origins. Special attention was paid to platelets, due to their association with a 

range of calcific cardiovascular diseases and the development of cardiovascular cal-

cification (349-352). As previously mentioned, platelets originate from megakaryo-

cytes and are responsible for coagulation. Resting platelets have the shape of a small 

disk and contain a number of granules and organelles (353). There are two types of 

platelet granules; alpha (α) and delta (δ) granules (also known as dense granules) 

(353), both of which are storage vesicles which upon platelet activation are released 

into the extracellular matrix (353). Following platelet activation, several microvesicles, 

microparticles, and exosomes are released into the extracellular space and circulate 

in the bloodstream (354).  

 Activation of platelets takes place mainly as a response to a vascular injury, 

although in diseases such as atherosclerosis an excessive amount of activated plate-

lets and activation products is thought to contribute to disease progression (351, 355). 

For example, a number of platelet granular proteins have been found in atherosclerotic 
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lesions while are absent in healthy vascular tissues (355-357). Additionally, an in-

creased platelet volume has been correlated to coronary artery calcification (349), 

while platelet activation has been found to promote the development of atherosclerotic 

lesions (351, 352) and the progression of aortic valve calcification (358). Moreover, 

increased amounts of circulating platelets vesicles have also been shown to contribute 

to the development of vascular calcification (359). This is believed to be due to the 

impact platelet vesicles have, on the function and phenotype of leukocytes, macro-

phages, and endothelial cells (359). 

Interestingly, platelet vesicles have also been found to alter the phenotype of 

vascular smooth muscle cells (360); phenotypic changes believed to be related to the 

development of calcification (120). Platelet dense granules involvement in the calcifi-

cation process was also supported by a study that showed platelet markers overlap-

ping with osteocalcin (a bone formation protein - also expressed in platelet dense 

granules) close to calcified atherosclerotic plaques (357). In addition, a different study 

has also indicated the presence of another dense granule marker (14-3-3 zeta) in ath-

erosclerotic plaques (356).  

This strong association of platelets and platelet products with calcific cardio-

vascular diseases led to the hypothesis that platelets might play a direct role in the 

mineralization processes leading to the formation of the whitlockite nanoparticles. The 

main aim of the remaining of this work was, therefore, to examine the presence of 

platelet markers in the whitlockite nanoparticles. To the best of our knowledge, no 

study had to date investigated a direct correlation of platelet markers (or any other 

cellular markers) and the whitlockite nanoparticles or any other form of cardiovascular 

calcification. 

The most widely used platelet marker, integrin alpha IIb/beta-3 receptor 

(CD41) is a membrane protein (361). The protein was identified to be appropriate as 

it is only expressed on platelets and megakaryocytes (362). Interestingly, the receptor 

was correlated to atherosclerotic plaques before (357, 363). An observation believed 

to be due to the adhesion of platelets on the arterial endothelium (363), rather than the 

mineral itself, or due to the release of osteogenic promoters from platelets that con-

tribute to the mineral formation (357). Either way, the presence of CD41 in atheroscle-

rotic vasculature has been observed, even though the exact causes are yet specu-

lated. Another protein expressed in platelets is the platelet activation marker, P selec-

tin (CD62P) (361). A protein also expressed in platelet alpha granules, activated plate-

lets (364), and Weibel–Palade bodies of endothelial cells (365, 366). The marker has 

also been correlated to atherosclerotic plaques (364, 365), however endothelial and 

platelet activation have been accounted for its presence (364, 365).  
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Serotonin was also considered to be a possible marker as it is abundant in 

platelets and platelet dense granules (361). Aortic vascular smooth muscle cells have, 

however, be found to uptake serotonin (250, 367) and possibly synthesize it (368). 

Serotonin receptors have been found on endothelial cells (367, 368), while serotonin 

has been reported to increase vascular permeability (369). Limitations on using sero-

tonin as a marker is the small size of the molecule which makes it hard to detect in 

methods such as conventional SDS PAGE and blotting methods, and its ability to ox-

idize both inside and outside the body, during sample preparation processes, for ex-

ample, to become undetectable (370). Thus serotonin transporter markers were con-

sidered instead, which are widely expressed in platelets (361, 371) but also vascular 

smooth muscle cells (368, 372) amongst others. In platelets, serotonin transporter 

(SERT) is located on platelet membranes and intracellularly for the regulation of sero-

tonin uptake from plasma (373, 374). Other than the vital role these molecules have 

on serotonin levels, they were also found to play an essential role in the activation and 

aggregation of platelets and subsequently have a role in disease, as blocking of these 

receptors changes platelet behavior (375, 376).  

Finally, tetraspanin-30 (CD63) and the lysosomal markers (LAMP-1 and 

LAMP-2) are proteins expressed in platelet granules, vesicles, and microparticles 

(361, 377), but as general lysosomal granular membrane markers, they are expressed 

in technically all vesicles despite their cell origin (378). Thus these markers need to be 

used in addition to other more cell-specific markers. In cardiovascular calcification re-

search, such markers have been used widely to support disease mechanisms involv-

ing amongst others platelet, vascular smooth muscle, and macrophage cell vesicles 

(20, 146, 379).   

4.3.2.2.1 SDS PAGE and dot blot 

Following marker identification, SDS PAGE and dot blot were carried out to 

evaluate the presence of proteins in the whitlockite nanoparticles and to identify 

whether any of the platelet markers mentioned above are present respectively. A Brad-

ford assay was used to identify the presence of proteins in the lysates while SDS 

PAGE results indicated that all the mineralised nanoparticles presented similar protein 

bands. Some of the particles observed were found to contain a higher number of dis-

tinct protein bands, which could be due to tissue proteins present or a higher amount 

of protein contents within the particles (Figure 4.5). Comparing to the protein bands 

observed in platelet and tissue lysates, it could not be determined if the particles orig-

inate from platelets even though they shared bands at the same molecular weight 

(Figure 4.5). Despite this, some of the bands observed were also present in tissue 
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lysates; thus, it could not be determined if the complete isolation of the whitlockite 

nanoparticles was successful. As a result, these experiments were only used to deter-

mine the presence of protein bands, rather to examine the relationship between the 

nanoparticles and platelets. 

 

 

Figure 4.5: Silver stained SDS PAGE gel of demineralized whitlockite nanoparti-

cles of four different patients, whole platelet, and tissue lysate showing the pro-

tein bands observed.  

Nevertheless, following the extraction of proteins, work towards the evalua-

tion of the presence of platelet markers in the whitlockite nanoparticle solutions was 

carried out. Both western blot and dot blot were considered. All markers (serotonin 
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transporter, integrin GPIIb (CD41), p-selectin (CD62P), CD63, and serotonin) identi-

fied were used for the control experiments.  

The specificity of the staining was initially tested through positive controls 

using platelet lysates. Positive staining was observed for the CD41 (Figure 4.6 (a)) 

and the serotonin transporter (Figure 4.6 (b)) antibodies. Some staining was observed 

for the CD62P (Figure 4.6 (c)); however, this was very faint. High background was 

observed for the CD63 (Figure 4.6 (d)) antibody, which suggested unspecific binding 

of the primary antibody to the nitrocellulose membrane. Some staining was also ob-

served in the serotonin antibody (Figure 4.6 (e)), which was also confirmed by the use 

of pure serotonin as a control (Figure 4.6 (f)). However, these results were not con-

sistent; therefore, it was concluded that the antibody staining was not specific. The 

specificity of the secondary antibody staining observed was confirmed through the 

omission of the primary antibody (Figure 4.6 (g)), where no staining was observed 

indicating no unspecific attachment of the secondary antibody to the nitrocellulose 

membrane or the lysates. In addition, a collagen antibody was used as a negative 

control to ensure that the primary antibody binding to the lysates was not due to sam-

ple impurities (Figure 4.6 (h)). This was compared through the use of pure collagen as 

a sample (Figure 4.6 (i)). The results indicated as expected no collagen staining of the 

platelet lysates (Figure 4.6 (h)). 
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Figure 4.6: Representative dot blot of platelet lysate results. Platelet lysates were 

stained for (a) CD41 (b) serotonin transporter (c) CD62P (d) CD63 and (e) serotonin. 

(f) Positive control for the anti-serotonin antibody was carried out using pure serotonin. 

(g) Secondary antibody controls were carried out where the primary antibodies were 

omitted, showed no staining. (h) The platelet lysate was also stained using a collagen 

antibody to ensure that the staining observed was not due to impurities present in the 

lysates. (i) Positive control for the collagen antibody was also carried out using a sam-

ple of pure collagen.  

The specificity of the antibodies was also tested against increasing protein 

concentrations of the platelet lysates. As expected imaging of the dot blots using the 

same microscope settings, indicated an increase in the signal with increasing protein 

concentrations (Figure 4.7). Based on the results, it was concluded that the best mark-

ers to evaluate the association of the whitlockite nanoparticles to platelets was through 

the use of CD41 and serotonin transporter. 
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Figure 4.7: Representative dot blot of platelet lysate stained using an anti CD41 

antibody. (a) Low staining intensity was observed after one drop of 2 µl of sample 

was deposited on the nitrocellulose membrane. (b) Higher staining intensity was ob-

served after the use of 5 drops of 2 µl of sample deposited on the same spot on the 

nitrocellulose membrane.  

Positive staining for both CD41 and serotonin transporter was observed in 

the proteins extracted from the whitlockite nanoparticles (Figure 4.8). As expected, a 

higher intensity fluorescence signal was observed in the platelet lysate (Figure 4.8); 

however, comparing to the secondary antibody controls both samples showed some 

amount of staining. Interestingly, not all five nanoparticle samples (isolated from five 

different patients) presented some staining for the two markers. There was positive 

staining observed in four out of the five nanoparticle samples for CD41, while only two 

samples had positive staining for the serotonin transporter. The measurements were 

repeated several times, indicating the same results. 

Furthermore, the fact that not all nanoparticle samples stained for the plate-

let markers, was indicative of a signal specificity, as all samples were prepared in the 

same way. Therefore, it is unlikely that the staining was a result of the sample prepa-

ration or unspecific staining due to the presence of small crystals, not completely dis-

solved in the demineralisation processes. A collagen antibody was also used as a 

control for sample impurities; such as tissue pieces present in the lysates, however, 

no collagen staining was observed, indicating that no tissue fragments were present 

but also that the particles did not contain any collagen (Figure 4.8).  
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Figure 4.8: Dot blot of whitlockite nanoparticles and platelet lysates. Positive 

staining was observed for CD41 and serotonin transporter antibodies. Controls omit-

ting the primary antibodies indicated no staining. Both lysates were also stained for 

collagen where no staining was observed. 
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Even though these results suggested a relation between the whitlockite na-

noparticles and platelets, both the SDS PAGE and the dot blot experiments depend 

on the successful and complete isolation of the particles. Unfortunately, it could not be 

determined whether the proteins observed in the particle solutions were solely origi-

nating from the whitlockite nanoparticles, while similarly it could not be determined if 

the tissue did not contain any proteins from the precursors. Additionally, even though 

the majority of the minerals observed in these tissues were found to be whitlockite 

nanoparticles, it cannot be excluded that other minerals were also observed, which 

subsequently would lead to the presence of proteins not necessarily associated with 

the nanoparticles. As a result, it was concluded that a more direct method is needed 

to ensure the specificity of the staining.  

4.3.2.2.2 Immunofluorescence staining 

Therefore, to test if the antibody staining was indeed related to the whitlockite 

nanoparticles and not a result of tissue proteins or unspecific staining, immunofluores-

cence staining on aortic tissue histological slides obtained from the same five patients 

was carried out. For this, anti CD41 and serotonin transporter antibodies were used 

along with DAPI stain for cell nuclei and OsteoSense stain for mineral visualization. 

The results indicated a co-occurrence of the OsteoSense and CD41 staining wide-

spread over the samples (Figure 4.9, 4.10). On the other hand, the co-occurrence of 

serotonin transporter with OsteoSense was less frequent (Figure 4.11, 4.12).  
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Figure 4.9: Fluorescence images of aortic tissue showing individual channels: 

DAPI (blue), CD41 (green), and OsteoSense (red). Scale bars = 5 µm. 
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Figure 4.10: Fluorescence images of aortic tissue showing DAPI (blue), CD41 

(green), and OsteoSense (red). (a), (b), (c) Low magnification images and (d), (e), 

(f) high magnification images showing the regions indicated with white rectangles in 

a, b and c respectively. A resulting yellow colour indicated co-occurrence of Oste-

oSense and CD41 staining. Scale bars = 5 µm.  
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Figure 4.11: Fluorescence images of aortic tissue showing individual channels: 

DAPI (blue), serotonin transporter (green), and OsteoSense (red). Scale bars = 5 

µm. 
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Figure 4.12: Fluorescence images of aortic tissue showing DAPI (blue), seroto-

nin transporter (green), and OsteoSense (red). (a) and (b) Low magnification im-

ages and (c) and (d) high magnification images showing the regions indicated with 

white rectangles in a and b respectively. A resulting yellow colour indicated co-occur-

rence of the OsteoSense and serotonin transporter staining. Scale bars = 5 µm.  

To further investigate whether the staining was specific to the organic mate-

rial encapsulated within the nanoparticles, the experiment was repeated following a 

short demineralisation with 0.5 M EDTA. The EDTA was applied for 30 minutes and 

was followed by the standard immunofluorescence procedure. It was then examined 

whether the degree of co-localisation between the OsteoSense staining and CD41 or 

serotonin transporter antibodies would change as a result of slight mineral dissolution, 

which would lead to more organic material being exposed. Three samples with and 

three without demineralization from three different patients were used. The results in-

dicated a slight increase in the degree of co-localisation between the antibody staining 

and the OsteoSense signal (Figure 4.13). 
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Figure 4.13: Co-localisation of CD41 and serotonin transporter staining with Os-

teoSense after EDTA treatment. (a) Fluorescence image of sample following EDTA 

treatment stained with OsteoSense (red). (b) Fluorescence image of sample following 

EDTA treatment stained with CD41 (green). (c) Fluorescence image of sample follow-

ing EDTA treatment where the overlapping of the two is indicated by yellow. (d) Fluo-

rescence image of sample following EDTA treatment stained with OsteoSense (red). 

(e) Fluorescence image of sample following EDTA treatment stained with serotonin 

transporter (green). (f) Fluorescence image of sample following EDTA treatment 

where the overlapping of the two is indicated by yellow. Scale bars = 5 µm. 
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Specifically for CD41, without EDTA treatment, 31 ± 15 % of the OsteoSense 

staining was overlapping with the CD41 staining. On the other hand, following the 

EDTA treatment, it was found that 41 ± 14 % % of the OsteoSense was overlapping 

with the CD41 staining however this increase was not found to be significantly different 

(Figure 4.14 (a)). The co-localisaiton of the serotonin transporter staining and the cal-

cification also had a substantial increase in the EDTA treated samples (Figure 4.14 

(b)). Without the EDTA treatment, only 8 ± 11% of the OsteoSense was co-localizing 

with serotonin transporter staining, while after the EDTA treatment, 37 ± 23% of the 

OsteoSense staining was overlapping. This difference was found to be statistically 

significant with a p-value smaller than 0.0001, indicating that the increase in the co-

occurrence was a result of the demineralisation. 

 

Figure 4.14: Co-localisation of CD41 and serotonin transporter staining with Os-

teoSense after EDTA treatment. (a) Statistical analysis of the level of overlapping 

between the OsteoSense and CD41 with and without EDTA treatment (n = 15). p = 

0.0620. (b) Statistical analysis of the level of overlapping between the OsteoSense 

and serotonin transporter with and without EDTA treatment (n =15). p < 0.0001. 

Moreover, staining using collagen and alpha smooth muscle actin to evalu-

ate the relationship of collagen (Figure 4.15) and vascular smooth muscle cells (Figure 

4.15) with the whitlockite nanoparticles was carried out. The use of these markers also 

acted as a control, to ensure the antibodies were not attaching to the mineral through 

an unspecific process but rather to the organic material encapsulated in it or surround-

ing it. A meagre amount of co-occurrence between the collagen (Figure 4.16 (a,c)) and 

the whitlockite nanoparticles was observed even though the vast presence of collagen 

fibres had been reported previously in cardiovascular calcification (132). In contrast to 

those results, most of the nanoparticles were found in spaces where no collagen stain-

ing was observed, suggesting a non-osteogenic process could be responsible for their 

formation; as the bone mineral is strongly associated with the presence of collagen 
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fibres (380, 381). This observation could also suggest that the particles originate from 

possibly platelet vesicles getting trapped in these gaps prior to mineralisation. The co-

occurrence of alpha smooth muscle actin and OsteoSense (Figure 4.16 (b, d)) was 

also rarely observed. Similarly to collagen, this indicated that the whitlockite nanopar-

ticles do not originate from vascular smooth cell extracellular vesicles (382) or at least 

not from their physiological phenotype (120).  

Figure 4.15: Fluorescence images of aortic tissue showing individual channels: 

DAPI (blue), collagen/alpha smooth muscle actin (green), and OsteoSense (red). 

Scale bars = 5 µm. 
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Figure 4.16: Fluorescence images of aortic tissue showing DAPI (blue), collagen 

or alpha smooth muscle actin (green), and OsteoSense (red). (a) Low magnifica-

tion image of DAPI, collagen, and OsteoSense staining and (b) Low magnification im-

age of DAPI, alpha smooth muscle actin, and OsteoSense. (c) and (d) high magnifi-

cation images showing the regions indicated with white rectangles in a and b respec-

tively. A resulting yellow colour indicated co-occurrence of the OsteoSense and colla-

gen/ alpha smooth muscle actin staining. Scale bars = 5 µm. 
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4.3.2.3 Role of platelet dense granules 

Based on the results, it was concluded that platelets indeed are directly corre-

lated to the whitlockite nanoparticles. However, as the whitlockite nanoparticles ex-

press CD41 and serotonin transporter, markers found in several platelet vesicles and 

products, it was not possible to identify which of these are responsible for their for-

mation. Subsequently, more work needs to be done to identify specific platelet prod-

ucts that could play a role in the process or be the precursors of nanoparticles. 

Through the evaluation of platelets, we although propose that platelet dense granules 

could be the origin of the whitlockite nanoparticles.  

Dense granules were named dense due to their opaque appearance on TEM 

images (383) (Figure 4.17 (a)) as a result of their contents (384). In detail they contain; 

serotonin, histamine, adenosine diphosphate (ADP), adenosine triphosphate (ATP) 

(353), ionic calcium, ionic magnesium, and potassium, inorganic polyphosphate (384, 

385). Therefore, from a chemical perspective, due to their high contents of calcium, 

magnesium, and phosphates (Figure 4.17 (b)), they may act as mineral nucleation 

sides. Moreover, other than their elemental similarities, dense granules as vesicles 

also have a similar shape (spherical) (Figure 4.17) to the whitlockite nanoparticles, 

which could also suggest that they are their precursors. Additionally, an analysis of 

600 dense granules and 1300 whitlockite nanoparticles indicated similarities in the 

diameter range of the two entities. Dense granules were found to have a shorter size 

range ranging from 38 nm to 436 nm (average value of 163 nm, standard deviation ± 

62.9 nm) while the whitlockite nanoparticles are ranging from 41 nm to 2415 nm (av-

erage value of 459 nm, standard deviation ± 314.6 nm) (Figure 4.18). The whitlockite 

nanoparticles were however found to have a longer tail than the size distribution of 

dense granules which could be a result of crystal growth over time (386).  
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Figure 4.17: Electron microscopy analysis of dense granules in platelets. (a) 

TEM micrograph of a platelet with dense granules appearing as black (white arrows). 

Scale bar = 500 nm. (b) Scanning transmission electron dark-field micrograph of plate-

lets where less dense material is indicated as darker and dense features (dense gran-

ules) as white along with (I) an EDS spectrum of a darker area far away from the dense 

granules and (II) an EDS spectrum of a dense granule indicating calcium, phosphorus 

and a small peak of magnesium. Scale bar = 1 µm.  
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Figure 4.18: Size distribution graphs for the platelet dense granules and the 

whitlockite nanoparticles. (a) Full range size distribution of the dense granules indi-

cated with black and the whitlockite particles indicated with red. (b) Higher magnifica-

tion of the part indicated with a blue rectangle in a showing the size distribution of the 

dense granules in black and the whitlockite particles in red. The smaller dense granule 

and particle had a diameter of 41 nm and 38 nm respectively.  
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Taking into account the results confirming the presence of CD41 and serotonin 

transporter molecules in the whitlockite nanoparticles and comparing that with prote-

omics analysis of dense granules found in the literature, it was found that they widely 

express CD41 (356). However, the serotonin transporter molecule tested in this work 

is not directly present on dense granules in resting platelets but rather on the surface 

of the platelet cytoskeleton (373). Interestingly though the molecule gets internalized 

during platelet activation (373) thus, it could be found in a range of platelet compart-

ments. Therefore, the association of the molecule to the whitlockite nanoparticles 

could be due to the presence of platelet cytoskeleton fragments and proteins, or due 

to molecules getting captured during granule release and mineralization. For example, 

the CD41 receptor and other proteins observed in dense granules have been found to 

interact directly with the serotonin transporter molecule during platelet activation (376).  

Further work needs to be carried out to support such claims, involving both the 

testing of other markers such as the vesicular monoamine transporter 2 and histamine, 

which are also found in the dense granules. More importantly, though the ability of 

dense granules to mineralize needs to be investigated. For such purposes, it was at-

tempted to isolate dense granules. However, the results indicated that complete iso-

lation was not achieved in any of the experiments carried out. TEM imaging of all frac-

tions obtained, indicated structures resembling dense granules (Figure 4.19 (a)), alt-

hough, other platelet fragments and components were also present (Figure 4.19 (b)). 

In addition, TEM-EDS analysis of the same fractions revealed that even though phos-

phorus was present in the structures resembling dense granules, no calcium was de-

tected. An observation that indicated possible structural alterations during sample 

preparation. 

 To evaluate the presence of proteins, SDS PAGE of the dense granule fraction 

was also carried out (Figure 4.19 (c)). The resulting bands were compared to SDS 

PAGE results already reported in the literature (387, 388). A protein band at around 

~225 kDa corresponding to a fragment of talin, transgelin, or to myosin (all of which 

are cytoskeletal proteins), observed in both platelets and dense granules (356, 389-

392) was observed. The ~200 kDa was also thought to be corresponding to a myosin 

subunit (393). Furthermore, the protein band at ~114 kDa was possibly corresponding 

to the heavy chain of the membrane protein integrin glycoprotein IIb (356, 394), the 

~87 kDa band to p-selectin (a platelet activation marker) (356, 361), and a band close 

to ~62 kDa to glycoprotein VI (also a membrane protein) (395) or the serotonin trans-

porter molecule ( ~67 kDa) (396). The ~62 kDa could also, however, be corresponding 

to serum albumin (the most abundant protein in the blood) that has an expected mo-

lecular weight of ~66 kDa (356, 397). Finally, the band observed at ~45 kDa was 

thought to be corresponding to the platelet vasodilator stimulate phosphoprotein (398) 
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due to its high expression in platelets. Despite, proteins such as the lysosome-associ-

ated membrane glycoproteins (LAMP1 and LAMP 2 with expected molecular weights 

120 kDa and 40 kDa respectively) and CD63 (molecular weight expected at 25 kDa) 

which have been widely used for the identification of platelet granules were not ob-

served (356, 361, 377, 399).  A faint protein band at ~52 kDa was however detected 

which might be corresponding to CD63 (400).  

Taken together, it was inconclusive whether these fractions corresponded to 

dense granules as most of the protein bands observed are also present in other parts 

of platelets (356, 361). Therefore, the observed bands could also be a result of platelet 

cytoskeletal and membrane fragments observed in the TEM images. As a result, it 

was concluded that these fractions could not be used for reliable comparison analysis 

and that more experimental work is needed to examine the relation between platelet 

dense granules and the whitlockite nanoparticles.  
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Figure 4.19: TEM micrographs of platelet dense granule fraction and corre-

sponding results of SDS PAGE. (a) TEM micrograph of isolated dense granules (ar-

rows) where other organic material can also be observed. (b) TEM micrograph of a 

dense granule (arrow) attached to part of a platelet. Scale bars = 5 µm. (c) Silver 

stained SDS PAGE gel showing the main protein bands at 225 kDa (black arrow), 200 

kDa (purple arrow), 114 kDa (red arrow), 87 kDa (blue arrow), 66 kDa (green arrow), 

45 kDa (orange arrow), observed in the dense granule fraction. 
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4.4 Conclusions and future work 

The results of this work indicate a new possible mechanism of formation for 

the whitlockite nanoparticles observed in cardiovascular calcification, directly involving 

platelets, while their shape and size suggest a mechanism involving possibly a platelet 

vesicle. Based on the chemical composition of the particles, it is also proposed that 

platelet dense granules are acting as mineral nucleation sides for their formation due 

to the high amounts of phosphate, calcium, and magnesium they contain. Further-

more, as no mineralized particles were found in the blood of diseased or healthy vol-

unteers, it was concluded unlikely that the mineralisation process initiates in the blood-

stream but rather, that it is taking place within the vascular wall following platelet acti-

vation and aggregation due to stimulus.  

 More research needs to be done; however, for the role of platelet dense gran-

ules to be established. As they do not present any specific markers, further in vitro 

work needs to be done to understand whether they can be released and stay intact to 

penetrate through the vascular endothelial and other cells prior they mineralize. A 

number of microvesicles and microparticles are released upon platelet activation, 

many of which have been reported to express platelet granule's markers (354), and 

were found to circulate in the blood; however, no study has to date showed the pres-

ence of free dense granules neither in the bloodstream nor within vascular cells.  

Additional work also needs to be done to understand the complete proteome 

analysis of the whitlockite nanoparticles. This can be obtained through a full prote-

omics analysis of the nanoparticles and the tissue using mass spectroscopy through 

in-gel digestion. Such profiling opens a new pathway of a direct study of cardiovascular 

and other minerals as a full proteomics profiling of the isolated nanoparticles (and also 

the other minerals observed) will also allow the direct investigation of the presence or 

absence of markers such as: the matrix metalloproteinase, the extracellular matrix 

metalloproteinase inducer (401-403), bone (336) (bone morphogenic protein, matrix 

gla protein, and osteonectin, alkaline phosphatase protein, runt-related transcription 

factor 2 and osteopontin (132, 336, 357)) and macrophage markers (120, 131, 404), 

all of which have been associated to the presence of cardiovascular calcification. De-

spite, even though proteomics analysis will allow the examination of the presence of 

other proteins, immunofluorescence staining using the identified markers should also 

be employed to examine which markers are directly related to the nanoparticles. 

Other than that, probably most importantly, the mineralizing ability of plate-

lets and dense granules should also be evaluated in vitro. An ongoing study is carried 

out to evaluate whether the formation of whitlockite nanoparticles can be observed in 

an artificial environment mimicking the arterial wall. A collagen hydrogel containing 
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platelets, isolated dense granules, and platelet-poor plasma (as a control) was im-

mersed in simulated body fluid to examine whether the formation of minerals is possi-

ble. As expected, no whitlockite particles were observed in the platelet-poor plasma 

samples, but some whitlockite nanoparticles were found in the platelet samples. No 

such particles were observed in the dense granule samples; however, this was con-

cluded to be due to the loss of their calcium contents during isolation mentioned ear-

lier. This preliminary result suggested further that platelets can take part in a mineral-

ization process, although again a direct correlation to platelet dense granules could 

not be made. Moreover, the physicochemical characterisation of these 'synthetic' par-

ticles is needed to confirm that they share the same internal structure and crystallinity 

with the whitlockite nanoparticles observed in vivo. Additionally, protein isolation from 

these nanoparticles could also allow the comparison between their protein contents to 

those found in vivo. Using the same model, it is also possible to investigate the role of 

dense granules through the use of staining methods. For example, dense granules 

can be stained using DAPI  (384) or mepacrine (405) within the hydrogel, while the 

presence of the mineral particles can be confirmed through OsteoSense staining. Sub-

sequently, a decrease in the dense granule staining accompanied by an increase in 

the OsteoSense staining would hint that dense granule can indeed mineralize.   

Further down the line, in vitro cell cultures can also be employed to under-

stand the effect of these particles on vascular and valvular cells, their role in the de-

velopment of other types of calcification and the associated diseases. Comprehending 

the mineralization mechanisms and the impact of the minerals to the surrounding cells 

could also lead to the development of new treatment methods to prevent the progres-

sion of many calcific cardiovascular diseases. Blood thinners such as aspirin have 

been for many years, known as a prevention method for atherosclerosis (406), which 

reduce the activation and aggregation of platelets and subsequently can lead to ex-

cess bleeding and death. This work shows the direct relationship of platelets with car-

diovascular calcification which explains the benefits of aspirin; therefore, understand-

ing in further detail the mechanism of formation of the whitlockite nanoparticles will 

also allow the development of more suitable drugs.  
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Chapter 5: Breast mineralisation in breast cancer 

 

5.1 Introduction  

The association of minerals to cancer is so strong (407) that their presence in 

breast tissue is one of the fundamental features for the early diagnosis of breast can-

cer (176, 408-410). Breast screenings are widely used to examine for the presence of 

minerals or as more generally called, calcifications, which are in many cases, the only 

detectable sign of a developing tumour (411). Additionally, calcifications are not only 

used as an indication of disease (412) but also to guide breast biopsies, used for the 

confirmation of the presence of cancer (176, 413). 

It has been found that breast calcifications can be present in all types of breast 

tumours, that been benign or malignant (408, 414-418) and are commonly presented 

clinically in two major calcification categories: macrocalcifications and microcalcifica-

tions (411, 419). Macrocalcifications are large minerals associated with fat necrosis or 

highly developed benign diseases such as fibroadenoma (420). On the other hand, 

microcalcifications are associated with both benign and malignant tumours (25, 411, 

421, 422). As previously mentioned, despite the evident importance of breast calcifi-

cations, few are the works in the literature that provide some characterization of them 

(24, 184, 423, 424), with their detailed physicochemical characteristics and how these 

can be related to different microenvironments, types, and grades of tumours still being 

unclear. More importantly, it is unknown what these characteristics can tell us about 

biological mechanisms occurring in breast tumours. 

In this work, two major questions are to be addressed; what are the exact 

physicochemical properties of the minerals observed in breast tissue and is 

there an association of any mineral property to breast malignancies. For these 

to be addressed, electron microscopy techniques were employed to identify the prop-

erties of breast tissue minerals at the nanoscale. Tissues of healthy donors and biop-

sies of benign and malignant tumours were analysed to distinguish any correlations 

between different minerals and the clinical information of the samples obtained. Other 

than examining the relation of specific mineral nano characteristics to breast ma-

lignancies in general, these will also be examined against malignant tumour 

type and grade.  
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5.2 Materials and Methods 

5.2.1 Tissue  

Eighty-one samples were analysed (Table 5.1) in total. The samples were ob-

tained from the Department of Surgery and Cancer at the Imperial Centre for Transla-

tional and Experimental Medicine (UK), Breast Cancer Now Tissue Bank (UK) and the 

Cantonal Hospital of St. Gallen (Switzerland). For sample collection, informed signed 

consent was obtained from the patient or next of kin, and the samples were processed, 

analysed and disposed of according to the ethical approval obtained.  

Table 5.1: Diagnostic categorisation of samples. 

Type of tissue Number of 

cases 

Healthy tissue 11 

Fibroadenoma 14 

Benign Phyllodes tumour 1 

Fibrotic change and cysts 1 

Fibroepithelial lesion 1 

Benign complex sclerosing papillary lesion 1 

Sclerosing adenosis 1 

Hamartoma 1 

Uncapsulated mass with slightly disorganised glands and pseudo 

angiomatous stromal hyperplasia favouring Hamartoma 

1 

Paget’s disease 1 

Borderline Phyllodes 1 

Ductal Carcinoma in Situ (DCSI) 2 

Invasive Ductal Carcinoma (IDC) 16 

Invasive Cribriform Carcinoma (ICC) 7 

Invasive Lobular Carcinoma (ILC) 8 

Invasive carcinoma of unknown type 14 

5.2.2 Histology  

Histopathological slides of breast cancer biopsies were produced by the tissue 

biobanks using standard preparation procedures. The tissue was formalin-fixed and 

paraffin-embedded, and then cut into sections of 5 μm in thickness, using a microtome 

and mounted onto glass slides. Haematoxylin and Eosin (H&E) staining was carried 
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out if consecutive slides were available, which were scanned using a Leica SCN400 

scanner and a VS120 Olympus microscope.  

5.2.3 Scanning electron microscopy 

For SEM analysis, the samples were prepared as detailed in chapter 3, section 

3.3.4.2. Samples were coated with silver conductive paint and with carbon, using a 

Quorum K975X coater before imaging. A Hitachi S-3499N, a Carl Zeiss Crossbeam, 

and a LEO were for SEM imaging, and Oxford Instruments energy-dispersive X-ray 

detectors integrated on the machines were used for elemental analysis. Voltage, cur-

rent, aperture and working distance were adjusted for individual samples and micro-

scope. All SEM analysis was carried out double-blinded to avoid bias.  

5.2.4 Focused Ion Beam- Transmission electron microscopy  

A FEI Helios NanoLab 600 DualBeam Focused Ion Beam System and Zeiss 

Auriga Cross Beam were used as described in chapter 3 section 3.4.3.2 for milling of 

the samples, which was carried out with the help of Dr Sergio Bertazzo. Focused ion 

Beam prepared sections were then analysed using a Joel 2100Plus at a voltage of 

200kV and 120kV. 

All TEM electron diffraction patterns were obtained with the help of Dr 

Ecaterina Ware (Imperial College London). Indexing was carried out as detailed in 

chapter 4, section 4.2.5.   

5.2.5 Raman spectroscopy 

The author of this work did not carry out the Raman spectroscopy measure-

ments. All measurements were done in collaboration with the group of Professor Inge 

K. Hermann as a confirmation for the electron microscopy results. 

Raman spectral imaging was performed on a WITec alpha300R Confocal Ra-

man Microscope (WITec, Ulm, Germany) using de-paraffinized histology sections pre-

viously SEM imaged. A diode laser, 532nm, 75mW, was used for excitation. The laser 

beam was focused through a 50x objective (NA 0.8, Zeiss EC "Epiplan-Neofuar" DIC, 

Zeiss, Oberkochen, Germany). Raman signals were dispersed by grating (600 g 

mm−1 for the mapping, and the single spectrum of the compact calcification (10 mW, 

5s)), 1800 g mm−1 for the spectra of microparticles (3 mW, 90 s) spectrograph (UHTS 

300 for VIS, WITec, Ulm, Germany) and the spectra were acquired with a thermoelec-

trically cooled CCD detector. Control FOUR software (WITec) was used for measure-

ment and Project FOUR Plus (WITec) for spectral data processing. 
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5.2.6 Image analysis  

 Image J was used for all image analysis done. For all analysis, images of eli-

gible samples were used which were taken at the same magnification and same mi-

croscope settings. All physicochemical characterisation measurements (occurrence, 

size, spatial density) were done manually. Information on the dimensions and density 

of structures was obtained manually using FIJI Image J software. Image scale bars 

were used as a reference.  

5.2.7 Statistical analysis  

 All statistical analysis was done using OriginLab 2019 and GraphPad Prism 

8.3.1 software. A One-way Brown-Forsythe and Welch ANOVA with Dunnett's T3 mul-

tiple comparisons post hoc test (425) was used (p<0.05). The test allows comparison 

between more than two independent groups where all individual means are compared 

with each other and assumes a different standard deviation for each group of data 

points. All box blots represent the upper and lower quartiles; the whiskers indicate 

standard deviation, and the middle line the median value. All data is represented as 

the average value ± standard deviation.  
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5.3 Results and discussion  

5.3.1 Physicochemical characterisation 

In order to identify the minerals present in breast tissue, all samples were first 

SEM imaged. From the micrographs, it was clear that the calcification was present in 

two forms: large calcifications (Figure 5.1 (a, b, c)) with no specific morphology and 

calcified particles (Figure 5.1 (d, e, f)). The large compact calcification had dimensions 

between 10 and 300 µm and was observed in all types of tissue; healthy, benign and 

malignant, while the calcific particles were significantly smaller (down to hundreds of 

nanometres) and only observed in malignant cases.  
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Figure 5.1: DDC-SEM of calcification observed in breast tissue. Red and pink in-

dicate inorganic and turquoise (blue/green) indicates organic material. (a) DDC-SEM 

micrograph of a large mineral present in an invasive lobular carcinoma case. Scale 

bar = 2 µm. (b) DDC-SEM micrograph of a large mineral present in a benign sclerosing 

papillary case. Scale bar = 3 µm. (c) DDC-SEM micrograph of a large mineral present 

in a healthy case. Scale bar = 4 µm. (d) DDC-SEM micrograph of nanoparticles in an 

invasive cribriform carcinoma case. Scale bar = 2 µm. (e) DDC-SEM micrograph of 

nanoparticles in an invasive lobular carcinoma case. Scale bar = 300 nm. (f) DDC-

SEM micrograph of nanoparticles in an invasive ductal carcinoma case. Scale bar = 1 

µm. 
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 EDS analysis done on the same samples during imaging indicated that all large 

calcifications were formed by calcium and phosphorus in all types of tissues (Figure 

5.2), while the calcified nanoparticles were containing magnesium in addition to cal-

cium and phosphorus (Figure 5.3).  

 

Figure 5.2: DDC-SEM micrographs of large calcifications found in breast tissue 

and corresponding EDS chemical analysis spectra on the right showing a chem-

ical composition of calcium phosphate. Red and pink indicate inorganic and tur-

quoise (blue/green) indicates organic material. (a) DDC-SEM micrograph of a large 

mineral present in an invasive lobular carcinoma case and EDS spectrum of the region 

marked by a circle. Scale bar = 2 µm. (b) DDC- SEM micrograph of a large mineral 

present in an invasive ductal carcinoma and EDS spectrum of the region marked by a 

circle. Scale bar = 10 µm.  (c) DDC-SEM micrograph of a large mineral present in an 

invasive cribriform carcinoma and EDS spectrum of the region marked by a circle. 

Scale bar = 2 µm.  
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Figure 5.3: DDC-SEM micrographs of calcified particles found in breast tissue 

and corresponding EDS chemical analysis spectra on the right showing a chem-

ical composition of a magnesium containing calcium phosphate. Red and pink 

indicate inorganic and turquoise (blue/green) indicates organic material. (a) DDC-SEM 

micrograph of nanoparticles present in an invasive lobular carcinoma and EDS spec-

trum of particle marked by an arrow.  Scale bar = 1 µm. (b) DDC-SEM micrograph of 

nanoparticles present in an invasive ductal carcinoma case and EDS spectrum of par-

ticle marked by an arrow. Scale bar = 1 µm. (c) DDC-SEM micrograph of nanoparticles 

present in an invasive cribriform carcinoma EDS spectrum of particle marked by an 

arrow. Scale bar = 4 µm. 

Following, EDS mapping and SAED analysis of calcifications sectioned by FIB 

were carried out for the elemental composition of the minerals to be confirmed and for 

information on the crystallinity of the minerals to be obtained. For the large calcifica-

tion, EDS mapping confirmed a uniform distribution of calcium and phosphorus and 
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the absence of magnesium from the mineral. TEM micrographs of FIB prepared sec-

tions of the same type of calcification revealed an unorganised internal structure (Fig-

ure 5.4), while the SAED patterns obtained from the same samples indicated a poly-

crystalline structure (Figure 5.5). Indexing of the diffraction patterns suggested a 

chemical phase corresponding to hydroxyapatite (426) (Figure 5.6).  

 

Figure 5.4: EDS mapping and TEM micrograph of large calcification observed in 

a benign phyllodes tumour case. (a) DDC-SEM micrograph of large calcification 

where red and pink indicate inorganic material and turquoise (blue/green) indicates 

organic material. Scale bar = 2 µm. (b) EDS mapping of the same mineral confirms a 

uniform presence of calcium, oxygen and phosphorus and the absence of magnesium. 

(c) TEM micrograph of the region marked by a triangle in a indicating an unorganised 

internal structure. The SAED of the region suggests polycrystalline hydroxyapatite. 

Scale bar = 100 nm. 
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Figure 5.5: TEM micrographs of large calcification and representative SAED pat-

terns on the right. (a), (b), (c) TEM micrographs of large calcification. Scale bars = 

200 nm, 100 nm and 500 nm. SAED patterns of the regions shown show a polycrys-

talline structure. Scale bars = 10 nm-1. 
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Figure 5.6: Electron diffraction pattern obtained from a large mineral showing 

the corresponding hydroxyapatite planes for each observed ring. Scale bar = 10 

nm1. 

For the calcified nanoparticles, on the other hand, EDS mapping confirmed the 

presence of calcium, phosphorus, and magnesium (Figure 5.7). Interestingly, the TEM 

micrographs obtained showed that the internal structure of the nanoparticles was het-

erogeneous with some showing less dense cores (Figure 5.8 (a, b, c)), while others 

appeared to have a homogeneous density (Figure 5.8 (d, e, f)), with some presenting 

crystals organized radially and mineralised concentric rings (Figure 5.8 (e, f)).  

The SAED patterns of the same nanoparticles, which presented spots rather 

than rings, showed that they have diffraction properties of single crystals rather than 

polycrystalline materials (Figure 5.8 (g, h, i)). Moreover, indexing of the diffraction pat-

terns suggested a chemical phase of magnesium whitlockite (333) (Figure 5.9 (a, b)). 

The chemical identity of both minerals was also confirmed through Raman spectros-

copy measurements, with characteristic peaks at 970 cm-1 and 960 cm-1 observed for 

magnesium whitlockite and hydroxyapatite respectively (427-429) (Figure 5.9 (c, d)).  
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Figure 5.7: TEM micrograph of a FIB prepared section of calcified nanoparticles 

and corresponding EDS map. (a) TEM micrograph of nanoparticles observed in an 

invasive lobular carcinoma case. Scale bar = 100 nm. (b) Elemental mapping of the 

same nanoparticles showing calcium (Ca), phosphorus (P) and magnesium (Mg). 
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Figure 5.8: TEM micrograph of FIB prepared sections of calcified nanoparticles 

and representative SAED patterns obtained. (a) TEM micrograph of a nanoparticle 

with a less dense interior surrounded by a dense mineralised ring observed in an in-

vasive ductal carcinoma case. Scale bar = 50 nm. (b) TEM micrograph of a nanopar-

ticle with a less dense appearance observed in an invasive ductal carcinoma case. 

Scale bar = 250 nm. (c) TEM micrograph of a nanoparticle showing some less dense 

material around its core observed in an invasive lobular carcinoma case. Scale bar = 

100 nm. (d) TEM micrograph of a dense nanoparticle showing a uniform density ob-

served in an invasive cribriform carcinoma case. Scale bar = 50 nm. (e) TEM micro-

graph of a dense nanoparticle showing radially organised crystals observed in an in-

vasive lobular carcinoma case. Scale bar = 200 nm. (f) TEM micrograph of a dense 

nanoparticle showing radially organised crystals observed in an invasive lobular car-

cinoma case. Scale bar = 50 nm. (g) SAED pattern of the particles shown in c. (h) 

SAED pattern of the particles shown in e. (i) SAED pattern of the particles shown in f.  

Scale bars = 5 nm-1.  
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Figure 5.9: Electron diffraction pattern and raman spectroscopy mapping of the 

nanoparticles. (a) Electron diffraction pattern obtained from a nanoparticles showing 

the vector points (1 1 0), (-3 1 5) and (-3 1 -1), corresponding to the zone axis [1 -1 5]. 

(b) Electron diffraction pattern obtained from a nanoparticles showing the vector points 

(0 0 6), (2 -3 -1) and (3 -2 -1), corresponding to the zone axis [1 3 0]. Scale bars = 10 

nm-1. (c) Raman 970 +/-20 cm-1 peak map confirming the presence of small whitlockite 

particles (arrows) in the tissue. Scale bars = 3 µm. (d) Raman spectrum obtained from 

nanoparticles particles (black spectrum) and large calcification (red spectrum).  

The same magnesium whitlockite particles have, interestingly, been previously 

observed in cardiovascular and ocular tissues (13, 14), as well as in osteoporotic bone 

(430). Magnesium whitlockite has also been reported to some extent in bone, teeth, 

cartilage and synovial fluid, however, it is usually observed in a rhombohedral shape 

and lower crystallinity (335, 431-433), hinting a different mechanism of formation to 

the whitlockite nanoparticles found in the breast and other tissues under pathological 

conditions. Furthermore, the formation of whitlockite even in a synthetic setting has 

proven challenging (335, 431); thus, its exact formation mechanisms in the human 

body are yet to be uncovered. Subsequently, based on such distinct chemical compo-

sition, we propose that these nanoparticles are of the same origins as those observed 

in cardiovascular diseases, discussed in the previous chapter.  

The presence of hydroxyapatite (25, 408, 419) and whitlockite (also referred to 

as magnesium substituted calcium phosphate) (184, 414, 419) minerals has been 

acknowledged previously in breast tissues; however, they have never been identified 
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as separated entities. Moreover, to the best of our knowledge, it is the first time that 

calcification in breast tissue is identified to have the clear morphology of spherical 

nanoparticles of an average diameter of 434 nm ± 228 nm. The particles were found 

to be present in different sizes with the smallest particle having a diameter of 46 nm 

and the largest one a diameter of 2.15 µm (Figure 5.10). 

Figure 5.10: Size distribution of 1400 nanoparticles. The smallest particle had a 

diameter of 46 nm and the largest a diameter of 2.15 µm with the average size 

being 434 nm and a standard deviation of ± 228 nm. 

Based on the size distribution and shape, it was concluded that the whitlockite 

nanoparticles are formed through a mineralisation process involving a vesicle, which 

possibly mineralises over time. The particle size range of the whitlockite nanoparticles 

observed also fit the same range as the particles observed in calcific cardiovascular 

diseases; further supporting a common origin. Additionally, as the nanoparticles re-

tained their shape and size and were not observed to grow into larger structures with 

no defined shape nor were observed as parts of the large apatite minerals, it was also 

concluded that they follow a different mechanism of formation to the large apatite min-

eral. The independent presence of the large apatite mineral in healthy and benign 

cases also suggested that its formation does not trigger the deposition of the whitlock-

ite nanoparticles. However, the increased occurrence of the large mineral in samples 
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presenting the nanoparticles might hint an effect on the tissue microenvironment trig-

gering other mineralisation processes. 

5.3.2 Diagnostic significance 

With the identification of the morphology, composition and crystallinity of the 

minerals present in breast tissue, it was evaluated whether any correlations can be 

found between the two types of minerals and breast tumours. Interestingly, the whit-

lockite nanoparticles were only observed in cases with a diagnosis of invasive breast 

malignancies. No nanoparticles were observed in healthy cases, benign tumours nor 

non-invasive malignant tumours. In contrast, as previously mentioned, large calcifica-

tions were observed in all types of tissue (Figure 5.11).   

Figure 5.11: Histograms indicating the percentage of cases in 11 healthy, 23 be-

nign, 2 non-invasive, and 45 invasive malignancies in which large calcifications 

and calcified nanoparticles were observed.  

The location of the two minerals in the tissue was also evaluated through the 

imaging of haematoxylin and eosin (H&E) stained histological slides, consecutive to 

those used for the electron microscopy analysis. It was observed that large apatite 

calcifications were present in the ducts and the stroma of the tissue (Figure 5.12 (a, 

b)), while the calcified nanoparticles were only observed in vascular tissue (Figure 5.12 

(c, d)).  
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Figure 5.12: H&E and electron micrographs of breast tissues showing the mi-

croanatomical regions where mineralized structures were observed. (a) Optical 

micrograph of a tissue slide from an invasive ductal carcinoma case, stained with H&E 

indicating large mineral (arrow). Scale bar = 15 µm. (b) Backscattering electron micro-

graph showing the same calcification (arrow). Scale bar = 15 µm. (c) Optical micro-

graph of a slide of breast tissue with invasive cribriform carcinoma, stained with H&E 

showing a vessel (arrows). Scale bar = 10 µm. (d) Backscattering electron micrograph 

of the same region shown in c, indicating the presence of whitlockite nanoparticles 

(arrows). Scale bar = 10 µm. 
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 Additionally, a more specific analysis on the invasive malignant samples 

showed that the sections, which did not present calcified particles, did not have any 

distinct vasculature either. Furthermore, no particles were found in healthy, benign and 

non-invasive cases despite the presence of vasculature in some of the sections. The 

occurrence of the calcified particles in vasculature tissue was therefore found to be a 

good indicator of invasive malignancies (Figure 5.13).  

 

Figure 5.13: Histograms indicating the percentage of invasive malignant cases 

in which calcified nanoparticles and large calcification were observed based on 

the absence or presence of distinct vasculature in the tissue slides. In total, 45 

invasive malignant cases were used; 25 of which presented distinct vasculature.  

Using the samples that presented nanoparticles in well distinct vessels, the 

association of their aggregation and size with the grade or type of malignancy was 

investigated. Based on measurements on 270 particles from each type of invasive 

malignancy, no significant difference was found between the size of the particles ob-

served in invasive lobular carcinoma (444 ± 297 nm), invasive cribriform carcinoma 

(473 ± 276 nm) and invasive ductal carcinoma (439 ± 165 nm) (Figure 5.14). A result 
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which indicated a mineralisation process shared among the different types of malig-

nancies and indicated that the presence of particles and their growth did not depend 

on the anatomical location of the tumour. 

 

Figure 5.14: Box blot indicating the relationship between the size of the calcified 

nanoparticles and three types of breast carcinomas; invasive lobular carcinoma, 

invasive cribriform carcinoma and invasive ductal carcinoma. One-way Brown-

Forsythe and Welch ANOVA with Dunnett's T3 multiple comparisons post hoc test 

gave a p-value higher than 0.9999, indicating no statistical significance between the 

particle size and the type of breast carcinoma. For the analysis, a total of six invasive 

lobular, five invasive cribriform and seven invasive ductal carcinoma cases were used. 

 The statistical analysis between the nanoparticle size and the grade of malig-

nancies, however, indicated a statistically significant difference between the size of 

the particles observed in grade 1 (614 ± 369 nm) and grade 3 (407 ± 170 nm) malig-

nancies. However, there was no statistical significance between the size of particles 

observed in grade 1 and grade 2 (456 ± 273 nm) nor between grade 2 and grade 3 
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(Figure 5.15). Therefore, it was unclear whether the average size of the nanoparticles 

could be confidently related to tumour grade. A limitation to these measurements was 

the small number of particles observed in grade 1 tumours (< 40) in comparison to 

measurements on 600 particles for grade 2 and 3.  

 

Figure 5.15: Box blot indicating the relationship between the size of the calcified 

nanoparticles and grades of carcinoma; grade 1, 2 and 3. One-way Brown-For-

sythe and Welch ANOVA with Dunnett's T3 multiple comparisons post hoc test gave 

a p-value of 0.1436 between grade 1 and grade 2 showing no statistical significance. 

A p-value larger than 0.9999, indicating no statistical significance was also obtained 

between grade 2 and grade 3. Statistical significance was only observed between 

grade 1 and grade 3 with a p-value of 0.0294. For the analysis samples from a total of 

two grade 1, seven grade 2 and three grade 3 cases were used. 

Subsequently, the relationship between the average spatial density of the par-

ticles and the grade of malignancies was also evaluated. This data was obtained from 
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particles observed in grade 1 tumours (< 40) and more than 600 particles for grades 

2 and 3. Despite, based on the available data, a significant difference was only ob-

served between the spatial density of the particles in grade 1 (7.00 ± 9.46 parti-

cles/200µm2) and grade 2 (82.3 ± 45.8 particles/200µm2). No statistical significance 

was observed between grade 2 and grade 3 nor between grade 1 and grade 3 (190 ± 

84.9 particles/200µm2) (Figure 5.16). This outcome could suggest that the mineraliza-

tion processes causing the presence of the whitlockite nanoparticles onset as early as 

the tumour itself, thus the presence of the particles in small amounts could be used as 

an indication of early invasive malignancies.  

 

Figure 5.16: Box blot indicating the relationship between the average spatial 

density of the calcified nanoparticles and grades of carcinoma; grade 1, 2 and 

3. One-way Brown-Forsythe and Welch ANOVA with Dunnett's T3 multiple compari-

sons post hoc test gave a p-value of 0.0298 between grade 1 and grade 2 showing a 

statistical significance. A p-value of 0.2710 indicating no statistical significance was 

obtained between grade 2 and grade 3. No statistical significance was also observed 

between grade 1 and grade 3 with a p-value of 0.0898. For the analysis, samples from 

two grade 1, seven grade 2 and three grade 3 cases were used. 
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Hence, the exact location of the particles in the vascular wall was also evalu-

ated to identify possible cellular origins. As very few particles were observed in grade 

1 invasive malignancies, the resulting distribution mostly reflected the particles ob-

served in grades 2 and 3. The majority of these nanoparticles were found close to the 

lumen accumulating considerably in the internal elastic lamina and tunica media (103) 

with 99.8% of all nanoparticles observed within the vascular wall (Figure 5.17).  A 

similar observation to the localisation of the nanoparticles in aortic tissue, even though 

due to size differences of the vascular wall, the particles appeared more spread out in 

the aortic wall. In addition, most particles were observed within a physical distance of 

60 µm from the lumen, suggesting that the affected vessels were possibly medium-

sized, mostly arteries, and in some cases arterioles due to their wall thickness (434).  

 

Figure 5.17: Graphical representation of the distribution of the calcified nano-

particles in the vascular wall (normalised distance) with values over one indi-

cating tissue outside the vascular wall (black graph) and the corresponding non-

normalised distribution of nanoparticles within 200 µm from the internal vascu-

lar wall (red graph). 
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The distribution of the nanoparticles across the vascular wall further suggested 

that the whitlockite particles originating from mineralizing features of a specific size 

provided continuously to the vasculature of invasive malignant tumours through the 

bloodstream. In addition, the increased amounts of particles in grades 2 and 3 indi-

cated a continued accumulation that comes in agreement with the fact that the parti-

cles retained their shape rather than grow to form larger unstructured minerals, an 

observation also supporting a unique mineralisation process being responsible for the 

formation of these particles. Moreover, the initial assumption that the nanoparticles 

originating from a vesicle driven mineralisation process was further supported by the 

fact that the average radius of the nanoparticles remained relatively constant in all 

grades of malignancy thus their growth into larger minerals is unlikely to be time-de-

pendent.  

5.4 Conclusions and future work  

The presence of whitlockite nanoparticles in invasive malignant tumours was 

reported for the first time in this work. Their presence to some extent is a useful marker 

for invasive malignancy despite the grade or type of disease, suggesting that the na-

noparticles can be observed in the vasculature of all invasive malignancies or at least 

invasive tumours presenting specific properties. Based on this, these nanoparticles 

have high diagnostic potential as markers of invasive malignancies; however, testing 

at a larger scale should be carried out to confirm this potential. Further work should be 

carried out to understand whether clinical information other than type and grade, for 

example on the tumour profile can also be correlated to the presence, size or accu-

mulation of the nanoparticles observed and subsequently whether their formation is 

tumour microenvironment specific or not. 

Also, their presence on the vasculature could be an indication of the enhanced 

permeability and retention (EPR) effect observed in tumour vasculature, the presence 

of which has been strongly debated (435). The effect is argued to be present in all 

tumours to some extent; as a result of loose junctions between the vascular endothelial 

cells due to poor vascular architecture, allowing for blood components to pass through 

(436). Emerging nanoparticle therapy concepts have been based on the theory; show-

ing that it is possible to deliver nanoparticles to the tumour through the bloodstream 

(436). It was however recently been suggested that the assumption of loose cellular 

junctions might not be the only cause of this effect, as TEM analysis showed that there 

are no significantly larger or more gaps between endothelial cells (340) proposing that 

the transportation of blood components to the tumour happens through the endothelial 

cells in a way similar to transcytosis (340, 437). Therefore, the presence of the whit-

lockite nanoparticles in the vascular wall could also be a result of a process happening 
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similarly; with their precursors originating in blood and through a transendothelial 

transport pathway aided by poor vascular architecture, to be accumulated in the vas-

cular wall.  

As previously mentioned, the same whitlockite nanoparticles have also been 

observed in cardiovascular tissues and have been related to calcific cardiovascular 

diseases (13). Platelet markers have been identified in these nanoparticles indicating 

an origin different from the possible mechanisms already reported in the literature, 

while from a physicochemical perspective platelet dense granules could be acting as 

the nucleation sides for the formation of the nanoparticles. Similarly to cardiovascular 

diseases, platelets and platelet products have also been found to have a role in the 

metastasis of breast and other cancer types (438-440). For example, an increase in 

platelet activation and the release of platelet vesicles have been observed in many 

cancer types (439), while platelet and platelet vesicles have been found to play a role 

in the adaptation of an invasive phenotype of breast cancer cells (438, 441). Further-

more, a study has shown that the release of platelet dense granules in the tumour 

microenvironment, enhances cancer cell migration and metastasis (440), results con-

firmed by another study where inhabitation of platelet granule secretion was found to 

prevent tumour cell metastasis (442). Subsequently, it is possible that even though the 

original stimulus causing their occurrence might vary, the formation of these nanopar-

ticles follows the same mechanisms of formation as the whitlockite nanoparticles as-

sociated with calcific cardiovascular diseases.  

Besides, the origins of the particles, other questions have also arisen, one of 

the most important being the role played by them in tumour development and metas-

tasis. Calcium phosphate minerals in soft tissues can have a significant impact on the 

recruitment and transdifferentiation of local or circulating cells (443-445) through 

mechanobiological signalling, as stiffer matrices have been shown to have remarkable 

effects on cells (446). Subsequently, it might be possible that the presence of a mineral 

in the breast tissue will drastically alter the mechanical properties of the tumour tissue 

microenvironment, and have a dramatic effect on its cells. Additionally, it has been 

found that an increased amount of hydroxyapatite induces apoptosis in human breast 

cancer cells (447). It has been previously also proven that breast cancer cells behave 

differently when hydroxyapatite of different carbonate contents is used (416). The size 

of hydroxyapatite crystals was also found to increase cell adhesion while an increase 

in mineral crystallinity was observed to have the opposite effect (448). Higher crystal-

line hydroxyapatite was, however, also observed to reinforce the secretion of osteolytic 

proteins from breast cancer cells (448, 449), an effect which has been correlated to 

bone metastasis (449). These and many other studies found in the literature show the 

apparent effect of hydroxyapatite and specific mineral properties on cancer cells and 
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hint their role in cancer progression, similar work has not however been carried out 

using magnesium whitlockite nor the whitlockite particles observed in this work. Thus 

moving forward, the effects of such mineral composition, size and shape on breast 

cancer cells should also be investigated through in vitro studies. Another important 

aspect about calcium phosphate nanoparticles is their ability to carry DNA fragments 

and transfect cells (450, 451). This property could also apply to whitlockite nanoparti-

cles, therefore should be studied in relation to the effect of their interactions with 

healthy cells and whether they play any role in breast cancer proliferation. Isolated 

whitlockite nanoparticles from cancer biopsies could be used to study in vitro their 

effect on healthy breast cells and whether they can induce tumourigenic phenotypes. 

To conclude, the fact that the whitlockite nanoparticles have only been ob-

served in invasive breast malignancies gives rise to a number of questions on their 

real contribution to tumour progression and whether their presence marks tumour in-

vasiveness or affects it. Moreover, their diagnostic potential should also be considered 

for future studies, as it could be a valuable tool to aid the precise and early diagnosis 

of breast cancer. 
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Chapter 6: Brain Mineralisation in Alzheimer's disease 

 

6.1  Introduction  

Alzheimer's disease (AD) has been the focus of a large number of scientific 

works worldwide. However, due to the complexity of the pathology, its pathophysio-

logical mechanisms are yet not completely understood. Additionally, the symptoms of 

the disease are rarely diagnosed at early stages; thus in recent years several bi-

omarkers have been identified that could aid that, including amyloid positron emission 

tomography imaging and analysis of the levels of tau protein in the cerebrospinal fluid 

(452). A recent pilot study has also indicated that a specific type of calcification in the 

retina can act as a biomarker for AD (453). Additionally, intracranial vascular calcifica-

tion has been observed in AD patients, although it has not been treated as a marker 

nor a consequence of the disease. Moreover, very little information exists in the liter-

ature on the physicochemical properties of these minerals as most studies are carried 

out in a clinical setting; thus, the minerals are only observed in the macroscale. 

Therefore, the main aims of this work are to provide information on the 

physicochemical properties of brain minerals and to understand whether any 

type of brain mineralisation can be associated with AD pathology. This was done 

through an in-depth characterisation of minerals in the brains of Alzheimer's disease 

patients (> 55 years old), elderly (> 55 years old), and young donors (< 40 years old) 

using electron microscopy. The three groups were chosen such that the elderly group 

acted as a control to evaluate the association of minerals to clinical AD diagnosis and 

the young group to evaluate the relationship of the minerals to ageing. For each case, 

three brain regions were examined. The hippocampal region and part of temporal lobe 

were chosen, as both regions have been associated with AD changes. Tissue from 

the basal ganglia was also examined, even though it is not directly related to AD; as 

brain minerals have been reported widely in this region. Based on the results of the 

initial mineral characterisation and their clinical significance, the relationship of 

phosphorylated tau (pTau), a hallmark of AD pathology to the mineralised re-

gions was investigated. This was evaluated using immunofluorescence staining. 

  



164 
 

6.2  Materials and methods  

6.2.1 Tissue  

 Brain tissue from 22 Alzheimer's disease cases (> 55 years old) (Table 6.1), 

22 elderly donors (> 55 years old) (Table 6.2) and 15 young (< 40 years old) (Table 

6.3) donors were obtained from the Queen Square Brain Bank (UCL) and the Brain 

Tissue Bank of the University of Edinburgh. Tissue from the basal ganglia at the level 

of the anterior commissure, hippocampal area at the level of the lateral geniculated 

body and temporal neocortex (Brodmann areas 21 and 22) were obtained. All brain 

samples were obtained as formalin-fixed and paraffin-embedded histological slides of 

a thickness of 5 µm. At least two consecutive slides were obtained for each case, 

where possible. 

Table 6.1: Clinical information of the AD cases analysed in this work. 

Case Sex Patient Age Clinical information 

1 M 64 Braak V1, CERAD definite, moderate CAA, AD diagnosis 

2 F 56 Braak VI,AD diagnosis 

3 F 62 Braak VI, severe CAA, limbic TDP-43 pathology, amygdala 
predominant LB pathology, AD diagnosis 

4 M 75 moderate CAA, LB pathology, AD diagnosis 

5 F 79 Braak VI, moderate CAA, mild hyaline arteriosclerosis, mild 
atherosclerosis, AD diagnosis 

6 M 80 Braak V, transitional LB pathology, mild CAA, mild small 
vessel disease, warershed infarction in the frontal lobe, AD 
diagnosis 

7 M 77 severe CAA, transitional LBD, AD diagnosis 

8 F 88 Braak V, severe CAA, CVD of small vessel type, AD diagnosis 

9 M 57 AD diagnosis 

10 M 76 Braak V, severe CAA, AD diagnosis 

11 F 67 Braak VI, severe CAA, AD diagnosis 

12 F 71 Moderate CAA, AD diagnosis 

13 F 79 Braak VI, moderate small vessel disease, AD diagnosis 

14 M 69 severe CAA, diffuse white matter injury associated with 
severe CAA, AD diagnosis 

15 F 76 AD diagnosis 

16 F 61 Braak VI, Moderate CAA, lacunar infarct, AD diagnosis 

17 F 76 Braak VI, severe CAA, TDP-43 proteinopathy, AD diagnosis 

18 M 62 severe CAA, AD diagnosis 

19 F 66 Braak VI, hippocampal sclerosis, AD diagnosis 

20 M 72 Braak VI, TDP-43 proteinopathy, AD diagnosis 

21 M 68 Braak VI, AD diagnosis 

22 M 88 AD diagnosis 
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Table 6.2: Clinical information of the elderly cases with no AD diagnosis ana-

lysed in this work. 

  

Case Sex Patient Age Clinical information 

1 F 82 Pathological aging Braak II, mild CAA 

2 F 56 mild small vessel disease 

3 F 87 mild age related changes (Braak I), mild CVD 

4 F 88 Normal, multiple cortical infarcts, small vessel disease, and 
pathological ageing 

5 F 78 Unknown 

6 M 95 lacunar infarct due to small vessel disease, pathological 
ageing (Braak 1) Argyrophillic grain disease 

7 M 85 Unknown 

8 F 80 Argyrophilic brain disease, pathological ageing Braak II, 
small vessel disease 

9 M 83 Pathological ageing (Braak III) 

10 F 79 Pathological ageing Braak 1, mild hyaline arteriosclerosis 

11 F 86 Small vessel disease 

12 M 87 moderate small vessel disease, tau pathology (Braak I) 

13 F 82 Pathological ageing (Braak II), mild small vessel disease, 
moderate CAA 

14 M 87 Pathological ageing (Braak II) 

15 F 89 Vascular dementia, old cerebral infarct, AD path low 

16 F 78 mild small vessel disease, mild age-related changes 

17 F 68 metastasis 

18 F 87 path aging Braak II, mild CVD 

19 F 80 argyrophilic brain disease, pathological ageing Braak II, 
small vessel disease 

20 M 88 Unknown 

21 F 93 pathological ageing (Braak III) 

22 F 92 cerebral infarct, CVD, pathological ageing (Braak III) 
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Table 6.3: Clinical information of the young, healthy cases analysed in this work. 

6.2.2 Scanning electron microscopy 

For SEM analysis, the samples were prepared as detailed in chapter 3, section 

3.3.4.2. A Hitachi S-3499N, a Carl Zeiss Crossbeam and a Zeiss LEO 1530 were used 

for SEM imaging. Voltage, current, aperture and working distance were adjusted for 

individual samples and microscope. Oxford Instruments energy-dispersive X-ray de-

tectors integrated on the machines were used for elemental analysis. 

6.2.3 Focused Ion Beam- Transmission electron microscopy  

A FEI Helios NanoLab 600 DualBeam Focused Ion Beam System and Zeiss 

Auriga Cross Beam were used as described in chapter 3 section 3.4.3.2 for milling of 

the samples. Dr Sergio Bertazzo carried out the FIB milling of all brain samples. FIB 

prepared sections were then analysed using a Joel 2100Plus TEM at a voltage of 

200kV. 

6.2.4 Von Kossa staining  

Deparaffinisation of the samples took place by immersing the samples in two 

changes of 100% xylene solution for 10 minutes each and rehydration of the samples 

took place through a series of decreasing ethanol concentrations; 100% (x3), 70% 

(x2), 50% (x2) for 3 minutes each. The samples were then immersed in deionised 

Case Sex Patient Age Clinical information 

1 M 17 Severe head and neck trauma, 1b - Road traffic collision 
(motorcycle rider), Brain Diffuse vascular trauma 

2 M 25 Extensive Internal Haemorrhage,1b - Multiple Injuries,1c - 
Road traffic collision (driver) 

3 F 20 Suspension by a ligature 

4 F 40 Unknown 

5 M 40 Unknown 

6 M 39 Suspension by a ligature 

7 M 34 Unknown 

8 M 26 Multiple injuries owing to a road traffic accident 

9 M 19 Unknown 

10 M 25 Multiple Injuries,1b - Road traffic collision (passenger) 

11 M 25 Internal bleeding,b - Rupture of the thoracic aorta, 1c - Road 
traffic collision (driver), Possible grade 3 diffuse axonal 
injury (DAI). 

12 M 21 Stab wound to the chest 

13 M 22 PM toxicology - hypoglycaemia. 

14 M 16 Suspension by a ligature 

15 M 28 Suspension by a ligature 
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water for 10 minutes and incubated with 5% silver nitrate (abcam® ab150687) for 45 

minutes. Throughout this time, the samples were exposed to a 60 or 100 Watt incan-

descent light. The bulb was placed at a distance of around 5 cm away from the sam-

ples. Following, the samples were rinsed with deionized water and were incubated 

with 5% sodium thiosulphate for 3 minutes (abcam® ab150687). The samples were 

rinsed using running tap water for 2 minutes and were then washed twice with deion-

ised water for 1 minute. Nuclear fast red stain was then used for 5 minutes to counter-

stain the tissue (Sigma-Aldrich N8002). Samples were rinsed again for two minutes 

with tap water and washed twice with deionised water for 1 minute. Dehydration fol-

lowed using absolute ethanol for one minute before washing in xylene for one minute. 

A coverslip was placed over the tissue using DPX mounting medium (Sigma-Aldrich 

06522) along the lengths of the sample; ensuring there are no bubbles. Imaging of the 

von Kossa stained samples was done using a Leica DM5500 Fluorescence Upright 

Microscope. Von Kossa staining was only employed for basal ganglia sections due to 

sample availability. 

6.2.5 Immunofluorescence staining  

The staining procedure was done, as described in chapter 3, section 3.6.5. 

Following deparaffinisation and rehydration of the samples, the tissue was then 

blocked for 1 hour using 1:20 goat serum diluted in TBT. Samples were washed twice 

with TBT for 3-minute intervals and incubated with an AT8 pTau mouse anti-human 

IgG1 (Thermofisher MN1020) monoclonal primary antibody for one hour at a concen-

tration of 1:100 by diluting in TBT. Following, that the samples were washed three 

times with TBT for 5 minute- intervals, and incubated with polyclonal secondary anti-

bodies (Thermofisher A-21121 or abcam® ab97239) diluted in TBT to a concentration 

of 1:200 for 1 hour. The samples were rewashed three times with TBT for 5-minute 

intervals and incubated with OsteoSense 680EX (PerkinElmer NEV10020EX) at a 

concentration of 1:10 (diluted in PBS) for 20 minutes. Two 10-minute long PBS washes 

were carried out, and the tissue was incubated using a DAPI stain (Hoechst) at a con-

centration of 1:1000 (diluted in PBS) for 15 minutes. Finally, the samples were washed 

twice using TBS for 3 minute-intervals and were mounted with a coverslip using 

Fluoroshield mounting medium (abcam® ab104135) and was sealed using nail polish 

at the edges of the coverslip. All samples were imaged using an Olympus FV1000, a 

Leica SP5 and a Zeiss LSM 980 Airyscan confocal microscope. All antibodies were 

tested for specificity using a secondary antibody, and negative controls where appro-

priate.  
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6.2.6 Image analysis 

FIJI Image J software was used for all image analysis done. For analysis, ten 

images per sample were used, which were taken at the same magnification. 

For physicochemical characterisation measurements (occurrence and size), 

the SEM images used taken at similar magnifications. Images from all samples pre-

senting minerals were used, and all measurements were done manually. Information 

on the dimensions of structures was obtained manually using the FIJI Image J soft-

ware.  

For the quantitative data on the co-occurrence of stains, all fluorescence im-

aging was done using a Zeiss LSM 980 Airyscan confocal microscope for consistency. 

In total, ten samples were used, and all images were taken using an x63 lens. Suitable 

co-occurrence methods found in the literature were then employed (330, 331). Individ-

ual images for each fluorescence signal were extracted from the original files using 

Image J. Any background signal or cross-talk between channels was initially elimi-

nated as much as possible during the imaging process. At the same time, during anal-

ysis, a threshold value was also applied to all images to eliminate wrongful co-locali-

sation of background pixels. Coloc 2 function of FIJI Image J software was used to 

obtain the amount of individual stains co-occurring with each other; which was ob-

tained as the Mandres' overlap coefficient (330, 331). 

6.2.7 Statistical analysis  

All statistical analysis was done using OriginLab 2019 and GraphPad Prism 

8.3.1 software. For the co-occurrence analysis, a Mann-Witney two-tailed unpaired U 

test (332) was used (p<0.05). The test is non-parametric thus; it does not assume that 

the data points follow a normal distribution, which was found not to be the case for the 

data points obtained. Box blots were created to represent the data, where the box 

represents the upper and lower quartiles; the whiskers indicate the standard deviation 

and the middle line, the median value. All co-occurrence data in the text is represented 

as average ± standard deviation. 
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6.3  Results and discussion 

6.3.1 Physicochemical characterisation 

As most soft tissue mineralisation is formed by calcium and phosphorus, von 

Kossa staining of basal ganglia sections from Alzheimer's disease, elderly donor and 

young cases was initially employed. This was done to evaluate the presence of such 

minerals in the tissue. The staining indicated the presence of vascular (Figure 6.1 (a, 

b)) mineralisation, as well as the presence of mineralised spheres and fibres (Figure 

6.1 (c, d, e)) in the tissue. Vascular calcification was not correlated to a specific ana-

tomical or biological feature, however; the mineralised spheres and fibres were found 

to be concentrated near the edge of the tissue in a particular band pattern (Figure 6.1 

(c)).  

Von Kossa staining was however found not to be fully representative of the 

structures and amounts of minerals observed, thus should be used in line with other 

methods. Therefore, to confirm that the minerals are made of calcium phosphate and 

to observe them in their natural stage at higher magnification and resolution, SEM 

analysis was then employed. 
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Figure 6.1: Tissue calcification as observed using von Kossa staining in the ba-

sal ganglia of elderly donors and AD patients. (a) Low magnification optical micro-

graph of vascular calcification (black arrows) in the basal ganglia of an AD patient. 

Scale bar = 500 µm. (b) High magnification optical micrograph of vascular calcification 

(black arrows) in the basal ganglia of an AD patient. Scale bar = 50 µm. (c) Low mag-

nification optical micrograph of areas where calcified spheres and fibres are observed 

forming bands near the edge of the tissue (black arrows) in the basal ganglia of an 

elderly donor. Scale bar = 500 µm. (d) High magnification optical micrograph of an 

area showing the calcified spheres (red arrows) in the basal ganglia of an elderly do-

nor. Scale bar = 50 µm. (e) High magnification optical micrograph of an area showing 

the calcified fibres (red arrows) in the basal ganglia of an elderly donor. Scale bar = 

50 µm. 
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The presence of the same types of calcification was confirmed in all three an-

atomical regions, while no other type of mineral was repeatedly observed in the inves-

tigated sections. In vascular calcification, both small particles and big chunks of calci-

fication were observed (12). EDS analysis indicated that the calcified particles were 

formed by calcium, phosphorus and magnesium in contrast to the large calcification 

that was formed by calcium and phosphorus only (Figure 6.2). These findings are in 

agreement with previous findings on the elemental composition of vascular calcifica-

tion (13). In the brain, elemental analysis of vascular calcification has been rarely car-

ried out, however, the presence of minerals in the vasculature has been reported, in-

vestigated mainly through von Kossa staining and computed tomography (CT) imaging 

(454-457). Intracranial vascular calcification has been observed in relation to a number 

of diseases; in the basal ganglia (455), hippocampus (454, 457) and thalamus (456).  

In AD patients, the presence of vascular calcification in the hippocampus has 

been studied before, with the related study reporting that 59% of the AD cases pre-

sented hippocampal vascular calcification, in comparison to 40% of the control group 

(223). Our results have shown a prevalence of intracranial vascular calcification (in-

cluding basal ganglia, hippocampal and temporal lobe sections) in only 41% of the AD 

cases and 36% of the elderly control group cases. No vascular calcification was ob-

served in the young control group.  
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Figure 6.2: DDC-SEM image of vascular calcification observed in the basal gan-

glia of an AD patient where pink-red indicate calcification and turquoise indi-

cates tissue. The red, dark background of the image corresponds to the glass below 

the tissue. EDS spectra indicated that region 1 corresponding to a calcified particle 

contains magnesium, calcium and phosphorus while region 2, corresponds to a part 

of a large calcification, contains calcium and phosphorus only. Scale bar = 4 µm.  

 For the calcified spheres, SEM imaging indicated a wide size range with the 

average diameter being 8.08 µm, with a standard deviation of ± 2.76 µm. All calcified 

spheres despite size were formed by calcium and phosphorus (Figure 6.3). Calcium 
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and phosphorus were also observed in the calcified fibres, which had an average di-

ameter (width) of 1.40 µm with a standard deviation of ± 0.77 µm (Figure 6.4). The 

length of the calcified fibres was widely varying; therefore, it was not measured.  

 

Figure 6.3: DDC-SEM image of calcified spheres observed in the basal ganglia 

of an elderly donor where pink-red indicate calcification and turquoise indicates 

tissue.  EDS analysis indicated that all calcified spheres despite their size were formed 

by calcium and phosphorus only. Scale bar = 2 µm.  
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Figure 6.4: DDC-SEM image of calcified fibres observed in the basal ganglia of 

an AD patient where pink-red indicate calcification and turquoise indicates tis-

sue.  EDS analysis indicated that all calcified fibres were formed by calcium and phos-

phorus only. Scale bar = 10 µm.  
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Calcified spheres and fibres were observed in any of the three brain parts in-

vestigated, in 72% of the AD cases and 77% of the elderly cases (Figure 6.5 (a)). In 

individual brain regions, however, more cases presenting calcification were found in 

the AD group (Figure 6.5 (a)). It was observed that even though in the elderly group 

calcification was found in more cases, in 53% of these cases calcification was found 

in only one brain region, in 47% in two anatomical regions and only in 6% of the cases 

in all three anatomical regions studied (Figure 6.5 (b)). On the other hand, in the AD 

cases, calcification was found in only one region in 50% of the cases, 12.5% of the 

cases had calcification in two anatomical regions, and 37.5% in three anatomical re-

gions (Figure 6.5 (b)). Interestingly the temporal lobe appeared to be more prompt to 

mineralisation as more cases presented minerals in this region in both groups. No 

such mineralisation was observed in the young donor group. 
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Figure 6.5: Percentage of total cases showing calcification. (a) Total number of 

cases in which calcification was observed and number of cases in which calcification 

was observed in the basal ganglia, hippocampal region and temporal lobe sections. 

(b) Number of cases in which calcification was observed in one, two or three anatom-

ical locations. Grey bars represent the AD group and black bars the elderly control 

group, for both graphs. 
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Based on these results, the occurrence of the minerals did not suggest any 

clear relationship between an AD pathophysiology; therefore, our attention was drawn 

to the particular pattern of calcification remaining consistent despite anatomical loca-

tion. The same pattern of calcification was observed in the outer layers of the tissue in 

all three brain regions, basal ganglia (Figure 6.6 (a, b, c)), temporal lobe (Figure 6.6 

(d, e, f)), and hippocampal region (Figure 6.6 (g, h, i)), even though the number of 

minerals and the occurrence of spheres and fibres in the calcified bands was observed 

to be varying between samples. 

For the basal ganglia sections, in AD patients, calcified spheres were observed 

in 45% of the cases, while only 27% presented calcified fibres (Figure 6.6 (c)). In the 

elderly control group, 36% presented calcified spheres and 32% calcified fibres (Figure 

6.6 (c)). Calcified spheres were observed in the hippocampal region of 38% and 29% 

of the AD and elderly cases respectively (Figure 6.6 (f)), while 33% of the AD and 19% 

of the elderly cases presented calcified fibres (Figure 6.6 (f)). Finally, in the temporal 

lobe, 61% of AD cases presented calcified spheres and 33% fibres (Figure 6.6 (i)), in 

comparison to 42% and 38% of the elderly cases which presented calcified spheres 

and fibres respectively (Figure 6.6 (i)). It was therefore concluded that calcified 

spheres are slightly more prevalent in the AD group. On the other hand, the calcified 

fibres did not show a clear association with any group. 

To the best of our knowledge, neither types of calcification (calcified spheres 

and fibres) nor calcification pattern have been observed in human brains before. 

Therefore, the exact anatomic location of the calcification band was also investigated. 

This was done through the examination of nuclear fast red counterstained or haema-

toxylin and eosin samples, which allowed the visualisation of anatomical structures to 

aid the identification of the exact anatomical location. Based on the examination of 

these slides and anatomical information provided by the tissue biobanks (from which 

the tissues were obtained), it was concluded that the calcification band in the basal 

ganglia was always observed in the outer layers of the caudate nucleus. In the hippo-

campal area, the calcification was only observed in the outer layers of the parahippo-

campal gyrus and the temporal lobe in the outer cortex layers of Brodmann areas 21 

and 22 (middle and superior temporal gyrus respectively).  

Investigating the relation of these areas to AD and cognitive impairment, it was 

found that the caudate nucleus contains neural clusters that are connected to cortical 

areas involved in cognitive and emotional processing. Lesions in the nucleus have 

been found to cause impairments in multiple cognitive and behavioural domains, while 

changes in its shape have been observed in Alzheimer’s patients (219, 220). The par-

ahippocampal gyrus is the outer cortex region of the brain that is located below the 

hippocampus, and it is a part of the temporal lobe. It is primarily formed by grey matter, 
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and it is responsible for visual perception. Similarly, the middle and superior temporal 

gyri are also primarily formed by grey matter; however, the regions are believed to be 

responsible for auditory and virtual naming as well as visual perception (198). As parts 

of the temporal lobe, all of the three gyri are affected in AD and other neurodegenera-

tive dementias (203). Additionally, in regards to changes related to AD pathology, both 

amyloid plaques and neurofibrillary tangles have been observed in increased amounts 

in these gyri, marking the temporal lobe, as a whole, one of the most affected areas 

of the brain (219, 458). 
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Figure 6.6: BSE images showing the calcification pattern observed along with 

the prevalence of calcified sphere and fibres in the calcified band in the basal 

ganglia, hippocampal and temporal lobe tissues. (a) Calcification pattern observed 

in the basal ganglia of an AD patient and (b) in the basal ganglia of an elderly donor. 

(c) Number of cases in which calcified spheres and fibres were observed in the basal 

ganglia. (d) Calcification pattern observed in the parahippocampal gyrus of an AD pa-

tient and (e) the parahippocampal gyrus of an elderly donor. (f) Number of cases in 

which calcified spheres and fibres were observed in the parahippocampal gyrus. (g) 

Calcification pattern observed in the in the middle and superior temporal gyrus of an 

AD patient and (h) in the middle and superior temporal gyrus of an elderly donor. (i) 

Number of cases in which calcified spheres and fibres were observed in the in the 

middle and superior temporal gyrus. Scale bars = 150 µm. 
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Taking into account the anatomical location of the calcification; in the outer 

cellular layers of the neocortex (predominantly spread in the molecular, external gran-

ular and pyramidal layers) and the caudate nucleus both of which contain neuronal 

bodies, it was hypothesised that the calcified spheres might correspond to calcified 

nuclei, and at least some of them correspond to neural cells. The dimensions of the 

calcified spheres were analysed as observed on SEM images. These dimensions were 

then compared to the dimensions obtained by fluorescent images of the same micro-

anatomical locations with nuclear staining (DAPI). Samples from four cases were 

stained, in which no calcification was observed. The aim was to compare whether 

stained nuclei in the same anatomical regions have the same dimensions as the min-

erals to gain a first indication on their origin. The results of the diameter measurements 

on 350 calcified spheres and 350 DAPI stained nuclei indicate that indeed the two 

structures had a similar diameter range. Calcified spheres as previously mentioned 

had an average diameter of 8.08 µm with a standard deviation of ± 2.76 µm, while the 

DAPI stained nuclei were found to have an average diameter of 7.516 µm with a stand-

ard deviation of ± 1.82 µm (Figure 6.7). 

 

Figure 6.7: Scatter plot showing the size distribution of 350 calcified spheres 

and 350 DAPI stained nuclei in the same anatomical region.  
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This finding suggested that the mineral observed could indeed correspond to 

calcified cell nuclei, thus from this point on, we will refer to calcified spheres as calcified 

nuclei. Additionally, based on the broad range of dimensional values observed in both 

the SEM and fluorescence images, it was suggested that possibly the calcification 

does not affect only one cell type but rather both glial or neuronal cells, as these pre-

sent nuclei of slightly different sizes. However, as the measurements were done on 

histological slides, a large number of nuclei were observed as cross-sections, not 

whole; therefore, the dimensional differences might also correspond to different cross-

sectional regions. Furthermore, based on both distributions, it was not possible to iden-

tify two individual groups of diameter ranges, which would correspond to bigger and 

smaller nuclei. 

To evaluate the presence of organic material in the calcified nuclei, which 

would further support the hypothesis of cell nuclei mineralising, the minerals were cut 

and imaged using a FIB-SEM. TEM analysis was also carried out to gain more infor-

mation on the mineral structure. The results showed that the FIB cut nuclei encapsu-

lated organic material (Figure 6.8 (a)) while the TEM imaged FIB prepared sections 

showed a needle-like structure (Figure 6.8 (b, c)) which comes in agreement with the 

high-resolution SEM images obtained (Figure 6.8 (d)). Interestingly, the selected area 

electron diffraction (SAED) indicated an amorphous material (Figure 6.8 (c)), suggest-

ing a simple physicochemical precipitation rather than a cell-mediated process (459). 
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Figure 6.8: Internal structure of the calcified nuclei. (a) SEM micrograph of FIB cut 

sample indicated that the mineral contains organic material inside. Scale bar = 400 

nm. (b) TEM micrograph of FIB cut prepared section of the same material shows an 

unorganised internal structure of mineral surrounding areas of organic material. Scale 

bar = 500 nm. (c) Higher magnification TEM micrograph of the mineral shows a nee-

dle-like structure, while the SAED pattern (inset) shows an amorphous material. Scale 

bar 100 nm. (d) High magnification SEM image of a cross-section of a calcified nucleus 

also shows a needle-like structure. Scale bar = 1 µm.  

Interestingly, during the SEM and FIB analysis, it was also observed that some 

of the calcified nuclei and fibres were attached, resembling neuronal bodies (Figure 

6.9). Such structures were only observed in AD. Despite their low prevalence in the 

SEM analysed samples, the presence of these structures indicated that the calcified 

fibres could be calcified neuronal axons.  
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Figure 6.9: BSE micrographs of calcified structures observed in AD brains re-

sembling neuronal bodies, where the inorganic material is shown as light 

grey/white and the organic material as black/dark grey. (a) BSE micrograph show-

ing two calcified structures resembling neurons (arrows). Scale bar = 10 µm. (b) BSE 

micrograph showing a calcified structure resembling a neuronal cell with the cell body 

and nucleus being distinguished (arrow). Scale bar = 15 µm. 

Based on the electron microscopy analysis it was therefore hypothesised that 

the mineralisation processes leading to the calcified nuclei and the calcified fibres are 

related to cellular degeneration and possibly cell death either as a consequence or a 
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cause, rather than an osteogenic or another cell-mediated process. Neuronal nuclear 

calcification has, to the best of our knowledge, never been observed in humans before; 

however, the nuclei of dead cells have been reported to undergo deposition of calcium 

and phosphorus (460, 461). Intracellular mineralisation in astrocytes has also been 

previously reported in chick brains but not in humans (462). The same study also re-

ports the possibility that some of the mineralised cells are neurons; however, this was 

not proven (462). Additionally, a study in areas of neural degeneration due to ischemic 

episodes has reported calcification in the mitochondria of dendrites and neural somas, 

but no nuclear calcification was reported (463).  

As the calcification was not observed in young brains, it was also concluded 

that the mineralisation process might be partially a result of ageing. The fact that cal-

cified nuclei were more prevalent in the AD cases indicated, however, a possible cor-

relation with AD pathology. This was also suggested by the calcification pattern ob-

served, a similar pattern reported in Braak staging for AD, observed in areas stained 

for neurofibrillary tangles (464). Therefore, the similarity in the pattern might also sug-

gest that some of the calcified nuclei and cell bodies observed belong to neuronal and 

glial cells affected by tau related pathological changes.  

6.3.2 Role of pTau in brain mineralisation 

The presence of neurofibrillary tangles has been suggested to lead to func-

tional and morphological abnormalities and cell death (219, 464-471). On the other 

hand, some studies suggest that the neurofibrillary tangles as an individual entity are 

not harmful to the neurons but a toxic soluble form of pTau protein, is instead respon-

sible for the damage as it has correlated to elevated calcium levels in neurons, loss of 

dendrite shape and cell death (465, 468, 472-478). Either way, based on the electron 

microscopy results, it was hypothesised that it is possible that a form of pTau protein 

is also responsible or at least has a role in the mineralisation processes lead. Arguably, 

pTau protein might not explain the presence of minerals in elderly brains as it is con-

sidered an AD hallmark. Studied have, however, shown that neurofibrillary tangles are 

also present in many individuals with no AD diagnosis.  

Analysis of the clinical data for the set of samples analysed in this work for both 

the AD and elderly cases indicated that AD-associated changes were also observed 

in the elderly group patients, even though no AD diagnosis was made. Concerning the 

calcification, the analysis also indicated that most cases in which calcification was pre-

sent had brain changes associated with Braak staging. All AD patients had a Braak 

stage four or five while most of the elderly patients had changes corresponding to 

Braak stages one, two or three. The observation could, therefore, suggest that the 
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presence of calcification in the brains of elderly donors is a result of low levels of AD 

pathology changes. Despite, some AD cases pathologically classified with Braak 

stages four and five did not present calcification in the regions investigated; as a result 

no specific correlation between Braak staging and the presence or amount of calcifi-

cation in the specific brain regions could be made.  

To test the arising hypotheses, the next step of the work was to verify that the 

calcified 'nuclei' are indeed cell nuclei and to examine the correlation of pTau protein 

to the calcification pattern observed. Immunofluorescence staining for the visualization 

of cellular DNA present in the nuclei (DAPI), pTau protein and calcification (Oste-

oSense 680EX) in the hippocampal region and the temporal lobe was therefore carried 

out. In agreement with the SEM results, in the fluorescence imaging, it was possible 

to observe a similar pattern of calcification in AD patients and elderly donors (Figure 

6.10 (a, b)). No OsteoSense staining was observed in any of the tissues obtained by 

young donors (Figure 6.10 (c)).  

Analysis of the fluorescence staining using 30 sampling points (n = 30) ob-

tained from five patients from each group, indicated that in AD patients, calcification 

covered 38 ± 24% of the tissue in calcified regions (Figure 6.10 (d)). On the other 

hand, for the elderly organ donors, the calcification covered only 4 ± 9% of the calcified 

tissue region (Figure 6.10 (d)). This shows that even though elderly patients develop 

the same type of calcification in their brain, the amount of calcification found is consid-

erably lower than in AD patients. The statistical analysis also indicated a p-value 

smaller than 0.0001, showing a statistically significant difference between the two 

groups, suggesting that the amount of calcification can be correlated to AD pathology. 

Subsequently, the cases with increased amounts of calcification were corresponding 

to Braak staging four and five, while low amounts of calcification were observed in 

donors with pathological changes corresponding to Braak stages one, two and three. 

No direct correlation, could although be made between specific amounts of calcifica-

tion and the individual five levels of Braak staging independently of the regions inves-

tigated. 
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Figure 6.10: Immunofluorescence staining of brain tissue using OsteoSense 680 

(magenta) and DAPI (blue). (a) Calcification pattern observed in the temporal lobe of 

an AD case. (b) Calcification pattern observed in the hippocampus of an elderly donor. 

Scale bars = 300 µm. (c) No OsteoSense staining was observed in the samples ob-

tained from young donors. Scale bar = 70 µm. (d) The spatial density of the staining 

between AD cases and elderly donor cases indicates a spatial density of calcification 

much higher in AD patients than in the elderly donors (n = 30). Statistical analysis 

indicated a p-value smaller than 0.0001, indicating a statistically significant difference 

between the two groups. 
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At a closer inspection, it was possible to identify that OsteoSense staining was 

overlapping with nuclear staining, confirming the assumption of the presence of nu-

clear calcification. Co-occurrence analysis indicated that in AD patients, 78 ± 21% of 

the nuclear staining overlapped with the calcification staining (Figure 6.11 (a, c)). On 

the other hand, nuclear calcification was not as prominent in elderly donors, with only 

6 ± 28% of the nuclear staining overlapping with calcification (Figure 6.11 (b, c)). In 

addition, it was possible to notice that the OsteoSense staining overlapped with DAPI 

staining in 48 ± 18% and 15 ± 23% of the AD and elderly cases respectively (Figure 

6.11 (d)). This result supported the SEM results, which showed a considerable amount 

of calcification in the form of fibres. Subsequently, out of the total amount of calcifica-

tion observed in AD patients, 48% was in the form of nuclear calcification, and 52% 

was fibre or other forms of calcification, while in the elderly cases only 15% of the 

calcification was in the form nuclear calcification with the rest (85%) being other min-

erals, predominantly in the form of fibres.  
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Figure 6.11: DAPI (blue) and OsteoSense 680 (magenta) co-occurrence in AD 

and elderly cases. (a) Fluorescence image showing OsteoSense staining overlap-

ping with DAPI staining in the temporal lobe of an AD case. (b) Fluorescence imaging 

showing a small amount of OsteoSense staining overlapping with DAPI staining in the 

hippocampal region of an elderly donor case. Scale bars = 40 µm. (c) Box blot showing 

the amount of DAPI co-occurrence with OsteoSense (n = 30), indicating a statistically 

significant difference (p < 0.0001). (d) Box blot indicating the amount of OsteoSense 

co-occurrence with DAPI (n = 30), indicating a statistically significant difference (p < 

0.0001).  

The presence of pTau in the calcified regions was also observed, while it was 

possible to identify elevated amounts of pTau staining in the AD group as expected. 

Interestingly though pTau staining was not only observed around cell nuclei but was 

also co-localising with the DAPI staining (Figure 6.12 (a, b)). In AD cases 53 ± 17% of 

pTau staining was found in the nucleus (Figure 6.12 (c)), while in elderly donors, the 

amount of pTau associated to nuclei was 41 ± 26% (Figure 6.12 (c)), showing that 

there is a statistically significant correlation between nuclear pTau and AD pathology. 

Furthermore, in 53 ± 35% and 12 ± 13% of the observed nuclei, co-occurrence with 

pTau staining was observed (Figure 6.12 (d)), indicating a significant correlation with 

AD pathology again. 
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Figure 6.12: DAPI (blue) and pTau (green) co-occurrence in AD and elderly 

cases. (a) Fluorescence image showing pTau staining overlapping with DAPI in the 

temporal lobe of an AD case. (b) Fluorescence imaging showing pTau staining over-

lapping with DAPI staining in the hippocampal region of an elderly donor case. Scale 

bars = 40 µm. (c) Box blot showing the amount of DAPI co-occurrence with pTau (n = 

30), indicating no statistical significance between the two groups difference 

(p<0.0001). (d) Box blot showing the amount of pTau co-occurrence with DAPI (n = 

30), indicating a statistically significant difference (p=0.0176).  

The association of Tau protein with cell nuclei in both AD patients and elderly 

individuals has been previously reported (479), while nuclear tau has also been ob-

served in other cell types such as fibroblasts (480). Its presence in the nucleus is sug-

gested to be due to its ability to attach to DNA, acting protectively against age-related 

changes (481, 482). Even though it was initially believed that phosphorylated tau does 

not occur in the nucleus, studies have indicated that this is not true (482). A study has 

also suggested that tau phosphorylation might take place in other parts of the cell, with 

the resulting phosphorylated protein penetrating through to the nucleus (483).  
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Our observation of pTau in the nuclei comes in agreement with other studies; 

however, it is not the intention of this work to examine whether phosphorylation of tau 

happens within or outside the nucleus. What can be concluded is that an increased 

amount of nuclear pTau has been observed in the AD group, in which the amount of 

nuclear calcification is also substantially more than that observed in the elderly group. 

Therefore, it was concluded that the presence of nuclear pTau might play a role in the 

mineralisation process. 

To investigate that, the relationship between pTau staining and calcification 

(Figure 6.13 (a, b)) was also evaluated. It was found that the OsteoSense staining was 

overlapping with pTau staining in 51 ± 33% and 16 ± 23% in the AD and elderly cases 

respectively (Figure 6.13 (c)) showing a statistical significance between the two 

groups. Additionally, 83 ± 24% and 19 ± 35% of the pTau staining was overlapping 

with OsteoSense in the AD and elderly groups, respectively (Figure 6.13 (d)). The co-

occurrence of the two stains was observed within the nuclei, the calcified cell bodies 

and fibres. 
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Figure 6.13: OsteoSense (magenta) and pTau (green) co-occurrence in AD and 

elderly cases. (a) Fluorescence image showing pTau staining overlapping with Oste-

oSense staining in the temporal lobe of an AD case. (b) Fluorescence imaging show-

ing little pTau staining overlapping with OsteoSense staining in an elderly donor case. 

(c) Box blot indicating the amount of pTau staining co-occurrence with OsteoSense (n 

= 30), indicating a statistical significance between the two groups difference (p < 

0.0001). Scale bars = 15 µm. (d) Box blot showing the amount of OsteoSense co-

occurrence with pTau (n = 30), indicating a statistical significance between the two 

groups (p = 0.0025).  

The results confirmed the original hypothesis; pTau protein was found to be 

associated with the mineralisation processes giving raise to calcified fibres, cell bod-

ies, and nuclei. Even though no neuronal staining was done on the same samples, the 

fact that the calcified fibres were overlapping with pTau staining (Figure 6.14 (a)) con-

firms that these are neuronal axons and dendrites. In the AD cases, it was also possi-

ble to identify calcified, cellular somas as also indicated by SEM, some of which re-

sembled neurons (Figure 6.13 (a), Figure 6.14 (b, c, d)). The identity of these cells 

was confirmed trough the imaging of brain tissues stained for microtubule-associated 
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protein 2 (MAP2), a marker used for the identification of dendrites, axons, and neu-

ronal bodies (484) (Figure 6.15). Furthermore, the overlapping of some of the miner-

alised cell bodies with pTau staining (Figure 6.14. (a, c)), and the similarities between 

their shape and neurofibrillary tangles (Figure 6.14 (b, d)), suggested that some of the 

mineralised cells were neuronal bodies presenting neurofibrillary tangles, further sup-

porting a correlation with AD pathology.  

Additionally, based on the staining observed, some of the calcified neuronal 

bodies did not present any pTau protein staining (Figure 6.14 (d)), which was consid-

ered to be due to different degrees of cell mineralisation, instead of the absence of 

pTau protein. This could be due to the mineral leading to protein degradation or their 

encapsulation, not allowing the penetration of the antibodies. Other than the pTau 

staining, the intensity of the DAPI staining was also observed to vary between miner-

alised nuclei; with the DAPI intensity decreasing as the OsteoSense intensity was in-

creasing. In some cases, it was also possible to observe mineralised nuclei with no 

DAPI staining. 

Therefore, it was suggested that the results on the degree of co-occurrence of 

different labels obtained by the quantitative analysis might be slightly different from the 

actual values. Based on the results, it was concluded that the exact amount of co-

occurrence between pTau, DAPI, and OsteoSense might be higher than the values 

obtained in the analysis carried out in this work. As this would be, however, the case 

in both the AD and elderly groups, the differences between the two groups would pos-

sibly remain constant. Additionally, this might explain the heterogeneity in the amount 

of co-occurrence that was observed within the two groups.  
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Figure 6.14: Fluorescent images obtained from AD brains stained with DAPI 

(blue), OsteoSense (magenta), and pTau (green) showing mineralised neurons. 

(a) Image taken in the parahippocampal gyrus region showing calcified fibres overlap-

ping with pTau staining (white arrows). Scale bar = 15 µm. (b) Image taken in the 

temporal cortex where some of the calcified structures resemble neurons (white ar-

rows). Some calcified structures resemble neuronal cell bodies in which pTau staining 

can also be observed (red arrows). Scale bar = 40 µm. (c) Image taken in the para-

hippocampal gyrus region showing a structure resembling a neuron where pTau stain-

ing can also be observed (arrow). Scale bar = 10 µm. (d) Image taken in the parahip-

pocampal gyrus region showing structures similar to neurofibrillary tangles with no 

pTau staining observed (arrows). Scale bar = 15 µm. 
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Figure 6.15: Optical microscopy image showing neuronal cells (arrows) stained 

by a MAP-2 antibody. Scale bar = 60 µm.  

Other than neurons, structures resembling possibly glial cells such as astro-

cytes (201), activated microglia (202), or oligodendrocytes (197) were observed (Fig-

ure 6.16). No work was done to confirm the identity of these cells; however, the obser-

vation suggested that mineralisation processes are not cell-specific, but are rather af-

fecting a whole region in which all cells are calcifying. More work needs to be done at 

a cellular level to understand the exact mechanisms of mineralisation and why these 

are contained within cell bodies and not penetrating through to the extracellular matrix. 

One possibility could be that the interneuron movement of tau protein and its different 

forms (473) might lead to the calcification being contained within the neural cell, with 

a mineralised neuron triggering mineralisation in the surrounding cells. For glial cells, 

the mineralisation process might have a similar 'domino' effect, with neurons becoming 

calcified causing the glia cells, they interact with, to also calcify. In addition, the pres-

ence of pTau and neurofibrillary tangles has also been associated to the degeneration 

of glial cells in the affected areas, which might also be responsible for the mineralisa-

tion process.  

As previously mentioned the hypothesis of a cell death driven mineralisation 

process is also supported by the physicochemical properties of the mineral showing 

an amorphous material. Despite, based on the staining results, it is not possible to 

identify whether these cells are undergoing apoptotic or necrotic changes; the nuclei 

of apoptotic and necrotic cells at late stages disintegrate to form smaller bodies (485, 
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486), changes which could be distinguishable by the DAPI staining. However, the pos-

sibility that these cells are undergoing early apoptotic or necrotic changes cannot be 

eliminated.  

 

Figure 6.16: Fluorescent images obtained from AD brains stained with DAPI 

(blue), OsteoSense (magenta), and pTau (green) showing mineralised cells re-

sembling glial cells. (a) Image from the temporal lobe showing a structure similar to 

a glial cell (arrow). Scale bar = 20 µm. (b) Image from the hippocampal region showing 

a structure similar to a glial cell (arrow). Scale bar = 10 µm.  

Finally, based on the results of the IF staining, not all cells that presented nu-

clear pTau and neurofibrillary tangles were calcified. Also, it is worth to note that re-

gions of high pTau protein concentrations in the AD brains were also observed, which 

did not present any calcification. For example, neurons in the hippocampus a structure 

involved in AD pathology from the early stages did not present any calcified neurons 

despite the high amount of pTau staining. This could indicate that specific regions are 

more susceptible to mineralisation than others due to factors other than the presence 

of pTau protein. 

6.4 Conclusions and future work 

Our results, confirmed the presence of calcium phosphate minerals in the 

brains of both AD patients and elderly donors, while no minerals were observed in the 

brains of young donors. The main types of calcification observed were vascular calci-

fication, and calcified nuclei, cell bodies, and fibres. Calcification of neuronal and glial 

cell bodies was observed, which to the best of our knowledge was not reported before 

in humans. The number of calcified nuclei and fibres was found to be substantially 

more in the AD group and can be attributed to the elevated amounts of neurofibrillary 
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tangles, and nuclear or cellular pTau protein observed in the brains of AD patients 

both in our work and in the literature (217). As a large amount of calcification was 

correlated with pTau staining, it was concluded that the protein has a crucial role in 

the mineralisation process.  

 Even though this work has achieved its aims on characterising the minerals 

present in the brain and examining the correlation between brain calcification and a 

hallmark of AD pathology, more work needs to be done to understand the mineralisa-

tion mechanisms fully. Firstly, staining using apoptotic and necrotic markers should be 

carried out to identify whether the mineralised cells are undergoing cell death changes 

prior to the mineralisation process. This will indicate whether mineralisation processes 

are directly related to cell death. However, in vitro work is needed to understand 

whether cell death induces cellular mineralisation or the other way around. Further-

more, a better understanding of the cellular profile of the mineralised regions will also 

give accurate information on the type of cells calcifying. A proteomics profiling of these 

cells and cells in regions where no mineralisation was observed, will allow differences 

to be identified which might lead to specific cell types being more susceptible to de-

generation, cell death, and calcification. Additionally, the effect of mineralised cells on 

the surrounding cells should also be investigated in vitro, which will add to our under-

standing of the progression of cellular mineralisation and whether this has any effect 

on AD progression. 

To conclude, the results of these work show for the first time cellular and nu-

clear mineralisation of human brain cells. Further work needs to be done to understand 

in detail the mineralisation processes involved; however, the results of this work indi-

cated a relationship between pTau protein and mineralisation in AD brains. Whether 

the accumulation of pTau protein leads to cell death and subsequently mineralisation 

or the other way around should be further investigated. Either way, our findings hint 

for the first time that cellular mineralisation has a role in AD development and cognitive 

impairment, as inevitably the presence of minerals would cellular connections and the 

surrounding cells.  
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Chapter 7: Conclusions 

  

7.1 Summary of results  

This work has provided new data on pathological minerals found in the cardio-

vascular, breast, and brain tissues.  

To the best of our knowledge, this is the first time neuronal (nuclear and intra-

cellular) mineralization has been observed in the brains of elderly donors and Alzhei-

mer's disease patients. Additionally, it is the first time that the relationship between 

phosphorylated tau and cellular brain mineralization is reported, hinting on a complex 

mineralisation mechanism possibly affecting the progression of Alzheimer's pathology 

as the presence of minerals in tissues has a range of effects on the surrounding cells.  

As a result, fully comprehending the mineralisation processes taking place could add 

to our understanding of Alzheimer's disease and neurodegeneration in general. 

Furthermore, this work reports for the first time the diagnostic potential of dis-

tinct whitlockite nanoparticles in malignant invasive breast tumours. Even though the 

presence of magnesium containing calcium phosphate has been reported in breast 

calcification before, the unique properties of the mineral had not been investigated in 

depth. Despite the clear association of these particles with invasive malignancies re-

ported in this work, a study of a larger scale in a clinical setting should be carried out 

to validate the results. Moreover, the presence of the whitlockite nanoparticles also 

hints a uniqueness in the invasive tumour microenvironment leading to their formation. 

As a result, understanding the mineralisation mechanisms and the effect these nano-

particles have on cancer cells will provide vital information on cancer progression and 

metastasis.  

Finally, the presence of the whitlockite nanoparticles in tumour vasculature 

hinted a new mechanism of mineral formation originating from the blood, possibly 

shared with calcific cardiovascular diseases where the same nanoparticles are also 

observed. The investigation on the possible origins of these nanoparticles observed in 

cardiovascular tissue led to the conclusion that platelets and possibly platelet dense 

granules are involved in their formation. These results unveiled a new pathway to-

wards treatment and prevention methods for calcific cardiovascular diseases, as pre-

vention of the formation of the whitlockite nanoparticles could also prevent the onset 

or the progression of the diseases. 
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7.2 Limitations and challenges 

Most of the challenges encountered throughout this work were successfully 

addressed; however, unfortunately, not all limitations and challenges could be tackled. 

 For example, even though the physicochemical characterization of the miner-

als did not present any significant challenges, a higher number of samples in specific 

subgroups and more extensive available clinical information could have aided the 

identification of other correlations between the mineral properties and specific patho-

physiological features widely used in the clinic. It was unclear from this work whether 

the amount of phosphorylated tau associated with calcification reflects the pathological 

Braak staging of Alzheimer's disease due to the lack of a sufficient amount of samples 

for each staging. Additionally, the absence of calcification in some AD brains could not 

be correlated to any of the available information; thus, it was unclear why this was the 

case. Subsequently, only the correlation of high amounts of calcification to phosphor-

ylated tau and  AD pathology, in general, could be made.  

Similarly, it was not determined whether the whitlockite nanoparticles are re-

lated to tumour characteristics other than type and grade, such as staging, metastatic 

status, and genetic information as such information was not provided. Moreover, the 

restricted number of grade 1 invasive breast tumour samples (as breast cancer cases 

are usually not diagnosed that early on) would give more precise data on the presence 

of the particles early on in the disease, which will add to their diagnostic potential. A 

limited amount of samples was also the reason why no investigation of the origins of 

the whitlockite nanoparticles in breast tissue was carried out. As a result, as the same 

nanoparticles observed in breast malignancies were also found in cardiovascular dis-

eases; their origins were studied indirectly through the study of such particles in aortic 

tissue.  

Lastly, whilst in the study of the whitlockite nanoparticles in aortic tissue, no 

such limitations were encountered due to the extensive presence of particles in prac-

tically all individuals; other challenges were noted. For instance, the obtainment of 

enough fresh samples (less than 24 hours after extraction), suitable for a range of 

biochemical assays to be used, was proven to be difficult. This was mainly the case 

due to the extensive optimization needed for these methods to be applied to the study 

of pathological minerals, which had as a result for the majority of tissue to be used 

before the final experiments were contacted. As a result, methods using fixed tissues 

were proven more beneficial in parts of the study.  
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7.3 Scientific contribution  

Despite the limitations, the results provide new insights on pathological miner-

alization mechanisms, different from osteogenic processes usually reported in the lit-

erature. The unique minerals observed in soft tissues suggest complex processes in-

volved, some of which might indeed involve osteogenic cells and features. For exam-

ple, as mentioned earlier in this work, some of the minerals observed (large apatite 

calcifications in breast tissues), could be a result of such processes. In contrast, the 

properties and location of the whitlockite nanoparticles suggested a different formation 

mechanism, thus should not be omitted. Furthermore, some pathological minerals 

have been thought to be a result of cell death, thus being irrelevant in the development 

of diseases. The study of the brain minerals in Alzheimer's disease has although sug-

gested that even though cell death could be responsible for their presence or be a 

consequence of mineralisation, a complex process related to the development of the 

disease has led to the mineralization events that in return will promote the progression 

of the pathology. 

This work also highlights the benefits of the direct study of pathological miner-

als as the methods used unveiled important information on their nature and origins. As 

discussed previously, protocols used for inorganic features (for example, cells and 

tissues) might be unsuitable for the study of minerals, which can make the research 

on pathological mineralization challenging. Subsequently, probably the most signifi-

cant contribution of this work to the scientific community is the identification of suitable 

techniques for the in-depth study of biological minerals. A considerable amount of the 

research presented here has focused on evaluating the applicability of many methods 

and the optimization of traditional sample preparation protocols, methods and tech-

niques used in other biological fields such that they can be employed directly to patho-

logical minerals. These same optimized protocols and methods can also be used for 

the study of physiological minerals and mineralizing models, aiding the understanding 

of the mineralization mechanisms. Application of these same methods in the evalua-

tion of proposed mineralizing models will additionally assist the development of more 

suitable models for pathological mineralisation as the minerals present can be easily 

compared to those found in native tissues.  

 

7.4 Future work  

 

The next steps following on from this thesis include a complete proteomics 

profiling of the minerals to enable an understanding of all the proteins and cells in-
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volved in the mineralization processes. For example, even though it is clear that phos-

phorylated tau plays a role in brain mineralization and platelets are associated to the 

presence of the whitlockite nanoparticles, information on proteins, other than the ones 

investigated in this work, present in the minerals will shed light on the exact processes 

taking place. It is also essential to identify the processes through which the associated 

cells can produce these minerals, which can be done in vitro (through cell culture or 

using other artificial ways to recreate what is happening in vivo). In this step, it will be 

important to compare the produced minerals in vitro with the minerals found in vivo 

using the same material methods for characterization. Finally, the effects of these spe-

cific minerals on the tissue microenvironment and the surrounding cells need also to 

be investigated through possibly cell culture experiments. Such results will then be 

used to produce good mineralisation models that will aid the understanding of the ex-

act effects the minerals have on the progression of specific diseases and to also iden-

tify possible biological targets for the prevention of their formation through cell culture, 

animal work, and eventually clinical studies.  

Furthermore, this study has concentrated on the basic research of pathological 

minerals, not an in-depth association of the mineral nanoscale properties to particular 

clinical classifications. It is, therefore, also crucial for such associations to be made for 

better comprehension of the mineral occurrence in relation to diseases both in an ac-

ademic setting and also in the clinic. As previously mentioned, the main limitation of 

this work was the restricted number of available samples and limited clinical infor-

mation. Subsequently, the next steps should include a more targeted study to be able 

to correlate the minerals observed with other pathophysiological features widely used 

in the clinic.  

Following, studies in close collaboration with clinicians could also include clin-

ical imaging data of the patients, which can indicate whether the appearance of the 

minerals at the macroscale can be correlated to its appearance at the nanoscale. Such 

a study will probably be more relevant in breast cancer research due to the diagnostic 

potential of the whitlockite nanoparticles. For example, mammographic data and infor-

mation on the location from where the biopsy was taken, would allow for the mineral 

properties identified in this study to be associated with their mammographic appear-

ance if possible, which could also aid the diagnostic process in the clinic. Studies of a 

similar workflow can also be employed in the research of Alzheimer's disease and 

calcific cardiovascular diseases to aid early diagnosis. However, work using suitable 

mineralisation animal models is also needed in these cases as a biopsy can not be 

obtained for the study. Therefore the macroscopic appearance of the associated min-

erals in the animal models at the onset of the diseases could assist their detection at 

early, more manageable stages.  
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Appendix A: Pregnancy-induced placenta calcification 

The results presented in this appendix were part of a collaborative project and have 

been published in the research paper: Anthis AHC*, Tsolaki E*, et al., Nano-analytical 

characterization of endogenous minerals in healthy placental tissue: mineral distribu-

tion, composition and ultrastructure, Analyst 2019, 144 (23), 6850-6857, doi: 

https://doi.org/10.1039/C9AN01312A. * These authors contributed equally as first au-

thors. 

A.1 Introduction  

A.1.1 Placenta 

In humans, the placenta is essentially the interface between the developing 

fetus and the mother (Figure A.1). It is divided into the maternal and fetal side (487) 

(Figure A.1). The fetal side also called the chorionic plate, is the surface where the 

umbilical cord is attached (200). The umbilical cord is formed by umbilical arteries and 

veins, transporting blood towards and away from the fetus (Figure A.1). These supply 

blood to the villous trees (488) which are located in the middle part of the placenta, the 

lacunae (Figure A.1) that are filled with maternal blood originating from blood vessels 

of the maternal side. The maternal side of the placenta is called the basal plate and is 

attached to the uterus (487). The villous trees are the main parts of the placenta and 

are divided into different villous types (488), which mainly control the exchange of nu-

trients and gas between the mother and the fetus (487). 

https://doi.org/10.1039/C9AN01312A


202 
 

 

Figure A.1: Graphical illustration of the placenta.  

A.1.2 Pregnancy-induced mineralisation 

As with other types of calcification, placental calcification is also a well-known 

phenomenon observed routinely in the clinics. Up to forty per cent of women develop 

some degree of placental calcification during pregnancy (489). Of all pregnant women, 

18% develop severe mineralisation (490), which increases the risk of early preterm 

labour (491). While it is associated with pregnancy-induced hypertension (PIH) (492) 

affecting the mother, and can also have unfavourable effects on the growth and mat-

uration of the foetus and of the placenta itself. 

Placental mineralisation is divided into different grades, classified according to 

the Grannum grading system (493). The presence of low amounts of minerals has 

been suggested to be a natural process and harmless through pregnancy, due to the 

ageing of the placenta and progressive with gestational age (490, 494), while exten-

sive mineralisation has been shown to carry several risks (495). Studies on these min-

erals have been carried out in a clinical setting (491, 495, 496) leaving, however, a 

few open questions. The origins of these minerals remain unknown, but a higher inci-

dence has been correlated to smoking (497), passive smoking (498), and bacterial 

infections (499). On the other hand, intake of alpha-tocopherol, beta carotene, and 

vitamin C were found to contribute to the reduction of minerals in placental villi, in some 

women (497). 
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As is the case for most other mineralizing pathologies, placental mineralisation 

is known to be formed from apatite (500, 501), but little work has been done on the 

characterization of these minerals. Electron microscopy has revealed that calcifica-

tions tend to spread over the whole of the placental surface, where different structures 

have been observed, including mineralized plaques and large concretions (494), all 

with a calcium-to-phosphorous ratio lower than what is typically found in bone (429, 

501). It has therefore been suggested that placental mineralisation is caused by su-

persaturation of the physiological solutions surrounding the tissue such as blood, ra-

ther than either the physiological process of bone formation or the dystrophic pro-

cesses caused by tissue necrosis (501). 

A.1.3 Aims  

Despite the strong correlation between placental calcification and fetal out-

come, the minerals have been only rarely researched, as most studies providing infor-

mation are done through histological analysis or medical imaging such as ultrasound. 

Therefore the primary aim of this work is to investigate the exact physicochemical 

properties of the minerals found in the placental tissue and to examine whether 

any type of mineral can be associated to the fetal and maternal side of the pla-

centa. 

A.2 Materials and methods 

A.2.1 Samples 

The project was done in collaboration with Professor Inge K. Hermann (ETH 

Zurich and the Swiss Federal Laboratories for Material Science and Technology 

(EMPA) St Gallen, Switzerland) which holds ethical approval. Fourteen human pla-

centas were obtained from uncomplicated term pregnancies after caesarean section 

from the Kantonsspital St Gallen (KSSG), from two different locations; the fetal and 

maternal part. Written informed consent was obtained prior to delivery. Animal placen-

tas from different species were also obtained including; four cat, two dog, two horse, 

and two rabbit placentas. 

A.2.2 Scanning electron microscopy  

For SEM analysis, the samples were prepared as detailed in chapter 3, section 

3.3.2. A Hitachi S-3499N, a Carl Zeiss Crossbeam, and a LEO were used at an accel-

erating voltage of 10 kV for SEM imaging, and Oxford Instruments energy-dispersive 

X-ray detectors integrated on the machines were used for elemental analysis.   
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A.3 Results and discussion  

 Scanning electron microscopy of the human placentas showed the presence 

of large mineral structures (Figure A.2 (a)) distributed throughout the samples. Two 

distinct structures could be identified; calcified particles (Figure A.2 (b)) and needle-

like (Figure A.2 (c)) structures.  

 

Figure A.2: Electron micrographs of minerals found in placental tissue, where 

inorganic material is indicated by red/pink and organic material by turquoise. (a) 

DDC-SEM micrograph of a large mineral structure surrounded by organic material. 

Scale bar = 10 µm. (b) DDC-SEM micrograph of calcified particles and (c) needle-like 

mineral structures. Scale bars = 2 µm. 

Chemical composition analysis of the same samples indicated that the particle 

(Figure A.3 (a)) and needle-like (Figure A.3 (b)) structures contained calcium, phos-

phorus, and magnesium. On the other hand, minerals observed which did not have 
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such morphology, but instead presented a poorly defined shape (Figure A.4) were 

found not to contain magnesium (Figure A.4). The elemental composition of the min-

erals was also confirmed through Raman spectroscopy measurements (102).  

 

Figure A.3: Electron micrographs and corresponding EDS spectra of particle 

and needle-like mineral structures. (a) DDC-SEM of mineral containing particle-like 

structures with EDS spectrum of the region marked by a white circle. Scale bar = 10 

µm. (b) DDC-SEM of mineral containing needle-like structures with EDS spectrum of 

the region marked by a white circle. Scale bar = 5 µm. 
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Figure A.4: Electron micrograph and corresponding EDS spectrum of mineral 

with no definitive shape.  Backscattered electron micrograph of mineral of no defin-

itive shape with EDS spectrum of the region marked by a white circle. Scale bar = 25 

µm.  

Similar calcified particles containing magnesium were reported in this work in 

breast, brain, and cardiovascular tissues, however, some of the particles observed in 

the placenta were much bigger than those observed in the other tissues. Based on 

these results, it was concluded that some of the particles might have the same origins 

as those in other tissues despite not being explicitly observed in the vasculature. The 

large amounts of blood the placenta contains for nutrition purposes might, however, 

be triggering the mineralisation processes. 

On the other hand, the needle-like structures containing magnesium have not 

been observed previously in association with magnesium containing calcified particles, 

which hints different origins. Magnesium containing calcium phosphate minerals have 

been previously observed in dystrophic mineralisation of skin and muscles (502), a 

result of increased magnesium, calcium, and phosphorus concentrations. Moreover, 

for the large calcium phosphate minerals, X-ray diffraction patterns done as part of this 

work confirmed a structure of hexagonal hydroxyapatite (102). Hydroxyapatite has 

also previously been observed in other tissues. In the placenta, its presence has been 

reported to be due to tissue necrosis and thus follow metastatic processes (501), while 

in aortic valve tissue hexagonal hydroxyapatite was believed to be dystrophic (503).  

Examining the total amount of minerals, that be magnesium or no magnesium-

containing, it was observed to be slightly higher on the maternal side of the placenta 

than the fetal side. This observation was also confirmed by measurements of the iso-

lated mineral contents of 15 placentas (102). It was found that the median value for 

the calcium content of the maternal side was 4.8 mg/g, while on the fetal side, it was 

1.4 mg/g. However, the variations between individual samples and also between 



207 
 

measurements on different regions of the same sample were considerable, for a de-

finitive significant correlation to be found.  

Despite the amounts of minerals observed; some amount of mineral was ob-

served in all human placentas. Therefore, to investigate the effect of gestation time to 

the presence of minerals, animal placentas were also analysed. Interestingly minerals 

were not present in the placentas of any of the animals also investigated. This could 

be due to shorter gestation times for cats, dogs, and rabbits. However, in horses, no 

calcification was observed regardless of having slightly longer gestation times than 

humans; therefore, it was concluded unlikely that gestation time is the only factor re-

sponsible for placenta mineralisation. Additionally, placental calcification was previ-

ously reported in the literature to be observed in mice (504), which have a gestation 

period of less than a month. The same study suggests that the presence of calcifica-

tion is associated with poor phosphorus transport control rather than gestation time 

(504).  

A.4 Conclusions  

The different amounts and types of calcification identified in this study could 

hint a possible differentiation between minerals that can induce complications in preg-

nancies and minerals that are present in the placenta 'naturally'. In addition, the differ-

ent types of minerals identified in this work hint to a complex process, possibly a result 

of more than one mineralization mechanism.  

More work needs, however, to be done to understand which types of calcifica-

tion might have an unfavourable effect, which will require more detailed clinical infor-

mation on any pregnancy complications and the fetal outcome. Such information was 

not available in this study due to ethical constraints; therefore, the identification of po-

tentially harmful minerals could not be made. The availability of more clinical infor-

mation could aid the correlation between specific types of mineralization and their an-

atomical location to adverse health effects. Furthermore, a higher amount of samples 

is also needed to be able to access any statistically significant differences between 

mineral amounts and mineral location to clinical complications.  
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