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Introduction 

The so-called atherosclerotic plaque is the cause of many health problems. 

Its presence in arteries often leads to death. In this work, we present 

results of studies on biomineralization in coronary arteries which were 

conducted using, among others, classical methods of mineralogy. Types 

and structures of the developing mineral clusters were identified, as well 

as their mineral and chemical composition. Details concerning the 

development of artery biomineralization were presented, along with 

preliminary results of studies on its dissolution in vitro. 

Presented results may be the basis for further research on this issue, which 
is vitally important for human health and life. 

 

Methods and materials 

 
Histological, mineralogical and chemical tests of the biomineralization 

of coronary artery walls in the heart were conducted. Results of attempts 

to dissolve artery biomineralization in vitro were presented. Samples used 

in this study were obtained from deceased people at the John Paul II 

Hospital in Cracow. Due to reduction of the article’s length for 

publication, results of studies on 5 samples were chosen (Photo 1). 

List of the samples for mineralogical and chemical analysis: 

 
 

Sample Number Characteristics 

A Comparative material  

B 124368 fragment of coronary artery with atherosclerosis (age 63) 

C 124911 coronary artery with changes in its wall (age 53) 

D 125426 small blood vessel with atherosclerosis (age 49) 

E 125818 small fragment of coronary artery with atherosclerotic changes 

 

The goal of the study was to recognize the method of biomineralization 

in the wall and intima of the coronary arteries, both in cross-section, 

longitudinal section along the wall, as well as changes forming on the 

inner wall – intima. Therefore, 

The studies were conducted using a polarizing and biological microscope, 

as well as Geol 540 scanning microscope. EDS chemical analyses were 

also conducted, using an attachment for the scanning microscope. Special 

attention was paid to the chemical composition of the soft tissue of arterial 

before starting the analysis, the obtained fragments of arteries were cut 

in a way that made it possible to find the places where biomineralization 

was the strongest. 

 

walls and mineral concentrations in the walls. Observed phenomena were 

documented with photos and graphs. 
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Abstract 

This publication presents the results of studies on biomineralization of “atherosclerotic plaque” forming in the coronary 

arteries of the heart. Obtained results were compared to studies of an artery unaffected by the process of atherosclerosis. 

Different types of artery biomineralization were marked, in terms of both mineral and chemical composition. Theories on 

the formation of crystallization centers where “atherosclerotic plaque” develops were also presented. 

Results of preliminary in vitro studies on dissolving cholesterol and phosphate mineralization in arteries were presented. 
The results were interpreted, and conclusions were offered. 
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Photo 1: Fragments of coronary arteries (A-E – arrows) studied for biomineralization 

Photo 2: Microscopic images of morphology inside the walls of examined arteries, seen here in lower magnification. Sample A – young artery not 

affected by calcification. Samples B-E – arteries with different levels of mineralization. Digital microscope. 

 

 
The results were compared and ordered by the archive data numbers. They 

were discussed and interpreted in the summary. Due to reduction of this 

publication’s length, its content was limited to consist mainly of 

documentation regarding the observed phenomena. 

 

Results of the analysis 

Studies of arterial biomineralization 

 
Analysis using digital binocular microscope 

Initial observations allowed us to choose five samples for analysis from 

the available material (Photo 1). Sample A represents an artery without 

atherosclerotic process. Samples B, C, D and E are coronary arteries with 

varying levels of atherosclerotic plaque development, obtained from 

people of different age. 

 
 

 
 
 

 

Studies of arterial walls using polarizing microscope 

Observations of the areas in arteries chosen for analysis were carried out 

using a polarizing microscope equipped with a digital camera, in partially 

polarized light. The microscope was used to document biomineralization 

phenomena (in different magnifications) and to choose samples for 

further studies. Preliminary observations were conducted in low 

magnifications, which increased as the studies progressed (Photo 2, 3). 

Forms of mineralization (both organic and inorganic) were observed and 

compared to the artery unaffected by those processes. Materials selected 

at this stage were further used for histological, scanning, chemical and 

other analyses. 
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Photo 3: Cholesterol-apatite micrograins (blue arrows) in the walls of coronary arteries B, C, D, E, observed in higher magnification. Digital 

microscope. 

Photo 4: Types of biomineralization in coronary artery walls. B – aggregate biomineralization. C – layered biomineralization. D – recrystallizing 

biomineralization. E – crumb mineralization. Arrows indicate placement of cholesterol-mineral concentrations. Histological preparations. Biological 

microscope. 

 

 

 
 

 
 

 

Studies using biological microscope (histological) 

Histological studies were conducted on preparations stained with 

hematoxylin. Below are the micrographs of selected preparations that 

offer the most information related to the studied issue. These studies 

allowed us to determine several main types of arterial wall 

biomineralization (Photo 4, 5, 6, 7, 8), which for obvious reasons were 

impossible to observe in the arteries themselves. 
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Photo 4B: Reconstruction of aggregate biomineralization. 1-4 – stages of cholesterol clusters’ development. Red dots are crystallization centers where 

the development of cholesterol clusters started. Yellow arrows show the evolution of directions of growth in the aggregate. 4B4 – microscopic photo 

of aggregate biomineralization (arrows). Histological preparation. Biological microscope. 

Photo 4C: Reconstruction of layered biomineralization. 1-4 – stages of development of cholesterol clusters. Red dots are crystallization centers where 

the crystallization of cholesterol started (they appear both in the muscle and within the already crystallized cholesterol). Yellow arrows show the 

evolution of directions of growth in the cholesterol cluster. 4C4 – microscopic photo of layered biomineralization (arrows). Histological preparation. 

Biological microscope. 
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Photo 4D: Reconstruction of recrystallizing biomineralization. 1-4 – stages of development of cholesterol clusters. Red dots are crystallization centers 

where the crystallization of cholesterol started (they appear both in the muscle and within the already crystallized cholesterol). Yellow arrows show 

the evolution of directions of growth in the cluster. 1 – weakly crystallized cholesterol or non-crystallized fatty substances build up. 2 – the cluster 

grows and the cholesterol structure organizes. Fine cholesterol crystals appear in the cholesterol cluster. 3 – further development of the cholesterol 

cluster and crystallization of the boat-shaped cholesterol crystals. 4D4 – microscopic photo of recrystallizing biomineralization (arrows). Histological 

preparation. Biological microscope. 

Photo 4E: Reconstruction of crumb biomineralization. 1 – beginning stage of cholesterol clusters forming in areas of muscle damage (red dots – 

crystallization centers, yellow arrows – directions of growth in the cluster). 2 – cholesterol cluster grows, and new clusters appear. 3 – further 

development of the cholesterol cluster with partial change of direction of growth. 4E4 – microscopic photo of cholesterol biomineralization in arterial 

wall (yellow arrows). Histological preparation. Biological microscope. 

 

 

 
 

 

 

Studies of mineral clusters in arterial wall using scanning microscope with attachment for chemical analysis (EDS) 

EDS chemical analyses of the types of biomineralization above proved very interesting. They showed elevated levels of calcium in spaces between 

cholesterol clusters, as well as in some clusters themselves (Figure. 1, Photo 4E5). 
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Figure 1: Sample E. Chemical analysis graph for grain mineralization. Elevated levels of calcium (blue arrows) at the edge of cholesterol grain (red 

arrows). SEM, linear measurement. Scale – micrometers. 

Photo 4E5: Sample E. A – contact between cholesterol grain (left, dark side of the photo). Arrows indicate elevated calcium levels within the 

cholesterol grain. B–EDS energy spectrum of areas with slightly elevated calcium level within cholesterol grain (A). 

 

 

 
 

 

A B 
 

 

Studies of the intima surface using scanning microscope with an 

attachment for chemical analysis (EDS) 

Organic concentrations 

Organic concentrations forming on endothelium may be amorphous, in 

which case they take the form of infiltration (Photo 9A). They can also 

take crystalline forms. Cholesterol can form crystals. It builds aggregates 

or separate crystals. Such crystals develop in the spots where the inner 

wall of the artery has been damaged in some way (Photo 5). The crystals’ 

structure is inhomogeneous. Next to areas that are purely cholesterol we 

find spots with elevated calcium levels, as indicated by EDS chemical 

analyses (Photo 5, 4, 5B). 

 

 
 

A 
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Photo 5: Sample B. 1-4 – stages of developing damage to the surface of the inner wall of coronary artery (red arrows) and crystallization of a cholesterol 

crystal (yellow crystal). 4 – microscopic image of the cholesterol crystal in a burrow created in the surface of damaged endothelium (red arrows). Blue 

arrows indicate marks from the electron beam used to conduct EDS chemical analyses of the cholesterol crystal. B–EDS energy spectrum from the 

analysis, showing presence of minor amounts of calcium in the cholesterol crystal (from Photo 5A4). 

Photo 6: Reconstruction of the evolution of biological structure in the arterial muscle and development of the process of its cholesterol 

biomineralization. 1 – fragment of structure of the arterial muscle (C – carbon, H – hydrogen), 2 – a place where the structure was damaged. Tearing 

of interatomic bonds leads to development of electric field in the damaged spot. 3 – connecting cholesterol particles (arrow – Ch) and deformation of 

the atomic structure. Beginning of the formation of a deposit (dotted line). 4 – Sample C. Microdeposits of cholesterol in the form of a grain (red 

arrows) and the cholesterol crystal (yellow arrow) created in the area of damaged muscle structures. SEM. 

 

 

 
 

B 
 

Crystallization of cholesterol 

Cholesterol and cholesterol-fat concentrations develop in places where the atomic structures of the artery elements were damaged. That relates to both 

intima, the arterial wall, as well as its deeper parts (Photo 6). 
 

 

 

 

Inorganic clusters 

Those were also recognized in the walls and on the intima of arteries. The 

initial form of these accumulations – mostly calcium phosphates at 

different level of crystallinity – is a type of thin, almost invisible film on 

the intima. It is harmful as it doesn’t allow the hormones (prostacyclin, 

prostaglandins and thromboxanes) to be released from the endothelium to 

blood. 

Different stages of endothelium mineralization, from early to well- 

developed, can be seen in a single artery (Photo 7E). Phosphates often 

coexist with cholesterol clusters, and sometimes also with fats. 
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Photo 7: A – sample B – image of the surface of arterial endothelium covered by super thin phosphate film. B, C, D – surface of endothelium of studied 

arteries under different magnification, from low to high (see scale). SEM. In photos C and D, initial stages of phosphate crystallization on endothelium 

are visible. E – Calcium phosphates crystallizing on the surface of arterial endothelium (sample B). SEM. Arrows indicate white marks left by the 

electron beam used for the crystals’ chemical analyses. F – EDS energy spectrum of a calcium phosphate crystal from the arterial wall’s inner surface 

(Photo 6E). 

 

 

 
 

A B 
 

C D 
 

E F 
 

 

Crystallization of phosphates 

Just like crystallization of cholesterol, formation of phosphate deposits 

starts in the places where biological structures of the tissues are damaged 

(Photo 8). Whether it is cholesterol or phosphates that crystallize in any 

given spot depends on what is present in the biological fluids near the 

damage. If calcium and phosphorus ions and cholesterol are all present 

in the fluids, they are all included in developing mineral cluster. 
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Photo 8: Reconstruction of the process of phosphate biomineralization forming in an artery. 1 – fragment of an arterial muscle structure (C – calcium, 

H – hydrogen), 2 – spot where the structure is damaged. Tearing of interatomic bonds leads to development of electric field in the damaged spot. 3 – 

connecting calcium and phosphate ions (arrow) leads to deformation of the muscle’s atomic structure. Beginning of formation of a deposit (dotted line). 

4 – Sample D. Microscopic image of crystalline apatite forming in the artery. SEM. 

Photo 9: A – cross-section of an artery with two types of cholesterol clusters on the surface of the intima. Atherosclerotic plaque with signs of layering 

(blue arrows) and irregular cholesterol clusters in the form of crumbs, forming irregular atherosclerotic plaque (red arrows). B – artery with cholesterol 

deposits (arrow) connected to the experimental system for dissolution in vitro. 

 

 

 
 

B. Studies of dissolution of arterial biomineralization (in vitro) 

Due to the complexity of the problem of dissolving deposits built up in arteries, the experiments were conducted separately for dissolving cholesterol 

and calcium phosphates. 

B.1 Dissolving cholesterol biomineralization 

Dissolution of cholesterol was attempted using arteries that were heavily filled with cholesterol. An example of such artery used for experimental 

dissolution of cholesterol deposits in vitro is shown in Photo 7A. 

A fragment of the artery was connected to a system containing an organic solvent, peristaltic pump and a container where the solvent was collected 

after passing through the arteries. 

 

 

A B 
 

 

The organic “solvents” were evaporated after passing them through the 

artery, resulting in crystallization of the substances that had been 

dissolved in them. The crystals obtained as a result of evaporation were 

studied. It was determined that they were cholesterol crystals (Photo 10). 
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Photo 10: Cholesterol crystal in high magnification (scale), crystallized from the organic solvent passed through the arteries and then evaporated. 

Photo 11: Tube with synthetic carbonate hydroxyapatite (arrows – material being dissolved). 

 

 
Ethyl alcohol in an appropriate dilution proved to be the best solvent for 

cholesterol among those tested. 
 

 
 

B. 2 Dissolving phosphate biomineralization (in vitro) 

Due to trouble with obtaining arteries with high concentrations of 

calcifications for experiments, carbonate hydroxyapatite with a 

microcrystalline structure was used in the experiments focused on 

dissolution of phosphate biomineralization. It had been synthetized in the 

laboratory of the Department of Mineralogy, Petrography and 

Geochemistry at the AGH – Univ. of Science and Technology. Before 

beginning the experiments, the synthetic carbonate hydroxyapatite was 

analyzed mineralogically to test its structure, chemical content and 

crystallinity. X-ray diffractometry and EDS analyzes performed during 

the observation of hydroxyapatite grains using SEM were used in the 
studies. 

Obtained synthetic was crumbled and placed in a tube used in surgery for 

intravenous fluid administration. The speed of the flow of “solvents” was 

controlled by the peristaltic pump, matching the speed of the flow to the 

speed of blood flow in blood vessels (Photo 11, 12). Different kinds of 

inorganic fluids were used as solvents. The best solvent proved to be 

distilled water. 

Studies of the surface of carbonate hydroxyapatite grains before and 

after dissolution were conducted, using scanning microscope. 
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Photo 12: Diagram of a set, in which dissolution of deposits was carried out. 1 –beaker with solvent, 2 – peristaltic pump, 3 – tube with synthetic 

carbonate hydroxyapatite (the material being dissolved), 4 – beaker with the solvent and dissolved material after passing through the tube (3), blue 

and red arrows – direction of the solvent flow. 

Photo 13: 1-4 – Stages of dissolution of synthetic hydroxyapatite in vitro. 1 – image (SEM) of the structure of synthetic microcrystalline carbonate 

hydroxyapatite used in the dissolving experiment (before dissolution). 2, 3 – next stages of dissolution of the synthetic (drawings). 4 – image of the 

synthetic’s structure (SEM) after passing through the solvent for the duration of one day. Arrows show spots with intense dissolution. 

 

 

 
 

The effect of solvents on hydroxyapatite leads to the formation of micro-holes in its grains, which increase as the solvent works. The dissolved material 

passes into the solvent in ionic form (Photo 13). 
 

 

 

Conclusions 

Studies show that biomineralization of arteries (atherosclerotic plaque) 

can be formed from cholesterol, phosphates or a mix of both, with varying 
proportions of both elements. The mixed, organic-inorganic type is the 

most typical. 

Biomineralization (atherosclerotic plaque) forms and develops in places 

where the atomic structure of the artery was damaged – a place called the 

crystallization center. Electric field forms in the damaged spots and 

attracts electrically charged particles. After they attach, a deposit starts to 

form. The damage in the artery may occur in different places. 

The reasons for the arterial damage and subsequent formation of 

crystallization centers vary. These could include: - genetic defects 

(damage), 

- damage connected with physical effort and excessive mechanical 

“stress” on the circulatory system, 

- damage caused by toxins resulting from the activity of microorganisms 
during an infection, 

- chemical and physical factors (chemical compounds, mineral grains 
etc.) entering the circulatory system 

- other. 
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The cause of damage to the arteries (in different places) and creation of 

crystallization centers may be one of the above factors, a few of them, or 

all of the above at the same time. It is worth noting that genetic defects 

favor repeating the atherosclerosis due to formation of biomineralization 

in specific places in arteries in subsequent generations. 

Substances that cause the arterial biomineralization “wander" to the 

crystallization centers from the fluids present in the arterial wall and from 

the blood transported through the artery. 

Complex chemical and mineral composition of analyzed deposits proves 
the existence of changes in the chemical composition of the fluids from 

which it comes. 

In addition to different crystallization of biominerals in the arterial wall 

and its endothelium, several methods of biomineralization formation were 

found in the muscles of studied arteries. Its result are deposits of different 

structures. 

For the “atherosclerotic plaque” and arterial biomineralization to form, 

elevated concentration of substances that crystallize in the blood and body 

fluids is necessary, as well as the formation of crystallization centers. 

Deposits will not develop without the centers present in arteries. 

Therefore, fight against arterial biomineralization (atherosclerosis) should 

include not just lowering the levels of crystallizing substances 

(cholesterol, calcium etc.), but also blocking crystallization centers. 

Obtained results suggest that dissolving the deposits in arteries should be 

attempted using mixed, organic-inorganic “solvents”. The proportion of 

both solvents used to fight biomineralization should be decided based on 

recognition of the type of biomineralization present. It should be based on 

mineralogical studies. 

The author’s earlier research proves that described phenomena of 

biomineralization occur also in other arteries. However, due to the 
extraordinary role of the heart, their presence in the coronary arteries is 
particularly dangerous. 

Studies on dissolving arterial biomineralization should be continued using 

in vivo experiments. 
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