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Complementary experimental techniques were applied to characterize bioapatite nanocrystals from pathological
cardiovascular deposits. The investigated collection included the leaflets from aortic valve, leaflets from mitral
valve, leaflets from tricuspid valve and calcified aorta’s wall. XRD, EDX and FTIR data have shown that all
studied samples consist of imperfect apatite with different crystallinity and variable chemical composition. In
accordance with TEM data, the crystals of pathological calcified deposits frequently have oblong or rod-like
shape (length of 60-90 nanometers, width of 20-30 nanometers). At the same time, in the SEM and TEM
experiments, the complex spheroid assemblies and planar sheet-like shaped formations with crystal structure
close to apatite were observed. Probably, the different shape and morphology of the particles are caused by
different ways of crystal nucleation and growth, although the exact mechanisms remain an open question.
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1 Introduction

Pathological deposition of biocrystals is a widespread phenomenon in numerous acute and chronic diseases such
as advanced arteriosclerosis, diabetes, chronic renal failure and many others. Worldwide, many elderly persons
suffer from the pathology, which is characterized by encrustation of heart valve leaflets with mineral deposits
[1–3]. The exact mechanisms underlying these processes remain unclear. Calcified aorta’s walls, aortic and mitral
heart valve deposits can be considered as the main examples of cardiovascular calcifications.

Several researchers have characterized the mineral component of cardiovascular calcification [4–7] and found
that the major calcium phosphate phase is bioapatite (idealized empirical formula Ca10(PO4)6(OH)2), similar to
that observed in bone. More precisely, mineral component of calcified deposits is represented by nonstoichiometric
carbonate-containing imperfect apatites with variable Ca/P atomic ratio and substitutions in anionic and cationic
sublattices [1,2,4]. However, the current knowledge about the ectopic bioapatite crystals is not complete, despite of
well-defined phase composition and general crystal-chemical characteristics. The microstructure, ultrastructural
organization and non-crystalline component (crystals’ environment) of ectopic mineral particles can be regarded as
insufficiently studied aspects. The early precursors of bioapatite in pathological calcifications are also ambiguous.

The main difficulties in the investigation of pathologically calcified deposits are 1) the presence of water and
organic component, 2) low crystallinity with probable phase non-homogeneity and 3) small amount of material,
not allowing to apply all experimental techniques. The conditions of sample preparation are also important for
correct analysis of ectopic biominerals. Therefore, these issues need to be carefully studied, and the techniques
used for examination of pathological biominerals should be developed and improved.
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Table 1 The list of the samples with the chart of examination.

XRD

Samples RT∗ T=200 ◦C T=900 ◦C IRS SEM/EDX TEM/SAED

1 Aortic valve 1 + + + REMMA102 −
2 Aortic valve 2 + + + REMMA102 −
3 Aortic valve 3 + + + REMMA102 −
4 Aortic valve 4 + + + REMMA102 −
5 Mitral valve 1 + + − JSM5600 LV JEM2010
6 Mitral valve 2 + + − REMMA102 −
7 Mitral valve 3 + + − − −
8 Mitral valve 4 + + − − −
9 Mitral valve 5 + + − REMMA102 −
10 Calcified aorta’s wall 1 + + − − −
11 Calcified aorta’s wall 2 + + − − −
12 Calcified aorta’s wall 3 + + − REMMA102 −
13 Calcified aorta’s wall 4∗∗ − − − JSM5600 LV JEM2010
14 Calcified aorta’s wall 5 + + − − −
15 Tricuspid valve 1 + + + REMMA102 TEM125K
16 Tricuspid valve 2 + + − REMMA102 −
17 Tricuspid valve 3 + + − REMMA102 −
∗RT–stands for room temperature. The materials from aortic valves and tricuspid valves were not exposed to thermal treatment
before examination by REMMA, TEM and IRS. ∗∗The sample number 13 (Calcified aorta’s wall 4) was the only sample subjected
to SEM and TEM investigation but not to XRD due to the insufficient amount of material for XRD examination.

Numerous studies demonstrate that the structural investigations of biological apatite subjected to the anneal-
ing at specific temperatures can give additional valuable information via the analysis of thermal behavior of
mineral and phase decomposition products [e.g., 8,9]. The thermogravimetry data can give information about
the composition of an ectopic deposit sample: water content, mineral content, and amount of carbonate fraction
in the mineral phase [4,6]. Moreover, it allows distinguishing the loosely adsorbed water loss (ca. 200 ◦C) and
bound water elimination (ca. 600 ◦C), as well as complete organic fraction decomposition. Heating bioapatite
above 900 ◦C causes the thermal decomposition of imperfect apatite with the formation of stoichiometric one,
plus tricalcium phosphate (β-TCP, Ca3(PO4)2), or magnesium substituted tricalcium phosphate (Ca,Mg)3(PO4)2

(β-TCMP), or/and other crystal phases [9–11].
The objective of this work is to perform a comparative analysis of a representative set of human cardio-

vascular deposits by several instrumental methods with some variations of the sample pretreatment procedure,
including heat treatment. In general, this work is aimed to investigate the possibility of gaining supplementary
structural and ultrastructural information about bioapatite extracted from pathological cardiovascular deposits
using complementary techniques.

2 Materials and methods

Sample Preparation All samples were obtained from two medical institutes where anatomical analysis, histo-
morphology, histochemistry and medical morphometry of them have been performed. The investigated collection
(table 1) includes the leaflets from aortic valves (four cases), leaflets from mitral valves (five cases), leaflets from
tricuspid valves (three cases) and calcified aortas’ walls (five cases). A part of the mineralized tissue samples
(aortic valves and tricuspid valves) was fixed in formalin and dried in air. After that the regions of macroscopic
calcification exhibiting small white-brownish grains were carefully separated with the scalpel from non-calcific
material. These samples were not exposed to thermal or chemical treatment to prevent any alteration of their
initial structure. Other samples (mitral valves and calcified aortas walls) after manual pretreatment (separation,
cleaning and drying) were annealed in the electric furnace in air under the temperature of 200 ◦C during one hour.
This guarantees the removal of the non-crystalline water and thermal decomposition of organic component [4,6].
Before examination by each method all samples were powdered in a mortar, excluding the scanning electron
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Fig. 1 Typical SEM images of cardiovascular deposits: (a) Aortic valve 2 (magnification 1500, REMMA102;
(b) Calcified aorta’s wall 4 (magnification 1000, JSM5600LV).

microscopy. In addition, the material of the pathological deposits was subjected to annealing in the electric
furnace in the air under the temperature of 900 ◦C during one hour and characterized again by X-ray diffraction
(XRD).

Data acquisition and processing The inorganic materials in the initial state and heated at 200 ◦C were char-
acterized by scanning electron microscopy (SEM) with X-ray microanalysis using the microscopes JSM5600LV
(JEOL, Japan) and REMMA102 (SELMI, Ukraine) coupled with energy-dispersive X-ray (EDX) spectrometer.
To avoid the surface charge accumulation in the electron-probe experiment, the samples were covered with a thin
(30-50 nm) layer of gold. Quantification of the elemental composition was done using the ZAF routine: atomic
number Z, absorption and fluorescence correction [12].

XRD investigations were performed using the diffractometer DRON4-07 (“Burevestnik”, Russia) connected to
the computer-aided experiment control and data processing system. The Ni-filtered CuKα radiation (wavelength
0.154 nm) was used with a conventional Bragg-Brentano ϑ-2ϑ geometry (2ϑ is the Bragg’s angle). The current
and the voltage of the X-ray tube were 20 mA and 30 kV respectively. The samples were measured in the
continuous registration mode (at the speed of 1.0 ◦/min) within the 2ϑ-angle range from 10◦ to 60◦. All data
processing procedures were carried out with the use of the program package DIFWIN-1 (“Etalon PTC” Ltd,
Russia). The separation of overlapping diffraction lines was done with the freeware program New_Profile 3.4
(http://remaxsoft.ru/). Phase analysis was carried out by comparing the diffraction patterns from the investigated
samples and the reference data JCPDS.

Infrared spectra (IRS) in the range of 4000–400 cm-1 were recorded by the Spectrum-One FTIR spectrometer
(Perkin Elmer). Before the measurements the powdered samples were mixed with the KBr powder (2.5-3.0 mg
of a sample per 300 mg of KBr) and pressed to tablets.

The morphologies of the deposits’ crystals were observed by transmission electron microscopes (TEM)
JEM2010 (JEOL, Japan) and TEM125K (SELMI, Ukraine). To obtain isolated crystals before TEM examinations
the samples were ultrasonically disaggregated (120 W, 22 kHz output frequency). The selected area electron
diffraction pattern (SAED) was performed at accelerated voltage of 200 kV (JEM2010) and 90 kV (TEM125K).

The list of the samples is given in the table 1. Actually, the XRD was the basic method of investigation, while
IRS, TEM with SAED, and SEM with EDX analyses were applied not for all samples.

3 Results and discussion

According to the SEM data, the untreated pathological deposits showed a porous or spongy and slightly perforated
structure consisting of lamellar microparticles (figure 1a). The samples annealed at 200 ◦C revealed agglomerates
and separated mineral particles in a wide range of shapes and sizes (figure 1b), suggesting the loss of continuity
caused by thermal pyrolysis of organic components.

The EDX patterns showed only Ca and P signals in most cases (see figure 2a as an example). However, in a
few cases the prominent signals from other elements were clearly seen. The most demonstrative example of that
kind was the Calcified aorta’s wall 4, showing K, Cl, Fe and S peaks in addition to Ca and P (figure 2b). From
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Fig. 2 The EDX patterns of cardiovascular deposits containing only Ca and P peaks (left, sample Mitral valve
1) and containing K, Cl, Fe and S peaks in addition to Ca and P (right, sample Calcified aorta’s wall 4).
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Fig. 3 X-ray diffraction patterns of human cardiovascular deposits at the original state.

the data obtained it was impossible to ascertain, if these additional elements belonged to the apatite lattice or to
non-apatite fractions of the biomineral.

The EDX data in all cases (for all kinds of sample and both instruments), gave the Ca to P ratio much higher
than the standard value for stoichiometric calcium hydroxyapatite, 1.67 at.%. The determined Ca/P ratios had
significant spread in values at local points of the analysis for each sample and varied from 2.04 at.% (Aortic valve
4) to 2.95 at.% (Mitral valve 1).

The X-ray diffraction patterns of the initial and treated at 200 ◦C samples indicated the presence of nanocrys-
talline apatite (Fig. 3). As it follows from the diffraction peak broadening, the apatite crystallinity of cardiovascular
deposits is mostly very similar to that of bone apatite. However, for some samples (e.g., Tricuspid valve 1 and
Mitral valve 1) the degree of apatite crystallinity (average size of apatite crystals) was essentially bigger. The
semiquantative evaluation of the crystallite size was carried out by means of physical broadening of the (002)
line profile using Scherrer’s formula at negligible lattice microstrain in the same way as in the former works
[e.g., 10,11]. Powdered polycrystalline NaCl was used as the reference material free of size and microstrain
broadening. The crystallite size estimation gave a wide range of values: from 40 nm (Tricuspid valve 1) to
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Fig. 4 X-ray diffraction patterns of human cardiovascular deposits annealed at 900 ◦C. The position of main
apatite peaks is marked by the appropriate Miller’s indices; the asterisk marks the major peak of β-TCMP.

15.8 nm (Mitral valve 4) and less for the samples where the (002) line was too small and diffused for correct
estimation (Aortic valve 1).

Special attention should be paid to the samples Mitral valve 4 and Mitral valve 2. In the first of them, in
addition to apatite, the presence of a significant amount of β-TCMP phase and trace amount of CaCO3 was
clearly seen. The diffraction pattern of Mitral valve 2 contains only three reflexes which, however, with some
tolerance, can be ascribed to (300), (400) and (500) lines of apatite.

It is also essential that for the samples with minimal apatite crystallinity (e.g., Aortic valve 1 and Tricuspid
valve 3) the presence of an amorphous component was observed. There was a noticeable tendency of inverse
correlation between the intensity of the apatite diffraction lines and the intensity of halo rising while the intensity
of the crystal phase lines decreased).

As expected, after the annealing of calcified deposits under the temperature of 900 ◦C during one hour
the recrystallization growth of apatite crystals was observed, accompanied in some cases by the formation of
additional crystal phases, the main of which is the β-TCMP phase (figure 4).

Surprisingly, β-TCMP was only found in four of five Mitral valve samples, while it was not found in any of
Calcified aorta’s walls and Tricuspid valves samples. In small amounts the β-TCMP phase was present only in
one of four samples of Aortic valve. The evaluated data of apatite/β-TCMP ratio are listed in table 2. The CaO
crystal phase was present in small amount in two samples of Calcified aorta’s wall.

It is interesting to note, that the sample Mitral valve 2, initial diffraction pattern of which consisted only
of three uncertainly distinguishable lines, after annealing at 900 ◦C had shown the precise and unequivocal
diffraction pattern of apatite.

After careful phase analysis of the pathological calcified deposit samples annealed at 900 ◦C with the selection
of the most suitable phases of apatite family from a database, their additional crystal-chemical features had been
revealed. As it appeared, in most cases, the formed apatite phases were not the simple classical hydroxyapatite
of calcium, Ca10(PO4)6(OH)2 (JCPDS no.9-432), but more complex phases of the apatite family with various
isovalent and heterovalent replacements in the anionic and cationic sublattice (table 2). This indicates that
the mineral component of calcified deposits contained, additionally to Ca and P, other elements foreign to
stoichiometric hydroxyapatite of calcium. The presence of these elements in the bioapatite of pathological
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Table 2 XRD characteristics of cardiovascularin deposits in original state and subjected the annealing under the temperature
of 900 ◦C.

XRD data of biomineral’s samples annealed at T = 900
◦C

Samples
Crystallite size of initial bioapatite

from (002) line width, nm
Phase content (reference JCPDS

data)
Apatite/β-TCMP

phase ratio

1 Aortic valve 1 − Apatite∗ (82-1943)
2 Aortic valve 2 30,2 HAp∗ (89-6438)
3 Aortic valve 3 23,4 HAp (9-432)
4 Aortic valve 4 32,1 HAp (89-4405) + β-TKM� 81,3 / 18,7
5 Mitral valve 1 33,1 HAp (76-694) + β-TKM� 80,2 / 19,8
6 Mitral valve 2 − Apatite (70-794)
7 Mitral valve 3 16,0 Apatite (70-794) + TKM�

(79-2186)
71,1 / 28,9

8 Mitral valve 4 15,8 HAp (9-432) + TKM� (77-692) +
CaCO3 (5-586)

46,0 / 54,0

9 Mitral valve 5 20,3 Apatite (89-6444) + Apatite
(70-795) + NaCaPO4 (29-1193) +
TKM� (20-348) / (79-2186) + KCl

(73-380)

nearly50 / 50

10 Calcified aorta’s wall 1 17,8 HAp (89-6437)
11 Calcified aorta’s wall 2 17,3 Apatite (89-6449)
12 Calcified aorta’s wall 3 18,5 Apatite (70-794) + CaO (37-1497)
13 Calcified aorta’s wall 4 − Apatite
14 Calcified aorta’s wall 5 20,2 Apatite (82-1943) + CaO (77-2376)
15 Tricuspid valve 1 40,0 Apatite (89-6444)
16 Tricuspid valve 2 23,6 HAp (89-4405)
17 Tricuspid valve 3 19,3 HAp (89-4405)

∗“HAp” indicates stoichiometric hydroxylapatite of calcium Ca10(PO4)6(OH)2; “Apatite” indicates nonstoichiometric apatites with
various substitutions in anionic and cationic sublattice, for example: Apatite (89-6449) is Calcium Sodium Magnesium Phosphate
Apatite.

cardiovascular calcifications was also possible, but to verify this experimentally we should exclude the interphase
migration of the elements in a high-temperature treatment.

The FTIR spectra of the deposits initial samples showed the characteristic absorbance bands of apatite, though
their expanded width is due to low crystallinity of mineral (figure 5). The bands at 1000–1100 cm-1 and 500–
600 cm-1 correspond to different modes of PO4 group in hydroxyapatite (the phosphate stretching vibrations
and phosphate bending vibrations, correspondingly). The bands at 3450 cm-1 and 1650 cm-1 can be assigned
to hydroxyl groups and water present in the structure of mineral and in surrounding material. The bands at
2800–2950 cm-1 belong most probably to C-H stretch from the organic components of the deposits.

It should be pointed, that the spectra show the patterns associated with carbonate-substituted apatite. The bands
at 1420–1550 cm−1 and at 875 cm−1 are derived from carbonate ions in apatite structure. Based on literature data
[13–15] we suggest that the bands at 872 cm−1 and 1418 cm−1 are characteristic for B-type carbonate apatite
(CO3

2− ions in phospate tetrahedron position).
Therefore, as judged by FTIR data, in all the examined samples the mineral component of cardiovacular

deposits was carbonated apatite with significant substitution of phosphate by carbonate ions.
In general, our XRD, EDX and FTIR results had shown that all studied samples consisted of apatite with

different crystallinity and variable chemical content, being represented by the formula:

(Ca, Na, Mg, X)10(PO4, HPO4, CO3)6(OH, Y)2 (1)

X = K+, Mn2+etc.

Y = F−, Cl−, CO2−
3 etc.
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Fig. 5 FTIR spectra of the deposits: a, b, c, d are the spectra from “Aortic valves” placed from up to down
with the increasing moiety of B-type carbonated component (at 872 cm−1 and 1418 cm−1); e is the spectrum
from the sample Tricuspid valve 1.

Therefore, our results are in good agreement with the studies [1,2,4], where formula (1) was introduced as
the generalized formula for bioapatite of pathological cardiovascular calcifications (usually the end product of
ectopic biomineralization in the cardiovascular system).

The absence of crystalline phases containing Ca and not containing P (e.g., CaO, CaCO3) in both the initial
and annealed samples in quantities sufficient to explain the high values of the Ca/P ratio indicates that the
excess calcium could be localized on the surface of apatite crystals and/or that the planes forming the outer
edge of crystals contained mainly Ca ions. Indeed, the formula (1) proposed by many authors for biological
apatite of pathological calcifications, under any possible values of the elements concentrations, does not give
the Ca/P ratio close to those measured by EDX. This can be explained by the fact that this formula is valid
for an infinite crystalline continuum and does not consider the possibility of crystals being faceted by planes
with an excess of Ca and deficiency of P. Of course, in this case, the effect of excess calcium detection will be
the more pronounced the larger the surface/volume ratio of such multi-crystal systems is, which is exactly the
case for nano-sized crystals of pathological calcifications apatite. Quantitative confirmation of this suggestion
requires further experiments and model estimations, which should take into account the surface/volume ratio
of hypothetical bioapatite crystals and surface density of excess Ca. In any case, we can say that the boundary
surface of apatite component of pathological mineral deposits was characterized by excess Ca content, which
was located in the faceting planes of crystals, or in so called non-apatite environment. Combined localization of
the excess calcium in both these positions is also possible.

The series of samples called “Aortic valve” was subjected to most complete examination by whole set of
instrumental techniques (XRD, IRS, EDX) in order to find qualitative correlations between crystallinity, Ca/P
ratio and degree of carbonate substitution in apatite’s lattice of the biomineral. As a result, it had been found
that the crystallinity and the fraction of the carbonate component grew while the Ca/P ratio decreased in the
series Aortic valve 1 → Aortic valve 3 → Aortic valve 2 → Aortic valve 4. This finding supports the idea of
direct proportionality between excess of Ca and surface-to-volume ratio in apatite nanocrystals of pathological
deposits. Also it is natural that the content of carbonate component was less in less crystallized apatite because
CO2−

3 → PO3−
4 substitution requires enough lattice volume.

The important role of biogenic apatite crystal surfaces in the processes of interaction of mineral and organic
content in deposits implies the need for a detailed study of the morphology, orientation and size characteristics
of the nanocrystals themselves and the state of their surface and the surrounding environment. In accordance to
TEM data, the crystals of pathological calcified deposit mostly had oblong or rod-like shape (length 60–90 nm,
width 20–30 nm) (figure 6, above). Characteristically, the width of the crystal had a much smaller range of values
than the length. At the same time, the spheroid particles of complex ultrastructure had been found (figure 6,
below). Electron diffraction patterns confirmed the apatite nature of nanocrystals both rod-like (nanorods), and
in the form of complex structures with signs of spherical symmetry, which is consistent with the results of X-ray
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Fig. 6 TEM micrographs and electron diffraction data (JEM2010) for the mineral from human heart valves
(above: Mitral valve 1; below: Calcified aorta’s wall 4; on the right– the Miller’s indices for apatite).

diffraction study of corresponding calcifications at macroscopic scale. Electron diffraction pattern in the case of
nanorods was characteristic for polycrystalline material with a small amount of crystals in diffracting position
(not continuous diffraction rings are formed by point reflections from single crystals), while the diffraction pattern
of a spherical particle was a superposition of the diffraction patterns from several single crystals with visible
signs of the spatial order of the individual crystals relative to each other (the location of points on the imaginary
rings was regular and orderly).

It should be noted that the preparation of samples for TEM studies included sequential heating (200 ◦C) and
sonication of calcification material in order to remove the organic component and to disperse the crystals of
biomineral. Obviously, the particles with spherical geometry were formed from simple-shaped nanocrystals and
preserved their complex structure only because of insufficient energy of ultrasonic dispersion (and, perhaps, heat
of treatment).

An important addition to the above experimental evidence of specific morphology and complex ultrastructure
of pathological deposits’ nanocrystals was the SEM data on the existence of planar sheet-like bioapatite crystals
(figure 7). Heat pretreatment of the samples at 200 ◦C and the presence only of Ca and P peaks (with appropriate
ratio) in the EDX spectra, strongly suggests that these formations of unusual morphology are mineral and relate
to apatite, especially as the X-ray diffraction patterns of the corresponding macroscopic samples confirms this.

Probably, these two-dimensional calcium phosphate formations nucleated and grew on the smooth surfaces
of a tissue, and are an example of template-directed growth of crystal structures on organic substrates.

The existence of calcium phosphate crystalline formations with different morphology in pathological deposits
suggests different mechanisms of their origin and growth [6,16–18]. The possibility of transformation of one
morphological state to another is also cannot be excluded, the more so, that there are many works describing
intended and controllable morphological and phase transformations of calcium phosphates in model systems
[19–24]. The choice of one or another mechanism of formation and self-assembly of biocrystals by a biological
system is probably defined by organic medium and the characteristics of soft tissues at the site of pathological
deposition.
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Fig. 7 SEM images (REMMA102) of a deposits’ mineralized particle with sheet-like shape (Mitral valve
5 annealed at 200 ◦C; b, c and d are the same object at the different magnification: 300, 1000 and 5000,
respectively).

4 Conclusions

According to the results of the detailed studies using XRD and IRS techniques, all studied samples of car-
diovascular calcified deposits in the initial state are poorly crystalline, defective carbonated apatite mainly of
B-type (CO2−

3 ions substitute group PO3−
4 ). From the XRD and EDX data, cardiovascular deposit’s biomineral

can represent either phase-pure calcium hydroxyapatite, or the more complex phases of the apatite family with
a variety of isovalent and heterovalent substitutions in the anion and cation sublattices (with the presence of a
wide range of foreign elements such as Na, Mg, K, Cl, Fe, S, etc. in their structure). At the level of a trend the
dependence of the phase (and chemical) purity of biomineral on the localization of deposit had been observed,
for example, β-TCMP was found (in the annealed samples) in four of five Mitral valves and it was not found in
any samples of Calcified aorta’s walls and Tricuspid valves.

Significant excess of Ca, compared to stoichiometric calcium apatite, was found in the pathological minerals
according to EDX analysis, indicating the specific state of the bioapatite nanocrystals surface; the surplus calcium
probably being localized on their faceting crystal planes and/or in their non-apatite amorphous environment.

TEM and SEM observations have revealed several forms of nanocrystalline bioapatite with different mor-
phological and ultrastructural characteristics, which is a convincing proof of the existence of several different
mechanisms of cardiovascular calcium phosphate deposits’ formation and growth. Clarifying these mechanisms
will require further special studies of the ultrastructural and crystal-chemical characteristics of each morphological
form.

The results of this study could serve as one more evidence that the techniques and methods of sample
preparation are really critically important if one wants to obtain complete and undistorted information on
the microscopic morphology, orientation, size and ultrastructural characteristics of nanostructured calcified
pathological deposits.
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