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ABSTRACT

The structures and chemical compositions of
valve calcific deposits were investigated. The
deposits was chosen arbitrarily and subjected to
chemical analysis, observation with scanning
microscope, semi-quantitative determination of
Ca, Mg, Na, K, P and C elements by energy dis-
persive X-ray, X-ray diffraction and Fourier
transform infra-red spectroscopy carried out.
These deposits were found to have non-uniform
internal structures composed of layers of a
structureless aspidinic inorganic material, sub-
stantial amounts of voluminous organic material
and in a few samples small spheres were also
present. Two groups of deposits with distinctly
different chemical compositions were identified:
one group with a low Ca/P molar ratio (1.59) and
the other group with a high (1.82) Ca/P molar ra-
tio. The deposits belonging to the group with a
low Ca/P molar ratio contain higher concentra-
tion of magnesium and consist of increased
amount of amorphous calcium phosphate. The
deposits with a high Ca/P molar ratio contain low
concentration of magnesium and consist pre-
dominantly of carbonated hydroxyapatite. The
inorganic material was identified as a poorly
crystalline carbonate hydroxyapatite containing
molecular water of the average formula
Cag.1Mgo.4(Na,K)(PO4)s8(CO3)o.3(OH),. The actual
chemical composition of the apatitic solid phase
varies not only from deposit to deposit but also
within the same deposit. The non-uniform inter-
nal structure of the deposits, the occasional
presence of spherical particles and the variable
point composition of the individual deposits in-
dicate that their formation did not proceed under
more or less constant conditions.
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1. INTRODUCTION

The formation and composition of calcific deposits in
living organisms have been intensively investigated with
different methods in both in vitro and in vivo studies.
This phenomenon is still not very well understood de-
spite all effort devoted to its unravelling. The principle
obstacle hindering conclusive elucidation of calcification
stems from the impossibility of observing the com-
mencement of formation of solid deposits in a living
organism and their subsequent development. In the ini-
tial stages of a calcific deposit, moreover, formation of
nanoparticles is undetectable under physiological condi-
tions with contemporary methods and thus even in vitro
studies cannot provide direct insight into the processes
taking place during this crucial period of solid phase
formation.

The fine structure, chemical composition and crystal-
linity of the deposits arising from the calcification of
human natural and bioprosthetic heart valve have been
investigated by using X-ray diffraction, Fourier trans-
form infrared (hereafter FTIR) and Raman spectra,
chemical and energy dispersive X-ray (hereafter EDX)
analysis and high-resolution transmission electron mi-
croscopy [1-7]. In these studies, however, only the total
compositions of the calcific deposits expressed as the
molar ratio Ca/P were determined.

The variation in the composition of calcific deposits
between different individuals has previously been stud-
ied. However, whether and to what extent the composi-
tion of the calcific deposits in the same individual can
vary is not known.

The object of this study was to determine the extent in
variation in the structure and chemical composition of
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calcific deposits formed in explanted natural human aor-
tic valves of the same and different individuals.

2. MATERIALS AND METHODS

2.1. Sample Preparation

Calcified natural heart valves surgically removed from
10 patients were kept in 10% aqueous solution of for-
maldehyde containing 7.65 g of NaCl, 0.724 g of
Na,HPO, and 0.21 g of KH,PO, (pH 7.2) in 1000 ml.
From the numerous calcified objects formed within the
valve tissue of each patient a well developed rounded
concretion of size about 2 mm was chosen arbitrarily
and then removed, dried in ambient air, divided into four
parts of similar size and subjected to chemical analysis,
observation with scanning microscope, semi-quantitative
determination of Ca, Mg, Na, K, P and C elements by
EDX (energy dispersive X-ray), X-ray diffraction and
FTIR (Fourier transform infra-red) spectroscopy carried
out in the reflective mode.

2.2. Electron Microscopy

The samples were glued to a metallic support and ob-
served using a Hitachi S 3400N scanning electron mi-
croscope and a Bruker EDX analyser. The samples were
not covered with gold as its spectral line interferes with
that of phosphorus and distorts the results of EDX
analyses. Several randomly selected sites on each sample
with areas of approximately 0.25 mm? (hereafter referred
to as a large area) and several areas inside each large site
0.25 um? in size (hereafter referred to as small areas or
point measurements) were subjected to EDX analysis.

2.3. Chemical Analysis

Samples of approximately 0.01 g (the smaller samples)
and 0.1 g (the larger samples) from dry deposit were
dissolved separately in 12 M HCI at ambient temperature
for 24 h, diluted to 10 ml and filtered in order to remove
undissolved particles of organic origin. The organic
matter from the larger samples was dried and weighed.
Each solution was then 100 times diluted with deionized
water and used for the determination of calcium and
magnesium or diluted with 0.6 M H,SO, for phosphorus
determination. Calcium forms a blue purple complex
with Arzenazo Il at neutral pH [8], magnesium forms a
red complex with Calmagite in an alkaline solution [9]
and phosphorus forms a green complex with malachite
green molybdate under acidic conditions [10]. The in-
tensity of solution discoloration was determined spec-
trophotometrically (Microplate Spectrophotometer Pow-
erWave XS, Biotek Instruments, Inc., Winoosk, VT) at
wave lengths of 650, 520 and 630 nm for Ca, Mg and P
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respectively.

2.4. X-Ray and Ftir Analysis

A small piece from each concretion with a weight of
about 2 mg was pulverized and used for X-ray diffrac-
tion and then for FTIR reflective analysis. The X-ray
spectra were obtained using XRD Diffractometer (Bruker-
Siemens D5000, Bruker AX GmbH Karlsruhe, Germany)
and the FTIR spectra using a Bruker IFS66 infrared
spectroscope (Bruker AXS GmbH Karlsruhe, Germany).

3. RESULTS

3.1. Accuracy of the EDX Analyses

The accuracy of the calcific concretions chemical
composition determinations with EDX was assessed for 6
different samples. A small area of approximately 0.25 um?
in size was arbitrarily chosen from each of four samples
and analysed and a large area of about 1 mm? was selected
on each of two samples. 12 successive measurements were
carried out in each case. The arithmetical mean, standard
deviation and median were determined for the Ca/P and
Ca/Mg molar ratios in each series of measurements. The
results are shown in Table 1.

As can be seen, the magnitude of the standard devia-
tions are on average about 9 and 17% of the mean values
for the Ca/P and Ca/Mg molar ratios determined with
EDX respectively. The close coincidence of the arithme-
tic mean and median values indicates that in each series
the distribution of individual measurements is nearly
symmetrical.

3.2. Fine Structure of the Deposits

All studied calcifications of natural human aortic heart
valve of approximately 2 mm in diameter were found to
have uneven compact surfaces, see Figure 1(a). The
interior of each calcification predominantly consists of
blocks of structureless aspidinic matter, see Figure 1(b).
Organic material including fibres was also observed. In
fact, not a single site was found without organic matter,
but its quantity varied significantly. The interiors of all
of the studied deposits are highly inhomogeneous with-

Table 1. Accuracy of the EDX analyses.

1 2 3 4 5 6%

Ca/P Mean  1.342 1525 1361 1476 1315 1.792
G 0.092 0.103 0.167 0.075 0.149 0.279

Median  1.33 1505 1.405 1484 127 178

Ca/Mg  Mean 513 3112 796 933 826 2744
c 096 462 117 110 113 8.03

Median 506 315 809 9.08 826 28.03

* |arge area analyzed.
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Figure 1. Internal structure of the calcific deposits. (a) surface
of a deposit, (b) structureless aspidinic layer, (c)inhomoge-
neous interior, (d) small spheres in the cavity.

out a sign of any morphological order, see Figure 1(c).
Small spheres situated in cavities of deposits were in-
frequently observed, see Figure 1(d).

3.3. Chemical Composition of the Deposits

The chemical composition of the deposits was deter-
mined using EDX and expressed as molar percentage of
the constituting elements, specifically Ca, Mg, Na, K, P
and C. These data were converted into molar ratios Ca/P,
Ca/Mg, Ca/C and Ca/(K+Na). Potassium was always
present whereas sodium was missing in 11 out of the 87
data sets. Silicon, chlorine and sulphur were not detected
by EDX in any of the studied deposits.

87 sets of data were obtained from the 15 samples. In
5 cases, specifically samples 6 through 10, two different
deposits were removed from the same aortic valve and
analyzed separately (the second denoted by an asterisk,
e.g. 6x). 15 sets containing over 20 molar% of carbon
(obviously organic matter adhering to the analyzed site
surface) were excluded from further processing since a
high content of carbon significantly distorts the deter-
mination of other elements.

The chemical composition of 15 studied calcifications
determined by EDX analysis of areas of 0.25 mm? and
0.25 um? in size are summarized in Table 2. Given val-
ues are the arithmetic means of all the data acquired for
each sample.

The calculated molar ratio Ca/P given in Table 1 var-
ies in rather wide limits, specifically between 1.29 and
2.55 with the overall arithmetic mean (all individual
values were taken into account) of 1.69 + 0.21. There is
substantial variation of the Ca/P ratio not only between
the large scanned areas of the same sample but also
among point measurements within the same large area.

Magnesium was found to be present in approximately
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70% of the sites; sites with and without magnesium was
detected on the same deposit and even within the same
large area. When present, magnesium is a minor com-
ponent amounting typically to around 5% of the calcium
content (from 0.7 to 10 mol%). The molar ratio Ca/Mg
varies in extremely wide limits, from 16 to about 100
and exceptionally to 200, even within the same sample.
The overall mean of the Ca/Mg molar ratio is 23.6 *
11.5.

In contrast to magnesium, alkali metals were found to
be always present in all of the studied aortic deposits.
Sodium is absent from 15% of the measurements and
sodium is always accompanied by potassium. The alkali
metals are present at levels approximately 10 mol% (the
overall mean is 9.1 + 3.3) of that of the main constituent
calcium.

EDX is least reliable for carbon of the measured ele-
ments due to the proximity of its peak to the first peak of
calcium. Carbon was detected at every investigated site,
for both large and small areas. Low carbon content (with
several exceptions that were excluded from further
processing) indicates that it is present predominantly as
inorganic carbon bound as carbonate in the apatitic
phase. The Ca/C molar ratio varies in the range 5-100,
with an overall mean of 33.8 + 17.7.

The compositions of 15 calcific deposits were deter-
mined by chemical (wet) analysis and are given in Table
3. The first and second values in each column represent
are the results for the smaller and larger samples, respec-
tively; wt.% is the weight percentage of an organic mat-
ter in the larger sample.

3.4. Structure of the Deposits

The IR spectra of the 10 samples from different indi-
viduals are basically identical, see Figure 2. The spectra
contain a broad, mostly featureless, absorbance band
between 900 and 1200 cm™ with an indistinct peak at
960 cm™and a high frequency shoulder typical of poorly
crystalline hydroxyapatite [11]. The weak absorbance
bands at 871cm™ and the very week bands at 1430 and
1455 cm™ signify the presence of carbonate [11,12]. No
band was detected at 864 cm™ which if present would
indicate the substitution of carbonates for the hydroxyl
groups [13]. The broad band from 3700 to 2800 cm™
and the weak band at 1645 cm™ can be ascribed to
structural water in the molecular form [5]. Based on the
FTIR spectra all 10 studied deposits are composed of
poorly crystalline carbonated hydroxyapatite.

The X-ray diffraction spectra of the investigated calci-
fic deposits contain all the peaks characteristic of
stoichiometric HAP, see Figure 3, and can be divided
into a group with distinct merging of the 211 and 112
peaks, which is assumed to indicate the substitution of
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Table 2. Composition of 15 calcifications determined by EDX.

Sample N Ca/P Ca/Mg Ca/(Na+K) CalC
2.00+£0.22 96+1.8 49.8+29.3
1 5 21.1 (1)
med 1.91 med 9.6 med 35.3
9 4 1,78 £0.22 18.3+3.0(2) 95+£29 305+124
med 1.84 med 8.7 med 26.9
3 4 155+0.14 13.0+9.4 6.9+1.3 50.4+319
med 1.49 med 15.0 med 7.0 med 44.6
1.67+0.11 15.8+11.0 292+74
4 4 19.4 (1)
med 1.67 med 7.3 med 23.4
1.66 £0.29 114+84 21.2+149
5 4 20.3(2)
med 1.76 med 7.5 med 21.0
1.61+£0.10 24.7+14 94+29 35.3+15.2
6 ° med 1.59 med 23.3 med 10.0 med 30.6
1.65+0.13 19.0+5.6 76+1.9 32.4+132
o > med 1.68 med 18.5 med 7.6 38.7
1.68 £0.27 98143 26.0+6.8
7 5 18.8(2)
med 1.71 med 8.0 med 26.4
1.61+0.14 19.7+7.1 7615 341+128
o 4 med 1.65 med 21.9 med 7.3 med 34.5
8 5 1.86 £ 0.36 48.7 £21.8(3) 11.9+6.0 443+17.0
med 1.79 med 56.4 med 8.8 med 31.6
1.71+£0.19 27.0+13.0 9.1+21 23.9+12.6
8 > med 1.72 med 24.4 med 8.4 med 20.6
9 6 1.64+£0.18 22.8+4.8(4) 95+12 38.6 £20.5
med 1.65 med 21.2 med 9.6 med 45.8
o 5 1.71+0.20 225+89 87+28 29.3+13.9
med 1.74 med 24.7 med 7.7 324
10 6 1.64+0.16 26.6+11.8 73+16 36.3+16.2
med.1.63 med 21.2 med 7.4 med 31.0
10 5 157+0.11 23.7+9.0 6.5+£0.71 24.7+10.5
med 1.54 med 24.7 med 5.7 med 21.4

med — median; N — number of measurements; number in parentheses — number of determinations if different from N; * - ond deposit from the same individual.

phosphate with carbonate [12], and a group for which

Table 3. Composition of 15 calcifications expressed as molar
ratios determined by chemical analysis.

Sample 1 2 3 4 5
Ca/P 125140 1.79;211 145159 1.61;1.68 1.58;1.82
21.32 &1.95 21.52 &1.64 &1.70
Ca/Mg  35;18.2 26;6.7 30;6.9 37,6.5
2266 216.3 218.4 @21.7
wt.% 155 13.8 18.1 11.5 17.2
Sample 6 7 8 9 10
Ca/P  1.62;1.83 1.60;1.57 1.52;1.82 1.55;1.49 1.48;1.67
B1.72 21.58 &1.67 21.52 @1.57
Ca/P * 2.05 1.64 1.74 1.67 1.62
Ca/Mg  35;182  26;10.6 30;9.5 28;175  27;26.9
26.6 218.3 219.7 @22.7 @27
Ca/Mg= 104 6.8 12.6 6.9 18.9
wt.% 18.9 9.0 16.4 23.3 15.0

* - 2" deposit (a smaller sample) from the same individual

Copyright © 2011 SciRes.

this phenomenon is not observed. Samples 2, 4, 5, 7 and
10 belong to the former group. The comparison of the
peaks and the background intensities according to [5]
indicates that a significant fraction of amorphous phos-
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Figure 2. FTIR spectra of the calcific deposits.

Openly accessible at http://www.scirp.org/journal/JBPC/




R. M. Prieto et al. / Journal of Biophysical Chemistry 2 (2011) 19-25

Lin (Cps)

23

T T T

3 10 20

Figure 3. X-ray diffraction spectrum of sample No. 5.

phate is present in all studied samples.

4. DISSCUSION

The 15 studied natural human aortic calcific deposits
consist of amorphous and poorly crystalline carbonated
hydroxyapatite containing molecular water in which
carbonate is substituted for phosphate and not hydroxyl
groups as shown unambiguously by the X-ray and FTIR
spectra. All deposits also contain between 9 and 23 wt.%
of organic matter.

The chemical composition of the calcifications varies
widely not only among individual samples but also
within the same deposit; even the composition of not too
distant small areas (point composition) are dissimilar.
Different deposits from the same individual do not have
identical composition, but the deviations are not as pro-
found as the variations among different individuals.

The composition of our deposits differs from that re-
ported elsewhere [5,7] namely in the levels of potassium,
magnesium and silicon. Our deposits contained non-
negligible amount of potassium and none silicon in con-
trast to virtually none potassium and about 3 mol% of
silicon or the “substantial incorporation of Si” [4,5].

When expressed in terms of the Ca/P molar ratios of
the smaller and larger samples, the chemical composi-
tions of the same deposit are reasonably close. The Ca/P
ratio as determined by wet chemistry was found to vary
between 1.25 and 2.11 with an overall mean of 1.61 +
0.19. The Ca/P molar ratio determined by EDX varied
between 1.29 and 2.25 with an overall mean of 1.71
0.14. Both values are below the average 1.83 + 0.03
(spread 1.62-2.13) and 1.91 + 0.02 (spread 1.87-1.93)
reported for natural aortic deposits in [3] and [5] respec-
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tively, but are close to the value of 1.676 reported in [4].
The determined Ca/P ratio corresponds to that of hy-
droxyapatite (1.67) which has also been found in mature
arteriosclerotic plaque [1].

The Ca/P ratios determined by EDX and wet chemis-
try are in good agreement with the exception of those of
sample 1. Taking into account the accuracy of the
chemical composition determination and the fact that the
median is less influenced by a remote value than the
arithmetical mean and is thus a better quantity for com-
parison, it seems that two different groups of deposits
can be distinguished based on the Ca/P ratio: 1) A group
with high Ca/P ratio—specifically samples 1, 2, 5 and 8
and 2) A group with low Ca/P ratio, namely samples 3, 9
and 10. The remaining three samples 4, 6 and 7 exhibit
composition that due to the uncertainty in the data can-
not be unequivocally assigned to the abovementioned
groups or identified as a third group with an intermediate
composition. The other ratios, i.e. Ca/Mg, Ca/(Na + K)
and Ca/C, vary within the same limits in both groups. It
should be stressed that the same classification transpires
from both EDX and wet chemistry with the exception of
sample 1 for which the difference between the analytical
results is considerable.

The average Ca/P ratios of the three distinct groups
are 1.82, 1.66 and 1.59 using the arithmetic mean of
medians or 1.82, 1.65 and 1.61 using EDX means and
1.80, 1.65 and 1.54 using wet analysis means. Thus it
seems that the deposits belonging to the group with the
high Ca/P ratio consist of carbonated hydroxyapatite
(theoretical Ca/P > 1.67) whereas in deposits of the
group with the low Ca/P ratio amorphous calcium phos-
phate (theoretical Ca/P = 1.5) prevails.

The Ca/Mg molar ratio determined by wet chemistry
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seems to be less reliable than the Ca/P ratio considering
the significant differences between the smaller and larger
samples shown in Table 3. The overall arithmetic mean
is 21.4 + 10.4. The Ca/Mg ratio determined by EDX
varies between 11.4 and 65.7 with an overall arithmetic
mean 23.4 + 9.6 which is, however, in a good agreement
with the wet chemistry results. The amount of magne-
sium in our deposits is considerably higher than found in
[5] which reported a value for the Ca/Mg ratio of ap-
proximately 120.

These results for the Ca/Mg molar ratio indicate that
magnesium is a minor component, if present at all, of the
studied deposits; the magnesium content is on average
only 5% of that of the major component, calcium. The
content of magnesium varies not only among individual
deposits but also among discrete parts of the same ob-
served large area; some sites in a large area can contain
magnesium even though the others do not.

Wet chemistry provides the composition averaged
over a relatively large part of a deposit and so it reflects
the total composition of the entire deposit rather than the
variation of the composition within a deposit. EDX is the
only currently available method for determining the

chemical composition of selected small areas of deposits.

However the accuracy of this method is rather limited, as
can be seen in Table 1, and thus provides only rough
insight into the inhomogeneities of deposit composition.

The data in Table 2 and specifically the comparison of
the standard deviations and medians show the wide
variations in the composition of the solid phase on the
deposits. The data spread is narrower in the case of the
large area measurements than in the case of the small
area measurements. However, the average values of the
Ca/P and Ca/Mg ratios determined for the small and
large scanned areas of the same sample are reasonably
close. The substantial difference between point composi-
tion of the phosphatic phase, particularly for deposits 1,
2,5,7,8,9and 10 and the large fluctuations of the mag-
nesium concentration in nearly all samples are signifi-
cant even when the uncertainties of £ 9% and + 17%
(the estimated magnitudes of standard deviation ex-
pressed as percentages of the mean) in the Ca/P and
Ca/Mg ratios respectively are considered.

With only one exception, all the studied sites con-
tained potassium, more frequently in combination with
sodium, in proportions around 10 mol % of the major
component calcium. Potassium is in the minority if both
elements are present. Potassium is a minor component of
plasma, 4.5 mmol/L of potassium compared to 140
mmol/L of sodium. The presence of potassium in the
deposits is not an artefact created during the storage of
the valves in formaldehyde solution containing also po-
tassium because 1) The surfaces of the deposits are com-
pact and thus resistant to penetration of solution into
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their interiors during storage, 2) The sites analyzed with
EDX were situated inside each deposit, 3) The amount
of potassium varies significantly between individual
points situated close to each other and 4) The Ca/(Na+K)
ratio is fairly similar for different deposits and even
throughout each deposit. Neither chlorine nor sulphur
was detected in deposits which indicates that the alkali
metals are not present in the form of chlorides or sul-
phates, so these elements are likely be incorporated in
the HAP lattice replacing calcium.

EDX is least reliable for quantitative determination of
carbon because carbon is a light element and also pro-
duces only one peak that is close to one of the two peaks
of calcium. No site was without carbon. The average
Ca/C molar ratio was found to be around 30 (with sev-
eral exceptions), i.e. the amount of carbon present is
around 3 mol% (a similar content of carbon was reported
in [5]) which indicates that the carbon present is pre-
dominantly “inorganic” and therefore bound in the
structure of phosphate. However, a substantial amount of
organic matter which is not incorporated in the solid
phase (between 9 and 23%, see Table 3) indicates its
important role in the formation of calcific deposits.

The composition of the solid phase, i.e. the Ca, P, K,
Na, Mg and C contents vary between the measured
points in all studied deposits. Taking into account the
randomness of the selection of analyzed sites we conclude
that the composition of each deposit varies throughout
its whole volume.

Based on the determined average molar ratios, Ca/P =
1.71, Ca/Mg = 23, Ca/(Na+K) = 9.3 and Ca/C = 34, the
average total composition of the calcific deposits is
generally Cao-sxyMdy(Na,K)10x(PO4)s-2x(CO3)3x(OH).
where in our case x = 0.1 and y = 0.4 tj.
Cag_lMg()A(Na,K)(PO4)5.8(C03)0_3(OH)2. The reSpeCtiVG
molar ratios calculated from this formula, Ca/P = 1.57,
Ca/Mg = 22.7, Ca/(Na+K) = 9.1 and Ca/C = 30.3, cor-
respond well to the experimentally determined
values. This formula is close to the formula
Cag.66M0o.22Nag 32H0.14(PO4)5(CO3)1.22(OH,F,Cl)g 80
suggested in [14]. The actual composition of the solid
phase at various sites deviates from the formula given
above.

5. SUMMARY

The studied human aortic valve calcific deposits con-
tain poorly crystalline solid phase and can be divided
into two distinct groups, one consisting predominantly of
carbonated hydroxyapatite with high Ca/P molar ratio
and the other of amorphous calcium phosphate with
lower Ca/P molar ratio. The non-uniform internal fine
structure of these deposits, the occasional appearance of
spherical particles and the variable spatial point compo-
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sition of the individual deposits indicate that their for-
mation does not proceed under constant conditions.
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