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The paper presents the results of study on morphology, structure, elemental and phase composition of
the calcified fragments from pathological formations of the thyroid gland. The X-ray diffraction and infrared
spectroscopy revealed that all investigated pathological calcifications are represented by a defective carbonate
substituted calcium apatite Caio(POa)s(OH)2. The use of transmission electron microscopy in combination
with electron microdiffraction is shown to reveal some structural and morphological features of crystals of
thyroid apatite, which are not detectable by other methods. Therefore, the local morphological and structural
analysis of a mineral component of the deposits can be implemented both in one clinical case and in a wide
variety of cases, if a delicate preparation at anatomical studies and sample preparation procedure will be applied.
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1. INTRODUCTION

The deposition of pathological calcium-containing mi-
nerals (ectopic calcification) can occur almost anywhere
in the human body [1-3]. Crystals of pathological deposits,
as a rule, are of nanoscale sizes or even X-ray-amorphous
[2] that complicates the study of their structure.

Calcifications formed in thyroid gland (TG) are more
often associated with non-oncological changes of this or-
gan, although there is opposite evidence [3-5]. Available
today, information on the microstructure, elemental and
phase composition of such mineral deposits is very limi-
ted. Moreover, specific crystallochemical characteristics
of TG deposits related to one or another type of pathology
remain unstudied. Implementation of such investigations
should promote a deeper understanding of the processes
of pathological calcification of TG and the ultimate deve-
lopment of a new strategy for the prevention and treat-
ment of this type of pathology.

We should note that in the available literature, there
is no clear and unambiguous classification of TG mine-
ral deposits associated with certain clinical pathologies.
Nevertheless, some authors have noted that calcification
is most often observed in papillary thyroid carcinoma. At
that, pathological biominerals can be attributed to psa-
mmoma bodies, stromal calcifications and/or ectopic bone
formation [6]. Apparently, this classification cannot be
considered as the final and only possible, especially since
other types of TG pathologies accompanied by deposits of
calcifications are also mentioned in many publications
[for example, 7 and 8].

A special attention deserves questions of localization
of mineral deposits of TG. Many authors emphasize the
stable relationship between the features of pathology on
the one hand and the localization and morphology of the
accompanying calcifications on the other. However, the
determination of the structural characteristics of a de-
posit of millimeter or micron scale is a serious problem.
In these cases, it is necessary to apply local methods for
studying the structure and composition with micron spa-
tial resolution, which are available when using special
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facilities coupled with synchrotron radiation sources [9].
At the same time, with proper preparation of the studied
material, the significant results can be achieved by using
traditional electron microscopy and electron diffraction.
Besides the possibility of localization of the study area,
electron diffraction in combination with electron micro-
scopy has several important advantages compared with
X-ray diffraction. The electron diffraction pattern can be
matched with the microscopic image, i.e. morphological
characteristics of crystalline particles, on which diffrac-
tion occurs. In the case, when crystalline particles are
comparable with the electron probe size, it is possible to
obtain the electron diffraction pattern from individual
monocrystals and determine their crystallographic ori-
entation [10].

The aim of the present work was to define the crys-
talline phase, structural characteristics, and morpholo-
gical features of a mineral component of TG deposits.
The accompanying problem was to reveal the specific dif-
ferences between calcifications associated with different
pathological types.

2. METHODS OF STUDY

In this work, we have studies 61 samples of patholo-
gical TG mineral deposits (in text Thyroid 1, etc.) with
respect to their elemental and structural-phase compo-
sition as well as the morphological features of both the
deposit as a whole (macro-level — increase up to 500) and
individual crystalline particles (micro- and nano-levels).
Anatomical, histomorphological and histochemical stud-
ies were preliminarily carried out for all presented clin-
ical cases [11]. By the results of these works, the inves-
tigated samples were classified according to the TG pa-
thology, on the background of which they arose: calcifi-
cations of malignant neoplasms (papillary, follicular and
medullary thyroid carcinomas — 14 cases), benign neo-
plasms (thyroid adenomas — 30 cases), follicular adeno-
ma (11 cases), goiter and pathological biomineralization,
which occurs in thyroiditis (6 cases). When detecting any
specific structural or concentration features of the calci-
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fication, the clinical history and etiology of each sample
could be easily established.

The mineral component was separated from soft tis-
sues of the deposit by heat treatment in an electric oven
(in air) at 200 °C during 1 hour. At that, there occurred
the destruction of the organic part of the deposit and re-
moval of free water while retaining constant structure
of the mineral. After this low-temperature annealing, in
the most cases it was easy to separate mechanically the
solid mineral particles from the ash of organic tissues.

Investigation by scanning electron microscopy (SEM)
was performed on the REMMA-102 (SELMI, Ukraine).
This device allows to visualize the studied sample sur-
face in a wide range of magnifications with a resolution
of the order of 10 nm and obtain data on the elemental
composition based on the analysis of the characteristic
energy-dispersive X-ray (EDX) spectra excited by the ele-
ctron probe. The processing of spectrometric information
was performed using the standard software of the micro-
analysis system.

X-ray diffraction study of the material structure was
conducted on the diffractometer DRON-4-07 (Burevestnik,
Russia) using Cu K -radiation (1 =0.154 nm) with the
Bragg-Brentano focusing (6-26) (26 is the Bragg angle).
The samples were taken in the continuous registration
mode (at the speed of 2 °/min) in the range of 26 angles
from 10° to 70°. The preliminary processing of the expe-
rimental results was carried out in the software pack-
age DIFWIN-1 (Etalon LLP), identification of the phase
composition — by using the Joint Committee on Powder
Diffraction Standards (JCPDS).

Infrared (IR) spectra were obtained on the Fourier-
spectrometer Spectrum-One (Perkin Elmer, USA, 2003).
Before the investigation, the samples in the powder form
were mixed with the KBr powder (3 mg of the sample per
300 mg of KBr) and compressed into tablets. The meas-
urements and analysis of the spectra were performed by
using the standard software of the device.

Transmission electron microscopy (TEM) with elec-
tron diffraction (ED) was conducted on the device TEM-
125K (SELMI, Ukraine), which allows to study the mor-
phology and phase composition of crystalline particles of
the calcification. When preparing the samples, annealed
mineralized tissues in the powder form were placed in
distilled water and treated with ultrasound using the
facility UZDN-A (SELMI, Ukraine). Ultrasonic radiator
was located in a vessel with distilled water and samples
during 10 min. The specific power was approximately
equal to 15-20 W/cm? at the radiator operating frequency
of 22 kHz. A few drops of the obtained suspension were
deposited on the directed vertically ultrasonic radiator
UZDN-A and sputtered during 2-3 s varying the device
power. The sputtered aerosol was caught on a thin car-
bon film (10-20 nm) located on a copper grid of the sam-
ple-holder. The micrographs and ED patterns were ob-
tained with accelerating voltage of Uacc =90 kV.

3. RESULTS AND DISCUSSION

According to SEM data, the mineralized material of
the deposits represented nanoscale particles of arbitrary
shape with signs of a brittle fracture along the edges. In
a number of cases, one could observe large particles rep-
resenting a resemblance to the mask (or mold) from the
surface of TG soft tissues and repeating their shape (see
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Fig. 1a, b, Thyroid 13 and Thyroid 14). As seen from the
shown images, the mineral formed a solid shell (crust) or
a crack with a smooth or fold surface on the TG surface,
and the thickness of such a “crack” in some cases has a
characteristic size (5-10 um). It is of doubtless interest
to determine the preferential crystallographic orienta-
tion of the mineral relative to the TG surface. In some
cases, at large fracture growth, the porosity (sponginess,
sponge structure) of the mineral deposits was observed
(Fig. 1c, Thyroid 16).

In addition to the main lines of Ca and P, weak lines
of S, K, Cl, and some other elements are often present in
the EDX spectra. The ratio of the intensities of Ca and P
lines is close to the characteristic ratio for the apatite

Fig. 1 — Morphological features of mineral particles of the TG
deposits by the SEM data

01031-2



STRUCTURE AND MORPHOLOGY OF NANOCRYSTALLINE ...

Caio(PO4)s(OH)2, although the spread of values is large
enough and depends on the choice of the point of signal
accumulation.

X-ray diffraction patterns of calcifications (Fig. 2a)
are characterized by blurred and overlapping lines. The
phase composition of the samples in most cases is rep-
resented exclusively by the apatite with different degree
of crystallinity. In some cases (Fig. 2a), there are weak
signs of the second phase — S-TCMP (tricalcium magne-
sium phosphate). In many diffraction patterns, in the
vicinity of 26 ~ 21-22°, one can observe a halo (Fig. 2b)
typical for the cuvette material, which can be caused by
a small amount of the sample coating only the central
part of the cuvette. For most samples, the estimation of
crystallite sizes by Scherrer [12, 13] along the normal
to the plane (0 0 2) gives the spread of values from 14
to 30 nm.

The data of IR spectroscopy agree well with the above
presented results of the structural analysis and confirm
the apatite nature of calcifications. Moreover, IR spectra
(Fig. 3) demonstrate the absorption bands corresponding
to carbonate substitutions in the apatite structure. The
discovered carbonate apatite has preferentially the B-
type signs, i.e. signs of partial substitution of phosphate
ions by carbonate ions (absorption peaks in the vicinity
of 870-875 cm -1 and 1410-1420 cm-1) [14].

TEM and ED data in comparison with the results of
the above described methods differ by more variety and
admit some variations of interpretations. Nevertheless,
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Fig. 2 — Typical diffraction patterns of the TG mineral deposits
(sign ¢ denotes the main peak of g~-TCMP, indexes hkl (00 2)

designate the apatite line, from the broadening of which the
crystallite sizes were estimated)
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Fig. 3 - Typical IR spectrum of the TG pathological mineral

ED confidently confirms the presence of apatite in all
studied TG deposits. According to TEM, apatite crystals
can be approximately monodisperse or more often poly-
disperse; ED patterns are mostly polycrystalline, although
there are features inherent to diffraction patterns from
separate single-crystals. In a number of cases, the prono-
unced orientation of crystalline particles is evident with
respect to the sample-holder substrate.

The micrograph in Fig. 4a illustrates a high degree of
polydispersity of the crystals. The corresponding micro-
diffraction pattern (Fig. 4b) is also typical for the mate-
rials with different dispersity, when small crystals give
a blurred ring (halo) and relatively large ones — indivi-
dual reflections inherent to single-crystal ED. The halo
in the ED pattern has discontinuities, which indicate a
certain orientation (texture) of the reflecting crystallites.
Small blurred reflections on the rings of the same radius
correspond to the single reflexes (0 0 2). This implies a

300
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002

Fig. 4 — Electron-microscopic image of the crystals (a) and ED
pattern (b) of the calcification sample (Thyroid 8 / 34B) (here-
inafter, numbers on the ED pattern denote the hkl indexes cor-
responding to the apatite)
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close crystallographic orientation of the relatively coarse
crystals (occurred in the reflecting position) and small
particles (which are on their surface or in the nearest-
neighbor environment).

In another case (Fig. 5), in the electron-microscopic
image one can see large crystals (up to hundreds of nm)
surrounded by relatively small crystalline particles. The
latter give in the ED pattern a blurred ring of merged
lines with the Millers indices (21 1), (11 2), and (30 0),
which correspond to close interpalnar distances (0.281-
0.272 nm). Strong point reflexes with indices (0 0 2) and
(0 0 4) are formed by a single-crystalline apatite particle
with basal planes perpendicular to the observed surface.

Polydisperse apatite crystals are also typical for the
case shown in Fig. 6. Large particles give point reflexes
(see Fig. 6b), and small ones — blurred and merged rings
from several reflexes close in interplanar distances. The
absence of strong point reflexes with indices (0 0 2) is ex-
plained by the fact that coarse apatite particles with ba-
sal planes perpendicular to the image plane did not occur
in the reflecting position. Taking into account the pre-
vious case (Fig. 5), one can assert that relatively large
apatite crystals can be oriented/located by basal planes
(of (001) type) both parallel and perpendicular to the
plane of the observed surface.

Fig. 5 — Electron-microscopic image of the crystals (a) and ED
pattern (b) of the calcification sample (Thyroid 10)
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Fig. 6 — Electron-microscopic image of the crystals (a) and ED
pattern (b) of the calcification sample (Thyroid 13)

Fig. 7 — Electron-microscopic image of the crystals (a) and ED
pattern (b) od the calcification sample (Thyroid 24)

In Fig. 7 we present the case of fine apatite particles.
There are signs of preferential orientation: in the elec-
tron-microscopic image (Fig. 7b) one can see the chains
of crystals, and in the ED pattern — alternating discon-
tinuities and thickenings of diffraction rings.

The data represented demonstrate a wide variety of
sizes, shape, and orientation of crystals of the TG calci-
fications, although they confirm their phase belonging
to calcium apatites. Since the studies by TEM and ED
methods do not require a greater amount of the sample
material (compared with X-ray diffraction), it is possible
to conduct investigations to reveal the structural and
morphological features of the calcification in connection
with its localization place in the pathological formation
or in the TG in a whole.

4. CONCLUSIONS

According to the data of complex studies (X-ray and
electron diffractions, IR spectroscopy), TG pathological
calcifications are the nanocrystalline defective calcium
apatite with a significant fraction of carbonate substitu-
tions in the lattice (in positions of phosphate ions). The
visible signs of other crystalline phases have not been re-
vealed. The size of apatite crystallites determined from
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the width of the X-ray diffraction peaks (0 0 2) belongs
to a wide range, but for most samples it is equal to 14-
30 nm. Stable relationships between the X-ray diffraction
and IR spectroscopy data on the one hand and pathology
type (the place of the deposit localization) based on the
data of anatomical studies on the other hand have not
been discovered.

The investigation of the morphological features of the
deposits by SEM method at small magnifications (up to
500) has shown that the mineral can form a solid shell
(crust) or a crack with a smooth or fold surface on the TG
surface, and the thickness of such a “crack” in whole has
the characteristic size (5-10 um).

Based on the TEM data, the crystalline particles of
calcifications, as a rule, are polydisperse (different-sized)
and the spread of their sizes can be quite large. However,
almost each sample has its own specific features concer-
ning the morphology and sizes of the crystals as well as
the ED pattern formed by them. Within this framework,
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