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Abstract—The effects of physiological and pathogenic factors on the crystal structure of calcium hydroxyap-
atite Cao(PO,4)¢(OH), in mineralized bone tissues are considered. The unit cell constants of bioapatite, the
unit cell deformation, and the crystallite sizes in different groups of bone tissues were analyzed based on the
results of X-ray diffraction studies. The main mechanisms responsible for spatial-temporal changes in bone
nanostructures were revealed. It was demonstrated that, along with violations of the stoichiometry, an
important role is played by the crystallite sizes, estimated as the coherent scattering regions, the number of
atoms in which differs by more than two orders of magnitude, and electrostatic interactions between the
unbalanced charges of nanocrystallites and hydrated nanolayers of the mineral matrix.

DOI: 10.1134/S1063774523601326

INTRODUCTION

Bone tissue is the most complex material in nature.
Its mechanical and physicochemical properties are
defined by the interaction of two hierarchically orga-
nized subsystems, namely the protein and mineral
components. In a saturated aqueous solution, organic
molecules create the required biochemical medium,
which initiates biologically essential changes in the
atomic-molecular architecture of mineralized bone in
vertebrate organisms. The specific features of the
effect of this medium on the morphology, the growth,
the degree of crystallinity, the crystallite size and
shape, and the mechanisms responsible for the adap-
tation of bone tissues to mechanical loads and other
external stimuli are poorly known.

Calcium hydroxyapatite (Ca,,(PO4)¢(OH),, CaOHap)
is the principal mineral component of tissue structures
of living organisms during their mineralization under
physiological conditions [1—4]. The specific features
of this mineral are largely due to the flexibility of the
atomic structure, allowing the mineral to be easily
adapted to external conditions through changes in the
stoichiometry, which is closely related to its physico-
chemical parameters, such as the solubility, elasticity,
fragility, and thermal resistance [3—5]. According to
the morphological model [1] of bone tissue, coplanar
and mosaic assemblies of CaOHap nanocrystallites,
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located inside and outside collagen fibrils, reproduce
the helical shape of these fibrils. An average crystallite
is a parallelepiped-shaped block with dimensions of
20 x 7.5 x 3.5 nm? containing ~40000 atoms [6].
The sizes and ratios of the sides of such parallelepipeds
vary in wide ranges. In the assemblies, the crystal-
lites are separated from one another by hydrated
nanolayers of a saturated aqueous solution contain-

ing mainly Ca?", POi_, and OH™ ions trapped in sol-
vation shells [6].

It is known that the parameters of the crystal struc-
ture of CaOHap vary in a wide range. The unit cell
constant a of CaOHap increases from 9.388 A in adult
rat cortical bone [7] to 9.464 A in the synthesized crys-
tal of CaOHap [8]. The unit cell constant ¢ increases
from 6.849 A in newborn rat cortical bone [7] and kid-
ney stones [8, 9] to 6.901 A in the osteoarthritis (OA)-
damaged human femur bone [10]. The ranges of the
changes between the observed largest and smallest val-
ues of the unit cell constants ¢ and ¢ are 0.076 and
0.052 A, respectively, leading both to the volume con-
traction and expansion of the unit cell to 1.14 and
1.23%, respectively, compared to the unit cell of the
stoichiometric crystal. The specificity of the biogenic
mineral CaOHap (or bioapatite) is that the replace-

ments of POi_ ions with CO§_ play an important role
[8, 11, 12]. These replacements affect the solubility of
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Intact area

Fig 1. X-ray pattern of an OA-damaged knee joint: (/) the
intact area, (2) the sclerotic bone area, (3) the intermediate
area, (4) the distal side of a saw-cut (dashed line).

the mineral [4] and, as a consequence, the crystallite
size. The presence of a carbonate ion leads to an
increase in the parameter ¢ and a decrease in the param-
eter a [8, 11, 12]. The replacement of the hydroxyl group
affects the parameter a, while the replacement of Ca>"
changes the dimensions of the crystal unit cell accord-
ing to the ratio of their ionic radii.

Apart from the changes in the elemental composi-
tion, there are other factors that cause distortions in
the crystal lattice in bone. More than 100 years ago,
Julius Wolff hypothesized [ 13] that the bone structures
in vertebrates are determined during the execution of
locomotor tasks against the gravitational force. This
hypothesis works at the micro- and macrolevels; how-
ever, the applicability of this hypothesis to bone nano-
structures is poorly understood.

Recently, it was found that the intensity of photo-
emission current from cortical bone at the Ca** L, ;
absorption edge depends on the orientation of the
electric field vector E of linearly polarized radiation
with respect to the long bone axis [14]. Despite the
evident similarity of this effect to the dichroism in
crystal optics [15], for example, in CaCO; crystals [16,
17], which are the main component of the exoskeleton
of invertebrates, the two effects are significantly differ-
ent. Thus, the dichroism of photoabsorption in bone is
not directly related to the orientation of the crystallo-
graphic axes with respect to the vector E but is related
to the direction of the resulting gravitational force in
the skeleton with respect to E. Therefore, this phe-
nomenon reflects the emergent properties of bone and
is defined by its hierarchical organization. These prop-
erties may be associated not only with the specific ori-
entation of the chemical bonds in bone tissue [14] but
also with the deformation of its crystal structure
induced by gravitational force. Thus, the transverse
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orientation of collagen fibrils is more common in bone
that experiences compression, whereas their longitu-
dinal orientation predominates in areas that are pri-
marily stretched [1, 18—21].

The question as to whether the Wolff paradigm is
applicable to bone nanostructures gives rise to interest
in studying the effect of mechanical loads on the crys-
tal structure of native bone, in particular, in analyzing
the changes in the crystal structure under OA condi-
tions. The OA-induced systematic spatial-temporal
alterations in the degree of crystallinity, the crystallite
size, and the unit cell parameters of CaOHap were
described in [10, 22, 23]. Taking into account that OA
is an age-related disease, the frequency of which
increases with age [24, 25], the relationship between
OA and the age-related changes in the body at a nan-
olevel is of particular interest.

In this work, we studied the changes in the struc-
tural characteristics of the mineral matrix of bone tis-
sue depending on OA and age factors. For this pur-
pose, we performed X-ray diffraction measurements
of two specially selected groups of bone samples in
order to separately investigate the OA and age-related
changes. The analysis was carried out using, first, the
3D superlattice (3DSL) of “black-nanoboxes-in-
muddy-waters” model [6], which relates the energy
structure of the valence states of bone and its hierar-
chical organization, and, second, the concept of spa-
tial-temporal changes in bone nanostructures [7].

MATERIALS AND METHODS

The effect of biogenic and pathogenic factors on
the crystal structure of bone was studied using two
groups of samples. First group (1) includes saw-cuts of
femoral and tibial condyles resected during arthro-
plasty of the OA-damaged human knee joint. These
samples were used to study the effect of the spatial dis-
tribution of mechanical loads on bone nanostructures.
To illustrate the choice of the samples, the X-ray pat-
tern of the OA-damaged knee joint is shown in Fig. 1.
In this figure, the intact area (undamaged bone tissue)
is marked as 1, the sclerotic bone area characterized by
the maximum mechanical loads, where the cartilage is
completely lost, is labeled as 2, and the vicinities of
sclerotic bone, where the damaged cartilage comes
into contact with mineralized bone is marked as 3.
In Fig. 1, the distal side of the saw-cuts corresponding
to porous bone is also indicated. The measurements
were performed for 10 samples, which made it possible
to perform the statistical analysis of the crystal struc-
ture parameters for each area.

To prepare bone samples of group I for X-ray dif-
fraction measurements, the saw-cuts were cleaned of
cartilage tissue using a gentle mechanical treatment
with a scalpel, to a subchondral bone plate. Then, to
degrease the cuts and remove the myeloid content
from the trabeculae of the spongy layer, the samples
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Fig. 2. Unit cell constants a and ¢ for CaOHap. C is the area of the values of the constants a and c of the synthesized crystals, ag
and cg in the stoichiometric crystal of CaOHap are marked with an asterisk. The labels I.1—1.4 correspond to the numbers of the
areas in Fig. 1; I1.1—I1.3 indicate the average values of a and ¢ for young, adult, and mature bones, respectively.

were kept for 4 days in a bath containing a 33% aque-
ous hydrogen peroxide (H,0,) solution mixedina 1:1
ratio with hot water (60°C) and supplemented with
a 10% aqueous ammonium hydroxide solution (5 mL).
This solution was replaced daily. Then the bone sam-
ples were soaked in distilled water overnight, changing
it every 6—9 h, to complete the chemical cleaning of
the cuts.

The second group of samples (II) was used to ana-
lyze age-related changes. This group includes samples
of the cortical layer of the middle-third of the femur,
tibia, and humeri of six (for each age) healthy outbred
albino newborn rats with a weight of 50—80 g, adult
rats (120—150 g), and mature rats (250—280 g). To per-
form the measurements, the cortical layer was care-
fully cleaned of soft tissues, washed in a physiological
solution, dried with filter paper, and ground in a por-
celain mortar to a grain size of ~1 pm.

All bone samples were prepared at the Vreden
National Medical Research Center of Traumatology
and Orthopedics. The measurements were performed
at the Resource Centre “X-ray Diffraction Studies” of
the Research Park of the St. Petersburg State Univer-
sity using a Bruker D8 Discover X-ray diffractometer
equipped with a copper anode and a 4-fold germa-
nium monochromator in the range 26 = 5°—100°. The
degree of crystallinity, the unit cell parameters, and
the sizes of coherent scattering regions of CaOHap in
bone samples were calculated by the Rietveld method
using the TOPAS 5 program.
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COMPARATIVE ANALYSIS OF CHANGES
IN THE CRYSTAL STRUCTURE

It was demonstrated that the mineralized phase in
all samples is formed by hexagonal CaOHap. The
degree of crystallinity, the superlattice periodicity,
the sizes of crystallites, violations of their stoichiome-
try, distortions of the unit cell constants, the degree of
crystallinity, and crystallite sizes demonstrate system-
atic concerted spatial-temporal changes [7].

In Fig. 2 the unit cell constants a and ¢ of CaOHap,
determined for samples of groups I and I, are marked
by dots. For comparison, Fig. 2 presents the area C
(shaded region), which includes numerous values of
the constants ¢ and ¢ of the hexagonal CaOHap crys-
tals synthesized by different methods in the study [8].
The asterisk indicates the position of a, = 9.418
and ¢, = 6.884 A [26] in the stoichiometric crystal
of CaOHap.

As can be seen in Fig. 2, there are differences in the
positions of the average a and c values in groups I and
IT and these positions depend on the spatial distribu-
tion of mechanical loads and the age. It should be
noted that ¢ > ¢, in I and ¢ < ¢ in II; almost for all
samples, a < ag; in group I the constants a and c are
located in the area C; in group II, outside this area.
Due to the location of the constants a and ¢ inside the
area C, the conclusions drawn for the synthesized
crystals can be used in the analysis of the crystal struc-
ture of these samples.

Taking into account that the changes Ac;; between
the ith and jth areas are larger than the root-mean-
squares deviations G, [10], it can be said that there are
Vol. 69
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Table 1. Structural characteristics of mineralized bone tissue in different areas for samples of group [
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CaOHap* I.1 1.3 1.2 1.4
a, nm 0.9418 0.9419 0.9416 0.9421 0.9403
¢, nm 0.6884 0.6892 0.6901 0.6894 0.6888
v, %** 0 0.14 0.20 0.21 —0.15
S, %+ 0 0.11 0.27 0.11 0.22
D, % 100 65 42 85 90
L, nm 15 16 11 20
N 1.4 x 10° 1.7 x 103 5.5 x 10* 3.3 % 10°

* Stoichiometric CaOHap (JCPDS no. 09-0432). ** y = M. R = M.

Vap

systematic spatial changes in the constant ¢, which can
be related to the spatial changes in the concentration
(w) of [COs]* ions replacing [PO,4]*". Based on the
linear dependence of the constant ¢ on w, which was
found in [8], we determined the concentrations of
[CO;]* ions in different areas of OA-damaged femo-
ral bone.

The minimum concentration of [CO5]?” ions (car-
bonization) was found on the distal side of saw-cuts in
the area 1.4, and the maximum carbonization was
observed in the area 1.3 (Fig. 1), i.e., on the proximal
side, at the interface between the damaged cartilage
and the mineral. Inside the sclerotic bone area (1.2)
characterized by the maximum mechanical loads, the
concentration of [CO,]?7, like in the intact area (1.1),
is significantly lower. The revealed relationship between
the changes in ¢ and w for bone samples is consistent with
the photoelectron spectroscopy data [10]. Actually, the

analysis of the shape of the Ca** 2p, /12’, /> photoelec-

tron line in [8] demonstrated that the composition of
this line in the areas 1.2 and 1.3 is significantly compli-
cated due to the appearance of new non-apatite states
of Ca?", the maximum contribution of which is
observed in the area 1.3. For comparison, it should be
noted that the contribution of apatite states of Ca?" is
~100% in 1.1 and 1.4.

Unlike the constant ¢, the constant a changes only
slightly in going from one area to another, resulting in
the uniaxial deformation of the crystal unit cell.
Table 1 gives the values of the parameters a and ¢, the
volume v and uniaxial & compression of the unit cell,
the degree of crystallinity D, and the linear sizes L of
crystallites in different areas of group I. The negative
values of v correspond to the volume compression of
the unit cell; the negative values of 3, to the compres-
sion (flattening) along the c axis compared to the unit
cell of the stoichiometric crystal.

An analysis of the constants a and ¢ for group II
demonstrated the systematic changes in these con-
stants in the areas 1.1 — I1.2 — I1.3. The tendency of
these changes suggests that they are related to the
effect of calcium vacancies [7]. However, unlike
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group I, it is difficult to obtain the quantitative data on
their concentration because the measured positions of
a and c are outside the area C. The structural charac-
teristics of bone samples of group II are summarized in
Table 2.

The question remains open as to why a, ¢ ¢ C in
samples of group II, whereas a, c € Cin group I. The
search for the answer to this question is an important
issue. It can be suggested that, apart from violations of
the stoichiometry, there are other mechanisms
responsible for the effects on the unit cell of CaOHap
in bone tissue, which play a more important role in
group II.

A comparison of the data in Tables 1 and 2 shows
that the linear sizes L of crystallites (coherent scatter-
ing regions) in group II are many times smaller com-
pared to those in group I. By evaluating the number of
atoms N in crystallites, we find that these values differ
by more than two orders of magnitude. In I1.1 (young
bone), N <2 x 103; N> 300 x 10%in 1.4 (distal side of
saw-cuts) (Tables 1 and 2). These significant differ-
ences affect the electronic and atomic structure of
crystallites and lead to changes in the mechanisms
responsible for the stability and structural-functional
properties of crystallites at the nanolevel [27]. It
should also be noted that the constants a and ¢ are
most far from the area C for samples I1.1, which con-
tain the minimum number of atoms M.

According to the 3DSL model, the energy of
valence states in the mineral matrix is lower compared
to the band energy £, in the CaOHap crystal [6]. The
shift AE, depends on the crystallite sizes and the thick-
ness of the hydrated layers in assemblies:

d
—E, =~ 2YE, %,
v

AE‘n = Ebone (1)
where L and d are the effective sizes of crystallites and
hydrated layers, respectively, v (=D) is the fraction of
atoms that form a superlattice [6]. This relation was
derived assuming that the energy structure of the crys-
tallite can be approximately characterized in terms of
the band model; crystallites are in essence extended
electrically neutral unit cells of CaOHap that form
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Table 2. Structural characteristics of mineralized bone tissues of different ages for samples of group I1

PAVLYCHEYV et al.

CaOHap* I1.1 11.2 11.3
a,nm 0.9418 0.9413 0.9388 0.9396
¢, nm 0.6884 0.6849 0.6872 0.6875
v, %** 0 —0.61 —0.81 —0.64
S, %+ 0 —0.46 0.14 0.10
D, % 100 84 97 96
L, nm 3.5 4.6 4.5
N 1.8 x 103 4.0 x 103 3.8 x 103

* Stoichiometric CaOHap (JCPDS no. 09-0432).*%* y = M. wEE G = M.
Vap (¢/@)ap

a three-dimensional superlattice (a mesocrystal [28]);
the dielectric properties of the hydrated layers can be
ignored. As can be seen from Eq. (1), a decrease in L
leads to an increase in the difference between the
energy structures of the crystal and the crystallite. On
the contrary, AE, — 0 and the differences are dimin-
ished with increasing L.

As L decreases, the requirement of electrical neu-
trality of the unit cell becomes less stringent because
additional interactions occur between atoms in crys-
tallites and hydrated layers. By considering the min-
eral matrix as a 3D superlattice, it can be suggested
that the compensation of the charge should occur in
the superunit .S, which involves the crystallite and
adjacent hydrated layers [7]. In this case

2 0(r)dr =0, )
5 dr

where Q(r) is the distribution of the electrical charge
in the assembly. The nature of the charge of the crys-
tallite is related to the violations of the stoichiometry
due to the replacement of atoms and the formation of
vacancies. This conclusion is consistent with the
assumption of an excessive negative charge on the
crystallites [7], which has the maximum value in
young bone (II.1) and decreases with age. This charge
is compensated by the positive charge of hydrated lay-
ers. In terms of this model, there are additional elec-
trostatic forces in the superunit S, resulting in its
deformation.

An analysis of this deformation depending on the
physiological and pathogenic factors allows a deeper
understanding of the nature of spatial-temporal
changes in the crystal lattice in bone tissue. Let us
consider its characteristics as a function of the param-

eter T defining it as T = % For group I, ¢ is the time

from the onset of OA disease, T is the average duration
of the disease, ultimately leading to the complete loss
of the cartilage. For group 11, 7 is the age of bone, T is
the average lifetime of the organism. The parameter T
characterizes a combination of changes in the atomic-
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molecular architecture of bone at this point in time 7.
Figure 3 shows the changes in the characteristics of the
crystal lattice depending on T for groups I (black lines)
and II (grey lines). The parameters in the intact area
(I.1) and for young bone (II.1) were correlated to T =
0; the parameters in 1.3 (partially damaged cartilage)
and I1.2 (adult bone), to T = 0.5; the parameters in 1.2
(sclerotic bone) and I1.3 (mature bone), to T = 1.

The plots of a, ¢, v, and d versus T are shown in
Fig. 3. It is seen that the characteristics of the crystal
lattice and the tendencies of their changes are signifi-
cantly different. In group I the unit cell volume is
larger, the unit cell is stretched along the ¢ axis and
shows small changes in the constant a. On the con-
trary, in group II the unit cell volume is contracted,
and the unit cell is flattened along the ¢ axis. The pro-
nounced uniaxial deformation of the unit cell depend-
ing on the age demonstrates that investigations of the
dichroism of photoabsorption are promising for the
visualization of age-related changes in bone nano-
structures.

Let us pay attention to the behavior of the constants
a and c in the range 0.5 <1 < 1 in group I. This range
corresponds to mechanical loads in the case of the
complete absence or a strong damage of the cartilage.
As can be seen in Fig. 3, the constant ¢ increases and
the constant ¢ decreases in this range. Based on the

A4¢ ~ 5, which is similar to the

alAc
Poisson’s ratio for apatite. This result suggests that the

changes in the parameters of the crystal structure of
CaOHap in the final stage of OA may be due to
mechanical loads, which is indicative of the applica-
bility of the Wolff paradigm to bone nanostructures.
Therefore, along with the violations of the stoichiom-
etry, the size effects, and additional electrostatic inter-
actions in assemblies, the changes in the crystal struc-
ture in bone tissue are determined by mechanical loads
in the body during the execution of locomotor tasks.

datainTable 1, % = —

Vol. 69 No.1 2024
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Fig. 3. Spatial-temporal changes in the constants a and ¢, the bulk and uniaxial compression of the unit cell of CaOHap depend-
ing on the parameter T. The symbols I and II indicate the corresponding group of samples.

CONCLUSIONS

The unit cell constants of calcium hydroxyapatite,
the specific features of the unit cell deformations, and
the crystallite sizes in bone tissues were analyzed
depending on the physiological and pathogenic con-
ditions. The systematic spatial-temporal distortions of
the unit cell parameters caused by OA damage and
age-related changes in mineralized bone tissue were
revealed. It was found that, along with violations of the
stoichiometry, an important role in the distortions of
the crystal structure of native bone is played by the
crystallite sizes, additional electrostatic interactions in
the mineral matrix, and the distribution of mechanical
loads during the execution of locomotor functions.
It was demonstrated that the number of atoms, that
form coherent scattering regions in bone tissue, can
differs by more than two orders of magnitude (less
than 2 x 10? in young bone and more than 300 x 103
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in porous bone). Additional electrostatic interactions
occur due to the nonequilibrium charge distribution in
crystallites and hydrated layers. Further investigations
of changes in the crystal structure of mineralized bone
hold promise for the development of new methods for
the control of age-related processes, treatment and
regeneration of damaged bone tissues and also for the
development of new biotechnological tools for the
design of environmentally benign osteomimetic mate-
rials for the conversion and accumulation of electrical
energy.
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