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Abstract

of their dissolutions.

Thermodynamic and experimental modeling of calcium carbonate crystallization in a model solution of human bile has been carried out. The process of
calcium carbonate (calcite and vaterite) crystallization from solutions containing bile has been studied. It is shown that differences in the phase and group
composition of the samples arise depending on the synthesis parameters. It has been established that in the presence of 1 wt. % bile, calcite is formed, and
an increase in the concentration of bile in the initial solution from 5 to 100 wt. % contributes to the crystallization of vaterite. It is shown that the mass of
the solid phase increases with an increase in the concentration of bile in the initial solution. The dissolution of the synthesized samples was performed in
0.9 wt. % NaCl solution and 0.05 M EDTA solution. It was found that the presence of bile components in the composition of solid samples reduces the rate
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Introduction

The influence of a wide range of natural and anthropogenic
factors on a living organism results in the formation of
pathogenic organo-mineral aggregates that occur in most
human organs. Increasing risk factors draw the attention of
science to the problem of the etiology of diseases related to
pathological biominerals. Primarily physicians, as well as
chemists, mineralogists, physicists, and other specialists, are
interested in the studies of the reasons for the diseases.

Among the diseases of the human digestive system, a
special place is occupied by cholelithiasis (GSD, cholelithiasis),
due to its high prevalence. Gallstone disease is a worldwide
problem, the solution of which lies in a detailed study of the
physicochemical mechanisms of lithogenic bile and gallstone
formation. Despite a gradual decrease in mortality due to
gallbladder disease, there is a steady increase in the incidence
of cholelithiasis. It is known that over the past five years,
more than 10% of the world’s population has been suffering
from cholelithiasis. If such an increase in the incidence rate
continues, this figure will increase to 20% by 2050 [1-4]. In
terms of prevalence among all diseases of a modern human,
cholelithiasis occupies a leading position, second only to
cardiovascular pathology and diabetes mellitus. However,
among diseases of the digestive system, cholelithiasis ranks
first, according to several scientists.
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Currently, the physicochemical causes and mechanisms of
gallstone formation have not been fully determined, however,
there are several theories accepted by the scientific community
based on data on the composition of gallstones. According
to the provisions of the micellar theory of bile cholesterol
transport and its physical and chemical substantiations,
the process of formation of cholesterol stones includes the
following stages: supersaturation of bile with cholesterol,
nucleation and precipitation of cholesterol monohydrate
crystals (through the stage of formation and agglomeration
of liquid crystals), aggregation of crystals into microlites
and their growth at further crystallization [5,6]. In this case,
the dispersed characteristics of the precipitates formed
depend on the degree of supersaturation and crystallization
conditions [7-9].

However, according to some scientists, the level of
supersaturation of bile with cholesterol, which is achieved in
reality, is not enough for the formation of “pure” cholesterol
crystallization nuclei: spontaneous nucleation of cholesterol
requires very supersaturated solutions with a supersaturation
of about 300%. Such a concentration of cholesterol in bile
is physiologically impossible for a person. Therefore, the
formation of nuclei of cholesterol crystalline stones occurs as
aresult of heterogeneous crystallization with the participation
of calcium salts, bilirubin, etc. [9-12].
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A correlation between cholelithiasis incidence and changes
in concentrations of some organic components of bile has
been proven. For instance, the evaluation of protein content in
real bile samples was performed by determining the amount
of total nitrogen [13,14]. It turned out that the nitrogen
concentration range in cholelithiasis bile was 1.50 to 1.80
wt.%, which is about 3 times higher than the nitrogen content
in the bile of a healthy person (0.48 wt.%). The increase in the
share of total nitrogen is probably related to the concentration
growth of not only amino acids but also nitrogen-containing
organic compounds like bilirubin and phospholipids.

The contents of most inorganic components in pathogenic
bile are also increased, namely, the mass fraction of sodium
is 1.2 times higher than its content normal, phosphorus and
potassium - 1.5 times, calcium - 2.5 times, magnesium - 4.5
times; iron content is 3.5 times less than the norm. It is known
that calcium cations play a cementing role in the cholesterol
nucleation process and are precipitated from bile in the form
of carbonates, palmitates, and phosphates. Thus, deviations
in elemental and molecular compositions of pathogenic bile,
apparently lead to disruption of its colloidal structure that
promotes coagulation of cholesterol and the formation of
stones.

The processes of calcium carbonate precipitation in
biological fluids (particularly in bile) are complicated, so a
solution to the problem of stone genesis in bile-containing
media is not only of medical significance. It also holds
scientific interest from the viewpoint of determination of the
physicochemical properties of these compounds [15-20].

The reasons for the selective crystallization of CaCO,
polymorphous modification in pathogenic mineralization
are of a complicated nature determined by the specificity of
physicochemical and kinetic factors governing the formation
of stones. In turn, the formation of calcium carbonate crystals
as nucleation centers in bile saturated with cholesterol may
promote cholesterol crystallization and the formation of
gallstones. Thus, experimental modeling of these conditions is
an urgent and significant task.

Amongall the polymorph modifications of CaCO,, vaterite is
formed to a great extent in gallstones due to the crystallization
conditions [5,21,22]. Moreover, vaterite is thermodynamically
unstable and seeks to be transformed in stable calcite
modification. This feature of the phase composition of
gallstone inorganic components is of significant interest since
research in this field can elucidate the true causes of gallstone
formation and help in the development of new drugs and ways
to prevent this disease.

To study the physicochemical conditions of crystallization
and the phase composition of calcium carbonate polymorphs
formed in the real settings of the human body, it is possible
to use thermodynamic modeling methods [23-25], as well
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as synthesis and characterization of CaCO, samples [26,27].
To approximate the model of the bile system to the real
parameters and to simulate its various states in this study, we
use precursor concentrations, which are the norm for a healthy
average person [5,28]. The variations of these concentrations
may correspond to various pathological changes in the state
of human bile.

Thisworkisaimed atthe thermodynamicand experimental
modeling of calcium carbonate crystallization from a bile
solution by varying the solution composition (precipitating
ions, amino acids, albumen) and experimental parameters
(concentrations of substances introduced into the system).

Experimental section

Thermodynamic modeling: Was carried out using a
theoretical model of the formation of a solid phase in the Ca?*-
CO,* system in human bile. We considered a hypothetical
solution where the content of inorganic components, pH,
ionic strength, and temperature corresponded to the average
respective values for the bile of an average adult and healthy
person (Table 1) [5,29,30]. The effect of organic components
of bile on crystallization was not taken into account.

The theoretical characteristics of calcium carbonate
formation as a solid phase in solution are the reference values
of the solubility product at 298 K, recalculated to 310 K

according to the Van-Goff isobar equation: Kosp’310(vaterite) =
1.0110® and K"Sp’m(calcite) =2.7107°[25,31].
0
Ks
Ké)pcond - — P . (1)

YA T8 XAXE
The conditional solubility products were calculated taking

into account the activity coefficients of ions and the occurrence
of protolysis and complexation of precipitate-forming ions.

At SI > 0 and AG < 0, the solution is supersaturated
concerning its thermodynamic equilibrium state, as a result of
which a crystalline phase is formed. All of the physicochemical
processes occurring in the studied system were taken to
be steady-state and isothermal (T = 310 K). All necessary
calculations were carried outin Microsoft Excel 2013 software,
and the diagram was plotted in OriginPro 2018.

Table 1: Ion contents in bile [6].
Value
Parameter N
min avg. max
pH 6.5 7.25 8.0
C, mmol/L
Na* 130 205 280
K* 2.7 8.85 15.0
Ca* 1.2 6.6 12.0
Mg? 1.3 2.15 3.0
Cl- 14.5 70.25 126
HCO," 8.0 31.5 55
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Here, K/ - conditional product of solubility of the
compound (characterizes the equilibrium position taking
into account the total influence of electrostatic and chemical
interactions); IAP - product of ion concentrations in solution
to the extent of their stoichiometric coefficients involved in
the formation of this poorly soluble compound.

In this case, if the calculated value of the supersaturation
index SI for a compound is greater than zero, then under these
conditions, the precipitation of this phase from the solution is
thermodynamically likely.

The possibility of precipitation of a sparingly soluble
compound from solution was also evaluated by the value of
the Gibbs energy of crystallization:

RT I1AP
AG :——~ln—0 (4)
14 KS

Here, R is the universal gas constant, ]/mol-K, and T is the
absolute temperature, K.

The synthesis of calcium carbonate: Was carried out
through precipitation from the aqueous solution (experiment
1) and the bile solution with variations of its concentration
(experiment 2) by the reaction:

CaCl, + 2NaHCO, - CaC0,l + 2NaCl + CO, + H,0 (5)

The precipitate was obtained by mixing the solution of
calcium chloride (CaCl,-2H,0, pure for analysis reagent grade)
and sodium hydrocarbonate (NaHCO,, chemically pure reagent
grade) in equimolar concentrations at room temperature (25
°C). Initial reagents were the salts, twice distilled water, and
bile (preserved medical bile, PC Samson-Med, Russia). Bile
concentration was varied from 1 to 100 mass % with a step of
5 %. In each experiment, acidity (pH) was corrected to 7.0+0.1
by adding a solution of hydrochloric acid (1 mol/L).

All samples were kept during the synthesis in a Biotron-4
thermostat box (SibFTI, Russia) at a temperature of 37 °C,
which corresponds to the average temperature of human
organs. After settling the heterogeneous system for 24 h
to 12 days, the solution was filtered with a step of 24 h, the
precipitate on the filter was washed with water (volume V =
50 mL), and dried in the drying box at a temperature of ~80 °C
to the constant mass. Then the precipitate was weighted and
transferred into the marked container.
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Synthesis of calcium carbonate in the presence of
organic compounds: Preserved medical bile, a 250-mL
sample, was divided into two equal portions (125 mL each).
Then certain quantities and additive concentrations are added
to the first portion, the concentrations of which are given in
Table 2, and Ca2+ was added to the second portion (Table 2).

After the added substances dissolved, the first solution
with the additive was poured from a burette at a rate of
~0.15 mL/s to the second solution, which was thermostated
in a beaker at 310 + 1 K, under continuous stirring. After the
mixing was complete, the thus-obtained solution (250 mL)
was stirred for another 30 min.

Many researchers emphasize that the specificity of the
organic component controls to a great extent the phase
formation in human organisms [32-34]. In this context, an
urgent problem is to investigate the organic component of
pathogenic OMAs.

Syntheses in the presence of glycine and glutamic
acid: The amounts of Ca? ions, glycine, and glutamic acid to
be added were calculated from average Ca?** concentrations
in bile (Table 1) and average amino acid concentrations in
human blood serum referred to 250 mL of the final solution
[35-37].

CaCO, synthesesin the presence of albumen: The weight
of albumen added was varied based on the average protein
content in bile (from 0.025% to 0.14%, i.e., 0.083% by weight
on the average) and in the doubled average concentration
[23].

CaCO, synthesis in the presence of albumen and the
twenty essential amino acids (EAAs): The amounts of
CaCl2 - 2H,0, NaHCO,, and EAAs to be added were calculated
concerning the maximal values from Tables 1,2, respectively,
referred to the 250 mL of the final solution.

The resulting solutions were placed in a Biotron-4
thermostat box maintained at 310+1 K for 120 h. The thus-
obtained precipitates were filtered, washed, and dried at
room temperature until a constant weight was acquired and
until chemically unbound water was completely removed.

X-ray powder diffraction: Characterization of prepared
samples was performed using a D8 Advance (Bruker)
diffractometer. X-ray diffraction patterns were recorded in

Table 2: Contents of major components and additives used in synthesis.

Sample Component, mol

no. CaCl,x2H,0 NaHCO,

Additive

1 Glycine, 6.25x107° mol
2 Glutamic acid, 2.86x10-° mol
1.65x10° | 7.88x107
3 Albumen, 0.21r
4 Albumen, 0.42
5 3.00x10 13.8x1073| 20 EAAs (according to Table 1) and albumen, 0.35 g

July 18, 2024 - Volume 2 Issue 7



ISSN 2995-8067

DOI: 10.61927/igmin227

the range of 5°-80° 20 angles. The qualitative phase analysis
of samples was carried out concerning PDF-2.

IR spectra of solid phases were recorded on an FT-801
(Symex) spectrometer. A 0.5-mg powdery sample was mixed
with 50 mg KBr and compacted into a disk-shaped tablet of
3 mm diameter at room temperature. The spectral resolution
was 4 cm™!; the total number of scans was 32. The spectra of
tested samples were recorded in the range from 400 to 4000
cm~'. The IR spectra were processed in the software OriginPro
2018 and concerning the literature data on the absorption
peak positions for atomic groups [38].

The specific surface area of two solid samples (one sample
from each experiment 1 and 2) was studied using single-point
nitrogen adsorption at 77.4 K with the help of a Sorbtometr
adsorption analyzer (LC Katakon). The values of specific
surface (m,/g) were calculated according to Brunauer-
Emmett-Teller (BET) procedure with a 5 % error.

Dissolution characteristics of the synthesized samples
were investigated in two solvents to simulate the extracellular
fluid of a human organism: sodium chloride (NaCl, 0.9 mass
%) - as a model solution, and ethylenediamine tetraacetic
acid (EDTA, 0.05 mol/L) - as an efficient solvent for calcium
compounds. The dissolution kinetics for the samples of the
obtained solid phases, 0.1000£0.0001 g in mass (the samples
were weighted with analytical balance with the accuracy of 0.1
mg) was studied in a thermostated cell at 37 C for 2 h with the
constant volume of the liquid phase under permanent mixing.
The parameters that were controlled during the experiment
included acidity (pH), the concentration of calcium ions that
passed into the liquid phase (pCa), and dissolution time (t)
for calcium carbonate. The concentration of calcium ions was
determined through direct potentiometry with the help of
an [-160MI ionometer using a Ca-selective electrode. Kinetic
curves were plotted based on obtained experimental data, and
mathematical processing of the data was carried out according
to the algorithm described in [39].

Results and discussion
The thermodynamic modeling

Of solid phase formation in the Ca?- system initially
ignored Ca* complexation but accounted only for the
protolytic interactions of calcite and vaterite. Based on the
calculated data in the pH range from 5.0 to 9.0 units (the
physiological norm of bile pH is the range from 6.5 to 8.0
units [23,328,40]) and when varying the concentrations pC
of Ca** ions and CO,* 0.5 to 6.0 units diagrams of functional
dependences SI = f(pCa®*; pC0O,*") were plotted at different pH
values of the model solution. For clarity, Figure 1 shows two
such diagrams: at pH = 5 and pH = 9. For the corresponding
values of the supersaturation indices, the values of AG
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were calculated with varying pH, and the diagrams of the
dependences AG = f(pCa®; pCO,*) were plotted, in Figure 2
shows diagrams at pH = 5 and pH = 9.

The calcium carbonate stability field was rapidly designed
as pCa? = f{pH). These were three-dimensional diagrams
(surfaces) that described precipitation equilibrium at SI = 0,
above which any figurative point of the system under study
described its state as an ideal solution (no solid phase is
formed; SI < 0), and below this surface, it describes the state
where SI > 0 (a precipitate is formed). The diagram obtained
for calcite appears in Figure 3.

No qualitative distinctions were found between the calcite
and vaterite stability fields; however, all pCa?* values obtained
for vaterite are at a shift of about 0.35 to the negative side. This

Figure 1: Diagrams of dependence of SI on pCa2+ and pC0O32- in a model solution at
pH=5and 9.

AG,Jmol

30000

Figure 2: Diagrams of dependence of AG on pCa2+ and pCO32- in a model solution
atpH=5and9.
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Figure 3: Calcite stability field where Ca2+ complexation is ignored. ‘

indicates that vaterite formation in a model solution requires
higher concentrations of precipitate-forming ions than for
calcite if the other conditions are equal. At pH 7.25 and pCa*
= 1.50 (the mineral composition of human bile, Table 1), to
the critical point (a point inside the stability field) for calcite,
there corresponds pCa?" ~ 2.13; for vaterite, pCa?* » 1.78 [23].

Since calcium carbonate crystallization in bile can be
affected by bile amino acids, we carried out analogous
calculations taking into account Ca%* complexation with
glycine and glutamic acid (separately) using their average
serum concentrations and with twenty essential amino acids
referred to their maximal permissible serum concentrations
(Table 2).

The complexation function was calculated using the
stability constants of Ca** with amino acids [41]. No
qualitative changes were noticed upon the formation of a
low-solubility compound (CaCO,); thus, the stability field of
glycine and glutamic acid in the concentrations created in the
model solution remains unchanged. The decrease in pCa*
corresponding to the critical point is less than 0.0005 units.

In the same way, in the case where the model solution
is added with all EAAs in their highest concentration, no
qualitative changes are observed. Even for pH = 7.25 and pCa**
= 1.50, to the critical point in the diagram, there corresponds
pCa? = 2.13, a value as little as 0.003 pCa?" units lower than
the respective value in the absence of complexation; so, the
appearance of the CaCO, stability field is almost identical to
Figure 3.

Because in real bile calcium carbonate crystallization can
be affected by bile amino acids, we carried out analogous
calculations taking into account Ca%* complexation with
glycine and glutamic acid (separately) using their average
serum concentrations and with twenty essential amino acids
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referred to their maximal permissible serum concentrations.
The complexation function was calculated using the stability
constants of Ca?* with amino acids [41]. No qualitative changes
were noticed upon the formation of alow-solubility compound
(CaC0,); accordingly, the stability field of glycine and glutamic
acid in the concentrations created in the model solution
remains unchanged. The decrease in pCa®* corresponding to
the critical point is less than 0.0005 units.

The figurative point with the coordinates pH = 7.25; pCa*
= 2.18; and pC0O,* = 1.50 describes the state of the human bile
model solution with average respective values. This point
lies above the stability field. The point is characterized by
SI = -0.4. The system in this state is a true solution, which
is, however, very close to precipitate formation (especially
in the case of calcite). So, equilibrium in the considered
system could be easily shifted toward solid phase formation
even when excessive Ca** and HCO," ions would be added in
concentrations equal to average physiological concentrations
(Table 1), just as it was done during the subsequent synthesis
of calcium carbonate.

Synthesis of calcium carbonate

According to the XRD data, independently of the duration
of synthesis, the samples synthesized from the aqueous
solutions (experiment 1) are represented by the calcite phase.
A typical X-ray diffraction pattern of the precipitate contains
reflections in angle regions of 23.0, 29.4, 39.5, and 43.0°
over 20 (Figure 4), which corresponds to the line diffraction
patterns of calcite [2,42]. It is necessary to stress that calcite
precipitated from aqueous solutions contains vaterite as an
admixture. This is confirmed by the peak at 26.0° over 26.
Vaterite content is not more than 5 % (Figure 5).

IR-spectroscopy
The IR spectrum of the synthesized sample (experiment 1,

Relative intensity

I o calcite

20, deg

Figure 4: Diffraction patterns of calcium carbonate synthesized from the aqueous
medium.
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Figure 5: Diffraction patterns of calcium carbonate synthesized the solutions
containing, mass %: 1 -10; 2 - 20; 3 - 30. Synthesis time 24 h.

synthesis time 24 h) (Figure 6) contains absorption bands
(a.b.) characteristic of carbonate groups which are assigned
to bending vibrations in C0,* (702 cm™) and 0-C-0 bonds
in CO,* (880 cm™), stretching antisymmetrical vibrations of
C-0 bonds in CO,* (1407 cm™). The absorption band at 1795
cm™ corresponds to the high-intensity stretching vibrations
of C=0 in COOH groups, while the band at 2499 cm™ is due to
the low-intensity stretching vibrations of C=0 in COOH groups
(see Figure 6).

Chemical composition

It was established utilizing low-temperature nitrogen
adsorption that the precipitate obtained in the presence
of bile (30 mass %) possesses the most developed specific
surface area (5 m?/g) in comparison with calcium carbonate
formed from the solution containing no bile (1 m?/g). An
increase in the specific surface area by a factor of 5 occurs due
to the inclusion of bile components into the composition of the
synthesized samples and by the resulting change in the phase
composition of CaCO,. An increase in the mass of precipitate
from 0.2 to 0.9 g with an increase in bile concentration in the
initial model solution was detected [42].

Itis known that the major bile components are biliary acids
and bilirubin, which can interact with calcium ions forming
the corresponding salts [5,37].

Dissolution kinetics investigation showed that the
interaction of the solvent (medium) with the samples involves
the release of Ca* ions and their accumulation in the liquid
phase. The concentration of Ca?* increases rapidly in sodium
chloride solution (Figure 7) at the initial stage of dissolution.
Later on, the intensity of Ca?* ion release into the liquid phase
from all samples decreases gradually. In the case of EDTA
solution, the concentration of free calcium ions in solution is
lower because the formation of EDTA complexes with calcium
ions takes place (IgK = 10.7, where K_ is a stability constant
of the complex).
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Figure 6: IR spectra of precipitates obtained from solutions with different bile
content: 1 -0, 2 - 10, 3 - 20, 4 - 30 mass %.

Figure 7: Dependences of calcium concentration (pCa) on the time of dissolution (t)
of solid phases (a - 0.9 mass % NaClfor different concentrations of bile in solution: 0
(1), 50 (2), 100 (3) mass %.

The initial values of the rates of calcium release in the
solution were calculated based on the obtained experimental
dependencies pCa =f{t). The experimental kinetic curve (a
change in the concentration of calcium ions) looks like an
exponential dependence, dissolution obeys the first-order
kinetic equation. Because of this, the rate may be determined
as a tangent of the slope of a linear region of the line. One can
see (Table 3) that the initial rate of sample dissolution is higher
for the samples synthesized from the solutions containing no
bile than for the samples synthesized in the presence of bile.
It may be assumed that a decrease in the rate of dissolution of
calcium carbonate formed in the presence of bile is promoted
by the inclusion of the organic components of bile into the
solid phase.
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Table 3: Initial rates (V) of the dissolution of solid phases formed with different bile
concentrations in solution.
. ) NacCl solution EDTA solution
Bile °°“°e“:/ra“°“' (0.9 mass %) (0.05 mol/L)
mass
’ Dissolution stages ¢, min Ve105min-1 t,min V+10%min-1
0 1 0-1 4.0 0-2 5.0
2 2-7 4.79 3-6 12.4
50 1 0-2 3.0 0-2 0.02
2 3-15 7.94 3-6 0.39
100 1 0-4 1.0 0-2 0.01
2 5-15 5.94 3-7 0.27

Synthesis of calcium carbonate in the presence of
organic compounds

The X-ray powder diffraction patterns of the prepared
samples showed that the phase compositions of samples 1-4
almostdo not differ from one another, while sample 5 has some
distinctions. For clarity, Figure 8 shows the diffraction patterns
of samples 3 and 5. One can see that sample 3, prepared in
the presence of albumen (0.083 wt %), features a broadband
(extending from 15° to 55°) corresponding to amorphous
CaCO, (the major phase) and peaks characteristic of minor
calcite (23.0°, 29.4°), aragonite (26.3°), and monohydrocalcite
(32.0°). In the X-ray diffraction pattern of sample 5, the major
phase is vaterite (21.0°, 24.9°, 27.0°, 32.7°, 44.5°, 49.0°, 50.0°,
and 56.0°); peaks characteristic of minor calcite (29.4°, and
39.5°) are poorly defined. The peaks located at 21.7° and 20.3°
and those to the left of them correspond to organic calcium
salts and calcium compounds adsorbed on the CaCO, surface.

The FT-IR spectroscopic characterization of the prepared
calcium carbonate samples correlates with XRD data. Powders
1-4 have nearly identical spectral patterns (Figure 9).

The IR spectra of these samples feature bands due to the
C-C stretching vibrations at 1540-1580 cm™ and narrow
bands at 2850-2920 cm™, which correspond to the C-H
stretching vibrations. These vibrations are characteristic of
the presence of organic molecules in the powder in the form of
calcium salts of organic acids and pigments that enter the bile
or are adsorbed on the surface of crystallizing particles. The
N-H stretching vibrations appearing as a broad band in the
region of 3400 cm™ corresponds to the amino group vibrations
in bilirubin, amino acids, or proteins adsorbed on the surface
of calcium carbonate. The band at 1050-1100 cm™ describes
the O-H and C-N stretching vibrations, respectively, in bile
pigments and bile cholesterol. The asymmetric stretching
vibrations of C-0 in CO, appear as a peak at 2350 cm™. The
spectra also feature stretching vibrations (at 1650 cm™) and
bending vibrations (at 3740 cm™) in a water molecule. The
spectra of four samples feature vibration bands of identical
positions and intensities that correspond to a group of atoms
in CO,”. These are nondegenerate symmetrical changes in
bond lengths (v,(CO,*)) at 1068 cm™, doubly degenerate
deformation of opposite bond angles (v,(CO,* )) at 866~
875 cm™, triply degenerate asymmetrical changes in bond
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‘ Figure 9: IR spectra of (a) sample 3 and (b) sample 5.

lengths (v,(CO,* )) at 1420-1475 cm™ and triply degenerate
asymmetrical changes in one bond length in response to a
change in bond angles (v,(C0,*)) at 720 cm™ [38]. This set of
characteristic IR frequencies points to the presence of calcite
and amorphous CaCO, in the samples. Thus, no changes
have been found in the group structure composition among
samples 1-4. A comparison of samples 3 and 4, which were
prepared in the presence of various albumen concentrations,
showed that a twofold increase in albumen concentration
only insignificantly adds to the absorption intensity at 3400
cm™ (N-H vibrations), indicating an enhancement of diverse
interactions between albumen and calcium carbonate.

The spectrum of sample 5 has some distinctions from
the samples considered above. At 2500 cm™ a band appears
corresponding to the S-H stretching vibrations in sulfur-
containing amino acid molecules (cysteine, methionine),
probably also adsorbed on the surface of the powder. The
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vibrations v,(CO,* ) give a high-intensity band at 1440-1490
cm™!, as distinct from those in the previous samples. At 875 cm~
! awell-defined v,(CO,*) vibration peak appears. The v,(C0,*)
vibrations shift toward 745 cm™. The set of characteristic
frequencies obtained indicates that sample 5 is represented
by a vaterite phase [22].

Thus, the results obtained by XRD, FT-IK spectroscopy,
and optical microscopy demonstrate that the nature and
concentrations of additives in bile, as well as the value of
supersaturation of precipitate-forming ions, can affect the
nature of crystallizing calcium carbonate phases. Qualitative
changes in phase composition are observed in the presence of
all EAAs and albumen in combination at their physiologically
permissible highest concentration in human bile. Some
researchers [43] observe that the presence of aspartic acid
and cholesterol during calcium carbonate precipitation from
aqueous solutions promotes vaterite formation along with
calcite; when exposed to the solution for 96 h, however, the
newly formed metastable vaterite almost completely converts
to calcite, while in sample 5, vaterite is represented as the
major calcium carbonate phase and remains stable even after
exposure to the model solution for 120 h. Hence, we may
suggest that the specific effect on phase formation and the
stability of calcium carbonate is caused by some of the EAAs
or a combination of several amino acids with one another,
with albumen, or with bile components.

Even though modern knowledge of the pathophysiology
of cholelithiasis has recently expanded, the methods of
treatment remain invasive and based on surgical intervention
[44-47]. Thus, in the future, the efforts of scientists should be
directed at finding new preventive strategies to prevent the
occurrence of stone formation among the entire population of
the world.

Conclusion

Asaresultofthe thermodynamic modeling of the formation
of calcium carbonate in a model solution of bile (inorganic
composition), it was found that during the functioning of the
human body, crystallization of calcium carbonate normally
does not occur. The occurrence of local high supersaturations
of precipitate-forming ions in bile can lead to the formation
of CaCO, solid-phase nuclei and further crystallization of
gallstones.

Calcium carbonate was synthesized from bile-containing
solutions.Itwasdetermined thatthe samples synthesizedinthe
absence of bile and with a concentration of 1 mass % contained
calcite. An increase in bile content in the initial solution from
5 to 100 mass % promotes vaterite crystallization. Studies of
the effect of bile on the mass of the solid phase showed that the
mass of the precipitate increases in proportion to an increase
in bile concentration in the initial solution. Investigation of

IgMin Research in SCIENCE

the dissolution of synthesized samples in NaCl (0.9 mass %)
and EDTA (0.05 mol/L) solutions revealed that the presence
of bile components in the solid samples causes a decrease in
the rate of their dissolution.

Performing experimental modeling of calcium carbonate
crystallization in a human bile model solution, we found that
essential amino acids virtually do not affect the formation
of low-soluble compounds (CaCO,), but they yet change the
qualitative phase composition of the resulting powders.
When present in average physiological concentrations,
glycine, glutamic acid, and albumen separately do not modify
the composition of the synthesized samples relative to the
calcium carbonate obtained in a pure bile model solution.
However, when their concentrations increase to the highest
values permissible for their joint presence, they enhance
the formation of vaterite, the metastable calcium carbonate
polymorph, as the major phase.
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