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Studied is the influence of group B vitamins (Bl, B6, B12) on the morphology of
calcium oxalate monohydrate (COM), the nucleation processes and the value of surface
energy. It is revealed that the addition of Bl and B6 vitamins (¢ = 5—50 mM) into COM
solution leads to inhibition of the growth of the crystals and diminution of their size
proportionally to the increase of the addition concentration. The degree of COM crystal
growth inhibition at the introduction of Bl and B6 exceeds 95 %. The value of COM
surface energy is found to decrease in the presence of the vitamins in 40—-50 mM concen-
trations.

Keywords: calcium oxalate monohydrate, crystal growth, vitamins, inhibitory effect,
induction time.

Biomimernyna KpucraJjgisamia KaJplil0 OKCAJaTy MOHOTIApary y NIPHCYTHOCTI
Bitaminis rpynu B. IO.B.Tapaneyv, I.M.IIpumyaa, O.M.Be3kpogHha.

Hocaimxeno Buaue Bitamimie rpynm B (B1l, B6, B12) ma mopdosiorito KpucraaiB Kauab-
mwito okcamary momoriapary (COM), mporecu HyKJjearii Ta BeJUUYNUHY IIOBEPXHEBOI eHeprii.
BusiBneno, mo momasanusa Bitamiuisa Bl i B6 (¢ = 5—50 mmouan/a) B posduna COM npusso-
OATH OO0 NPUTHIUYEHHS POCTYy KPHUCTAJIB i 3MEHIIIeHHsS 1X PO3MipiB mpomopiiiiino 36iJibIIeHHI0
koHueHnTpanii gomimku. Crynine inrioysamns pocry kpucranis COM npu Bsegenni Bl i B6
craHoBUTH moHan 95 % . BecraHoBiIeHO 3HMMKEHHS BEJIUYMHN IIOBEPXHEBOI eHepril Kpucrasis
COM vy upucytHocTti BiTaminiB y xouumenTpanii 40—50 mmoub/ .

B paGote mcciemoBamo BiusHume BuraMuuoB rpynnsl B (Bl, B6, B12) ma mopdosoruto
KPHUCTAJNJIOB Kaablusi oKcasara moHorumapara (COM), mporecchl HyKJeanud U BeJIUUUHY
IIOBEPXHOCTHOI oHepruu. BoisiBieHo, uro pngobasienue suramMuaoB Bl um B6 (¢ = 5—
50 mmoab/n) B pactBop COM mpuBOAMT K MHMMONPOBAHUIO POCTA KPUCTAJJIOB M YMEHBIIIE-
HUIO X PasMepOB IIPOIOPIMOHAJNBHO YBEJIWUYEHHUIO KOHIeHTpauum nob0aBKku. CTelneHb WHIH-
oupoBanusa pocra kpucrannaos COM npu Beegenuu Bl m B6 cocrasasier Goamee 95 % . Vera-
HOBJIEHO CHIJKEHWE BeJIMYUHBI IMOBePXHOCTHOM sHeprum COM B mpuCyTCTBMM BHUTAMHHOB B
kounentpanuu 40-50 Mmoun/ .

© 2021 — STC "Institute for Single Crystals”

1. Introduction

Human organism is a complicated biosys-
tem with continuously running significant
biochemical processes. These processes are
closely interconnected, so a disruption in
one of them leads to violation of integrity
in functioning of the whole of the system
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followed by numerous consequences. A vivid
example of such violations is onset of
pathogenic crystallization which results in
formation of urinary stones, kidney stones,
gallstones, etc. Therefore, establishment of
mechanisms of their formation and search
for the molecules which influence such a
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Fig. 1. XRD pattern (a) and IR-spectra (b) of COM
without additives (1), with 10 mM B1 (2), with 10

phenomenon, belong to topical present-day
problems.

In the present work we studied the processes
of crystallization of calcium oxalate mono-
hydrate (COM), one of main components of
kidney stones [1, 2], in the presence of
water-soluble group-B vitamins (B1l, B6,
B12). Earlier in the literature there were
reported investigations of the influence of
proteins, polysaccharides and surface-active
substances on the formation of COM crys-
tals [3—7]. Up to now the role of vitamins in
the processes of nucleation and growth of
COM has been described insufficiently.
There are only available clinical trials con-
cerning the influence of C, E and A vitamins
[8, 9] As is known, vitamins essentially in-
fluence various physiological processes which
take place in human organism. In particular,
they maintain the functioning of nervous,
immune, cardiovascular systems, participate
in hematopoiesis, raise resistance to ra-
dionuclides. Many vitamins are not synthe-
sized in human organism, so they are to
come from food, or to be introduced in the
form of nutritional additives. Shown in [10]
is the relation between vitamin deficiency
and development of stone formation in ani-
mals. In particular, for 43 % of animals
that did not receive vitamin A with food
there was revealed the appearance of stones
in kidneys and bladder. According to clini-
cal trials, A and E vitamins are able to raise
excretion of oxalate in physiological fluid
and risk of COM crystallization [8, 11]. At
present the influence of the vitamin C is
considered ambiguous. As reported in [11],
intake of this vitamin is not associated with
risk of the formation of pathogenic aggre-
gates. The influence of group-B vitamins
(B1, B6, B12) on the processes of COM for-
mation has not been studied so far.
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mM B6 (3), with 20 uM B12 (4).

In this connection, the goal of the pre-
sent work was to investigate the influence
of water-soluble group B vitamins on the
crystallization processes, morphology and
nucleation kinetics of COM crystals.

2. Experimental

COM crystals were obtained by the reac-
tion of interaction between potassium ox-
alate and calcium chloride under controlled
conditions close to physiological ones [12—
14]. The molar concentration ratio for cal-
cium and oxalate ions [Ca?*]/[C,0427] was
20:1. The solution supersaturation (s) was
calculated according to the formula earlier
applied in [2, 15]. B1l, B6, B12 vitamins
were used in liquid form as the solutions of
thiamine hydrochloride, pyridoxine hydro-
chloride and cyanocobalamine, respectively.
The concentration of B1 and B6 vitamins in
COM model system varied within the range
from 5 to 50 mM, the concentration range
of B12 being 10-100 uM, that did not ex-
ceed the biological concentrations of each of
these vitamins in the organism [16, 17].
Formation of the phase of calcium oxalate
was confirmed by the methods of X-ray
structure analysis (using a Siemens D500
diffractometer) and IR-spectroscopy (on a
Spectrum One PerkinElmer spectrophotome-
ter). The morphology of COM crystals was
studied by means of scanning electron mi-
croscopy (using a scanning microscope JSM-
6390LV). The nucleation kinetic for the
model COM solutions was established by the
turbodimetric method (on a spectrophotome-
ter Optizen 3220UV type) by measuring the
optical density of the solutions at 620 nm
wavelength [18-22]. The degree of COM
crystal growth inhibition by the molecules
of the vitamins was determined from the
time dependence of the optical absorption of
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Fig. 2. The morphology of COM crystals grown without additives (a) and in the presence of 50 mM
vitamin B1(b), 50 mM of vitamin B6 (c), 100 pM of vitamin B12 (d) (f = 0.15, pH = 5.8, s = 4.6).

the solutions at A = 620 nm [18]. The value
of the surface energy (o) of the crystals was

calculated from the Gibbs-Thomson equation
[23]-

3. Results and discussion

The samples of calcium oxalate synthe-
sized during the present research were pre-
sented in the form of the phase of monohy-
drate, other phases were not revealed
(Fig. la). The main diffraction peaks of
COM appeared at 20 values equal to 14.93°
for the reflection (101), 15.29 for the re-
flection (110) and 24.37° for the reflection
(202) [4, 24].

The IR-spectra of calcium oxalate without
additions (Fig. 1b) contain all the absorp-
tion bands characteristic of COM [24]. The
group of bands in the region of 8477-
3047 cm ! is bound up with asymmetric and
symmetric stretching vibrations of OH-
groups in the crystallization water, whereas
the absorption bands at 1618 and 1316 em™1
are caused by the corresponding vibrations
of the group C=0. The peak at 780 cm1 is
connected with vibrations of the group
0-C=0; the absorption bands at 947 em™1
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are due to symmetric vibrations of C-O,
those at 883 cm™1 are caused by vibrations
of the bond C-C, the bands at 660 ecm™! are
connected with vibrations of OH-groups.
The peak at 516 em™! is due to the presence
of the bond metal-oxygen [24]. The IR-spec-
tra of COM crystals grown in the presence
of B1, B6, B12 vitamins (Fig. 1b) contain
the absorption bands in the range from
3100 to 2800 cm ! that correspond to the
aromatic and aliphatic vibrations of the
bond C-H. In the IR-spectra of the crystals
grown in the presence of Bl vitamin there
are also observed the bands characteristic of
thiamine. The absorption band at 1472 ecm™!
is caused by vibrations of pyrimidine ring.
According to our data, the peak at
1658 ecm™! that corresponds to vibrations of
the bond C=N [25] of B1 vitamin is revealed
at 1613 cm 1, and there is observed a shift
of the absorption peak with a change in its
intensity. This is caused by the interaction
between Bl vitamin and the surface of the
growing faces of COM crystal. The IR-spec-
tra of the crystals grown with the addition
of B6 vitamin contain the peaks at
1464 cm™! and 1395 ecm™! that correspond

Functional materials, 28, 2, 2021
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Fig. 3. Typical kinetic curve of pure COM crystallization (s = 6.0) (a); kinetic curves of COM
crystallization (s = 6.0) in the presence of Bl (b) and B6 (c) with the concentrations of: 0 (1), 5 (2),
10 (3), 20 (4), 40 (5), 50 (6) mM; and in the presence of B12 (d) with the concentrations of: 0 (1),

10 (2), 20 (3), 40 (4), 70 (5), 100 (6) WM.

to the phenolic vibration of O-H and
the aliphatic vibrations of C-OH. Pyridox-
ine has a high-intensity absorption band at
~ 1545 ecm™! due to C=C/C=N plane vibra-
tions of pyridine ring [26]. In our case the
given band is shifted, and we observe
changes in the width and intensity of the
peak at 1625 cm™1, that confirms the inter-
action of B6 vitamin with COM. B12 vita-
min is characterized by the absorption band
at 1664 cm™! bound up with stretching of
the propionamide side of the corrine ring,
as well as with the peaks at 1063 and
998 cm~! caused by stretching of the phos-
phate fragment [27]. The spectra of the
crystals obtained in the presence of B12 vi-
tamin (Fig.1b) contain the peak at 1615 cm™
1) but the ones clearly seen at 1063 and
998 em ! are absent. That testifies to par-
ticipation of B12 vitamin in intermolecular
interactions. However, due to a complex
chemical structure of B12 the mechanism of
its interaction with COM crystals has not
been completely established so far, and re-
quires further investigations.
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The SEM microphotographs of COM crys-
tals with the addition of the vitamins (Fig. 2)
make it possible to establish the tendency in
the influence of the introduced vitamin ad-
ditions on the morphology of the crystals. It
is found that the introduction of 5-50 mM
of Bl into the model system of COM leads
to the formation of aggregates, twins and
individual ecrystals with a size of 7-8 um
which have the morphology typical of COM
[28]. Individual COM crystals start to form
predominantly at 50 mM amount of the in-
troduced vitamin B1 (Fig. 2b). The intro-
duction of B6 vitamin in 5-50 mM concen-
trations leads to inhibition of the growth of
COM crystals and diminution of their size
proportionally with the vitamin concentra-
tion. At 50 mM (Fig. 2¢) there is observed
the formation of individual crystals with a
size of about 2 pum, that is five times less
than the size of pure COM. Such an effect is
caused by the adsorption due to the forma-
tion of hydrogen bonds between the B6
molecules and the faces of COM. B12 vita-
min in 10-70 uM concentrations does not
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Table 1. Effect of B1, B6 and B12 on COM induction time

8 Tcoms S T(coM+vit.)s S
B1C,,. =50 mM B6 Cppy =50mM | B12,C, . =100 uM

4.6 300 >7200 >7200 250

6.0 100

8.0 75 >6600 >6600 90

10.0 50 300 400 50

12.0 40 140 300 40

14.0 25 100 100

influence the size and morphology of COM
crystals, however at 100 uM aggregation in
COM decreases (Fig. 2d).

Investigation of the kinetic crystal-
lization parameters permits to reveal the
influence of the vitamins on the processes
of COM nucleation. A typical curve of COM
crystallization includes the stages of nuclea-
tion, subsequent growth and aggregation of
the crystals (Fig. 3a). The kinetic curves of
COM crystallization in the presence of the
vitamins B1l, B6 (5-50 mM) and B12 (10—
100 uM) are shown in Fig. 8. The induction
time (1) for COM without additions is 100 s
and rises proportionally with the growth of
the concentration of Bl vitamin (Table 1).
At B1 concentrations of 5-10 mM 1 = 280-
300 s, with the rise of the concentration up
to 20 mM the time of COM induction be-
comes tenfold larger with respect to the one
for COM without additions, whereas in the
case of B6 it grows 15 times. The introduc-
tion of B1 and B6 in 40-50 mM concentra-
tions raises T by seventy times — up to
7200 s, that testifies to an essential inhibit-
ing influence of the introduced molecules on
COM nucleation. B12 vitamin weakly influ-
ences the kinetics of COM crystallization: at
70-100 uM of B12 the induction time is
250 s. Thus, among the studied vitamins
B1, B6, B12 two of them — B6 and B1 —
were found to exert an essential inhibiting
effect on the processes of COM nucleation.
Seventyfold rise of the induction time is
caused by the formation of hydrogen bonds
between the nitrogen atoms of the vitamin
molecules and the hydrogen atoms that
reach the surface of COM crystal faces.

To estimate the quantitative effect of the
introduced concentrations of the vitamins
on the processes of COM nucleation there
was determined the degree of growth inhibi-
tion (I). According to the obtained results,
at the introduction of 5-20 mM of B1 and
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Table 2. Effect of the concentrations of the
vitamins on the induction time (t) and the
degree of inhibition (I) of COM crystal
growth

C,ir.» mM T, s I, %

Pure COM 100 -
COM + B1 5 280 57
10 300 73

20 1000 75

40-50 >7200 95

COM + B6 5 400 69
10 700 72

20 1500 72

40-50 >7200 95

COM + B12| 0.01-0.06 100 0
0.07-0.1 250 35

B6 vitamins the inhibition degree rises with
the growth of their concentration (Table 1).
The introduction of 50 mM of Bl and B6
leads to an essential inhibition of the
growth of the crystals and raises the inhibi-
tion degree up to 95 % . The peculiarities of
COM nucleation in the presence of B6 and
B1 vitamins are bound up with the absorp-
tion caused by the formation of hydrogen
bonds between the hydrogen and oxygen
atoms of the vitamins and the oxalate
groups that reach the surface of the COM
faces {100} and {010}. The influence of B12
vitamin on COM crystallization is insignifi-
cant (Table 1). This is caused by the chemi-
cal structure of the vitamin: B12 molecule
is larger and more branched in comparison
with the ones of B1 and B6. This prevents
its absorption on COM faces with sub-
sequent crystal growth blocking.

To confirm the interaction of the intro-
duced vitamins with COM crystals there was
estimated the value of surface energy (o) of

Functional materials, 28, 2, 2021



Y.V.Taranets et al. /| Biomimetic crystallization of ...

4 N

o0 g EREa 1

In (1/7)

al kY
8 \\‘ 3
Tt TR
0,1 0,2 0,3 0,4 05
(In 8y

Fig. 4. Kinetic curves of nucleation of COM
crystals without additives (I) and in the
presence of: 50 mM of vitamin Bl (2),
50 mM of vitamin B6 (3), 100 uM of vita-
min B12 (4) with S = 4.6-14.0.

the crystals. It was determined from the
dependence of the nucleation rate on the
supersaturation ranging from 4.6 to 14.0 by
means of the Gibbs — Thomson equation
(Fig. 4). The value of surface energy of
COM crystals without additions determined
for s=4.6-14.0 was found to be
22.0 mJ/m?2 (Table 3).

The introduction of B1, B6 and B12 vita-
mins diminishes the surface energy of COM
(Table 3). When B1 and B6 are introduced
in a concentration of 10—-20 mM the surface
energy of COM diminishes to 20.8 and
20.7 mJ/m?2, respectively (Table 8). The rise
of B1 and B6 concentration to 50 mM in the
model system at s = 4.6-8 decreases the
value of surface energy to 8.2 mJ/m?2, at
s = 8.0-14.0 the surface energy of COM
rises to 33.1 mJ/m2. The kink (s = 8) of the
kinetic curve points to the presence of the
change-over from heterogeneous to homoge-
neous nucleation (Fig. 4). The value of the
surface energy at 20-100 pM content of
B12 vitamin ranges between 21.7 and
21.9 mJ/m?2 and practically correlates with
the one of COM without additions. The dis-
tinction of COM nucleation in the presence
of B6 and Bl vitamins from that in the
presence of B12 is caused by the adsorption
due to the formation of hydrogen bonds be-
tween the hydrogen and oxygen atoms of Bl
and B6 molecules and the oxalate groups
which reach the surface of the faces {100}
and {010} of COM crystal.

4. Conclusions

Studied is the influence of group B vita-
mins (B1, B6, B12) on the crystallization
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Table 3. Effect of vitamins on the surface
energy () of COM crystals

Cypir, mM 0, mJ/m?
Pure COM - 22.0
COM + B1 10-20 20.8
50 8.2 (S = 4.6-8.0)
32.4 (S = 8.0-14.0)
COM + B6 10-20 20.7
50 8.2 (S =4.6-8.0)
33.1 (S = 8.0-14.0)
COM + B12 |0.02-0.04 21.9
0.1 21.7

processes, morphology and nucleation of
COM crystals. The introduction of B6 and
B1 vitamins in a concentration of 40—
50 mM into the model system of COM leads
to inhibition of the crystal growth by 95 %
and favors more than seventyfold increase
of the time of COM induction. It is estab-
lished that B6 vitamin in 40-50 mM con-
centration promotes the formation of indi-
vidual 2 uym COM crystals (the size of COM
crystals without additions is ~ 10 um). It is
established that the value of COM surface
energy diminishes at the introduction of Bl
and B6 vitamins. The kinetic curve of COM
crystallization in the presence of 50 mM of
B1 and B6 has a kink (at s = 8) that points
to the change-over from heterogenic to ho-
mogeneous nucleation (at s > 8).
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