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In this study, the effects of Viburnum opulus (VP) extract on crystal kinetics and morphology of calcium oxalate were investigated in
vitro in an attempt to elucidate the mechanisms of formation of calcium oxalate calculi and further help in seeking inhibitors for
preventing the crystallization. The results showed that Viburnum opulus extract affected the crystal growth of calcium oxalate. It was
found that VP tested in this study was effective on crystallization rate and behaved as an inhibitor for calcium oxalate crystallization. The
presence of VP inhibited the crystal growth of calcium oxalate possibly through adsorption onto the active growth sites for crystal

growth.
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1. INTRODUCTION

The crystallization of calcium oxalate has been the subject
of an increasing number of investigations since it is the most
common component of pathological deposits in the urinary tract.
The majority of kidney stones (80%) contain calcium oxalate
(CaOx) as their primary mineral phase. The urinary stones are
comprised of the crystals not resolved or disposed in the urine. An
increase in urinary supersaturation, the crystallization of CaOx
starts and solid crystalline particles can be observed. Then,
nucleation occurs and stone-forming salts in supersaturated
urinary solution join, so the size of the particles increases [1-6].
Nucleation and the growth of calcium oxalate crystals in urine
affect the formation of kidney stones. The level of supersaturation
of Ca?" and C2042', urinary components such as proteins and
citrate and interactions with the kidney epithelium are thought
essential factors for the formation of kidney stones [7]. Calcium
oxalate monohydrate (COM) and dihyrate (COD) can be formed
in urine or at epithelial cell surface. Thermodynamically stable
COM has a bigger tendency to form stones than COD. COD
crystals are considered as less urolithic than COM, so COD is
easily expelled out from body [8].

The urinary proteins have important role at several stages
of the nucleation, growth and aggregation of COM [7-9]. Citrate
[10], amino acids [11], acid-rich protiens [12], the Tamm-Horsfall
protein [13] and osteopontin [14] can be used to inhibit CaOx
crystallization. Moreover, glutamic and aspartic acids [11],
poly(glutamic acid) and poly(aspartic acid) [15, 16], carboxylate-
modified biopolymers [6], polyelectrolytic and graft copolymers
[1, 9, 17] have also been studied in the crystallization of calcium
oxalate.

In the treatment of kidney stones, there are some treatment
types such as extracorporeal sound wave lithotripsy, surgical
treatments, oral supplements and herbal remedy. The surgical and
medical treatments for urolithiasis are highly associated with risk
factors. Therefore, it is needed to find some better alternative to
these conventional methods. Hence there has been an increasing
interest in growing for using natural ingredients as alternative or
complementary medicines in pharmaceutical industry. To develop
the potential therapeutic drugs, in the form of either extracts alone
or in combination with other herbs can be provide many
opportunities for traditional herbal medicines [18, 19].
Polyasparatic acid, polyglutamic acid and heparin were used for
the inhibition of CaOx [20]. Plants can be used as a traditional
healthcare system to treat kidney stones [21, 22]. The effects of
plant Herniaria hirsute [22, 23], Phyllanthusniruri [24, 25],
Cystone (a polyherbal formulation) [26], lemon and orange juice
[27], Crataevanurvala [28], Chinese herbal medicines [29],
Dolichosbiflorus L. [30] and Khella extract [31] on CaOx were
studied. Still, many drug companies in the world have been
working about traditional folk medicines to identify their active
substances and degree of effect. /n vitro crystallization systems
were widely studied to understand the crystallization mechanism.
Data from in vitro, in vivo and clinical trials reveal that
phytotherapeutic agents could be useful as either an alternative or
an adjunctive therapy in the management of urolithiasis [21]. In
the light of these facts, we studied the spontaneous crystallization
of calcium oxalate in the presence of and absence of Viburnum
Opulus (VP) extract.
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2. EXPERIMENTAL SECTION

In this study, the effects of VP on the calcium oxalate
crystallization have been investigated with spontaneous
crystallization method. Crystal growth experiments were carried
out in a water-jacketed Pyrex glass vessel of 1 L capacity at 37 °C.
Supersaturated solutions for crystal growth experiments were
prepared by slow mixing of 300 mL volume of calcium chloride
(CaCly) and 300 mL volume of sodium oxalate (Na,C,0,)
solutions. In the experiments where VP extract was used a similar
procedure was followed. The freshly prepared VP extract solutions
were added to the oxalate solution. The amount of the fruit juice of
VP was varied from 0.1 mL to 2 mL. The fruit juice of VP was
used after filtered through filter paper. The effect of VP on the
precipitation rate of calcium oxalate was evaluated by recording
the decrease in [Ca®'] as a function of time in a solution containing
3.25 x 10™* M CaCl, and 3.25 x 10™* M Na,C,0,. The precipitation
process, which is accompanied by a decrease in the calcium
activity as a function of time, was monitored and quantified by
means of a Radiometer Impulsomat (PHM290) using the Ca-ISE
electrode (Radiometer, ISE-K-CA). This technique is used to

3. RESULTS SECTION
3.1. Effect of VP on calcium oxalate crystallization rate and
crystal morphology.

The crystallization of calcium oxalate has been investigated
in the presence of VP extract at 37 °C. Table | summarizes the
effect of VP extract on CaOx crystallization rate. The effect of
extract on crystal growth rate was evaluated by comparing growth
inhibition of calcium oxalate crystallization in the absence (R))
and presence of the VP extract (R;). The ability of the VP extract
to act as inhibitor was evaluated by Ry/R; ratios. The higher Ry/R;
values correspond to a better inhibition.

The inhibitory efficiency of VP was defined by Equation 1:

Inhibition (%) = ¥ x 100 (M

0

The presence of additives or foreign ions and molecules
can influence crystal nucleation. The active sides of crystal surface
can be blocked by additives. Adsorption of additives on the
surface of pre-nuclear clusters or embryos reduces the rate at
which they pass through the critical size barrier, thereby
decreasing the nucleation rate [3].

As shown in Table 1, VP is an effective inhibitor in the
crystallization kinetics of calcium oxalate. In this study, the
crystallization begins immediately; there is no induction effect
both in the presence of VP and in control experiments. The
efficiency of additive can be described according to its ability to
inhibit crystallization. Table 1 shows that the degree of inhibition
was proportional to amount of VP. The experimental results show
that Ry/R; ratio increases with increasing amount of VP. The
growth rate reduced to 89.7% in the presence of 1 mL VP. VP
effectively blocked all the active growth sites and hence brought
the calcium oxalate rate to a complete stop over a 6 hr at 2 mL.

measure soluble calcium ions. At the same time, during the course
of some selected experiments reaction aliquots were removed at
various times and quickly filtered through Millipore filters of 0.22
pm pore size. The aqueous phase was analyzed for calcium by
atomic absorption spectroscopy (Perkin Elmer AAnalyst 200). The
atomic absorption results are consistent with the Ca-ISE electrode
results. This means that the reduction in calcium concentration
(drop in soluble calcium ion) is accompanied by crystal formation.
The effect of an additive can be quantified as the ratio of the rate
of crystallization of the pure solution (R,, mol/L.min) to the rate of
crystallization in the presence of additive (R;, mol/L.min) at the
same concentration and temperature. The rates reported were the
initial rapid growth rate calculated from slope of the calcium ion
concentration versus time plots for each experiment. The rates
were determined from at least three separate experiments and only
the average values were reported. The reproducibility of this
approach is 4-5%. The crystals removed by filtration were
examined by scanning electron microscopy (SEM) (JEOL JSM-
SEM) and XRD (PanalyticalX'pertProPW3040/60).

Hence, VP is
crystallization.

an effective inhibitor in calcium oxalate

Table 1. Effect of VP on calcium oxalate crystallization at 37 °C.

Amount of additive, mL Ry/R; Inh. (%)

0.1 1.76 43.0
0.2 1.86 46.4
0.3 2.22 54.9
0.4 5.09 80.4
0.5 6.48 84.6
1.0 9.67 89.7
2.0 n.c -

*mo-crystallization

The chemical composition of VP is given in Table 2. As
can be seen in Table 2 the major constituents in VP are malic,
oxalic, ascorbic and citric acid.

Table 2. The chemical composition of Viburnum Opulus extract [33, 34].

Minerals Mineral Composition (mg/kg)

Calcium (Ca) 60.35
Magnesium (Mg) 60.78
Iron (Fe) 342
Copper (Cu) 0.86
Zinc (Zn) 5.00
Sodium (Na) 402.62
Potassium (K) 2473.80
Organic Acids Organic Acid Composition (mg/100g)
Oxalic 80.5+2.4
Malic 1082.6+10.5
Ascorbic 52.7+1.1
Citric 38.6+0.9

It is known that acidic molecules inhibit calcium oxalate
nucleation, growth, aggregation. A number of studies have
demonstrated that citric acid modifies the calcium oxalate stone
formation by affecting crystal nucleation, crystal growth and
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prevent the formation of large crystals or aggregates [8, 32]. It can
be said that the inhibition of CaOx precipitation involves the
adsorption and/or interactions of the inhibitor -COOH groups with
Ca®" of crystallites [1, 3, 11]. Therefore its inhibitory effect on
calcium oxalate crystallization may be explained by the acidic
molecules adsorption of the active growth sites on crystal surfaces.

It is known that the calculation of the solution
supersaturation with respect to any calcium oxalate hydrate
requires knowledge of the activities of all ions involved. The
distribution and the activities of the ionic species in the
supersaturated solutions were computed by taking into
consideration the possible equilibria which can occur in calcium
oxalate solutions are given by Equations 2-6 [9].

H* + C,0;~ & HC,0; (Ky) (2)
Ca?* + C,0} & CaC,0, (Ky) 3)
Na** + C,03~ & NaC,0; Ky 4
Ca?* + CaC,0, < Ca,C,0, (Kyg) (5)
CaCy04 + 0,7 © Ca(C,0,);~  (Ks) (6)

The relative solution supersaturation with respect to COM,
o, is defined as [1, 9].

12 g U2 (7)
- IPK_K g
p

in which IP is the ionic activity product and K, represented the
thermodynamic solubility product was taken as 2.57x10” mol*/L?
for COM at 37 °C [1]. The supersaturation, S, is defined IP/Kg,.
The solution speciation was computed by using MINEQL +
chemical equilibrium modeling software [35]. It is a free energy
minimization program taking into account all equilibria in the
solution, mass balance and electroneutrality conditions and the
degree of supersaturation was computed by this program.

The protonation reaction, Equation 2, could be ignored,
because the experimental pH was greater than 5 (pH = 6.0-6.2)
[36, 37]. The values of the association constant of ions (K, K;, K3)
were obtained from the literature [38].

Crystallization rate varies with the relative supersaturation
(o). The crystallization rate can be expressed in terms of
semiempirical kinetics equation;

R ¢ = kro'n (8)

Crys
in which R, is the crystallization rate, k, is rate constant for
crystal growth and n is the apparent order of the crystal growth.

The equilibrium of different concentrations of calcium
oxalate solutions was investigated with using MINEQL +
program. Logarithmic plots of the rates of calcium oxalate
formation as a function of relative solution supersaturation yielded
a straight line as shown in Figure 1. The value of n, the effective
order of the reaction, is calculated from the slope of the line. It
was found as 2.10 calcium oxalate growth in the presence of 0.5
mL VP. The order of the crystallization, n = 2, is indicative of a
surface nucleation controlled mechanism. This value is in
agreement with earlier reports on the crystallization of calcium
oxalate [1, 39].
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Figure 1. Logarithmic plot of rate of precipitation of COM versus the
relative solution supersaturation.

Scanning Electron Microscopy (SEM) was used to observe
the effect of VP on particle size and crystal morphology. The
presence of additives in supersaturated solutions affects not only
the kinetics of crystal growth but crystal size as well, as shown in
Table 3 and Figure 2. In all experiments calcium oxalate
monohydrate (COM) was the dominant phase in all concentrations
as identified by X-ray diffraction (XRD). The dimensions of
minimum of 50 crystals in each sample were measured from SEM
photomicrographs. The average value of the dimensions was given
in Table 3. The individual crystals of platelets and flower-like
agglomerates were observed during crystallization of CaOx. The
crystals with an average width of 3.12 pm and a length of 7.92 uym
were obtained in the absence of additive. The data given in Table
3 show that an average particle size of the crystals reduced in the
presence of VP. The plate like particles with an average width of
2.01 um and a length of 4.07 pum were grown at 0.5 mL.

.:"/ V lll \ | |

additive, (b) with 0.1 mL VP, (c) with 0.2 mL VP, (d) with 0.3 mL VP,
(e) with 0.4 mL VP and (f) with 0.5 mL VP.

Page | 1066



A Kkinetic study for calcium oxalate crystallization in the presence of Viburnum opulus extract

Table 3. Comparison of calcium oxalate crystal characteristics based on
SEM results in the presence of VP.

Additive, (mL) L (um) W (um) | A%Y
Control 7.92 (+1.48) 3.12 (+0.69) 2.54

0.1 6.27 (+0.99) 2.86 (+£0.52) 2.19

0.2 5.12 (£1.28) 2.35 (£0.68) 2.18

0.3 4.91 (£1.69) 2.24 (£0.83) 2.19

0.4 4.70 (£1.30) 2.08 (+0.83) 2.26

0.5 4.07 (£1.68) 2.01 (£0.91) 2.03

W: width; L: length

The X-ray powder diffraction patterns of calcium oxalate
crystal samples in the presence of and in the absence of VP are
shown in Figure 3. XRD spectra of all samples have shown peaks
characteristic for COM. In the presence of VP, the grown
prismatic crystals were identified as COM by XRD and compared
with that of the powder diffraction File 9-432 JCPDS 2000. The
principal diffraction peaks of COM appear at 26 values of 14.931
for reflection (101), at 15.291 for reflection (110), at 24.371 for
reflection (020) and at 30.111 for reflection (202). All intensity
peaks of the XRD patterns of the COM powders produced were
exactly matched with the structural data of the COM described in
standards.

2000

Standart COM
a |
4!
E 1000
[&]
i
\J' IIJ J
i bl L oAbl a i LUkL o
10 20 30 I s0 60 ) 30
2 Theta
2000
Standart COM
g |
glonn |
S
\ f
. |
! |
\M | ‘
Py e | LAORS || N. i M o e o
10 20 30 10 S0 40 0 50

2 Theta
Figure 3. XRD powder patterns of crystals (a) in the absence of VP (b) in
the presence of 0.5 mL VP.

3.2. Adsorption mechanism.

There have been many papers related to the effect of additiv
kinks in ledges and at the terrace of surface. According to the
model, inhibition is assumed to be accomplished through a fence
of adsorbed additives ions upon the crystal surface [3]. Simple
linear adsorption isotherms are appropriate to evaluate the
experimental data on growth kinetics [44, 45]. Crystal faces can be
restricted with the additives on the crystal surface. The growth of
the crystallites is reduced or blocked by adsorption of additive, so
they never reach critical size [3, 46].

According to the Vermilyea [38], the inhibitor will stop a
step moving across the crystal surface. Only a few proportion of
available crystal surface are covered with inhibitor, so the growth
of mineral will be blocked. This phenomenon can be explained by
preferential adsorption. In recent years, a new kinetic model
describing the adsorption of an impurity along steps was
developed by Kubota and Mullin [45]. As pointed by kinetic
model, there is a direct proportion between step velocity and
surface coverage. Impurities are adsorbed on the growing crystal.
An impurity effectiveness factor a for the adsorption is described.

In the case of a spiral growth mechanism, the relationship
between the relative growth rate R/R, and the fraction coverage, 6;
of the surface in the presence of impurity may be given by

Equation 9 [40],
j =a"0,

(Ro - R, 9)

R,
where a is impurity effectiveness parameter and 6, is the coverage
of adsorption-active sites. While the exponent n = 1 represents the
case at which impurity adsorption occurs at kinks in step edges as
in Kubota-Mullin model, » = 2 represents adsorption on surface
terrace as in Cabrera-Vermilyea model. Following equations
described 6; from the Langmuir and Temkin adsorption isotherms;

KC. .
0 =——7— Langmuir
1+ KC, isotherm (10)
0. =ZInC,+ZInC, Temkin isotherm (11)

where K, Cy, Z are constants and C; is the amount of additive in
solution. In Eq. 10, K is the Langmuir constant given by,

K=expQ,, /RT (12)

where Qg (kJ/mol) is the differential heat of adsorption
corresponding to impurity coverage #; of the available adsorption
sites. The constant Cy is expressed as,

C,=expQl, /RT (13)

where Qod,-ﬁ- (kJ/mol) is the initial
corresponding to 6;.

Using Equation 9 in combination with the Langmuir and
Temkin isotherm (Equations 10-11) we can write the following

equations, linear in (1/C;) and In(C;) for n = 1(kink site).

T P
R,—R, KC

heat of adsorption

Langmuir Kink  (14)

R,-R

2 L =za( InCy+ InC;) Temkin Kink  (15)
0

When the adsorption site is the surface terrace (n = 2)
R,
R, —R,

i

2
=a?| 1+ L Langmuir Terrace  (16)
KC

|
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Figure 4. Plots of Ry/(R, —R;) and [R¢/(Ry —R)]* against (1/C;).
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Figure 5. Plots of (Rg—R;)/Ry and [(Ry—R;)/R,]” against In(C;).

4. CONCLUSIONS

It was found that the VP tested in this study is an effective
inhibitor for the formation of calcium oxalate crystals and could
therefore play a potential role in the prevention of calcium oxalate
crystals, the main crystalline components of the stones. The
presence of VP inhibited the crystal growth of calcium oxalate
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