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Calcium oxalate (CaOx) is the main compound of human kidney stones, specifically
calcium oxalate monohydrate crystals (COM ). Normal human urine contains small
crystals of calcium oxalate dihydrate (COD ), which have reduced capacity to form
stable aggregates and strong adhesion contacts to renal epithelial cell thus protecting
kidney stone formation. Here, we report the preparation of a new monomethylitaco-
nate grafted polymethylsiloxaner, which was able to promote and stabilize COD
crystals. Although the mechanisms involved in control of CaOx polymorphism still
remain unclear, we believe that research using synthetic polymers would provide
interesting chemical clues to develop calculi preventing-compounds.

Keywords Biomineralization; calcium oxalate; human kidney stone; polymethyl-
siloxane

Introduction

Kidney stone disease or nephrolithiasis is a complex encompassing several physico-
chemical phenomena occuring sequentially or concurrently in human. Up to 15%
of white males and 6% of all females will have at least one renal stone during their
lifetime [1,2]. Molecules in healthy human urine including citrate, glycosaminogly-
cans (GAGs) and glycoproteins can block crystal adhesion to renal cells [3]. Citrate
can be orally administered and it appears to be effective treatment against human kid-
ney stones (HKS) formation. The potential mechanisms by which citrate prevents the
HKS are e.g., increased urinary pH, decreased Tamm-Horsfall protein aggregation
and decreased crystal adhesion to tubular cells [4]. However, not all patients tolerate
oral citrate well whereas other remain active stone formers while receiving it.
Although, the use of low-invasive operations employing shock wave lithotripsy and
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endoscopic treatment have been a common treatment, the prevalence of urolithiasis
has been increasing year by year. Many research has been carried out in the last dec-
ade to clarify the molecular mechanisms involved in the HKS formation by using
CaOx crystals but still is not completely understood [5-12]. Many patients have meta-
bolic abnormalities, such as over-excretion of calcium and oxalate ions in the urine,
that seem to explain their tendency toward HKS formation [5]. The recurrence of
HKS rate is quite high, about 50% at 10 years and 75% at 15 years when no treatment
at all is given [6], dietary advice to reduce the risk seems to be important. Until now no
pharmacological treatment is available for the prevention of HKS.

In nature, CaOx exists as three polimorphs: calcium oxalate monohydrate
(COM), calcium oxalate dihydrate (COD) and calcium oxalate trihydrate (COT)
[7]. CaOx is the most often crystalline phase in HKS. Oxalate is present in many
foods and it has been reported an endogenous contribution closer to 50%, the
remainder being of dietary origin [8]. Several investigations have shown that organic
materials play an important role in the in vitro CaOx crystallization during the HKS
process by using Langmuir monolayers [9,10], membrane vesicles [11] and phospho-
lipids’ micelles [12]. Proteins, phospholipids, polysaccharides and other polyanionic
organic molecules are involved in the inhibition of CaOx nucleation, crystal growth
and attachment to cells in vitro. Recently, it has been described that the Sargassum
fusiforme, a sulfated polysaccharide isolated from the marine algae, could decrease
the size of COM and COD crystals, inhibits the aggregation of COM and induces
the formation of COD [13]. However, the mechanism how these biomolecules
prevent the HKS is not completely understood.

On the other hand, polysiloxanes (PMS), usually referred to as silicones, find
numerous applications in different fields of chemistry and engineering. PMS repre-
sents the most widely used silicon-containing polymer in different industrial and
medical applications [14,15]. Polydimethylsiloxane (PDMS) and polyhydrogen-
methylsiloxane (PHMS) have versatile properties such as flexibility, permeability
to gases, low glass transition temperature, biocompatibility, etc. All these applica-
tions rely on the unique physical and chemical properties of silicones in the bulk
form and at interfaces. Additionally, the hydrosilylation reaction of polymers have
attracted great interest due to the practical outcome and recent development in
silicon-based organic polymers [16,17]. The main synthetic route leading to the
modification of polysiloxanes is the hydrosilylation of polysiloxanes containing
labile Si—H bond and by using platinum catalysts [18]. Speier’s catalyst is the most
commonly used catalyst for these reactions [19]. Modified PMS polymers become
very attractive as new templates for CaOx in vitro crystallization assays [20,21].
Although the production of modified PMS for both medical and non-medical
application has been reported [22-26], the available information concerning the
effect of PMS on pathological biomineralization of CaOx is very scarce. It is well
known that PMS can be chemically modified by introducing chemical groups such
as -CO,H, -POsH, -SOz;H, which are found in biological macromolecules [27-29].
The presence of these functional groups in modified PMS can emulate the role of
the biological molecules during the in vivo crystallization of CaOx. The present
work is motivated by the possibility of using functionalized PMS as a template
for in vitro CaOx crystallization and by the paucity published works with PMS
in biomineralization field. We report here the synthesis of polymethylsiloxane
grafted monomethylitaconate (CO,H-PMS) and its effect on the nucleation and
crystal growth of CaOx.
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Experimental
Materials

Calcium chloride (CaCl,), sodium oxalate (Na,C,0,), ethanol, sodium hydroxide
(Analytical grade) and tris(hydroxymethyl) aminomethane (TRIS), and toluene
(99.9%) were obtained from Merck. Methylene chloride (CH,Cl,>99.5%) and
Petroleum ethers 98% boiling range 40-60°C were from Sigma-Aldrich. These
reagents were of the highest available grade. Distilled water was filtered through a
filter membrane having a pore size of 0.2um. Toluene and methylene chloride
were dried and distilled under argon. Both were purified by refluxing over lithium
aluminum hydride (Aldrich-95% pellets, particle size 10 x 6 mm) for 72h and Na,
respectively. The dicyclopentadienyl platinum (II) chloride (Cp,PtCl,) catalyst used
for the hydrosilylation reaction was synthesized from hydrated hexachloroplatinic
acid (IV) called Speier’s catalyst and the diclyclopentadiene [30]. The monomethyli-
taconate (MMI) was synthesized by direct esterification of itaconic acid (Aldrich)
with methanol and its purity was checked by '"H NMR spectroscopy as was
described in a previous work [31]. The PDMS-co-PHMS (M of 16349 g/mol and
polydispersity of D =2) was synthesized through cationic ring opening polymeriza-
tion from octamethylcyclosiloxane (D4) and 1,3,5,7-tetramethylcyclotetrasiloxane
(D). The PDMS-co-PHMS (15, = 0.5) was used for hydrosilylation reaction
with purified MMI.

Hydrosilylation Reaction

The hydrosilylation of PDMS-co-PHMS with MMI was carried out using
CpyPtCly[32,33]. This catalyst is not commercially available. Briefly, MMI
(20 mol-% excess respect to the Si—H of copolymer) was dissolved in 100ml of
sodium-dried, freshly distilled toluene together with the stoichiometric amount of
PDMS-co-PHMS. The reaction mixture was heated to 85°C under argon and then
100 pl of Cp,PtCl, in CH,Cl, was injected. The mole ratio of Pt/SiH catalyst was
1.5x 107*. Then, the mixture was refluxed under argon with agitation until the
FTIR showed that the hydrosilylation reaction was complete (ca. 24 h). The excess
of solvent and the unreacted materials were removed with a Heidolph rotary
evaporator at 70°C. The product was precipitated with petroleum benzene. The
supernatant was separated and the resultant CO,H-PMS was dried under vacuum
at 50°C for 2h. The yield from the hydrosilylation was 95%. The synthetic route
for the preparation of CO,H-PMS by hydrosilylation reactions is shown in
Figure 1.

In Vitro Crystallization of Calcium Oxalate

The crystallization of CaOx was carried out by using the method described by
Yamaguchi [34]. The crystallizations were performed at pH 4, pH 6 or pH 9 and
either at 25°C or 37°C. Briefly, 800 pul of 2mM CaCl, in 0.2M buffer Bis-Tris at
pH 4, pH 6 or pH 9 were placed in an Eppendorf tube. Followed by adding a
800 ul of 2mM sodium oxalate in 0.2M buffer Bis-Tris either at pH 4, pH 6 or
pH 9. After that, the in vitro crystallizations of CaOx were carried out by using
two different concentrations of PMS or CO,H-PMS, either 32 pg/ml or 1 mg/ml,
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Figure 1. Synthesis of CO,H-PMS by using hydrosilylation reaction.

at pH 4, pH 6 or pH 9, respectively. After 24 h the reaction mixture was filtered
through 0.2 um Millipore filter. The experimental set up for the crystallization of
CaOx is shown in Figure 2. The resultant CaOx crystals were dried at room
temperature for 24 h. Finally, small pieces of the Millipore filters containing CaOx
crystals were fixed on a metallic support, coated with gold and observed by SEM.

Measurements

Fourier transform infrared spectroscopy (FTIR) of PDMS-co-PHMS and
CO,H-PMS were obtained on a Bruker model Vector 22. The samples were prepared
as potassium bromide pellets. The molecular weight (MW) determination of
PDMS-co-PHMS was carried out by using PSS-Win GPC-PSS Gel Permeation
Chromatography (GPC). The CaOx crystals formed after in vitro crystallization were

Polymer
additive
Eppendorf —
tube
25°C and 37°C
CaOx
crystals

A M
3

Figure 2. In vitro crystallization of CaOx.
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dried, fixed to a metal support and then coated with gold using an automated sputter
coater (EMS-550). Crystals of CaOx formed in the presence of PDMS-co-PHMS
used as negative control and with CO,H-PMS were observed in a Tesla BS 343A
scanning electron microscope at 15kV. Additionally, TGA of PMS and CO,H-PMS
were carried out in a Q50 V20.5 Build 30 instrument.

Results and Discussion

The main synthetic route leading to the modification of PMS is the hydrosilylation
reaction using platinum catalysts. The hydrosilylation refers to an addition of Si—H
to C=C bonds and represents the usual synthetic route for laboratory scale prep-
aration of organosilicon derivatives [26]. The hydrosilylation of the starting
PDMS-co-PHMS was monitored by FTIR, following the decrease of the Si—H
absorption band. Figure 3(A-C) represents the FTIR of PDMS-co-PHMS, MMI
and CO,H-PMS. Figure 3A shows the FTIR spectrum of an organosilicon with typi-
cal absorption bands at 2967 em™ !, 2160cm ™!, 1105em™!, 1206 cm™! and 801 cm ™!
assigned to the stretching vibration of C—H, Si—H, Si—O-Si and Si—CH3;, respect-
ively [35,36]. The spectrum of MMI presented in Figure 3B shows the absorption
bands due to the stretching vibration of C=0 at 1729cm™"'. It is clearly seen from
Figure 3C that the absorption band of Si—H from PDMS-co-PHMS disappeared
demonstrating that the hydrosilylation reaction has took place. The absorption
bands at 2961 cm ™' represent the incorporation of carbon/hydrogen bonds on the
main chain of CO,H-PMS. The presence of carboxylic and carbonyl groups and
the silicon-oxygen ester bonds of the grafted CO,H-PMS corresponding to the
stretching vibration of O—H, C=0 and Si—O-—Si bonds can be seen at 3502 cm” L,
1741ecm™' and 1099cm™!, respectively. The absorption band observed at
1741 cm™" is due to the carbonyl group of the ester linkage of MMI confirming its
incorporation in CO,H-PMS. This absorption band of MMI has been observed at
similar position when it was grafted to polyethylene chains [37]. The absorption
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Figure 3. FTIR spectra of PDMS-co-PHMS (A), MMI (B) and CO,H-PMS (C).
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bands at 1264 cm ™" and 808 cm ™' also confirm the presence of the Si—CH; bond. On
the other hand, the TG analysis showed that CO,H-PMS was thermally more stable
than the starting PDMS-co-PHMS copolymer. TG results of PDMS-co-PHMS
showed a maximum decomposition temperature at 406°C and the synthesized
CO,H-PMS template shows two stage decomposition at 438°C and 694°C (data
not shown).

It is known that CaOx is the main compound of HKS, in which three poly-
morphs of calcium oxalate monohydrate (COM), calcium oxalate dihydrate
(COD) and calcium oxalate trihydrate (COT) has been described [7,38]. Thus,
COM is elongated hexagonal crystals with an average size of 5.0 x 2.0 um, where
the surfaces of most crystals are rough. In the case of COD bipyramid morphology
with eight faces has been described. Atomic force microscopy measurements reveal
that the adhesion strength of COM and COD faces, using functional groups
i,e., COO™ and NH, as a probe, decrease in the order COM (100)>COD
(100)=COM (121) > COM (010) > COD (101). This ranking establishes a crucial
link between the pathologic behaviors of COM and COD and the adhesion strengths
of their respective crystal surfaces, and supports the critical roles of aggregation and
crystal adhesion to renal epithelial cells in the HKS formation. COM, the pathogenic
form, exhibits large {100} faces when is grown in urine-like media. The kidney stones
often contain stacks of COM plates emanating from a central nidus attached to renal
surfaces. These stacks are developed by crystal-to-crystal attachment of the large
{100} faces. Thus the most prominent COM face exhibits the largest adhesion
strength, an ideal combination for creating robust COM aggregates and strong
attachments to epithelial cell that can persist under stresses experiencing during flow
in the renal tubules. Conversely, the protective COD crystals always exhibit extended
{101} faces when grown in urine-like media and the exposed area of COD {100} is
minimal. Thus, the more adherent face, COD {100}, is nearly inaccessible for
adhesion contacts. Instead, the most prominent face, COD {101}, displays the weak-
est condition strength. This condition would make COD aggregates and attachments
to cell membranes less stable, thereby reducing the tendency to form stones, as
reflected by the large amounts of individual COD microcrystals found in voided
urine [39].

Macromolecules isolated from urine of healthy people inhibit the crystal
growth of COM in vitro, favoring the formation of COD over COM. Two reported
candidates for inhibition of this crystal formation are Osteopontin (OPN) and
Tamm-Horsfall protein (THP). OPN is an acidic phosphorylated glycoprotein iso-
lated from bone matrix, which contains several sequence domains that are rich in
the dicarboxylic acid and aspartic acid. It is believed to play a role in modulating
mineralization of normal bone by enhancing the osteoclast activity and halting
hydroxyapatite crystal growth [40]. OPN is also expressed by normal renal epithelial
cells, particularly cells of the ascending limb of Henle’s loop and the distal convo-
luted tubules [41,42]. THP is also expresed by the kidney epithelial cells, but unlike
OPN, THP is kidney specific [43,44]. The precise mechanism by which THP and
OPN has inhibitory effect on CaOx formation is under investigation, but it appears
that direct binding between these macromolecules and Ca**" ions or Ca-crystals may
be crucial. Both proteins contain Ca-binding motifs, with OPN having one and THP
having two in its epidermal growth factor (EGF)-like repeats [42]. Alternatively,
THP and OPN could bind to Ca®>" via their abundant negatively charged groups.
THP is highly sialylated, whereas OPN is both sialylated and highly phosphorylated
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at its clusters of serine and threonine residues [45,46]. The multiple consequences of
this binding reaction are: (a) reducing the intratubular Ca*" concentration to below
the threshold of crystallization, (b) inhibiting Ca-crystal aggregation and growth,
and (c) blocking crystals from adhering to the renal epithelial cells, a critical step
in HKS retention [47].

In order to evaluate the effect of carboxylate moieties of CO,H-PMS as an
additive on in vitro CaOx mineralization, a set of experiments was performed and
the morphology of the resultant CaOx crystals was observed. The CaOx crystalliza-
tion was carried out at 25°C and 37°C, since previous studies have been conducted at
these temperatures [48,49]. Mineralization experiment at 37°C, emulating the physio-
logical conditions, was also performed. Additionally, we tested the effect of PMS
and CO,H-PMS on CaOx crystallization in vitro varying the pH values at 4, 6
and 9. Figure 4 shows SEM images of CaOx crystals grown in the presence of
PMS and CO,H-PMS as additive during mineralization assays at 32 pg/ml and
I mg/ml concentrations with pH 4 and 9 at both temperatures. Figure 4A shows
the morphology of the 0.2 pm Millipore filter’s surface. Figure 4B shows a grouped
flat of contact twin COM crystals with predominance of (100) face with
13.6 x 4.95 pm of size when 32 pg/ml of PMS was present at pH 4 at 20°C. Similarly
flat twin COM morphology with 32 pg/ml PMS at pH 4 but at 37°C were observed.
Figure 4D show the influence of 32 pg/ml CO,H-PMS as additive at pH 4 at 20°C.
Here we observed aggregated COM crystals with {010} and {100} faces. The effect
of pH can be seen in Figure 4E, where we used 32 pg/ml of CO,H-PMS at pH 9 at
20°C. In this case we observed single and aggregated twin COM crystals with {010}
and {100} faces (not observed at this magnification). We also observed single COD
crystals with tetragonal bypiramidal shape. Finally, when the CO,H-PMS was used
at 1 mg/ml concentration in a buffered solution at pH 9 and at 37°C (Fig. 4F) we
observed both COM and COD crystals. Contact twin of COM crystals with {010}

Figure 4. SEM images of Millipore filter (A), and CaOx crystals formed in presence of
32 pg/ml PMS at pH 4 and at 20°C (B), 32 pg/ml PMS at pH 4 and at 37°C (C), 32 pg/ml
CO,H-PMS at pH 4 and at 20°C (D), 32 ug/ml CO,H-PMS at pH 9 and at 20°C (E) and
1 mg/ml CO,H-PMS at pH 9 and at 37°C (F).
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and {100} faces are observed. Moreover, single COD crystals with tetragonal bypir-
amidal shape and {011} face were observed.

We found that both concentrations of CO,H-PMS were able to modify the
nucleation and crystal growth of CaOx. Moreover, the stabilization of COD and
its dissolution and re-crystallization process in COM was avoided. The COD crystals
were observed at pH 9 when CO,H-PMS was used at 32 pg/ml and 1 mg/ml at 20°C
and 37°C, respectively (Fig. 4E and F). These observations are in agreement with pre-
vious studies, where anionic macromolecules could inhibit the nucleation, growth and
aggregation of CaOx crystals, and are involved in the in vitro cells attachment [50,51].

On the other hand, it is known that PMS has a much higher permeability to
gases than other synthetic polymers, which can be convenient for the current gas
diffusion set up. This occurs because of the torsion and bending flexibility of
CO,H-PMS as an organosiloxane compound, which elicits a characteristic
nucleation and growth of CaOx crystals. We suspect that the CO,H-PMS is
adsorbed on the CaOx surface. Consequently, the carboxylate groups could induce
a local Ca®" ion accumulation. This is more pronounced at higher pH acting as
nucleation sites thereby leading to the formation of CaOx crystals by heterogeneous
crystallization. The presence of Si atoms on the surface of CaOx crystals by
SEM-EDS is under study.

Anionic bioorganic molecules extracted from Semen Plantaginis and Folium
Pyrrosiae can induce crystal growth of CaOx with similar mechanism [52]. Silica
(SiO,) molecules, for example, decrease the size of COM crystals and promote the
formation of COT in detriment of COM [53]. This may be explained by specific geo-
metric relationship between active functional groups of SiO, e.g., surface hydroxyl
groups and interatomic distances on the crystal faces of COT. Thus, attachment
of newly formed crystals to renal epithelial cells appears to be a critical step in the
development of HKS, but only preliminary information is available about the mole-
cules mediating this interaction [54-56]. Pre-coating of COM crystals with poly-
anions and pre-coating of cells with polycations inhibited crystal attachment to
cultured renal epithelial cells [57,58], implying that anionic cell surface molecules
play a prominent role in attachment of crystals to the cells. Crystal adhesion
decreased markedly after neuraminidase and trypsin treatment of BSC-1 cells, sug-
gesting that the role of anionic sialic acid-containing proteins in the binding process
is crucial [59]. Thus, annexin II (Ax-II) proteins has been identified as potential
crystal-binding molecules on the apical surface of MDCKI cells [60]. These mole-
cules have been characterized as a conserved COOH-terminal protein that mediates
their membrane and Ca-binding properties. COM crystal adhesion decreased signifi-
cantly after MDCKI cells were pretreated with a monoclonal antibody against
Ax-II. However, crystal binding to antibody-treated cells was not abolished com-
pletely, suggesting that Ax-II may be one of several cell surface crystal-binding mole-
cules e.g., glycoprotein, phospholipid, GAGs, etc. Therefore, in the intact nephron
Ax-II could mediate adhesion of COM crystals to cells allowing endocytosis, and
altered exposure of Ax-II on the surface of injured renal tubular cells could promote
crystal retention and possibly HKS formation. Apoptosis is another mechanism
involved in crystal attachment to epithelial cells following injury. Apoptotic changes
include exposure of annexin binding phosphatidylserine to the cell surface as well as
morphological changes [61-63]. Negatively charged phosphatidylserine attract Ca>*
and can act as sites for the attachment of calcific crystals to the cell surfaces [64]. The
supersaturation of urine by Ca”>" and oxalate ions is not the only factor to explain
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the urolithiasis. Another important factor is that in renal epithelial cells hyperoxa-
luria increases generation of free radicals, including O,-, hydroxyl radical (OHae),
hydrogen peroxide (H»>O,), peroxide radical (ROs) and singlet molecular oxygen
[65]. These changes are predisposing factors for the facilitation of crystal adherence
and retention [66-71]. Recently, it has been reported that extracts obtained from the
plants Quercus salicina Blume and Quercus stenophylla Makino (QS extracts)
prevented renal injury induced by exposure to oxalate for 24 h in a dose-dependent
manner suppressing the increase in NADPH-induced O, production, or NADPH
oxidase activity [72]. Antioxidant activity such as SOD, catalase and vitamin E
suppress the release of LDH and the formation of malondialdehyde in LLC-PK;
and MDCK cells indicating that the protective action of QS extract against
oxalate-induced cell injury may be attributed to its radical scavenging effects.

Conclusion

We have demonstrated that by using CO,H-PMS as template, we can effectively
control the morphogenesis and the crystallographic polymorphism of CaOx crystals.
The composition and concentration of this template as additive, pH and temperature
of mineralization solution seem to be crucial during CaOx nucleation and growth. At
different pH, the carboxylate groups of CO,H-PMS can undergo different degree of
dissociation resulting in different polymer conformation in solution that could affect
CaOx morphology. The crystallization of CaOx triggered by the presence of
CO,H-PMS, results from a local accumulation of Ca’* ions, which correlates closely
with the pH of the mineralization solution. FTIR analysis is in good agreement with
the proposed PMS structures. SEM analysis showed contact twin COM crystals
when crystal grew in presence of PMS and tetragonal bipyramidal COD crystals
when CO,H-PMS was used. By using this new template, we were able to stabilize
the COD crystal and its dissolution-recrystallization process in COM was avoided.
COD crystals were observed at pH 9 when CO,H-PMS was used at 32 pg/ml and
1 mg/ml at 20°C and 37°C, respectively. SEM-EDS and XRD studies of CaOx crys-
tals are under progress. In summary, the use of PMS and its derivative as templates
provides a viable approach for studying various aspects of biomineralization
including production of controlled polymorphs and defined CaOx morphologies.
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