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Sulfonated and fluorescent polymethylsiloxanes (SOzH-
PMS) were synthesized, and their effect as additives on in
vitro calcium oxalate (CaOx) crystallization was evaluated.
SO3H-PMS was prepared by hydrosilylation and sulfonation
reactions with poly(dimethylsiloxane-co-hydrogenmethyl-
siloxane) (PDMS-co-PMHS). Several analytical tools were
used to investigate the morphology, crystal structure, and
chemical contents of the harvested CaOx crystals. Varying
the concentration of SO;H-PMS induces a transition of CaOx
monohydrate (COM) with expanded multilayer and circular

Introduction

Kidney-stone affliction (Urolithiasis) is prevalent world-
wide and affects about 10% of the population in developed
countries. Methods of preventing this condition have been
investigated.['"?] In healthy people, the presence of specific
micro- and macromolecules inhibits the formation of cal-
cium oxalate monohydrate (COM) and promotes the for-
mation of healthy calcium oxalate dihydrate (COD) crys-
tals. Urolithiasis is complex, because there are many vari-
ables controlling the nucleation and crystal growth of cal-
cium oxalate (CaOx). Among these variables are supersatu-
ration, organic components in the urine, crystal interactions
with the kidney epithelium, and kinetic factors, which in-
clude nucleation, growth, and aggregation.’] Supersatura-
tion of oxalate and calcium ions in the urine may cause
the formation of crystalline particles, which can be excreted
freely. The retention of these crystals may result in kidney
stones, which comprise both inorganic and organic compo-
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stacked-sheet morphologies as well as of the bipyramidal
CaOx dihydrate (COD) crystals in three crystallization pro-
cedures. Energy-dispersive X-ray spectroscopy (EDS) and
XRD allowed detecting the presence of Si (0.2-1.0°wt.-%),
which stems from SO;H-PMS adsorbed on CaOx, and the
selective formation of phases of COM and COD. We demon-
strated that the presence of anionic moieties on the SOzH-
PMS backbone and their concentration were crucial to con-
trol the crystal type, morphology, crystal size, and chemical
composition.

nents. The organic part is composed of urinary macromole-
cules, for example, proteins, lipids, and carbohydrates.™

It is well known that CaOx exists as mono-, di-, and
trihydrate polymorphs.>-®! The monohydrate form is the
thermodynamically most stable one and has the strongest
affinity for renal tubular cell membranes. Sulfated polysac-
charides prevent the adhesion of COM crystals to renal epi-
thelial cells.”-81 A direct evidence for the above proposition
is that stone-forming subjects, both adults and children, ex-
crete lower levels of glycosaminoglycans (GAGs).P-10
Chondroitin 4/6 sulfate (CS), the most abundant urinary
glycosaminoglycan,[!'13] inhibits in vitro the growth of
CaOx crystals in urine.'>'* In contrast, in vivo studies
showed that intraperitoneal administration of CS promoted
an increase rather than a decrease in the weight of bladder
stones in rats, because CS was extensively degraded prior
to urinary excretion.!”!

Therefore, the understanding of the interactions between
kidney stone crystals and the organic component is of the
greatest interest for controlling the crystallization of
CaOx.'®!7l The effect of polyanions containing acidic
groups (e.g., carboxylate, sulfate, and phosphate) on the
crystallization process may be explained by the following
mechanisms: (a) polymers may change the ionic strength of
the solution, (b) polymers can form stable coordinative
links with calcium ions, (c) the adsorption of polymer oc-
curs in an indiscriminate or selective way on specific sites
of the crystal surface, and (d) the polymer incorporation
occurs inside the CaOx lattice.l'8! Many studies on CaOx
crystallization have used organic molecules either as addi-
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tives or substrates.!®2?1 Anionic macromolecules could in-
hibit the nucleation, growth, and aggregation of CaOx crys-
tals, and they are involved in the in vitro cell-crystal attach-
ment.[>* Some other authors have examined inorganic poly-
mers as additives.30-31]

On the other hand, polymethylsiloxanes are the most im-
portant and widely used silicon-based organic polymers,
which are biocompatible, biodegradable, non-carcinogenic,
and offer a convenient cost-benefit ratio.??! Polymethyl-
siloxanes functionalized with anionic groups, such as
—CO,H, -SO;H, and -PO;H, would favor the formation of
COD. In fact, we have previously synthesized and function-
alized a polymethylsiloxane with carboxylic groups, which
was able to promote the stabilization of COD in detriment
of COM crystals.?3 Herein, we have synthesized a sulfon-
ated polymethylsiloxane (SO;H-PMS) and evaluated its ef-
fect as a modifier of CaOx by using different in vitro
crystallization procedures.

Results and Discussion

Synthesis of Sulfonated Polymethylsiloxane (SOsH-PMS)
as a Template

The preparation of SO;H-PMS (5), which was used as
an additive for the in vitro crystallization of CaOx, involved
two stages (Figure 1). The starting copolymer poly(dimeth-
ylsiloxane-co-hydrogenmethylsiloxane) (1,  PDMS-co-
PMHS) copolymer was synthesized through cationic ring-
opening polymerization at 30 °C for 5 d by using siloxane as

a cyclic monomer. The starting compound 1 was modified
through the hydrosilylation reaction and subsequent sulf-
onation, which afforded 5. Figure la shows the synthesis
of modified 1 with styrene (2), which affords Styr-PMS (3)
through the hydrosilylation reaction; 3 was modified with a
stoichiometric amount of sulfonic groups of sulfuric acid
(4) by dissolving 3 in dichloromethane at room temperature
overnight, after which the reaction temperature was in-
creased to 80 °C, and the reaction mixture was incubated
for 2 h.

In Vitro Calcium Oxalate Crystallization Experiments

The crystallization was performed by using three pro-
cedures: A, B, and C. They differ by the nature of the rea-
gents used, that is, CaCl, or Ca(NO3),*4H,O in combina-
tion with Na,C,0,, the Ca/oxalate ratio, and the concentra-
tion of 5 (Table 1). The aim of the procedures A and B was
to evaluate the morphogenetic effect of 5 on the crystal
growth of CaOx, whereas procedure C was aimed at dem-
onstrating the adsorption capacity of fluorescent 5 onto the
CaOx crystal surface. The reactants were CaCl, and
Na,C,04 for procedure A and Ca(NO3),4H,O and
Na,C,0, for procedure B. In procedure A, CaCl, is often
used to evaluate the nucleation and crystal growth of CaOx
in cases where low Ca ion concentration is required. In pro-
cedure B, Ca(NO;),"4H,O was utilized as a Ca source to
yield a large amount of crystals for XRD and fluorescence
analysis. Both compounds allowed us to provide high ion
and additive concentrations for CaOx crystallization (see
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Figure 1. Synthesis of 5 through (a) hydrosilylation and (b) sulfonation.
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Table 1. In vitro crystallization procedures of calcium oxalate.

Reagents Procedure A Procedure B Procedure C
CaCl,! 2.0 - 5.0
Ca(NO;),1! - 2.0 -
Na,C,0,4# 2.0 2.0 0.5
Ca/Ox ratio 1:1 1:1 10:1
SO;H-PMSP! 640, 64, 6.4, 0.64 470, 160, 47, 16

Fluorescent SO;H-PMS! —

1000, 500, 100
- 470, 160, 47, 16

[a] Concentrations of reagents given in mmol/L. [b] Concentrations of reagents given in mg/L.

Experimental Section). Similar crystallization conditions

with both Ca sources have been reported by B. Grohe et
].134.35]

Characterization of Polymers

The polydispersity (y°p4) and molecular weight of 1 were
0.5 and 16349 g/mol, respectively. The structures of all poly-
mers were confirmed by FTIR spectroscopy (Figure 2). The
absence of the absorption band at 2160 cm™' in 3 (Fig-
ure 2b), which is attributed to Si-H stretching vibrations
(Figure 2a), confirms the successful hydrosilylation of 1.
The sulfonation of 3 was confirmed by the presence of ab-
sorption bands characteristic of the SO;H groups at 1040
and 1180 cm™! in the spectrum of 5 (Figure 2¢).[*%! Absorp-
tion bands at 1100 and 1300 cm™! also confirmed the pres-
ence of sulfonic groups bound to the aromatic ring in 5.
Moreover, the quantitative presence of Si and S atoms in 5,
determined by energy-dispersive X-ray spectroscopy (EDS),
was in the concentration range of 3.0-10.9 and 2.0-2.5 wt.-
%, respectively.
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Figure 2. FTIR spectra of (a) 1, (b) 3, and (c) 5.

Characterization of CaOx Crystals

Table 1 shows the experimental conditions used for the
crystal growth of CaOx with varying ratios of Ca/oxalate
ions and varying amounts of sulfonated and fluorescent 5

as an additive. The results of scanning electron microscopy
(SEM) and X-ray diffraction (XRD) for CaOx crystals ob-
tained in the presence of 640 mg/L of 5 with procedure A
at 20 °C for 24 h are shown in Figure 3. The SEM analyses
of CaOx formed in the absence of 5 (Figure 3a) showed
branched-stacked COM. These crystals show edges with a
“hacksaw” shape (20-30 um). However, when 5 was used as
an additive, the crystals formed were coincident with at le-
ast two polymorphs, which are clearly detectable. The first
crystal type corresponds to a bipyramidal crystal (30 pm)
and has right edges, which correspond to the morphological
characteristics described for COD (Figure 3b). The second
crystal type corresponds to dumbbell-shaped COM, exhib-
iting two poles with curves and edges with pores, which are
separated by a regular and deep central groove (5-8 um)
(Figure 3c). Wesson et al.l’7l obtained COM crystals in the
presence of polyglutamic acid (poly-Glu), which were sim-
ilar in shape but smaller in size. A morphology similar to
the one we obtained with 640 mg/L of 5 was obtained by
Taller et al.¥! by adding 5X 107 to 15X 103 mg of osteo-
pontin (OPN), a protein abundant in urine, at low supersat-
uration, that is, a Ca/oxalate ratio of 1. OPN induced the
formation of dumbbell-shaped crystals with roughened sur-
faces and rounded edges, which lacked plane faces and in-
terfacial angles. Viewed from the {100} direction, these
crystals were oval in cross section with an oval depression
on the {100} face. The depressions were also visible in crys-
tals viewed from the {010} direction. The striking similari-
ties between dumbbell-shaped COM crystals induced by 5
and modified COM crystals formed under the influence of
OPN suggest that polymer 5 may modify the CaOx type in
a similar manner as this natural inhibitor.®”l On the other
hand, when no additive was used, the results of the XRD
analysis showed a typical pattern characteristic for COM
(Figure 3d). Diffraction peaks of COM crystals appear at
20 values of 14.92° for reflection (-101), at 24.37° for reflec-
tion (020), at 30.11° for reflection (-202), and at 38.18° for
reflection (130). However, when 5 was added at a concen-
tration of 640 mg/L (Figure 3e) together with COM, new
diffraction peaks appeared at 26 values of 14.32° for reflec-
tion (200), at 20.07° for reflection (211), and at 32.24° for
reflection (411), which correspond to the presence of COD
crystals. This XRD observation was supported by the pres-
ence of bipyramidal crystals observed by SEM. With this
evidence, we suggest that the dumbbell-shaped crystals
correspond to COM. Morphology and size of these crystals
are similar to those found in previous works, where the ef-
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Figure 3. SEM and XRD measurements of CaOx crystals obtained in the presence of 640 mg/L of 5 with procedure A (CaCl, and
Na,C,0, at 20 °C for 24 h). SEM image of CaOx (a) without additive and (b, ¢) with 5. XRD pattern of CaOx of (d) a control sample

and (e) a sample obtained with 5.

fect of natural urinary inhibitors on the CaOx crystalli-
zation was evaluated.[3%]

With procedure B, CaOx crystals were obtained in the
presence of 100-1000 mg/LL. SO;H-PMS by using Ca-
(NO3),*4H,0 and Na,C,04 as reactants at 37 °C for 24 h,
and they were also analyzed by SEM-EDS (Figure 4). The
SEM images of CaOx formed in the absence of 5 (Fig-
ure 4a) showed the typical COM morphology, which con-
sists of well-faceted monoclinic penetration twins with de-
veloped {010}, {100}, and {121} faces. The flat {100} and
{010} faces show a smooth and a porous, spiky surface,
respectively. The size of the COM crystals was distributed
homogeneously and in the range of approximately 20 um.
At low concentration, in the range of 100 mg/L (Figure 4b),
5 induced the transition of COM crystals with expanded
multilayers, round edges, and wide concave surface mor-
phologies, which still express {100} faces. At this concentra-
tion, the morphology of COM crystals slightly changed and
exhibited the above-described faces, but they lost their well-
defined spiky surface. The sizes of these modified COM
crystals were distributed heterogeneously and appeared in
the range 20-100 pm. However, when 5 was used at a con-
centration of 500 mg/L, both COM and COD clearly
formed (Figure 4c). The COM crystals showed a rough sur-
face described as stacked sheets, which may correspond to
the {010} and {121} faces, whereas the {100} face is folded
on itself by the expanding effect of the {010} face. The sec-
ond COD polymorph was bipyramidal (Figure 4c) with the
{011} face. The distribution of the crystal size was hetero-
geneous (20—60 pm). With 1000 mg/L of S, the sulfonic acid
moieties showed a strong and regular effect on the CaOx
crystal type. COM crystals formed in characteristic
multilayers and circular stacked-sheet shapes (Figure 4d).

The concentrations of 5 in procedure B were higher than
that of natural biomolecules because of the chemical nature,
molecular weight, and low functionalization degree of syn-
thetic additive 5 compared to urinary biomolecules. A high
concentration was used to visualize the major modifying
effect of 5 on the CaOx morphology and crystal type. XRD
patterns (Figure 4¢) of crystals obtained with protocol B
only show the COM pattern in all samples, and only the
relative intensities of the peaks differ. Reflection (020) was
proportionally lower with respect to the other peaks, com-
pared with the control. Most of the high- and low-molecu-
lar-weight inhibitors present in urine, which likely interact
with specific regions of the CaOx crystals, are polyanionic.
The (100) faces of COM are rich in Ca?*. Thus, negatively
charged molecules may interact strongly with the Ca®* ions
densely packed inside the (100) face through electrostatic
interactions, thereby blocking the COM growth.’*1 How-
ever, not all faces have the same elemental distribution. The
(121) face has less Ca>* than the (100) face, whereas the
(010) face exhibits a high quantity of oxalate ions on the
surface compared to the (100) and (121) faces.** Thus, neg-
atively charged molecules interact with these faces to a
lesser extent, allowing less restriction of the crystal growth
on these sites. We suggest that the selective adsorption of 5
on the {100} faces decreases the growth rate on these sites,
whereas the {010} faces form with less restriction. These
different expansion rates cause the opposed {010} faces to
bind on the {100}/{010} edges, which accordingly invade
the {100} faces, which fold over themselves. The distribu-
tion of both ions in the crystal lattice and the resulting spe-
cific charge expression on each side of the crystal surface
could explain the alteration of the COM morphology ob-
tained in our crystallization assays. The magnitude of the
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Figure 4. SEM and XRD measurements of crystals obtained in the presence of 5 with procedure A [Ca(NOs3),*4H,0 and Na,C,0, at
37 °C for 24 h]. SEM images of CaOx crystals obtained with (a) 0 (control), (b) 100, (c) 500, and (d) 1000 mg/L of 5.

alteration of each face results in a circular structure with a
stacked-sheets surface corresponding to the {010} face and
flat corresponding to the {121} faces. On the other hand,
COD crystals showed a starfish shape similar to those ob-
served by Jung et al.,*%l who used 8 X 103 mg/mL of poly-
L-aspartate (poly D) as an additive. The crystal-size distri-
bution was variable and appeared in the range 30-70 pm.
This can be explained by considering that the (011) and
(010) faces in COD crystals include water molecules in high
concentration, which alternate with layers of pure water and
thereby greatly reduce the ionic charge of the crystal sur-
face. Hence, COD crystals interact to a lesser extent with
negatively charged urinary molecules, promoting the forma-
tion of these in the urine.*”) In this regard, our assays sug-
gest that higher concentrations of 5 promote the formation
of COD crystals with minimal change in the typical mor-
phology of these particles.

Because the inhibition of the CaOx nucleation is related
to adsorption phenomena, the total amount of polymer ad-
sorbed and the degree of surface coverage of the adsorbate
on the inorganic crystal are important factors in determin-
ing the level of effectiveness of the polymer additive.*!! En-
ergy-dispersive X-ray spectroscopy (EDS) measurements

were performed on the surface of washed and dried CaOx
crystals obtained with protocol A (Figure 5), as a qualita-
tive technique, to determine the presence of adsorbed 5.
Despite the strong effect of 5 on the CaOx morphology,
which was revealed by SEM, EDS did not allow to detect
the presence of Si adsorbed on the COM surface when 5
was used at a concentration of 100 mg/L (Figure 5b). Also,
the ratio of Ca, C, and O atoms detected on the COM was
in good agreement with the theoretical value of pure CaOx.
Nevertheless, when 5 was used at concentrations of 500 and
1000 mg/L (Figure S5c—f), EDS data showed the presence of
Si from 5 on the COM and COD surfaces. In this case, the
experimental values of Ca, C, and O content differ from the
theoretical values, and the presence of other elements was
detected, which indicates that the amount of adsorbed poly-
mer varied considerably between the described faces. How-
ever, the results of the EDS measurements clearly demon-
strate the presence of Ca and Si atoms on the CaOx crystal
surface. EDS data show that the presence of Si atoms be-
comes apparent when 5 is used in a concentration of
500 mg/L (Figures 5c and d). The Ca/Si ratio in the surface
of COM crystals was 36.68 and 20.5 for 500 and 1000 mg/
L of 5, respectively. Therefore, the presence of Si atoms on
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Figure 5. SEM-EDS measurements of CaOx crystals obtained in the presence of 5 with procedure A [Ca(NO3),-4H,0O and sodium oxalate
at 37 °C for 24 h]. EDS data of CaOx crystals obtained with (a) 0 (control), (b) 100, (c, d) 500, and (e, f) 1000 mg/L of 5. The colors
assigned to each element were arbitrarily chosen in the EDS measurements.

the CaOx crystal surface was stronger at higher polymer
concentrations. At a concentration of 1000 mg/L, the Ca/Si
ratios on the surface of COM and COD phases were 20.5
and 88.5, respectively. In addition, a screening of the Si con-
tent (Supporting Information SI-1) and an elemental map-
ping of the Si, Ca, C, O atoms on the CaOx surface (Sup-
porting Information SI-2), which served as a semiquantit-
ative surface determination by EDS, showed a homogen-
eous distribution of Si atoms in the range 1.23-1.51 wt.-%.
The relative amounts of Si atoms on the surface of CaOx
crystals depended on the concentration of 5 used as a
crystallization additive in the selective nucleation of CaOx.
Therefore, the Ca®>* concentration on the CaOx surface is
regulated by the selective distribution of Si atoms from 5.

Because of the low amount of 5 required to alter the crystal
morphology, we suggest that this polymer adsorbs preferen-
tially on the CaOx crystal face and causes a morphogenetic
effect. A similar mechanism has been reported for polyvinyl
sulfonic acid (PVSA) as a synthetic polymer template,
which inhibits the nucleation and crystal growth of
CaOx.*11 We believe that the functionalized polymer 5 ad-
sorbs onto specific crystal surfaces, acting as modulator of
growth and exhibiting stereochemical recognition for cer-
tain faces of the crystal, thus, constituting an obstacle for
propagating steps that lead to further crystal growth.[4>43]
The stabilization of COD crystals was achieved by using
50 mg/L of PVSA. There was also an outgrowth of COD
along the {001} direction, which resulted in elongated crys-
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tals and the development of {100} crystal faces. We were
unable to find this growth behavior under our crystalli-
zation conditions.

UV/Vis spectroscopic kinetic measurements were per-
formed to study the crystallization behavior in the presence
of 5 (Figure 6). The change of absorbance implies an in-
crease of optical density as a function of time, which indi-
cates the formation of new particles formation, that is, crys-
tal nucleation. When the optical density decreases, no new
particles form because of crystal aggregation.?”) This be-
havior shows the equilibrium between nucleation and aggre-
gation. The samples showed a peak pattern between 2 and
10 min after the beginning of the reaction. This can be ex-
plained by the nucleation—aggregation borderline. However,
when the concentration of 5 increases, the absorbance de-
creases, which suggests that the nucleation time extends be-
yond 20 min. Additives with a large number of anionic
groups increase the ionic strength, and interactions with
positively charged ions (Ca?*) can occur. This leads to a
faster absorption of the inhibitors into crystal nuclei, which
remain unstable and decay through dissolution. Conse-
quently, the inhibitor is released and available to bind other
newly formed nuclei. Finally, most of the growth sites are
blocked by the anionic groups of the polymer backbone,
but some sites remain free to develop, which results in a
slow growth rate of the CaOx crystals. Thus, the crystalline
growth beyond a critical size is hampered, and the nucle-
ation period is prolonged.
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Figure 6. UV/Vis absorption spectra of CaOx crystals formed in
presence of 5. Kinetic measurements were performed at 620 nm
during the first 20 min upon initiation of the crystallization reac-
tions. The concentrations of 5 were 0 (control), 16, 47, 160, and
470 mg/L.

The above results are supported by zeta-potential mea-
surements performed on the surfaces of CaOx crystals
formed in the presence of 0, 100, 500, and 1000 mg/L of 5§
as an additive (Figure 7). These results show that the charge
density on the crystal surface increases and reaches negative
values from —5.27 to —64.30 mV, as the concentration of 5
increases. Scurr et al.l*l have reported that GAGs, which
adhere reversibly to the surface of CaOx crystals, inhibited

the growth and aggregation of crystals by lowering the zeta
potential of the crystal surface and strengthening the elec-
trical repulsive force among the crystals. It has also been
reported that the strength of the inhibitory effect of sulfated
polysaccharides may depend on their capacity to retain
negative charge density or on the number of sulfate ions
as well as on the distance between sulfate groups in these
molecules.!
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Figure 7. Zeta-potential measurements on the surface of CaOx
crystals formed in presence of 5. The concentrations of 5 were (a) 0
(control), (b) 100, (c) 500, and (d) 1000 mg/L.

For procedure B (Table 1), Figure 8 shows the SEM
images of CaOx crystals nucleated in the presence of 5 at
20 °C for 24 h. Figure 8a shows COM crystals formed with-
out 5. However, in Figure 8b, star-shaped COD and control
crystals were formed when 16 mg/L of 5§ was used. Clearly
abundant and more defined star-shaped COD crystals were
formed when the concentration of 5 was increased from 47
to 160 mg/L (Figures 8¢ and d). Also, bipyramidal and
plane multi-laminar circular crystals were formed (insert in
Figure 8c). SEM results showed that at a concentration of
470 mg/L of 5, the amount of COD crystals decreased, and
they formed irregular crystal agglomerates (Figure 8e).

1173



Figure 8. SEM images of CaOx crystals obtained with procedure B (CaCl, and Na,C,0, at 20 °C for 24 h) and (a) 0 (control), (b) 16,

(c) 47, (d) 160, and (e) 470 mg/L of 5.

Optical, fluorescent, and SEM-EDS images of CaOx
crystals nucleated in the presence of fluorescent 5 at 20 °C
for 24 h are shown in Figure 9a—c. We found fluorescent
CaOx crystals when 5 labeled with fluorescein-5-thiosem-
icarbazide (5-FTSC) was used. These results allowed us to
prove the effective labeling of 5 with 5-FTSC and to dem-
onstrate the adsorption of the fluorescent additive onto the
surface of CaOx crystals. The use of fluorescent 5 as an
additive induced the formation of rounded and truncated
CaOx crystals, and 5 was included into the CaOx lattice.
The EDS analysis (Figure 9¢) showed the Si atoms and the
constitutive elements Ca, C, and O on the surface of the
CaOx crystals, demonstrating the presence of the polymeric
additive on the crystal surface. The use of 5-FTSC, which
is able to bind to various anionic and carbonyl groups, such
as carboxylic acids, aldehydes, and ketones, represents a
new strategy to study the effect of polymeric additives on
the CaOx crystals.[*®] We suggest that there was a high selec-
tive tropism of the fluorescent 5 incorporated in COM in
comparison to COD. COM exhibited a higher fluorescence
level than COD. The binding capacity of 5-FTSC to 5 may
constitute a useful strategy for molecular visualization of
adsorbed additives on the surface of CaOx. Taller et al.
quantified the adsorption of protein and acid-rich additives,
such as OPN, polyD, and poly-L-glutamate (polyE), to
COM crystal faces and interfacial edges by using the fluo-
rescent dye AlexaFluor-488.1 They found that OPN ad-
sorbs with high specificity to the edges between {100} and

{121} faces of COM and much less to {100}, {121}, or
{010} faces.
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Figure 9. Optical, fluorescent, and SEM-EDS images of CaOx
crystals labeled with 5 FTSC and obtained in the presence of 5 by
using procedure B (CaCl, and sodium oxalate at 20 °C for 24 h).
Optical images of CaOx crystals obtained in the presence of 5
(160 mg/L) in (a) optical mode (X 40) and (b) fluorescence mode
(X 40). SEM-EDS data (c) of CaOx crystals obtained with 5
(470 mg/L), showing the presence of Si atoms.
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Conclusions

This work demonstrates that sulfonated polymethylsilox-
anes, used as an additive in the in vitro crystallization of
CaOx, can modify the morphology, crystal type, and chemi-
cal composition of CaOx crystals. The sulfonic groups and
the polymer concentration of 5 seem to be crucial during
the nucleation and growth of CaOx crystals harvested un-
der different conditions. The CaOx crystals formed in the
presence of 5 are coincident with at least two crystal types,
which are clearly detectable and have different morpho-
logies, and bipyramidal COD crystals were stabilized in all
crystallization procedures. The effect of 5 could be ex-
plained by its adsorption onto active growth sites of CaOx
crystals. EDS and XRD techniques allowed detecting the
presence of Si atoms from 5, which is adsorbed on the
CaOx surfaces, where it acts as a stereochemical modulator
of crystal growth. XRD data revealed characteristic diffrac-
tion patterns corresponding to COM and COD crystals. In
summary, the use of anionic functionalized polymethylsi-
loxane is a viable approach for studying various aspects of
biomineralization, which includes the production of con-
trolled morphologies and the selective formation of specific
crystal types of CaOx.

Experimental Section

Materials: Poly(dimethylsiloxane-co-hydrogenmethylsiloxane)
(PDMS-co-PHMS) (1), triflic acid, styrene, sulfuric acid, toluene,
and methanol were used for the preparation of SOs;H-PMS (5).
Dicyclopentadienyl(chlorido)platinum(II) (Cp,PtCl,) was used as a
catalyst in the hydrosilylation reaction. Toluene and dichlorometh-
ane were purified by heating it at reflux in the presence of lithium
aluminum hydride and K/Na, respectively, for 72 h and distilled
under argon. Calcium chloride (CaCl,), calcium nitrate tetrahy-
drate [Ca(NO3),*4H,0], sodium acetate (CH;CO,Na), sodium
chloride (NaCl), sodium oxalate (Na,C,0O,) and 5 were used for in
vitro CaOx crystallizations. In general, for the preparation of all
solutions, reagents of the highest available grade were used. For the
solutions involved in the CaOx crystallization distilled water was
obtained from capsule filters with 0.2 um flow (U.S. Filter), and
furthermore, ultra-pure water (18.2 MQ) was obtained from the
LaboStar™ 4-DI/UV water system.

Synthesis and Characterization of PDMS-co-PHMS: Starting co-
polymer 1 was synthesized through cationic ring opening polymeri-
zation by using 2,2,4,4,6,6,8,8-octamethylcyclosiloxane (D) and
1,3,5,7-tetramethylcyclotetrasiloxane (D4H) as cyclic monomers at
30 °C for 5 d. Triflic acid (2.5 X 103 mol/L) was used as a cationic
initiator. The polymerization reaction was carried out under anhy-
drous conditions. The mixture was refluxed under argon with agita-
tion until both FTIR and "H NMR spectra showed that the hydro-
silylation reaction was completed.*”] The polymerization was
stopped by adding a stoichiometric amount of pyridine. The mo-
lecular weight (M) determination of 1 was carried out by gel per-
meation chromatography (GPC) in THF at room temperature by
using PSS-Win GPC-PSS and RI ERC 7512 refractive-index detec-
tors.

Synthesis of Sulfonated Polymethylsiloxane as Template: The prepa-
ration of 5 involved two stages (see Figure 1). The starting material
1 was modified through a hydrosilylation reaction and a subsequent

sulfonation to obtain 5. For the hydrosilylation of 1, styrene
(20mol-% excess with respect to 1) was dissolved in a toluene
(100 mL) containing a precise amount of 1. Then a solution of
Cp,PtCl, (100 pL) solution was added, and the mixture was heated
to 85 °C under argon, as reported previously.?>#7-3% The excess of
solvent and unreacted monomer were then removed. Figure la
shows the synthesis of 3 by the modification of 1 with styrene
through a hydrosilylation reaction; 3 was then dried in vacuum at
40 °C for 72 h. After that, 3 was modified with a stoichiometric
amount of sulfonic groups by dissolving both 3 and sulfonic acid
in dichloromethane at room temperature overnight. Then, the reac-
tion temperature was increased to 80 °C, and the mixture was incu-
bated for 2 h. The sulfonic acid used was previously dried with
CaH,; 5 was obtained by evaporation of dichloromethane. It was
washed with methanol and dried in vacuum at 40 °C for 2 h. The
yields for the hydrosilylation and sulfonation reactions were >95 %.

In Vitro Calcium Oxalate Crystallization Experiments: In vitro
crystallization of CaOx was performed by using three procedures:
A, B, and C. They differ in the reagents used [CaCl, or Ca-
(NO3),*4H,0 and Na,C,04], in the Caloxalate ratio, and in the
concentration of 5 (Table 1). The reactants were CaCl, and
Na,C,04 for procedures A and C, and Ca(NOs3),*4H,O and
Na,C,0,4 were used for procedure B. The reactants were used in a
1:1 ratio in procedures A and B [A: 2 mM Ca(NO3),*4H,O and
2 mM Na,C,0, solutions; B: 15 mL of 4 mm CaCl, and 15 mL of
4 mm Na,C,04]. For procedure C, a ratio of 10:1 was used (15 mL
of 10 mm CaCl, and 15 mL of 1 mm Na,C,0,). In the case of pro-
cedure A, the reactant solutions were kept at a constant pH of 6.7
at 37 °C.13+31 In all crystallization procedures, control experiments
were performed without polymer. For procedures A and B, the
crystallizations of CaOx with § were carried out in the concentra-
tion range 0.64-640 mg/L and 100-1000 mg/L with CaCl, and
Ca(NO;),*4H,0, respectively. For procedure C, both polymeric ad-
ditives were tested at concentrations of 16-470 mg/L. In all pro-
cedures, each solution (150 pL) was introduced into a Falcon tube;
then, solutions with suitable Ca/oxalate ratios were added at 20 °C
and left to stand quiescent for 24 h. After that, the mixtures were
filtered by using GS cellulose ester membranes having 0.22 pm
pores and 25 mm diameter, and the solid residues were dried at
room temperature for 24 h. Fluorescein-5-thiosemicarbazide (5-
FTSC, Invitrogen®) was used as a fluorescent molecule. 5-FTSC
was attached to the anionic groups of 5 by an electrostatic coupling
reaction. Here, solutions (500 pL each) containing 5 (470 mg/L)
and 5-FTSC (6.3 mg/L) were prepared. All solutions were incu-
bated at 4 °C before use.

Polymer and Crystal Characterization: Fourier transform infrared
spectroscopy (FTIR) was used to evaluate the structures of 1, 3,
and 5. FTIR spectra were taken by using an Interspectrum In-
terspec p/n 200-X spectrometer. NMR ('H, ?°Si) spectra of 1 and
5 were measured with a Bruker 250 MHz spectrometer.[*”! Scanning
electron microscopy (SEM) was performed with a Tesla BS 343A
microscope. Energy-dispersive X-ray spectroscopy (EDS) of 1 and
CaOx crystals was performed by using a SEM LEO 1420VP scan-
ning electron microscope equipped with a dispositive for surface
element microanalysis and a linear profile at 15kV. SEM-EDS
micrographs of CaOx crystals were captured by using a Hitachi
TM3000 tabletop microscope (Hitachi High Tech) coupled with an
energy-dispersive  X-ray microanalysis (EDS) spectrometer
Quantax 70 (Bruker, Germany) and equipped with a high-sensitiv-
ity semiconductor BSE detector. The morphologies and EDS stud-
ies of CaOx crystals were carried out by using “analysis” as obser-
vation condition and the “charge-up reduction mode” as observa-
tion mode. The weight percent (wt.-%) concentrations of individual
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elements at the crystal surface were calculated automatically by the
EDS software. Images of fluorescent 5 and of fluorescent-labeled
CaOx crystals were taken with a Nikon Eclipse E-600 connected to
a computer with morphometric software (Image Pro-Plus, Media
Cybernetics, USA). Optical images were obtained by using a digital
camera at a X 40 magnification and an exposure time of 20 ms to
2 s with a resolution of 2560 X 1920 pixels. Powder X-ray diffrac-
tion (PXRD) was performed by using a Siemens D-5000X X-ray
diffractometer with Cu-K, radiation (graphite monochromator)
and an ENRAF Nonius FR 590. The crystal structure of CaOx
was determined by using Cu-K, radiation (40 kV), steps of 0.2°,
and the geometric Bragg-Brentano (6-6) scanning mode with an
angle (20) range of 5-70°. The DiffracPlus program was used as a
data-control software. For UV analysis, crystallization procedure C
was used. Aqueous stock solutions of CaCl, (10 mmol/L) and
Na,C,0, (1 mmol/L) were prepared. Here, | mL of each solution
and 200 pL aliquots of 16, 47, 160, and 470 mg/L solutions of 5
were mixed in square polystyrene cuvettes (10 mm), and the optical
density of the crystals was measured immediately in a UV/Vis spec-
trophotometer UV-2601 (Raleigh, China). The UV measurements
were performed at 1 min intervals over 20 min at 620 nm.% Charge
density determinations of CaOx crystals were performed by using
the zeta potential and dynamic light scattering. The zeta-potential
measurements on CaOx crystals were performed in the presence
of 5 (100-1000 mg/L) by using a Zeta Plus analyzer (Brookhaven
Instruments). The zeta potential parameters were: simple count
rate 192-374 kcps, sampling time 256 us, wavelength 660 nm, cur-
rent 2.07-4.45 mA, and electric field 13.62-14.19 V/cm.
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