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Abstract

Monohydrated and dihydrated calcium oxalate have been widely studied in the literature
because of their role in urolithiasis, a mammal pathology responsible for the formation of stones
in the kidney. It is clear that the physicochemical environment plays a crucial role in the crystal
growth and the resulting morphologies of calcium oxalates. To study these processes, reliable
models for the calcium oxalate’s faces, exposed to water and potential additives, are needed.
Here, we have used a total surface energy minimization approach to predict the crystal
morphology of the calcium oxalate monohydrate and dihydrate phases. Surface energies were
calculated at density functional theory level, taking into account surface relaxation and the
effect of solvation. An excellent agreement was found between theoretically predicted
morphologies and their experimental counterparts obtained by SEM, clearly demonstrating the

importance of the inclusion of water in the model for the prediction of morphologies.



Introduction

Calcium oxalate polyhydrates are ionic crystals present in minerals and living organisms. They
are, for example, found in most plant families under the name raphides,' where they are
associated with diverse functions such as protection and structure.? Aside from their role in
plant biology, calcium oxalates have also been extensively studied because of their role in
urolithiasis. This pathology originates from the formation of stones in the urinary system, called
kidney stones.>* The main constituents of kidney stones are now established and correspond to
a limited number of well-defined crystalline phases: calcium oxalates (with different hydration
rates), ammonium, calcium and magnesium phosphates and uric acid. In recent decades,
calcium oxalate-based stones are the most frequently observed in Europe and North America

(> 70% of all samples analyzed).3*

From a crystallographic point of view, the calcium oxalate family is classified according to its
hydration rate: anhydrous calcium oxalate (ACO), whewellite (CaC.04-H.0; COM),
weddellite (CaC204-2H,0; COD) and caoxite (CaC204-3H20; COT), while an amorphous
phase has also been described in nanoparticles.® In this study we focus on COM and COD as
they are the two phases observed in kidney stones.*® Previously, the COM structure has been
resolved by X-Ray and neutron diffraction,7-12 suggesting two polymorphs: a first structure
stable in the range 318K - 425K and a second in the range 293K - 318K. As kidney stones are
formed at physiological temperature (= 310 K), only the second structure was considered in
this work. It is monoclinic and belongs to the space group P2:/c. The COD structure was also
previously resolved by X-ray diffraction and is a tetragonal structure belonging to the space

group 14/m 81314

COM has been observed by Scanning Electron Microscopy (SEM) in several in vitro syntheses
in aqueous medium.*>*8 Four faces came out as predominant from these studies: (010), (100),
(021) and (121).%'¢ The (010) and (100) faces are always observed, while either the (021) or
(121) face is always present as well, sometimes both of them. The corresponding morphologies
are presented in Table 1, together with the conditions leading to their appearance and
corresponding references. As mentioned before, COM morphologies have been observed in
kidney stones where they present morphologies similar to those presented in Table 1a and
1b.121% This is caused by the (010), (021) and (121) faces being less expressed, giving the
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crystals a flat aspect, while they are stacked on the (100) face with proteins between them.*®
Compared to the synthetic and kidney stone whewellite, mineral whewellite crystals exhibit a
wider diversity in morphology.” The (100), (010), (021) and (121) faces still show a strong
occurrence, but the (001) face becomes the most exposed face in minerals. A large variety of
other faces is observed more rarely in few crystals: (140), (131), (123), (141), (161), (140),
(011), (161), (151), (013), (121), (112) and (031).

Table 1: COM morphologies observed by SEM for different synthetic procedures®-1820
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The Hartman-Perdok (HP) theory?!, the Bravais-Friedel-Donnay-Harker (BFDH) law??, the
Ising Model?® and the attachment energy method?* have been used by Millan® to predict COM
morphology. According to the HP theory, only F faces (faces with a PBC in two dimensions)
are exposed as they grow slower because they need to form strong bonds in two dimensions.
According to BFDH model and the Ising model, (100), (001), (021), (121) and (102) faces are
predicted in COM, while the attachment theory predicts the same faces, except for the (102)
face. Tommasso et al.?® have predicted COM morphology in a force field study and found a
stabilization of the (100) face due to a solvation effect (pure water). Such a stabilization is not
observed on the (001) face, possibly explaining why the (001) face is not observed in agueous

conditions experimentally.

Except for the last study, the main difference between theory and experiment originates from
the (001) face which is always predicted theoretically, but never observed in syntheses nor in
kidney stones. This may be due to the growth kinetics. Indeed, Milan® observed that faces
appeared in a defined order: first (100), then (010) and later (021) and (121). Furthermore, the

(001) face is prevalent in minerals’'® suggesting that this face may take more time to appear.



COD morphologies have also been reported in many in vitro studies and are shown in Table 2,
together with the experimental conditions in which they occur and the appropriate references.
As shown in Table 2a and 2c, COD crystals often have the form of a bipyramid dominated by
(101) faces. Under certain conditions, the (010) face is intercalated between the two pyramids
formed by the (101) faces as shown in Table 2b. 20262728 Although COD is less observed in
kidney stones than COM, it is found in a bipyramid morphology with the (101) face dominating
as are the COD crystals found in marine sediments.?®3°3!, As COM, COD morphologies have
been predicted in the literature by HP theory, the BFDH law and the attachment energy
method.3! HP analysis predicts the existence of five F-type faces: (110), (101), (010), (121) and
(211), while from attachment energy analysis, only three faces are expressed: (101), (010) and
(110). The difference between experiment and theory is evident: the (110) face is not found
experimentally, while the (010) faces was shown above to depend on the presence of additional

molecules for stabilization.

Table 2: COD morphologies observed by SEM for different synthetic procedures?262

A) &)
MORPHOLOGY
EXPERIMENTAL Synthesis in water, excess of Synthesis in water, equimolar Synthesis in a synthetic solution
CONDITIONS oxalate, Tamb conditions, presence of green tea, T.my, ~ OF urine in excess of calcium ions
REFERENCE Leroy thesis?® Chen et al.?0 Giordani et al.#

The scope of this contribution is to develop a theoretical approach able to predict the calcium
oxalate growth in the presence of water with the aim of closing the gap between theoretical and
experimental methods. The morphology prediction methods described above have strong
limitations as they do not take into account possible rearrangements of ions present on the
surface of the crystal. Furthermore, they do not explicitly take into account the effect of the
solvent. These two contributions will affect the stabilization of particular faces and thus have
an impact on the crystal morphology. To take into account these external factors explicitly, we
have used total surface energy minimization in order to predict COM and COD morphologies,
corresponding to the lowest total surface energy. Surface energies were calculated at a DFT
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level in the presence, or absence, of a solvation layer above the surfaces and with geometric
relaxation. The development of such a model, will allow the subsequent study of the interaction
between solvated COM/COD and additives at an atomic level with the aim of designing drugs
that inhibit crystal growth.

Methods

Bulk structures of COM and COD were obtained from Daudon et al.2 (neutron diffraction) and
Tazzoli et al.® (X-ray diffraction), respectively. Calcium oxalate surfaces were built by adding
a vacuum of 10 A in the bulk unit cell, along the low Miller indices (see Figure 1). 11 surface
models, with different miller indices, were built for COM and 11 for COD by cutting along the
bulk along different angles. The COM and COD surfaces are composed of 160 and 226 atoms,

respectively.

10[A
Surface

I Oxalate ion (C,0,%)

@ Calciumion (Ca?%)
Figure 1: COM (100) surface construction from COM bulk. Initial data from Daudon et al. *?

All geometry optimizations were carried out with the freely available DFT package
CP2K/quickstep,®? based on the hybrid Gaussian and plane wave method®® using the
generalized gradient approximation Perdew-Burke-Ernzerhof (PBE) + D3 functional.** BLYP-
D3% and OptPBE-vdW?® functionals were tested in addition in order to compare surface
energies calculations. The D3 Grimme method was used to account for the dispersion forces in
the oxalate ions®’. Analytic Goedecker—Teter—Hutter pseudopotentials®, a DZVP level basis

set, and a density cutoff of 300 Ry were used.



Water molecules were added to fill the vacuum present in each surface model super cell with
the solvate command of the GROMACS simulation package (v 5.1.2)% with an average density
of 1 kg.L™. The Gromos force field 54a74° was used to describe interactions between oxalate
and calcium ions and water molecules, while the SPC/E model** was chosen for the latter.
Calcium and oxalate positions were frozen using P-LINCS algorithm*? and a 500 ps simulation
was performed to equilibrate the water molecules in the canonical ensemble (NVT) with a
Nosé-Hoover thermostat to ensure thermal stability.**#* The particle Mesh Ewald (PME)
method was used to optimize calculation of long-range electrostatic interactions*¢ with a grid
spacing of 0.12 nm and an interpolation of 4. A real space cutoff of 0.5 nm was used, and the
Lennard-Jones interactions were truncated at the same distance. For reasons of calculation
costs, only the first two layers of solvation were kept for performing the geometry optimization
of the hydrated surfaces at the DFT level. Indeed, one geometry optimization could take up to
48 hours of calculation on 128 cores, on the GENCI supercomputer, while a geometry
optimization had to be performed for all “dry” and hydrated surface models, as well as for the
bulk models. This led to 46 geometry optimizations in total.

The surface energy yyacuum Of dry surfaces was calculated as:

Esurface — Ebuik
Yvacuum = = aC;A - (1)

with A the surface area and E,s1ce and Ey 1k the potential energies of the surface and the bulk

models, respectively. Hydrated surface energies were calculated as:

Esurace,iz0 — Ebuik — N- En,o
‘}/HZO — suriace 2A u 2 (2)

whereby N corresponds to the number of water molecules in the solvation layers. Eg;rface H20
is the potential energy of the solvated surface and Ey, is the energy of one water molecule as
obtained from an NVT Born Oppenheimer Molecular Dynamics simulation (BOMD) of 10 ps

followed by a geometry optimization of 93 water molecules in a 10x10x10 A3 box with PBE-

D3 functional.



Crystal morphology predictions were made by means of Wulff diagrams and using either
surface or hydrated surface energies. The predictions are based on the Gibbs hypothesis*’ that

the equilibrium shape of a crystal is the one minimizing the total surface energy of the crystal,
AG = Z vid; €)
J

with y the surface energy of a specific face, and Aj the area of the face. AG then represents the
difference in free energy between ions/molecules in a real crystal (with surfaces) and ions in an
infinite crystal. Additionally, according to Gibbs*®, the length of the vector h; normal to the
face and drawn between the center of the crystal and the face, is proportional to the surface

energy:

Equations 3 and 4 lead to the Wulff-Gibbs theorem which is applied here as implemented in

the software developed by Zucker et al.*® specifically for that purpose.

Larger models were built from the DFT relaxed surface models in order to investigate the
interface between predominant COM/COD surfaces and bulk water by using GROMOS force
field 54a7.%° Indeed, the surface area was greatly increased by extension of the simulation box
in two dimensions, parallel to the surface. These corresponding models have a surface 40 times
larger than the DFT models and are composed of about 6000 atoms. Surface splitting was also
increased from 10 to 50 A. After addition of water molecules (to completely fill the vacuum),
the simulation box contained around 50000 atoms. Water density profiles were calculated from
1 ns NVT simulations, while COM and COD atoms were constrained in the DFT equilibrium

state.

Results and discussion
The COM case

Table 3 shows the resulting surface energies for surfaces in vacuum, compared to the

corresponding energies upon addition of a bilayer of water. Using the surface energies in

vacuum only the (010), (102) and (100) faces show up in the morphology prediction as shown
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in Figure 2, which contradicts experimental observations. Specifically, the emergence of the
(100) face in the morphology prediction may be surprising as it is less stable than other surfaces
not present in the prediction. This highlights the importance of the crystal shape in the Wulff
prediction as an unexpected face may be preferred over others if the resulting total surface
energy is smaller. Especially, the none-appearance of the (121) face is striking as this is the
second most stable surface in vacuum and was also reported in the oxalate crystal morphology
literature.?> Another surprising observation may be the appearance of the (100) face - which is
also observed experimentally - as its surface energy is high. However, the Wulff predictions -
and in fact natural processes alike - look for the most stable crystal shape and not for a simple
combination of the most stable faces. This means that less stable faces may be preferred over

others if this reduces the total surface energy of the crystal.

Table 3 : Surface Energies of Calcium Oxalate monohydrate (COM) in vacuum and with a bilayer of water.

face Yvacuum (-M?) Y0 (J-M?)
(121) 0.50 0.33
(021) 0.62 0.39
(010) 0.28 0.39
(001) 0.63 0.42
(011) 0.76 0.46
(102) 0.52 051
(120) 0.55 051
(012) 0.65 0.59
(100) 0.65 0.68
(101) 1.19 0.91
(110) 0.58 1.04

Figure 2: Morphology prediction of COM crystal in vacuum and based on ¥,,qcuum Values in Table 3.



As suggested in the introduction, addition of a bilayer of water on the surfaces has a great impact
on the surface energies. Indeed, the (121) and (021) faces are strongly stabilized (by -0.17 J.m
2 and -0.23 J.m?, respectively), whereas the (010) face is slightly destabilized (+0.11 J.m?). As
shown in Figure 3 (in comparison with Figure 3), the solvation effect strongly affects the

morphology, mainly due to the emergence of the (121) face.

) (010)

(010) 000)

Figure 3: Morphology prediction of COM crystal with water molecules (bilayer), based on yy,, values in Table 3.

This morphology corresponds well to the Wulff prediction obtained with a force field by
Tommaso et al.® Nevertheless, a disagreement with experimental data remains as the (001)
face is not observed in synthesized COM. As suggested by Milan'®, the (001) face is not
observed in experimental data due to kinetic effects and, as can be seen in Figure 4a, removing
the (001) face from the Wulff prediction leads to a more satisfactory morphology. Still, when
compared to experimental data (Table 1la and b), the presence of the (010) surface remains
underestimated. As shown in Figure 4b, slightly decreasing the (010) surface energy (-0.1 J.m"
2) leads to a better prediction of the (010) surface exposure. Unfortunately, the software by
Zucker et al.*° was not able to further increase the (010) face area in this way. It is important to
note that the hydrated surface energies of the (121), (010) and (021) faces are very close to
each other (0.33, 0.39 and 0.39 J.m™, respectively), falling within the error window of used
methods. The expression of these faces in crystals are therefore expected to be very sensitive to
external factors such as temperature, additives, solvent and so on. Indeed, as can be seen in
Figure 5, a slight decrease of (010) and (021) surface energies (-0.03 J.m™) causes the
emergence of the (021) surface in the prediction leading to a close resemblance to the

morphology found by Franchini-Angela et al.}”'® and with one of the mineral crystals in
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Erreur ! Source du renvoi introuvable.. As a summary, all relevant COM faces are shown in

figure 7.

(7 21) (1 2 j:} KQ”LQ)

(010)

Figure 4 : a) Morphology prediction of COM crystal with the water molecules, without (001) face. b) same but with a surface energy
correction of -0.1 J.m% on the (010) face.

(100)

Figure 5 : Morphology prediction of COM crystal with water molecules, without (001) face and with energy corrections: -0.03 J.m2 for
(021) and (010) surface energies.
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Figure 6: predominant COM faces

A

Next, the behavior of water over the COM surfaces was investigated by means of force field
molecular dynamics simulations. Figure 7 represents the mean density profile of three entities:
calcium ions, oxalate ions and water molecules, whereby the density of the water molecules
coming from the COM structure (structural water) is left out. As said before, COM surface
energies are strongly influenced by the presence of water which has an impact on the crystal
shape: the (021), (121) and (001) faces can be defined as hydrophilic (Yhydrated — Yvacuum <
0) while the (010) and (100) faces can be defined as hydrophobic (yhydrated — Yvacuum > 0).
This distinction can be perceived from the density profiles as in hydrophilic faces, water
molecules are able to penetrate the surface in order to stabilize some under-coordinated ions
leading to the appearance of water density peaks at in between the Ca?* and oxalate ions density
peaks. These particular H20 peaks are labeled with black arrows in Figure 7 and are only present
in the hydrophilic faces.
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Figure 7: Density profile of water for COM (100), (010), (001) and (021) faces. Black arrows correspond to water molecules inside COM
structure. Z is the coordinate orthogonal to COM surface.

The corresponding solvation layers are shown in Figure 8. For the hydrophilic surfaces, (001),
(021) and (121) faces, water molecules (labeled with black arrows) are cleary found to position
themselves inside the COM structure. Because of the cutting of the bulk structure to obtain the
respective surfaces, crystallographic sites where structural water was positioned in the bulk, are
left empty at the surface. The water molecules from the solvated model can fill these holes and
stablize the surface, lowering its surface energy. For the (100) and the (010) faces there are no
holes in the structure, explaining why these faces are not stabilized by the use of a solvation
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model. By consequence, in order to correctly describe, at the very least, the hydrophilic COM

surfaces and obtain their respective surface energies a solvation model is needed.

(100) (010)

F‘ % :* ¢ ¢
:’3‘?{;‘#?5( bt «*‘g @l g sl g By Py

Pawk pw Wpnn

)
b LY e ¢

WA LR

Figure 8: water molecules (red and white) interacting with COM (100), (010), (001), (021) and (121) faces (blue : crystallographic water,
yellow : Ca?*, green and red : oxalate). Blacks arrows corresponds to water molecules “inside” a given face.

The COD case

COD surface energies are reported in Table 4. The (101), (110), (010) and (011) faces are the
most stable in vacuum as their surface energies are (almost) equal to each other and lower than
all other calculated surfaces. These results lead to a rather correct morphology prediction (see
Figure 9) in overall agreement with the theoretical morphology obtained with the attachment
energies method.®! It is, however, in contrast with experimental observations where these four

surfaces are energetically distinct.
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Table 4 : Surface energies of COD in vacuum and with a bilayer of water molecules. Surface energies in J.m,

face Yvacuum YH0
(101) 0.29 0.24
(110) 0.29 0.28
(010) 0.29 0.35
(021) 0.46 0.39
(001) 0.47 0.41
(012) 0.42 0.42
(112) 0.59 0.42
(120) 0.41 0.42
(112) 0.46 0.44
(011) 0.30 0.46
(121) 0.48 0.46

Adding a bilayer of water molecules changes the surface energies, leading to more realistic
results. Indeed, solvation leads to a slight stabilization of the (101) face and a slight
destabilization of the (010) face causing the disappearance of the (010) face in the morphology
prediction (See Figure 10). This result is coherent with COD syntheses observations where the

(010) face is observed only in the presence of specific additives (see Table 2b).

9

Figure 9: Morphology prediction of COD in vacuum and based 0N ¥,qcuwm Values in Table 4.
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Figure 10 : Morphology prediction of hydrated COD and based on yy,, values in Table 4.

However, this prediction is still not in full agreement with experimental data (see Table 2a and

Table 2¢) where the (101) face is the only exposed face. Adding an energy correction of + 0.2

J.m? to the (110) face is necessary in order to obtain the morphology described in Figure 11, in

close agreement with experimental observations. This energy is non-negligible suggesting that

the COD crystal may not adopt the most stable morphology. Indeed, the (110) face is expected

to be absent because of kinetics. The three relevant COD faces are presented in Figure 12.

(101)

Figure 11: Morphology prediction of hydrated COD with a surface energy correction of +0.2 J.m2 on (110) face.

(101)

¢ Y
s

(010)
— — °|H — —
L oL
Ve © bt
| |

(8 X e

(110)

/V\ /u\
e

Ne 7 Neo 7

16



Figure 12: predominant COD faces.

The molecular dynamics simulations show that, similar to the hydrophilic COM surfaces, water
molecules penetrate inside the (101) face structure (black arrow in Figure 13 and Figure 14) to
stabilize the surface. This solvation effect is not observed for the (010) face which may explain
why the face is not observed in syntheses and needs specific conditions to be expressed (ie
additional molecules). Finally, a density peak was also found inside the structure of the (110)

face (cf Figure 13) but no particular stabilization was observed.
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Figure 13: Density profile of water for COD 010,101 and 110 surfaces. Blacks arrows corresponds to water molecules inside COM
structure.
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wd

Figure 14: water molecules (red and white) filling empty water crystallographic sites at (101) interface (blue: crystallographic water,
yellow: Ca®, green and red: oxalate). Blacks arrows corresponds to water molecules inside COM structure.

Conclusion

The aim of this contribution is to develop a theoretical approach to predict the growth inhibition
potential of selected molecules on calcium oxalate in a drug design perspective. Reliable models
for COM and COD exposed faces, in agreement with experimental observations, were thus
obtained by means of ab initio total crystal surface energy minimization. It was found that a
solvation model is crucial in order to obtain accurate surface energies and resulting
morphologies. For most structures a very good agreement with experiment was obtained, while
for some others the competition between thermodynamics and kinetics in the formation
mechanism needs further investigation. In particular, the COM (001) face and the COD (110)
face were predicted by our calculation while they are not observed experimentally. Removing
those faces from the prediction was essential to obtain a morphology prediction in agreement
with experiment. It is therefore clear that COM and COD crystals may not adopt the most

thermodynamically stable morphology and are subject to kinetic effects.
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TOC

Synopsis

Reliable models for COM and COD exposed faces, in agreement with experimental
observations, were obtained by means of ab initio total crystal surface energy minimization. It
was found that a solvation model is crucial in order to obtain accurate surface energies and
resulting morphologies.
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