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Despite extensive research on the nucleation and growth of calcium oxalate (CaOx) crystals, there are still
several challenges and unknowns that remain. In particular, the role of trace metal elements in the pro-
motion or inhibition of CaOx crystals is not well understood. In the present study, in situ graphene liquid
cell transmission electron microscopy (in situ GLC TEM) was used to observe real-time, nanoscale trans-
formations of CaOx crystals in the presence of nickel ions (Ni?*). The results showed that Ni* form Ni-
water complexes, acting as a shape-directing species, generating a unique morphology and altering
growth kinetics. Transient adsorption of Ni-water complexes resulted in a metastable phase formation of

Received 21st October 2023,
Accepted 5th February 2024

DOI: 10.1039/d3nr05314h

calcium oxalate trihydrate. Atomistic molecular dynamics simulations confirmed that Ni* acts as a weak
inhibitor which slows down the CaOx crystallization, elucidating that Ni>* impacts small-sized CaOx clus-
ters by bringing more water into the clusters. This work highlighted the intricacies behind the effect of
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Introduction

Calcium oxalate (CaOx) is an essential biomineral, with a
prevalent presence in plant life and geobiological, hydro-
thermal, and diagenetic processes."” The role of CaOx as a
biomarker led to its potential use in astrobiological
investigations.>* However, despite its significance in many
aspects of nature, CaOx is implicated in several pathogenic
processes, including heart disease, breast cancer, and
urolithiasis.”” In case of kidney stones, the presence of CaOx
is particularly important as approximately 80% of kidney
stones are made up of calcium oxalate.” Worldwide, kidney
stone disease affects up to 15% of the population, resulting in
a significant personal and financial burden.® In the U.S. alone,
the estimated direct and indirect costs exceeded $5.3 billion in
2000.° It is a painful condition that has a recurrence rate of
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Ni2* on CaOx biomineralization that were made possible to discern using in situ GLC TEM.

40% within 5 years after the initial event.'® Although kidney
stone formation has been studied extensively throughout
human history, there exist knowledge gaps, particularly in the
understanding of the influence of various non-mineral stone
constituents on the mineral phase formation."*

CaOx forms as a monoclinic calcium oxalate monohydrate
(COM, CaC,0,4-H,0), tetragonal calcium oxalate dihydrate
(COD, CaC,0,-2H,0), and triclinic calcium oxalate trihydrate
(COT, CaC,0,4-3H,0) in its crystalline form."> COM is the most
thermodynamically stable form and is most frequently found
in kidney stones."® COD is the metastable form also present in
kidney stones: it is capable of transforming into COM.'*
Although not a major constituent of kidney stones and the
least thermodynamically stable phase, COT is nevertheless
important in that can also give rise to more stable phases.'®
CaOx mineral phases also differ in their adsorptive capabilities
when binding various macromolecules that have an outcome
on crystal phase and morphological development. In particu-
lar, the adsorptive capabilities of COM exceed those of COT,
which in turn is greater than that of COD."” The mechanisms
through which modifiers influence crystal development
include the alteration of the morphology via binding to prefer-
ential faces or by causing lattice distortions, the adjustments
in phase stability, and the change in nucleation rates by
affecting supersaturation.’®*® Ionic modifiers, in particular,
can impact the solubility and thus, the rate of growth, as well
as inhibit growth by interacting directly with crystal surfaces.*®
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For example, cadmium (Cd) underwent sequestering into to
the CaOx lattice, causing host lattice distortion in the
c-direction.'”*® The addition of magnesium (Mg) induced the
formation of COD, a metastable phase of CaOx, as well as
impacted the morphology and size of the formed particles,
resulting in an inhibitory effect.'®*'">* In other systems, such
as calcite, Mg>" impacted solubility by decreasing effective
supersaturation.”> Another ion found in kidney stones, zinc
(zn), was found to lower nucleation rates by chelating with
oxalate and thus, lowering the activity of the Ilatter.'>®
Presently, there is a limited understanding of the impact ionic
modifiers have on the mechanisms of growth of CaOx.

Although the presence of multiple metal ions in kidney
stones has been confirmed in patient samples, there is still a
dearth of understanding of the mechanisms through which
individual ions influence the formation of a stone.>***"*! This
is particularly relevant for trace elements such as nickel (Ni),
which is a reported constituent of kidney stones.**”'
Previously reported serum and urine concentrations for nickel,
an essential trace element, range from 0.1-6.0 pg L™", with
urinary stone composition of nickel ranging from 0.03 to
484 pg ¢g~'.**7** Humans obtain Ni through dietary sources as
well as through environmental exposure via inhalation and
dermal contact.>® Ni presents a double-edge sword in relation
to human health. On one hand, it has an effect on iron metab-
olism and health-promoting gut microbiota while on the other
hand, its effects on the immune system as well as carcinogen-
esis and teratogenicity are well documented.*®>” However,
despite its equivocal nature, Ni has important functions in
other organisms. Ni is an essential micronutrient in plants
and is a key player in their antioxidant metabolism.>® Ni also
acts as an enzymatic co-factor in the catalysis of bacterial
metallo-enzymes.*® Furthermore, in addition to influencing
CaOx crystallization, Ni was also found to impact the mineral-
ization of hydroxyapatite.’® Ni inhibited the crystallization of
the apatitic phase, including the loss of crystal periodicity as
well as caused the decrease in thermal stability. In case of
brushite, another type of kidney stone constituent, Ni was pro-
posed to serve as a trigger for recurring brushite stone for-
mation, preventing it from converting to hydroxyapatite and
further influenced by a decrease in carbonate.***

There is limited evidence on the effect of Ni on the for-
mation of CaOx - based stones: an ex situ study confirmed that
Ni acts as a shape-directing species, affecting particle mor-
phology.*® However, due to the limitations of methods, it was
unclear whether Ni ions (Ni**) affected the nucleation and sub-
sequent growth without incorporation into the crystalline
matrix or if the amount of Ni** was below the limit of detection
via the energy dispersive X-ray microanalysis. In fact, one of the
present challenges in understanding the mechanisms and path-
ways through which metal ions contribute to the formation of
CaOx - based stones stems from the constraints of the experi-
mental methods. For example, differences in distribution of
metal ions in the kidney stone composition were observed in
various studies.>*?®31** These differences may be attributed to
the variability in mineral phase of the analyzed samples, analyti-
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cal tools, and patient lifestyle factors. Moreover, kidney stone
mineralization in vivo is influenced by numerous environmental
factors, such as localized pH, ionic concentration, and the pres-
ence of biomolecules, thus making it challenging to isolate the
effect of a particular ion on biomineralization. Together with
lack of in situ models that observe stone formation in real time,
there exists a need to discern the mechanisms in which ions,
such as Ni**, impact mineral phase development.

To narrow the knowledge gap in our understanding of
Ni*"’s impact on CaOx crystallization, we utilized in situ gra-
phene liquid cell (GLC) transmission electron microscopy
(TEM). The use of GLC allows for observation of the nucleation
and growth events of biological crystals in situ, in real time,
and on the nanoscale while maintaining high spatial resolu-
tion, protecting the sample from the column pressure and
minimizing the radiation damage.***® Prior work using in situ
GLC TEM revealed that the addition of citrate, a known inhibi-
tor, to CaOx results in the increased hydration state of the
crystal via the formation of calcium-citrate complexes which,
in turn, prevents oxalate binding.”” In the present study, we
elucidated the effect of Ni*" on CaOx crystallization in situ and
at atomic level resolution, and observed its impact on phase
stability and particle morphology - important differentiators
in nanocrystals of lithogenic and healthy patients.*® It was
determined that through the formation of Ni-water complexes,
Ni** has a dual surface effect as both a crystal stabilizer as well
as directional growth inhibitor, impacting the crystal mor-
phology. Moreover, as Ni-water complexes interact with the
surface of CaOx, this leads to the amorphization and a meta-
stable phase formation. Atomistic molecular dynamics (MD)
simulations confirmed the role of Ni** as a weak inhibitor and
its effect on the growth rate via the introduction of additional
water to the surface of CaOx.

Experimental
Preparation of graphene-coated TEM grids

Graphene-coated TEM grids were prepared following a pre-
viously confirmed protocol.*® Briefly, a desired area of a CVD-
deposited monolayer of a graphene-on-copper foil (Grolltex)
was obtained and its wrinkles were removed using two glass
slides (Fisherbrand) and a nonwoven wipe (Texwipe). The
amorphous carbon sides of Quantifoil R2/2 micromachined
holey carbon grids, 200 mesh gold (SPI Supplies), were placed
in contact with graphene and bonded for at least two hours via
the addition of isopropyl alcohol. Copper was subsequently
etched by placing the grids, together with the graphene-on-
copper, in a solution of 1 g of sodium persulfate
(MilliporeSigma) in 10 mL deionized water for 12 hours.
Copper etching was followed by rinsing the grids 3 times in
HPLC-grade water (MilliporeSigma) and air drying.

Sample preparation

Control calcium oxalate (CaOx) sample was prepared by com-
bining equimolar CaCl, (Fischer Chemical) and Na,C,0,
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(Sigma-Aldrich). The product formed instantaneously in the
following reaction: Na,C,0, + CaCl, - CaC,0, + 2NaCl. A
sample containing Ni was prepared by combining 0.03 M
CaCl, and Na,C,0, with 0.004 M NiCl,. The solutions were
prepared immediately prior to encapsulation. 0.3 pL of reac-
tion solution was encapsulated between two graphene-coated
TEM grids.

Characterization

All characterization was performed using JEOL JEM-ARM200CF
aberration-corrected scanning transmission electron micro-
scope. To assess nanoparticle morphology, the microscope was
operated in STEM mode at 200 kV and with a 22 mrad conver-
gence angle. High-angle annular dark field (HAADF) imaging
was performed using an Orius CCD camera with a 512 x 512
scanning resolution. Quantitative chemical analysis was done
via STEM-EDS at 200 kV utilizing the Oxford EDS detector
system, with a pixel dwell time of 500 ps. Selected area electron
diffraction (SAED) analysis was performed in a TEM diffraction
mode with the camera length of 25 cm. High resolution trans-
mission electron microscopy (HR-TEM) imaging was achieved at
200 kv in TEM mode. The electron dose rate was maintained at
0.015 electrons/A%/s. Orius CCD camera with a capture rate of 6
frames per second was used for the acquisition of in situ TEM
videos.

MD simulations

MD simulations were performed with NAMD3.*® Water mole-
cules were described using TIP3P model.>® Monoatomic ions
were modelled using Lennard-Jones parameters and integral
charges.”"**> Parameters of oxalate ions were determined from
our previous study.”” The simulations were performed in the
NPT ensemble at temperature of 310 K and pressure of 1 atm
using a Langevin dynamics with yp,ne = 1.00 ps‘l. The particle-
mesh Ewald (PME) method® was used together with periodic
boundary conditions for evaluation of long-range Coulomb
interactions, where the long-range interactions were evaluated
every 1 (van der Waals) and 2 (coulombic) time steps. The
systems were minimized for 5000 steps and pre-equilibrated
for 2000 steps, with a time step set to 2.0 fs. All simulations
had the same number of waters, calcium ions, and oxalate
ions, such that [CaOx] = 30 mM. There was a total of 145
oxalate ions in all simulations; spectator NaCl ions were also
added into the system to replicate experimental conditions.
One carbon atom on each oxalate molecule was harmonically
constrained to allow these molecules to rotate, but not diffuse
during minimization and pre-equilibration. There were no con-
straints during the simulations, which ran for over 400 ns with
a time step of 2.0 fs.

In the analysis, a cluster was defined by having at least one
Ca** ion and one oxalate, where they were in at least 4.5 A of
each other. Cluster sizes were iteratively determined by analyz-
ing a central cluster of oxalate, nickel ions, or calcium ions
and determining whether they were different molecules of
those same species (neighbors) within 4.5 A of the first central
cluster. Iterations ended when no new neighbors were found.

This journal is © The Royal Society of Chemistry 2024
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After the cluster size was determined, the number of water
molecules that were within 4.5 A of any calcium ion, oxalate
molecule, or nickel ion in the final cluster were determined.
To eliminate artifacts of having a finite simulation box, it was
determined whether any molecule in the final cluster was
within 4.5 A of the boundary of simulation box. If there was a
cluster close to the boundary of the box, the entire cluster and
neighboring water molecules were displaced by the dimension
of the corresponding boundary, yet opposite in direction. We
then repeated the iterations as described earlier. Sizes of clus-
ters were determined by the number of calcium ions in that
cluster. Evaluations of cluster sizes were determined for every
1.00 ns, due to memory limitations.

Results and discussion

The observation of in situ nanoscale CaOx crystallization in
real time was performed using GLC TEM. An aqueous solution
containing ions of interest was encapsulated between two gra-
phene-coated TEM grids, forming a liquid cell via van der
Waals interactions between graphene sheets. The schematic
representation of a GLC is shown in Fig. 1a. The control
sample GLC contained a solution with calcium and oxalate
ions, illustrated using a blue box. Another GLC encapsulated a
solution with calcium, oxalate, and nickel ions is highlighted
by the pink box. The precipitation reaction leading to the for-
mation of CaOx is instantaneous and is not due to the electron
beam given the constant electron dose rate, as previously
demonstrated.”’”* Fig. S1f shows the results of the beam-
blank experiment, where after 300 s of beam-blanking a COT
nanoparticle maintains its phase and size. This further con-
firms that this is not a beam-driven reaction and that the
beam did not induce radiation damage. Fig. 1b shows the
in situ GLC high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image of formed
CaOx nanoparticles (NPs). In HAADF-STEM, heavier elements
appear brighter due to the stronger signal sensed by HAADF
detector from a higher number of inelastically scattered
primary electrons. Thus, in Fig. 1b, the brightest spots corres-
pond to areas of high calcium concentration, suggesting a
non-specific distribution throughout the NPs. The NPs are
characterized by a distinctive morphology of sharp edges and
tips. Fig. S2at provides TEM micrographs of the control CaOx
NPs whereas Fig. S2bt shows TEM micrographs of CaOx-Ni
NPs, confirming morphologies observed in STEM. This mor-
phology was also observed in nanocrystals formed in the urine
of lithogenic patients and is associated with improved crystal
attachment and injury to renal epithelial cells.*®* Moreover,
NPs of similar size show some agglomeration, a feature also
associated with the pathology.

By contrast, CaOx NPs formed with the presence of Ni**
ions in the solution do not have distinguishable crystalline fea-
tures, as illustrated by Fig. 1c and S2b,7 suggesting their
limited ability to inflict cellular damage. Perhaps the most
important finding is that the addition of Ni** alters the crystal
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Fig. 1 (a) A graphical representation of a GLC containing an aqueous
solution with ions of interest. Two layers of graphene encapsulate a
droplet of an aqueous solution. A solution containing calcium and oxalate
ions is highlighted by the blue box. A pink box highlights a solution that
includes calcium, oxalate, and nickel ions. (b) In situ GLC HAADF-STEM
image of calcium oxalate. (c) In situ GLC HAADF-STEM image of calcium
oxalate with nickel. (d) In situ GLC SAED of calcium oxalate monohydrate
(COM) formed in the absence of nickel. (e) In situ GLC SAED of calcium
oxalate trihydrate (COT) formed in the presence of nickel.

phase, resulting in a less thermodynamically stable structure.
Fig. 1d illustrates the results of in situ GLC selected area elec-
tron diffraction (SAED) of COM formed in the absence of Ni**,
obtained for structural confirmation from a large region of
NPs. The data shows the presence of multiple crystal planes
such as (142), (221), (300), (163), (284), (363), (3105), character-
ized by well-defined bright spots.”® By contrast, in the presence
of Ni**, the existence of COT is observed, as indicated by (221),
(052), (161).>® Moreover, diffused and broader rings in Fig. 1e
suggest that many of the NPs formed were amorphous in
nature, with some metastable COT present.

This finding is a key confirmation of the effect of Ni** on
CaOx formation, suggesting that Ni** favorably alters the
crystal phase. Specifically, the crystal phase is the most impor-
tant factor in crystal adhesion and subsequent cell injury at
the nanoscale since it is possible to eliminate larger size crys-
tals as long as they do not attach. The adhesion of COM crys-
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tals to renal epithelial cells is stronger than those of a meta-
stable phase.”” Thus, by acting as a phase modifier, Ni has the
potential to reduce the chance of crystal to cell adhesion.

In situ GLC energy-dispersive X-ray spectroscopy (EDS) was
used to better understand the mechanism through which Ni**
ions affect CaOx crystallization. Fig. 2 illustrates in situ
STEM-EDS elemental analysis of CaOx control NPs as well as
those doped with Ni** as they formed in an aqueous environ-
ment. Fig. 2a shows an in situ GLC STEM-HAADF image over-
laid with Ca and O elemental mapping. Details of elemental
distribution are elaborated on in Fig. 2b. Specifically, the dis-
tribution of Ca is homogenous and is concentrated primarily
in the CaOx NPs. A trace amount of Ca is observed in the areas
close to the NP, which is in line with the expectation that some
Ca ions are floating in the solution. Distribution of O follows
the distribution of Ca, with additional O present outside of the
NPs. This is also expected since the NPs are formed in water.

Fig. 2cshows an in situ GLC STEM-HAADF image overlaid
with Ca, O, and Ni elemental mapping. The elemental distri-
bution of Ca and O in a Ni-doped sample in Fig. 2d is similar
to the control CaOx sample in Fig. 2b. Fig. 2d clearly demon-
strates that Ni** ions are present in the CaOx NPs. Ni is uni-
formly distributed within the NPs, appearing at both the edges
as well as the center of the structures. Fig. S31 provides decon-
voluted spectra for both the control and CaOx + Ni conditions.

CaOx + Ni

Fig. 2 In situ STEM-EDS elemental analysis of CaOx in the absence and
presence of Ni in GLC aqueous environment. (a) In situ GLC
STEM-HAADF overlay with elemental mapping of CaOx NPs. (b)
Individual in situ GLC STEM-EDS elemental mapping of Ca and O in
CaOx NPs. (c) In situ GLC STEM-HAADF overlay with elemental mapping
of CaOx in the presence of Ni. (d) Individual in situ GLC STEM-EDS
elemental mapping of Ca, O, and Ni, confirming the interaction of Ni
with the CaOx structure.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr05314h

Published on 12 February 2024. Downloaded by University of Illinois at Chicago on 2/15/2024 4:02:24 PM.

Nanoscale

The atomic% ratio of O to Ca (~4:1) reported in Fig. S3at is
consistent with our expectations for the ratios found in
calcium oxalate based on the formula CaC,0,. The atomic% of
Ni is reported in Fig. S3bf at 2.3%, which is in line with
doping concentration expectations. Moreover, Ni-La and Ni-Ka
peaks were observed at 0.851 and at 7.471, respectively, con-
firming the presence of Ni in the sample. EDS has been used
in the past to verify the formation of CaOx as well as to analyze
the inclusions of heavy metals in the CaOx structure in the ex
situ samples."”***7:3® To date, using EDS to verify the incor-
poration of metal ions in CaOx matrix ex situ resulted in incon-
clusive data regarding the possibility of Ni element’s inter-
action with the CaOx matrix, potentially due to experimental
limitations.** This work clearly demonstrates the advantage of
using in situ GLC STEM-EDS to identify the interaction of Ni**
ions with the CaOx structure at a doping concentration during
real-time NP formation.

Fig. 3 illustrates the growth of a single CaOx NP doped with
Ni** ions in situ. The nucleus forms at 0.2 seconds, showing
crystalline growth of (101) and (212) COT planes and measur-
ing 8.2 nm* (Video S1, Fig. S4 and S5t).>® The (101) remains
present through all the time points, with an addition of new
planes with time. The growth phase occurs in two stages: from
0.2 seconds to 9.0 seconds at the rate of 8.04 nm* s~* and from
9.0 to 26.8 seconds at the rate of 1.38 nm” s~" (Fig. S51). In the
first stage, the ions from the bulk solution are diffused to the
crystal surface.’”®® Here, the presence of Ni** ions on the
crystal surface is likely to be negligible since the crystal con-
tinues to grow at a high rate. In the second stage, the attach-
ment and subsequent incorporation of the ions into the crystal
lattice occurs via a first-order reaction. The overall process of
crystallization may be represented by the following equation:

dm
_— —*)¥¢
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/
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where m refers to the mass of deposited solid, ¢ represents
time, Kg stands for the overall crystal growth coefficient, A is
the surface area of the crystal, ¢ is the supersaturated solute
concentration in the solution, c¢* is the equilibrium saturation
concentration, and g refers to the overall crystal growth
exponent.®!

A drastic decrease in the growth rate may also be attributed
to the increased presence of Ni*" ions on the crystal surface
which inhibits the attachment of calcium and oxalate ions.
Thus, Ni*" ions act as defects and prevent further growth along
a particular crystallographic face, ultimately resulting in
agglomerations observed in Fig. 1c. Moreover, by 26.8 seconds,
the crystal is likely approaching a critical defect concentration,
thereby further slowing the growth.

The impact of Ni*" as a defect may be further understood
by examining its effect on Gibbs free energy given by the fol-
lowing equation:

G = G* 4+ NpAHp — TNpAS, — TAS:(Np) (2)

where G represents Gibbs free energy, G* is the Gibbs free
energy of a perfect crystal, Np represents the number of
defects, AHp, is the change in enthalpy per defect, T is temp-
erature, AS, refers to the change in vibrational entropy per
defect, and AS.(Np) represents the change in configurational
entropy as a function of the number of defects.’> Since the
crystal maintains the same phase throughout the transform-
ations (COT), the impact of the change in configurational
entropy is negligible. As a crystal grows, the number of defects
increases. This suggests that at a larger crystal size, the
increased number of defects will cause the enthalpy and
entropy to come to a point at which it is no longer favourable
for the crystal to grow.

To further elucidate the effect of effect Ni** ions on the
CaOx crystallization, atomistic molecular dynamics (MD) simu-
lations of Ca®" and C,0,>” aqueous solutions of [CaOx] =

Zone axis: [111]

Zone axis: [141]

Fig. 3 In situ GLC HRTEM time-lapse nucleation and growth of a COT crystal in the presence of Ni?* and corresponding fast Fourier transform-

ations (FFTs).

This journal is © The Royal Society of Chemistry 2024
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30 mM were performed in the presence of Ni*" ions at 0, 2, 4,
and 8 mM concentrations (see Experimental). In all simu-
lations, the CaOx clusters form and gradually grow. However,
Ni** ions tend to transiently (10-50 ps) adsorb on these CaOx
clusters (Fig. 4a (insert)) and slow down their growth.
Therefore, Ni*" ions act as a weak inhibitor which slows down
the CaOx crystallization, unlike citrate ions which tend to limit
the size of CaOx clusters.””

Fig. 4shows the results of 4 mM Ni** simulations, while the
other systems are shown in ESI (Fig. S6 and S77). Fig. 4a pro-
vides the ratio of water (within 4.5 A within CaOx cluster) and
Ca®" ions as a function of the number of Ca®" ions present in
the clusters. In small clusters, there is a higher water: Ca®*
ratio (30-80) with a large variability regardless of the Ni** con-
centration in the solution. When more than 15-20 Ca®" ions
are in the cluster, the water : Ca®* ratio converges to ~10 water
molecules. It turns out that the presence Ni** ions in the solu-
tion doesn’t affect much this limiting ratio.

These results can be better understood from Fig. 4b, which
reveals that larger Ni**:Ca®" ratio are limited to smaller
cluster, since the Ni*" ions are practically only adsorbed at the
CaOx cluster surfaces. Moreover, these smaller clusters have a
higher water : Ca®" ratios (30-60), which shows that when Ni**
interacts with the CaOx cluster it brings more water into the
cluster. These data support the experimental observation
showing that integration of Ni** in the CaOx crystal is
accompanied with more water but also with a loss of crystalli-
nity since the Ni is not well integrated within the CaOx system,
as revealed by these simulations.

The proposed mechanism of the effect of Ni** on CaOx
crystal growth is outlined in Fig. 5 and described in detail as
follows. Calcium and oxalate ions encapsulated in GLC in a
supersaturated aqueous environment undergo an instan-
taneous precipitation reaction, leading to the nucleation of a
COT crystal.*®*”** Ni**, present in a solution at a doping con-
centration, form Ni-water complexes via interactions with
water. This presents an opportunity for Ni-water complexes to
interact with the surface of the COT crystal, for example, with
water that is part of the crystal structure and is located on the

4 mM 4 mM

0 10 20 30 40 50 60 0.0 05 10 15 20
Ca? Ni2* : Ca2*

Fig. 4 (a) Number of water molecules within 4.5 A per Ca%* ion in a
cluster vs. number of Ca®* ion within a cluster. (Inset) Three clusters at t
= 300 ns. Green atoms represent Ca>* ion; blue atoms represent Ni>*
ions, red atoms are C2042‘ ions. Scale bar is 1 A. (b) Number of water
molecules within 4.5 A per Ca®* ion in a cluster vs. ratio of Ni** ions
within 4.5 A of a cluster with respect to number of Ca* ions in a cluster.
Color scale shows the number of Ca®* in cluster.

Nanoscale

View Article Online

Nanoscale

surface. This interaction produces a dual effect. First, a Ni-
water complex brings additional water molecules, thereby
increasing the hydration state of the structure. Second, a Ni-
water complex influences the direction of growth by interacting
with the water on the crystal surface and thus preventing new
growth of CaOx at those particular sites. As additional calcium
and oxalate ions are incorporated into the lattice structure, a
Ni-water complex becomes incorporated in the growing struc-
ture. Since the newly incorporated ions must grow around Ni-
water complexes on the surface, the resulting shape of the
crystal becomes distorted, as shown in Fig. 1c.

The addition of excess water into the crystal structure pre-
vents the rearrangement of COT into a more stable phase over
time. The presence of Ni-water complexes may also induce
local strain resulting in an amorphous morphology with some
metastable COT present.>>>° Prior experimental and compu-
tational findings established that the presence of a CaOx mole-
cular inhibitor produces a localized lattice strain, resulting in
the release of calcium and oxalate ions to alleviate the strain.®?
Moreover, the lattice strain increases crystal solubility while
decreasing the solubility of the solution, thus impacting the
thermodynamic equilibrium.>®

Hydrated Ni(u) has been extensively investigated as it is
found as a constituent of many single crystals with a variety of
applications.®*™*® Hydrated Ni(n) ion consists of six water
molecules in its first coordination sphere in an octahedral
arrangement, with the O-N-O angle variability of up to 20
degrees.®* The second hydration sphere ranges between 13
and 16 water molecules, depending on the computational
approach.®”® 13 water molecules in the second hydration
sphere are considered to have a nearly ideal arrangement via
hydrogen bonding whereas in a 16-water scenario, the
additional water molecules are included without any specific
arrangement in addition to those occurring via hydrogen
bonds. Overall, this demonstrates that the inclusion of
hydrated Ni(u) brings about additional water, as reflected in
the increased hydration state of the structure. In addition, the
water exchange reaction between a water in hydrated Ni(u) and
an outside water molecule occurs via a dissociative mode of
activation. Furthermore, water exchange occurs in the first
coordination sphere due to the initial structural distortion.
Since the increase in the ionic radius decreases the binding
energies, a water molecule is more likely to bind to nickel than
to calcium.®”””®® This provides an opportunity for a water
exchange to occur between a water molecule from hydrated Ni
() and a water on the surface of the COT crystal, ultimately
resulting in the interaction with the hydrated Ni(u) and the for-
mation of the most hydrated crystal form of CaOx with some
amorphization, as observed here experimentally.

While these findings pave the way for high throughput
nanoscale investigations of metal modifiers on calcium
oxalate, it is important to acknowledge the limitations of the
present methodology. Specifically, current study is a simplified
system that focuses on observing an isolated effect of Ni
during CaOx biomineralization without considering additional
biological and chemical factors that take place in an in vivo

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Proposed mechanism of the effect of Ni on CaOx crystal growth. CaOx nucleates as COT and undergoes partial growth. Ni ions forms a Ni-
water complex through interactions with water. A Ni-water complex is incorporated on the periphery of the crystal, introducing additional water. As
the structure grows, the incorporation of Ni-water complexes results in a distorted shape and the inability to transform into a more stable phase.

system. Crystallization occurs at higher than physiological con-
centrations to account for the limited field-of-view, to avoid
prolonged beam exposure, and to stay within EDS detection
limits. Additional limitation of the in situ GLC TEM approach
is the inability to modify or to measure the temperature within
the GLC nanoreactor during the duration of the experiment.
To study CaOx crystallization at a constant, physiologically -
relevant temperature in the future, additional liquid cell
approaches such as the use of a heated liquid cell holder may
be considered. Despite these shortcomings, present results are
consistent with the previous limited knowledge about the
impact of Ni** on CaOx crystallization.** Current study con-
firmed that Ni** acts as a shape-directing species, resulting in
phase change. However, a distinguishing aspect of this work is
the elucidation of the mechanism through which Ni** impacts
the crystallization of CaOx. It was determined that Ni** has a
dual surface effect that leads to crystal stabilization and
growth inhibition in the specific directions where Ni** is
present, as evident by a distinct morphology. Ni** does not

This journal is © The Royal Society of Chemistry 2024

diffuse into the crystal lattice but rather, becomes incorporated
by forming Ni-water complexes and interacting with the water
in the hydrated CaOx crystal, thus leading to amorphization.
The finding of the most clinical significance is that the addition
of Ni** leads to a more hydrated crystal phase, metastable COT,
as compared to control, COM. CaOx crystal phase is the most
important factor on the outcomes of crystal attachment and cell
injury in vitro. Thus, by increasing the hydration state, Ni*" pre-
vents the formation of a more stable, detrimental phase. The
importance of the methodologies employed in this study
should also be noted. For example, it was possible to establish
the localized interaction of Ni** with the CaOx structure due to
the use of in situ GLC STEM-EDS. The kinetic effect of Ni was
determined in real time and at atomic resolution by using
in situ GLC HR-TEM. This highlights the effectiveness of the use
of in situ GLC TEM and opens possibilities for the future real-
time nanoscale investigations on the effects of metal ions on
CaOx crystallization. Overall, this study demonstrated the com-
plexity and equivocalness of Ni** on the formation of CaOx and
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the need for effective in situ methodologies to evaluate metal
ions effects on CaOx on the nanoscale.

Conclusions

Present study elucidated the effect of Ni** on CaOx crystalliza-
tion, specifically on crystal phase, morphology, and growth
kinetics. The findings established that Ni*" acts as a shape-
directing species, resulting in particles that do not have a dis-
tinguishable crystalline morphology. Moreover, in the presence
of Ni**, the least thermodynamically crystalline phase, COT,
was observed. By interacting with the surface of the nanocrys-
tal, Ni*" impacted the growth rate.

Atomistic MD simulations further clarified the inhibitory
mechanism by showing that Ni** ions are transiently adsorbed
on small-sized CaOx clusters, thereby affecting the rate of crys-
tallization. Future MD simulations efforts should evaluate
additional parameters, such as the effect of Ni** on the supersa-
turation of CaOx and the subsequent impact on nucleation and
growth. Moreover, due to the experimental limitations of the
system, additional computational efforts to test the impedance
of Ni*" on COM growth and to further discern the pathway of
COT formation at different concentrations may be considered.
Presently, the incorporation of Ni*'into the CaOx crystal results
in additional water and a loss of crystallinity since the Ni** is
not well integrated within the CaOx system. The presented
results are of significance to pathological CaOx mineralization
as they illustrate the inhibitory potential of Ni*".
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