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Abstract

Calcium oxalate kidney stones, the most prevalent type of kidney stones, undergo a multi-step process of crystal nucle-
ation, growth, aggregation, and secondary transition. The secondary transition has been rather overlooked, and thus,
the effects on the disease and the underlying mechanism remain unclear. Here, we show, by periodic micro-CT images
of human kidney stones in an ex vivo incubation experiment, that the growth of porous aggregates of calcium oxalate
dihydrate (COD) crystals triggers the hardening of the kidney stones that causes difficulty in lithotripsy of kidney stone
disease in the secondary transition. This hardening was caused by the internal nucleation and growth of precise calcium
oxalate monohydrate (COM) crystals from isolated urine in which the calcium oxalate concentrations decreased by the
growth of COD in closed grain boundaries of COD aggregate kidney stones. Reducing the calcium oxalate concentrations
in urine is regarded as a typical approach for avoiding the recurrence. However, our results revealed that the decrease of
the concentrations in closed microenvironments conversely promotes the transition of the COD aggregates into hard COM
aggregates. We anticipate that the suppression of the secondary transition has the potential to manage the deterioration of
kidney stone disease.

Keywords Kidney stones - Calcium oxalate - Microstructure - X-ray micro-CT - Solution-mediated phase transition -
Extracorporeal shock wave lithotripter

Introduction

P4 Mihoko Maruyama
maruyama@eei.eng.osaka-u.ac.jp Biomineralization is an essential process for diverse liv-

ing organisms to form hard materials inside and outside

of the living system, such as shells, pearls, exoskeletons,

crustaceans, bones, and teeth [1-3]. These hard materials
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often have excellent physical properties due to their precise
crystal textures [4, 5]. This excellent hardness supports the
biological activities of many living organisms, including
humans. However, biomineralization often causes patho-
logical problems for humans [6-9]. One of the most com-
mon diseases related to biomineralization is kidney stone
disease, in which stones form in the urine tract. The number
of patients with the disease is increasing, and the recurrence
rate within five years after diagnosis is exceptionally high
at >45%. The condition is serious because repeated recur-
rences can lead to deterioration of renal function, which is
ultimately life-threatening [10, 11]. Even today, the most
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effective way to prevent stone recurrence is to “drink plenty
of water,” and this has not changed for about 2,000 years
[12].

Calcium oxalate stones, which contain about 90% of
crystalline components and remaining organic matrix such
as proteins [13, 14] account for about 80% of kidney stones
[15]. This type of kidney stone includes two phases of cal-
cium oxalate: calcium oxalate monohydrate (COM,; a stable
phase), and calcium oxalate dihydrate (COD; a metastable
phase) (Supplementary Fig. 1).

Many types of investigations, including microstructure
observation of kidney stones collected by surgery and labo-
ratory experiments to demonstrate kidney stone formation,
revealed that kidney stones typically form through crystal
nucleation, growth, aggregation, and secondary processes
in kidney stones [16—19]. The process of crystal nucleation,
growth, and aggregation have been extensively investigated
because these processes form and increase the size of kid-
ney stones. The secondary processes have been rather over-
looked. Based on microstructure observation of calcium
oxalate kidney stones, it has been suggested that a part of
COM was formed by the phase transition from COD in the
secondary processes [9, 19-21]. However, how this transi-
tion is triggered and how this transition affects the patho-
logical treatment of kidney stone disease are unknown. We
investigated the transitions of crystal phases by acquiring
periodic micro-CT images in an ex vivo incubation experi-
ment of human kidney stones.

Materials and methods
Ethics statement

The research project presented in this paper was approved
by the institutional review board of the graduate school of
medicine, Nagoya City university (No.60-19-0185). All
methods were carried out in accordance with the relevant
guidelines and regulations. Written informed consent from
all subjects was obtained according to procedures approved
by the ethical committee board.

The general flow of the phase transition experiment is
outlined in the Supporting data (Supplementary Fig. 2).

Materials

Sodium chloride (purity 99.5%), calcium chloride dihy-
drate (purity 99.9%), and sodium oxalate (purity 99.5%)
were procured from Fujifilm Wako Pure Chemicals Co. All
reagents were used without further purification. Deionized
water, with a resistivity of 18.2 MQecm, was prepared by
Urupure (Komatsu Electronics Corporation) and employed
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in the experiments. COD stones were sourced from patient
samples (Supplementary Fig. 2a). This stone spontane-
ously passed through in the urine of a male patient (Sam-
plel; 60-years old with a history of kidney stone disease).
Ethical protocols were strictly followed in the handling of
the samples for the experiment.

Solution preparation

Stock solutions were prepared for the following composi-
tions: 150 mM NaCl solution, 10 mM CaCl, solution, and
a mixture of 150 mM NaCl solution and 10 mM CaC,0,
solution. These solutions were combined in a 20 ml glass
vial to create a supersaturated solution, with the follow-
ing amounts of each solution used: 4.5 ml of NaCl solu-
tion, 5.0 ml of NaCl and CaCl, solution, and 0.5 ml of NaCl
and CaC,0, solution. The prepared solutions were incu-
bated at room temperature (20°C) for 24 h, during which
calcium oxalate nucleation occurred. Following the incuba-
tion period, the calcium oxalate solution and crystals in the
vial were transferred to a 15 ml centrifuge tube (TPP) and
centrifuged at 5000 rpm for 5 min using a TOMY MX-301
centrifuge. Subsequently, the supernatant solution was care-
fully transferred to a 10 ml syringe (Thermo) and filtered
(25HP020AN, ADVANTEC) to prevent precipitated crys-
tals from entering the bottom of the centrifuge tube. Finally,
the calcium oxalate solution was transferred to a 20 ml glass
vial. The entire preparation process was conducted at room
temperature (20°C).

The solution prepared in the above process reproduced
only the representative ion concentrations present in urine
and did not contain any proteins or other organic matter.

Induced phase transition

The COD stone (Sample 1) was placed in a glass vial con-
taining the prepared calcium oxalate solution, and the vial
was subsequently placed in an incubator set at 37°C. The
solution was incubated with gentle agitation at 70 rpm
using a rotary shaker (SH-BDO04, Ivy Corporation). After
one week, the stone was carefully removed from the solu-
tion and promptly rinsed with 95% ethanol. The stone was
evaluated after appropriate washing. The detailed evalua-
tion process is described below. Following the evaluation,
the COD stone was once again immersed in a freshly pre-
pared calcium oxalate solution. After an additional week,
the stone was retrieved and subjected to further evaluation.
During the experiment, the supersaturation of calcium oxa-
late changed (Supplementary Fig. 3).
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Balk evaluation

The surface and color of the stone were observed by a digital
microscope (Dino-Line, Anmo). For a more detailed analy-
sis of the surface structure, scanning electron microscopy
(SEM: VHX-D510N, KEYENCE) was employed (Supple-
mentary Fig. 2b). We roughly determined the crystal phases
of the COD stone surface by comparison with the observed
crystal morphology, the previously reported COM and COD
morphologies [22, 23], and the typical morphology calcu-
lated with VESTAS56 [24]. The three-dimensional crystal
structure inside the stone was observed by X-ray micro-CT
(ScanXmate-LO90T, Com Scan Tecno Co.) (Supplemen-
tary Fig. 2¢). The measurement conditions were as follows:
tube voltage: 50 kV, tube current: 160 pA, and resolution:
13.256 um/pixel. The distribution of COM and COD within
the stones was determined from the structure and CT values
[25].

Thin section evaluation

The stone was processed into thin sections with 20-30 pm
thickness [26] (Supplementary Fig. 2d, ). Microstructures
of crystals were observed with a polarizing microscope
(OPTIPHOT2-POL, Nikon). The crystal phases in the sam-
ple were roughly identified from the extinction of light when
the stage was rotated. The further detailed components were
decided by Raman spectra taken by a Raman spectrometer
(RAMANTtouch, Nanophoton) (Supplementary Fig. 2f). The
measurement conditions of the Raman spectrometer are
shown below. The laser used for the measurements had a
wavelength of 785 nm, a laser power of 1.50+0.25 mW,
and the wavenumber ranged from 600 to 1600 cm™'. We
used a grating of 600 gr/mm. All measurement were per-
formed at room temperature. COD, COM, and apatite were
identified by referring to the specific peaks derived from the
bonding of each material (Supplementary Fig. 2f). COM
was identified by reference to the 894 cm™! peak derived
from the C-C bond and the 1462 and 1488 cm™' peaks
derived from the C=0 bond. COD was identified by the
peak at 911 cm™' derived from the C-C bond and the peak at
1478 cm™! derived from the C =0 bond. Apatite was identi-
fied by reference to the peak at 960 cm™' derived from the
bond [27]. Multiple immunofluorescence staining was per-
formed to visualize the protein distribution of the stones and
was observed with Auto-Fluorescence Microscopy (Nikon
A1R) [28].

Stone crushing

Experimental stone crushing was performed using an
extracorporeal shock wave lithotripter (Dornier MedTech,

Dornier Gemini) (Supplementary Fig. 4a). A water tank was
positioned above the extracorporeal shock wave lithotripter
(Supplementary Fig. 4b). A 2 mm mesh cage was attached to
the top of the tank, and stones were placed inside the cage.
The shock wave intensity of the extracorporeal shock wave
lithotripter was set to Lev.1 (Supplementary Fig. 4b) and the
frequency to 60 Hz, and shock waves were applied to the
stones 100 times. Shock waveform data was acquired with a
piezoelectric sensor (119M31, PCB PIEZOTRONICS) and
output with an oscilloscope (TDS 2022 C, Tektronix). The
acquired data were obtained by substituting C,=21.8 [pF],
C,=333 [pF] and sens=0.311 [pC/PSI] into the power to
pressure calibration Eq. (1).

sens ) sens[pC/PSI]
= PSI/V] =
Cp+ C,)[ SIV] (Cy [pF] + C, [pF]) x 0.145 [PSI]

P [MPa/V] (1)

Results and discussion
Observation of the kidney stone surface

A kidney stone (Sample 1) is composed of several aggre-
gates of typical COD crystals (Fig. la, Supplementary
Fig. 1b, d) [29-31], and the COD crystals forming Sample 1
are found to have some transparency before the phase tran-
sition experiment (Fig. 1b). Scanning electron microscope
(SEM) observation of the stone surface shows that the COD
crystals are randomly aggregated regardless of their planes
and orientations, and that the crystals vary in size (Fig. lc,
d). The surface of a few mm-sized COD crystals was cov-
ered with COD crystals of several tens um in size (Supple-
mentary Fig. 5a, b).

When the COD stone was immersed in supersaturated
calcium oxalate solution, their surfaces became whiter, and
the roughness increased as time progressed (Fig. le, f).
Detailed observation of the stone surface after one week of
immersion by SEM revealed many etch pits on the COD
crystal surfaces, which were caused by dissolution (Fig. 1g,
Supplementary Fig. 5c, d). At the same time, multiple COM
crystals of several um in size nucleated and grew on the
surface of the COD crystals with the b-axis facing outward
(Fig. 1g, h). After immersion in the solution for another
week, the entire stone surface was covered with fine COM
crystals (Fig. 11, j). The COM crystals were aligned and ori-
ented on the surface (Fig. 1k, 1, Supplementary Fig. Se, f).

Changes inside the kidney stone

While the macrotextures appeared on the stone surface
as described above, greater changes were observed in the
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Before

Fig.1 Changes in the COD stone (Sample 1) surface during the experi-
ment. (a) The stereoscopic image of the COD stone at the start of the
experiment. The stone is formed via the aggregation of several COD
crystal. (b) The enlarged image of the white dotted box area in (a). (c)
The SEM image. (d)A model diagram of the white dotted box area in
(¢). (e) The stereoscopic image of the COD stone one week after the
start of the experiment. Etch-pits formed due to dissolution of the COD

inside of the stone. An example of a surgically removed
stone (Sample 2) shown in Fig. 2a has COD crystal mor-
phology, but most of the interior was filled with COM.
Micro-CT images show that COM crystals with many voids
exist inside of the COD crystals (Fig. 2b, c). Such stones
have been seen frequently.

Another observed stone shown in Fig. 2d (Sample 1)
also had COD crystal morphology, but originally composed
mostly of COD with < 100 um several COM domains in the
inside of the COD single crystal. This crystal had almost no
voids in the inside the crystal before the incubation experi-
ment (Fig. 2d, g). It is common to find stones with COD
in periphery region and COM in the center region [9, 21,
32-34]. By the incubation of this stone in the simulated
urine solution for two weeks, periodic micro-CT images
show the increase in the abundances and the sizes of the
COM domains and the abundance of void areas in the inside
of the COD. Finally, the incubated kidney stone (Sample

@ Springer
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crystal surface. (f) The enlarged image of the white dotted box area in
(e). (g) The SEM image. (h) A model diagram of the white dotted box
area in (g). (i) The stereoscopic image of the COD stone two weeks
after the start of the experiment. The stone surface was covered with
COM crystals. (j) The enlarged image of the white dotted box area in
(i). (k) The SEM image. (1) A model diagram of the white dotted box
area in (k)

1) became closer to another kidney stone (Sample 2) with
COD morphology filled with COM and voids (Fig. 2e, f, h,

1).
Evaluation of thin section

In order to observe the internal structure in more detail,
a thin section of Sample 1 was analyzed with a polarized
microscope and Raman spectrometer (Fig. 3a, b, Supple-
mentary Fig. 6). COM crystals formed by phase transition
inside COD crystals. They present typical COM mosaic
structures (Fig. 3c, d, e, f, g, h). The outline angle of the
mosaic COM structures (orange dashed line in Supplemen-
tary Fig. 6b, e) ranged from 40 to 45°, which was similar
to the face angle of COD crystals (Supplementary Fig. 1b,
Supplementary Fig. 6b-f). This phenomenon is identical to
“pseudocrystals” in natural minerals such as quartz [35].
Pseudocrystals occur when the original mineral gradually
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A stone removed by surgery

Experiment

Before

Fig.2 Interior of a calcium oxalate stone removed from a patient (Sam-
ple 2) and changes in the COD stone (Sample 1) interior during in the
experiment. (a) A stereoscopic image of a commonly reported COD
stone (Sample 2). (b) The micro-CT image of the COD stone shows in
Fig. 2(a) (Sample 2). (¢)An image with the CT score originating from
COD in blue and that originating from COM in orange. The micro-CT
image of Sample 2 shows a difference in the density of components
between the inside and the outside of the stone. The exterior stone is
relatively low-density components (COD), and the interior is higher

transforms into a different crystalline phase while maintain-
ing its external shape.

Comparison of multi-IF staining fluorescence intensities
of a thin section of Sample 1 shows that the calcium-binding
proteins, osteopontin (OPN) and renal prothrombin frag-
ment 1 (RPTF-1), are abundantly distributed in the COD
crystals (Fig. 31, j, k, m, Supplementary Fig. 7a, b, c, d)
and the concentric COM structure (Supplementary Fig. 7e,
f, g, h). Furthermore, apparent protein striations appeared
in these structures. In contrast, in the mosaic COM struc-
ture (Fig. 3m), the relative protein distribution is low, and
proteins distributed uniformly (Fig. 3n, o, p). Calgranulin
A (Cal A) is faintly distributed in COD and COM structure

densities components (COM). (d) The micro-CT image of Sample 1
at the start of the experiment. (e) The micro-CT image of Sample 1
after one week. (f) The micro-CT image ofSample 1 after two weeks.
(g) The mapping ofSample 1 at the start of the experiment. The COM
region and COD region determined based on the CT score. (h) The
mapping ofSample 1 after one week. (i) The mapping ofSample 1 after
two weeks. The inside of the COD stone has developed voids and a
mosaic-like structure, and the CT score indicates that the interior of the
COD stone has changed to consist of mainly COM crystals

(Fig. 31, p). OPN and RPTF-1 proteins which can be incor-
porated into the crystals interior due to their strong affinity to
the crystals [28]. OPN and RPTF-1 were partially exposed
to the solution during the phase transition, and then rein-
corporated into the newly crystallized COM crystals. Note
that no protein was added to the solution in this phase tran-
sition experiment. Since some of the proteins leaked into
the solution during this process, the relative amount of pro-
tein inside the COM crystals decreased. The distribution of
proteins in the stones after the phase transition experiment
strongly supports that the mosaic COM structure did form
in the experiment by the mechanism of solution-mediated
phase transition.

@ Springer
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slow

<4—— Phase transition

fast

Fig. 3 Analysis of a COD stone (Sample 1) section after the experi-
ment. (a) Cross-Nicol image of a thin section of Sample 1. The degree
of phase transition differs depending on regions. (b) Results of Raman
spectroscopy. The crossed points in the cross-Nicol image were mea-
sured. (¢, d) Enlarged cross-Nicol image of a thin section. The phase
transition is less pronounced inside narrow grain boundaries or cracks.
(e, f) Enlarged cross-Nicol image of a thin section. As the grain bound-
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aries become wider, COD crystals nucleate within the grain bound-
ary and the phase transition proceeds further inside. (g, h) Enlarged
cross-Nicol image of a thin section. Phase transition is in full prog-
ress. (i) Cross-Nicol image of COD structure. (j) Mapping of OPN. (k)
Mapping of RPTF-1. (1) Mapping of Cal A. (m) Cross-Nicol image of
mosaic COM structure. (n) Mapping of OPN. (o) Mapping of RPTF-1.
(p) Mapping of Cal A
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Crystal defects affect phase transition

Upon close observation of a thin section of Sample 1, it
becomes evident that the extent of phase transition within
COD crystals is not uniform. The observed regions are
characterized by a coexistence of areas exhibiting minimal
phase transition (Fig. 3¢, d) and areas where phase transition
progressed remarkably (Fig. 3g, h). We posit that this varia-
tion in phase transition extent is intrinsically linked to the
rate of phase transition.

When classified by phase transition rate, we found
approximately three patterns. Firstly, in regions classified
as slow phase transition rate, notably narrow grain bound-
aries or cracks are observable (Fig. 3c, d). Between these
grain boundaries or cracks, COM crystals nucleate and
impede solution penetration. Secondly, in regions classified
as medium phase transition rate, wider grain boundaries are
observed compared to those previously mentioned (Fig. 3e,
f). Along these grain boundaries, the growth of COD crys-
tals is apparent. The evidence of these grown crystals as
COD is substantiated by their crystallographic facet orien-
tations and the multi-IF staining outcomes. We reported the
selective attachment of RPTF-1 to the {101} face of COD
crystals [28]. Between the grain boundaries in our results,
the fluorescence intensity of RPTF-1 is notably heightened
(Fig. 30). As COD crystals grow to obstruct grain boundar-
ies, phase transition to COM crystals progresses within the
inner regions. Notably, this phase transition rate exceeds that
observed within the narrower grain boundaries. Finally, in
regions classified by the fastest phase transition rate, aggre-
gations of numerous COD crystals were observed (Fig. 3g,
h). There are a large number of grain boundaries in such the
aggregations.

These observations substantiate the assertion that phase
transition rate accelerates concomitantly with wider or a
large number of grain boundaries. This thus implies that
crystal defects, such as grain boundaries and cracks, signifi-
cantly influence the phase transition phenomenon.

Mechanism of phase transition

The urinary environment is always highly supersaturated for
COM and COD crystals [36, 37]. If supersaturation is main-
tained, it should be difficult for COD crystals to undergo a
solution-mediated phase transition to COM crystals because
they do not dissolve. Still, the results of this study showed
a phase transition from inside of the COD stones to COM
crystals. Therefore, it is necessary to consider where COD
crystals can dissolve within the body. Generally, the center
area of a stone is isolated from urine. When grain bound-
aries or cracks connect the inside of the stones to the uri-
nary environment, urine can enter the stones (Fig. 4a). The

supersaturated solution that penetrating these grain bound-
aries promotes the nucleation of crystals (either COD or
COM) between these boundaries (Fig. 4b). Subsequently,
the nucleated crystals grow in the penetrated solution. Over
time, these growing crystals enclose grain boundaries, cre-
ating a barrier that isolates the inside of the stone from the
urinary (Fig. 4c). Thus, the inside of the stone assumes an
almost enclosed state, in other words a semi-closed system.
Although solution exist in the semi-closed system, the sol-
utes (comprising calcium ions and oxalate ions) are con-
sumed by the growth of crystals between grain boundaries,
resulting in a lower solute concentration. Consequently, the
solution inside the stone becomes undersaturated for COD
crystals. Only COM crystals can nucleate or grow within
the semi-closed system (Fig. 4d). As COM crystals grow, a
localized undersaturated environment for COD crystals is
formed, which, as a result, dissolves the interior COD crys-
tals (Fig. 4e). This dissolution of COD crystals induces the
growth of COM crystals (Fig. 4f). Furthermore, the water
released during the phase transition (from COD to COM
crystals) decreases the calcium oxalate concentration inside
of the stone, accelerating this process. Note that such solu-
tion-mediated phase transition proceeds gradually through
very minute amounts of the solution phase. If stones have
more grain boundaries, such semi-closed systems effectively
form, and the phase transition progresses preferentially.
Sivaguru et al. reported that during the phase transition from
COD to COM crystals, voids, which are crystal defects, are
formed inside the stone due to the loss of water and decrease
in volume [19]. The formation of voids can be a new path
connecting the inside of the stone to the urine, an element
of further continuous progression of the phase transition. As
phase transition advances, mosaic COM structure form.

Solution-mediated phase transition stops in an environ-
ment where the COD crystals are constantly supersaturated.
The boundary condition maintains a balance between solute
consumption and supply near the interface where the COD
crystals are in contact with urine. Therefore, COD crystals
remain in the periphery area of the stone, surrounding the
COM crystals.

In addition to grain boundaries, we believe that inclusion
is also related to the progression of the phase transition. An
inclusion is solution and/or crystals that are trapped inside
a mother crystal during its formation, and it is thermody-
namically unstable; thus, such defects will be good starting
points for phase transition [38, 39]. Once COM crystals, the
stable phase, nucleate from the solution entrapped within
inclusions, as previously described, the progression of
phase transition proceeds rapidly.

It is hypothesized that stone formation rates increase
when the total amount of urine in a patient’s body is small,
such as in summer or at night. The faster the crystal grows,
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Fig. 4 The mechanism of phase transition inside COD stones. (a)
Grain boundaries composed of COD crystals. (b) Nucleation of crys-
tals between the grain boundary. (¢) Growth of crystals between the
grain boundary. (d) The growth of crystals blocks the grain bound-
ary, creating a semi-closed system inside the stone. In this semi-closed
system, the supersaturation of calcium oxalate is lower compared to

the more inclusions develop in the crystal [38]. Therefore,
the quality of COD crystals is highly dependent on the
patient’s internal environment (season, time of day, etc.),
creating regions of high and low density of inclusions [9].
The inclusion distribution probably caused a heterogeneous
phase transition in the kidney stone.

Variations in crystal size

Here, we will mention why the crystals that makeup kidney
stones vary so widely in size. The euhedral CODs that ini-
tially composed the kidney stone nucleated and grew in the
renal pelvis. Because they are constantly exposed to high
supersaturated conditions of urine and aggregate after grow-
ing in a place with no spatial constraints, there is a wide
variation in crystal size, ranging from a few micrometers to
millimeter-order, as seen in this study.

@ Springer

the external urine environment, rendering the COD crystals under-
saturated and allowing for the nucleation of COM crystals. (e) The
presence of more thermodynamically stable COM crystals inside the
stone causes dissolution of the internal COD crystals. (f) Continuous
nucleation of COM crystals, thereby progressing the phase transition

Mosaic COM crystals formed in phase transitions were
observed with grain sizes ranging from a few micrometers
to tens of micrometers, which is large for COM crystals.
In a semi-closed system, COM nucleation proceeds slowly
in an environment close to equilibrium conditions. Because
they coexist and grow together, the number of crystals
becomes small, and each develops relatively large. The
semi-closed system makes COM crystals snarled because
of the spatial constraints. In contrast, the COM crystals that
make up concentric COMs, observed in detail in papers [40]
and [41], are aggregates of nanometer to semi-micrometer
order crystals. Concentric COM is a primary structure that
nucleates and grows directly without undergoing a phase
transition [9]. We have also recently shown that where cal-
cium phosphate (CaP) crystals are present, COM crystals
preferentially nucleate rather than COD crystals, and grow
directly on CaP [42]. As many COMs nucleate and grow
on the CaP surface, the size of each crystal becomes small
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due to the competition of solute. On the other hand, since
they elongate and grow toward a wide space to form spheru-
lite, faceted shapes are observed in the crystals’ elongation
direction (c-axis direction). Thus, the process by which the
microstructures comprising the stone are formed signifi-
cantly affects the size and shape of the crystals.

Phase transition hardens kidney stones

To investigate whether these phase-transformed stones
would be a problem in the medical field, we evaluated on
the hardness of kidney stones and conducted stone-crushing
experiments using a medical extracorporeal shock wave
lithotripter (ESWL) (Fig. 5a, Supplementary Fig. 4a-c).
When the stones were repeatedly subjected to shock waves,

Iﬁtensity
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Fig. 5 Investigation of the stone (Sample 2) hardness by a medical
extracorporeal shock wave lithotripter. (a) Experimental system for
crushing stone. A water tank was placed above the device, and stones
were placed in a cage attached to the top of the tank and irradiated with
shock waves. (b) Stone crushing process. The 50th shock wave irradia-
tion. (¢) The 100th shock wave irradiation. (d)The 200th shock wave
irradiation. (e) Cross-Nicol image of the largest volumetric fragment

the brittle parts of the stones were quickly crushed into
smaller pieces, but the hard parts remained as relatively
large fragments (Fig. 5b, ¢, d). When we examined the
phase and microstructure of these fragments, we found that
most of them consisted of concentric COM structures or
densely agglomerated mosaic COM structures (Fig. Se-k).
It means that the mosaic COM structure, composed after
the phase transition, is rigid and difficult to crush, just like
the concentric COM structure [43]. As the phase transition
progresses, the stones gradually become harder and more
difficult to crush in stone treatment.

For example, crustaceans demonstrate a remarkable
ability to rapidly construct robust hard tissues by effec-
tively controlling the assembly of amorphous or metastable
phases [1-3]. This controlled phase transition serves as an
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of the crushed fragments. (f) An enlarged cross-Nicol image of Con-
centric COM region. (g) Raman spectra obtained in concentric COM
region. (h) An enlarged cross-Nicol image of COD region. (i) Raman
spectra obtained in COD region. (j) An enlarged cross-Nicol image
of mosaic COM region. (k) Raman spectra obtained in mosaic COM
region. Only a few COD areas were observed. Most of the crushed
fragments consisted of concentric or mosaic COM
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intelligent survival strategy for these organisms. In ironic
contrast, the process by which the organism endeavors to
build harder structures exacerbates the formation of kidney
stones, leading to detrimental consequences.

What controls the phase transition rate

We observed the formation of thin, shell-like COM crystals
on the surface of the stone. Such structures are not com-
monly observed in stones that form in the human body. The
reason why the structure was created in this experiment can
be attributed to the experimental conditions.

At the start of the experiment, the solution was supersatu-
rated for COD phase. However, as phase transition inside
the stone progressed, the overall concentration of the solu-
tion decreased (Supplementary Fig. 3). It is reasonable to
consider that this temporary decrease in solution concentra-
tion caused the phase transition at the outermost surface. If
the solution had been maintained at high levels of super-
saturation, as in real urine, phase transition would have pre-
dominantly proceeded in the center regions of the stone. The
observed phase transition rate inside the stone averaged sev-
eral tens of micrometers per day, between the start and two
weeks after the experiment. In a patient’s body, the phase
transition rate of COD stones is not precisely known but
COD crystal components in kidney stones often persist for
several months to years. Comparing the fact and our experi-
mental results, the phase transition rate (several tens of
micrometers per day) is notably fast. The implication drawn
from these findings is that a reduction in the calcium oxalate
supersaturation in urine results in a significantly acceler-
ated phase transition. When evidence of stone dissolution
within the body (specifically, COD crystals) was reported, it
led to affirmative discussions regarding the potential for in
vivo stone dissolution therapy [19]. However, in reality, in
an environment where stones dissolve, denser, harder, and
more troublesome COM stones are newly formed, exacer-
bating the condition. Therefore, while lowering urine super-
saturation reduces nucleation and growth of new crystals,
it may cause stone disease more refractory by expediting
phase transition. This supports the necessity of early inter-
vention in stone treatment.

Conclusion

In this study, we succeeded in observing the phase transi-
tion process of the stone, which are mostly composed of
COD crystals. Detailed analysis of the stone revealed that
the phase transition of COD stones is triggered by crys-
tal defects such as grain boundaries. The COM stone that
develop after the phase transition are harder and more

@ Springer

difficult to crush than COD stone, suggesting that the phase
transition is a factor that aggravates the disease. One of
the methods of stone treatment and prevention is drinking
plenty of water, but the decrease in urinary calcium oxalate
supersaturation caused by this drinking may accelerate the
progression of phase transitions, thereby making the stones
more malignant. Thus, the follow-up of lithiasis leads to
stone hardening, i.e., worsening of the stones in the body.
The findings of this study strongly support the need for early
treatment in clinical practice.
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supplementary material available at https://doi.org/10.1007/s00240-
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