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ABSTRACT

In this study, we investigated calcium oxalate (CaOx) kidney stones and showed direct
evidence of the solution-mediated phase transition of calcium oxalate dihydrate (COD; the
metastable phase) to calcium oxalate monohydrate (COM,; the stable phase). We examined the
crystal phases, crystal textures, and protein distributions within thin sections of calcium
oxalate kidney stones. Observation with a polarized-light microscope showed that the outline
of the mosaic texture, in which COM crystals are assembled in a mosaic pattern, roughly
coincides with COD's crystallographically stable face angles. Microfocus X-ray CT
measurement captured the intermediate process of the phase transition, starting inside the
COD single crystal and gradually transforming to COM crystals. In addition, the distribution
of osteopontin and prothrombin fragment-1, common proteins contained in urine and
visualized by multicolor fluorescence immunostaining, showed no apparent striations inside
the COM single crystals with the mosaic texture, although the striation is apparent inside the
COD single crystals. This is probably because the phase transition of mosaic-like COM
occurred in a semi-closed system inside the COD single crystal, so the effect of periodic (day-
night, seasonal, etc.) urinary protein concentration changes was small. On the other hand,
striations were visible in concentrically laminated COM. This indicated that concentrically
laminated COM formed in response to the changes in urinary protein concentrations. From

the above, we conclude that the COD single crystals and the concentrically laminated COM



seen in CaOx stones are primary structures, and the mosaic COM is a secondary structure that

is a pseudomorph formed by the solution-mediated phase transition from COD single crystals.

Introduction

Kidney stone disease is a common and severe disorder in which hard deposits or stones form
in the kidneys and induce pain when flowing through the urinary tract (kidneys, ureters,
bladder, and urethra).! The number of patients with the disease is increasing, and the
recurrence rate at five years after diagnosis is exceptionally high at >45%. The condition is
serious because repeated recurrences can lead to deterioration of renal function, which is
ultimately life-threatening.” ® In order to prevent such recurrences, further elucidation of the
stone formation process is urgently needed. Accordingly, various efforts have been made to
clarify stone formation, such as examining the crystal components that make up kidney stones

and the types of proteins contained therein.!

A kidney stone is composed of various excretory components in the urine. About 10% of a
stone consists of organic substances called matrix (glycoproteins of 1 kDa or more). Although
this is a small amount, these organic substances are deeply involved in stone formation. The
remaining 90% or more are calculi-constituting salts (crystalline components), including
calcium oxalate (CaOx), calcium phosphate (CaP), magnesium ammonium phosphate, uric acid,

cystine, and other phases. CaOx is the major component, accounting for more than 70% of



total kidney stone components. CaOx has four pseudo-polymorphs: anhydrate, monohydrate
(COM), dihydrate (COD), and trihydrate (COT).> ¢7 COM and COD are often found in stones,
and COT is rarely found. In the urinary environment, COM is the thermodynamically stable
phase, and COD is the metastable phase.® Figure 1 shows the typical crystallographic
morphology of COM and COD, using the COM and COD crystallographic data of Ref. °. We

calculated the crystal morphologies as described in Refs. 1° 11,
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Figure 1. Typical morphologies of a COM crystal and a COD crystal predicted from each
crystal structure. (a)-(d) Morphology of a monoclinic COM crystal. (e)-(h) Morphology of a
tetragonal COD crystal. (a), (e) Projection from a direction that makes it easy to grasp the
overall shape. (b), (f) Morphology seen from the a-axis direction. (c), (g) Morphology seen from

the b-axis direction. (d), (h) Morphology viewed from the c-axis direction.



From a clinical viewpoint, evaluating the crystalline components of expelled stones is crucial
because COD-based stones tend to recur easily.!? From empirical viewpoint of medical practice,
there are reports that COM stones are difficult to crush by surgery.’® In addition, detailed
analysis of kidney stones has shown that COD crystals are often larger than COM crystals. In
the same report, the authors observed that COD crystals tend to exist around the periphery
and COM crystals tend to exist around the center of kidney stones.'* Recently, Sivagru et al.
reported evidence of the dissolution of crystals in kidney stones.!> Their findings are attracting
a great deal of attention because the possibility of dissolving kidney stones within the body
would greatly expand the number of potential new treatments. The authors considered that
the dissolution of COD crystals involved a phase transition of COD crystals to COM crystals.
Several earlier reports came to the same conclusion by observing kidney stone textures. ¢ 17

From the viewpoint of crystal growth, the relationship between the
thermodynamically stable and metastable phases of crystals is significant. For example, in the
crystal nucleation process, the metastable phase preferentially nucleates when the solution
concentration is supersaturated with both the stable and metastable phases.'® In addition,
when the stable phase is grown using a solution-mediated phase transition, the growth rate is
often faster than by direct growth of the stable phase from solution. As described above, in the
kidney stone formation mechanism, the phase transition process from the metastable phase to
the stable phase clearly affects the crystal nucleation and crystal growth processes. Zhang et

al. examined the phase transition of calcium phosphate (CaP) and reported the underlying role



of a metastable phase of CaP, brushite, in the pathological mineralization of hydroxyapatite.'®
Diaz-Soler et al. focused on the nucleation of CaOx and suggested the importance of
understanding the initial stages of mineralization to present a prevention strategy.”
Furthermore, recent advances in analysis using atomic force microscopy, advanced scanning,
and transmission microscopies enable nanoparticle imaging, and have become powerful
approaches to understanding the phase transition. Many advancing research focuses on the
initial nucleation and phase transition stages of CaOx, CaP and other biominerals.?’ Thus,
clarifying the phase transition process in kidney stones is extremely important. In this study,
we analyzed three samples from a Nagoya City University collection of kidney stones excreted
from patients and found evidence suggesting that the solution-mediated phase transition is

underway in kidney stones.

Materials and Methods

Ethics Statement

The institutional review board approved the research project presented in this paper of the
Graduate School of Medicine, Nagoya City University. All methods were carried out following
the relevant guidelines and regulations. Written informed consent was obtained from all

subjects according to the procedures approved by the ethical committee board.

Sample preparation



CaOx kidney stones were selected from a collection of thousands of human kidney stones
from the Department of Nephro-Urology, Nagoya City University, Japan. We prepared thin
sections of three samples (nos. 1009-3, 1010-2 and 1011) with thicknesses of 20-30 um using

the resin-embedding method. The details are shown in Ref.”? and Ref.%,

Observation by a microfocus X-ray CT system

We identified the crystal components in the kidney stones using a microfocus X-ray CT
system (inspeXio SMX-100CT Plus). The measurement parameters for the X-ray tube were 90
kV and 44 mA, with a voxel size of 0.005 mm/voxel. We measured samples 1011 and 1010-2
without any special processing. The main components of CaOx kidney stones, COM and COD,
exhibit different amounts of X-ray absorption?*. Therefore, approximate local phase

identification was performed based on the differences in the values.

Crystal phase identification
We observed the size, coloration, and extinction of crystals in the kidney stone thin section
using a polarized-light microscope (OPTIPHOT2-POL; Nikon), switching between open-Nicol
and cross-Nicol prisms. This observation can visualize the unique structure and alignment of
crystals in kidney stones.
We analyzed thin sections of sample1003-9 using an FT-IR microscope (FI/IR-6100;
JASCO). The reflection method was used for measurement. The settings were as follows:

cumulative number, 256; measurement range, 600 — 4000 cm™, measurement area, 50x50 pm.



Because the obtained specular reflection spectrum was affected by the anomalous dispersion
of the refractive index, we performed a Kramers—Kronig® transformation after removing the
absorption of H20 and CO: in the atmosphere. We identified the CaOx phase (COM, COD) of

each area by the method of Ref. %.

Multicolor immunofluorescent staining of the protein matrix

The stone sections used to analyze mineral phases were also used to visualize protein
distributions with multicolor immunofluorescent staining (Multi-IF staining). The primary
antibodies used were mouse monoclonal anti-calgranulin A (1:100 dilution, sc-48352; Santa
Cruz Biotechnology), rabbit polyclonal anti-osteopontin (1:100 dilution, sc-20631; Santa Cruz
Biotechnology), and sheep monoclonal anti-human prothrombin Fragment 1 (1:500 dilution,
CL20111AP; Cedarlane, Ontario, Canada). The fluorescently conjugated secondary antibodies
used were anti-rabbit IgG(H+L) cross-adsorbed conjugated to Alexa Fluor 488, anti-mouse
IgG(H+L) cross-adsorbed conjugated to Alexa Fluor 546, and anti-sheep IgG (H+L) cross-
adsorbed conjugated to Alexa Fluor 647. The detailed process is described in Ref. 2.
Fluorescence was detected using a confocal auto-fluorescence microscope (Nikon A1R). The
excitation and emission wavelengths collected included 487 nm excitation (emission collected
between 500-550 nm), 561 nm excitation (emission collected between 570-620 nm), and 639
nm excitation (emission collected between 663-738 nm) for OPN, RPTF-1, and Cal-A,
respectively. Auto-fluorescence (AF) was observed from a portion of each sample, but the

signal intensity was far lower than the protein signals discussed in this study. In addition, the



binding of antibodies not specific to the target proteins was evaluated, and the absence of IF
signals from the non-specific antibodies were confirmed. Negative control tests were
performed to assess the absence of false-positive signals, and these data are also shown in Ref.
2. For antibody staining, isotype controls were used to detect any non-specific binding.
Specifically, the primary antibodies used for the controls were rabbit (DA1E) mAb IgG XP
isotype control (1:100 dilution; Cell Signaling), mouse (G3A1) mAb IgG1 isotype control (1:100
dilution; Cell Signaling), and sheep mAb IgG isotype (1:100 dilution; Novus) antibodies, and

the fluorescently labeled secondary antibodies were the same as described above.

Results

Traces of phase transition inside the CaOx kidney stones

According to the report of Schubert et al. (1981), domains of the kidney stone samples were
categorized into three types of textures: an irregular texture composed of euhedral COD
crystals (Type 1, referred to as euhedral COD aggregate), a mosaic texture composed of
irregular oriented COM crystals (Type 2, referred to as mosaic COM), and a texture made up
of concentrically laminated COM crystals (Type 3, referred to as concentric COM).!¢ In the
center area of sample 1003-9, some concentric COMs (Type 3) were observed (white arrows
in Fig. 2 (a)). The concentric COMs had striped patterns at intervals of several mm, in
correspondence with previous reports. !¢ 1> FTIR spectra showed that the crystal phase of the

concentric COMs was almost COM crystals (8010 % ) (Fig. S1(a) and (b)(D). When analyzing
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the FTIR spectrums, we ignored the organic contents incorporated in the texture and
considered only mineral phases; the COM/COD ratio was determined by the method in Ref.?.
We observed the mosaic COM texture around the outside perimeter of the concentric COMs.
Figure 2(b) and (c) are magnified images of the mosaic COMs. The FTIR spectrums of this
texture also showed that the main mineral phase was COM, and the ratio was nearly 100%
(Fig. S1 (a) and (b)®@), ®). Many voids existed in the mosaic structure. The outer region of the
sample had a texture with characteristic, outwardly projecting points. The angles of the points
were acute, about 50 — 60 degrees, and they were similar to the shape of euhedral COD (Type
1). However, despite the similarity between the external form of the textures and euhedral
CODs, the interior of the points consisted of mosaic COMs. At the edge of the pointed texture,

COMs and, locally, CODs were confirmed by the FTIR spectrum (Fig. S1 (a) and (b) @).
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Figure 2. Cross-Nicol images of sample 1003-9. (a) An overall appearance of the stone. (b)

Enlarged image of the dashed square b in (a). (c) Enlarged image of the dashed square c in (a).

Observation of internal structure and crystal phase of kidney stones by a microfocus X-
ray CT system

We picked up samples 1010-2 and 1011 as typical COD kidney stones, then observed them
using a microfocus X-ray CT system (microfocus X-ray CT). Sample 1010-2 appeared to be a
several-millimeter COD single crystal. Two tiny COD crystals adhered to the crystal surface
(Fig. 3 (a)). Sample 1011 was composed of multiple COD crystals joined together (Fig. 3 (b)).
COD crystals are known to have a tetragonal bipyramid shape formed of {101} faces.”® The

samples 1010-2 and 1011 also showed clear {101} faces.
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Figures 3 (c) and (d) are the X-ray CT images. The CT values inside the COD crystals
were not uniform; light-gray, gray and black regions were observed. The CT wvalues
corresponded to the X-ray linear attenuation coefficient of each crystal phase. Zarse et al.
reported that the CT value of COM ranged from 16297 to 18449 AU, COD ranged from 13815
to 15797 AU, and calcium phosphate ranged from 21144 to 23121 AU. ?° 30 The edge of sample
1010-2 was mainly composed of COD (dark gray). Combined COM crystals (gray color) existed
at the center. We could observe the alternate layers of the COD main region and the COM
tiny crystals region from center to edge. The size of the tiny COM crystals was “several tens
of micrometers, and many voids existed around the crystals. In the case of sample 1011, crystals
also had gray and dark gray areas, which corresponded to COM and COD. Each crystal had a

COD rim area, and there were many tiny COM crystals with voids inside.
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(a) 1010-2

Figure 3. Images of kidney stones mainly composed of COD crystals. (a) An image of Sample
1010-2. (b) An image of Sample 1011. (c),(d) Microfocus X-ray CT images of Sample1010-2

and Sample 1011.

Visualization of protein distribution inside crystals by Multi-IF staining

Figure 4 (a) and (e) are open-Nicol images of euhedral COD (Type 1) and mosaic COM (Type
2). Figure (b)-(d) and (f)-(h) are Multi-IF staining images of euhedral COD (Type 1) and mosaic
COM (Type 2). As shown by Ref.”, OPN and RPTF-1 were distributed along the crystal

striation in Type 1. OPN (Fig. 4 (c)) and RPTF-1(Fig. 4 (d)) tended to concentrate in different
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crystallographic orientations, but both exhibited periodic distributions according to the crystal
growth process. Figure 4 (i) shows the intensities of OPN (line A-A’), and those of RPTF-a
(line B-B’). We can see periodic strength. OPN and RPTF-1 were also present inside the
mosaic-like COM (Type 2), but neither showed the apparent striations seen in Type 1, and
they were confirmed to have a nearly uniform concentration inside the crystal grains (Fig. 4
(f)-(h)). Figure 4 (j) shows the intensities of OPN and RPTF-1, along the line C-C’. Two strong
intensities were observed along cracks (arrows in Fig. 4 (j)), but the distributions of OPN and
RPTF-a were relatively uniform in other areas compared to Fig. 4 (i). Weak striations were
confirmed inside the other crystal, as indicated by the dashed white square in Fig. 4 (f). The
intensities of OPN and RPTF-1 along line D-D’ are shown in Fig. 4 (k). We can see weak
periodic contrasts of RPTF-1, but they are not noticeable compared to Fig. 4 (j).

In Ref., we reported the distribution of three different proteins in concentric COM

(Type 3). It is apparent that in the concentric COM, clear striations exist (Fig.5).
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Figure 4. (a)-(d) Protein distributions in a euhedral COD. (a) Open-Nicol image, (b) Multi-
IF image. OPN appears in Green, RPTF-1 in blue, and Calgranulin-A in Red. (c) IF image of
OPN. OPN preferentially distribute on{110}. (d) IF image of RPTF-1. RPTF-1 preferentially
distribute on {101}. (e)-(h) Protein distributions in mosaic COM aggregates. (e¢) Open-Nicol
image, (f) Multi-IF image. OPN appears in Green, RPTF-1 in blue, and Calgranulin-A in Red.
(g)IF image of OPN, (h) IF image of RPTF-1. (i) OPN intensity along line A-A’in (c) and RPTF-
1 intensity along line B-B’ in (d). (j) OPN intensity along line C-C’ in (g) and RPTF-1 intensity
along line C-C’ in (h). (k) OPN intensity along line D-D’ in (g) and RPTF-1 intensity along line

D-D’in (h).
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Figure 5. (a) Multi-IF image of concentrically laminated COM (Type 3). Calgranulin-A
appears in Red, OPN in Green, and RPTF-1 in blue. (b) Line intensity profiles across the
concentric COM in (a). Reprinted with permission from Scientific Reports Ref. 2. Copyright

2021, Springer Nature.

Discussion

Phase transition within kidney stone samples

Pseudomorphs are often found in the natural environment. The outline of the pseudomorphs
becomes the shape of the primary mineral. However, while maintaining its outer shape, the
primary mineral gradually undergoes a phase transition to another crystal phase and finally
becomes an entirely different crystal phase. As a result, certain crystalline phases exhibit
geometries that cannot exist in crystallographic morphologies. For example, Momma et al.

discovered crystallographically impossible morphology quartz in natural environments. They
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focused on whether it was a pseudomorph of a different crystal phase, and conducted a detailed
analysis. As a result, they discovered chibaite as a new mineral.!

Like the discovery, based on the crystal textures and phases inside the kidney stone in Fig.
2, we assumed that the 1003-9 stone was initially composed of multiple euhedral COD crystals
(Type 1) bonded around the concentric COM crystals (Type 3). Then, we hypothesized that
euhedral COD crystals gradually transformed into tiny COM crystals whose interiors were
replaced with mosaic COM crystals (Type 2) while maintaining the shape of the COD single
crystals. Of course, it is currently impossible to observe in real-time how crystals generate,
grow and aggregate, and then undergo the phase transition in the body. However, it is possible
to conduct detailed observations of kidney stones in the intermediate reaction process in order
to investigate our hypothesis.

The results in Fig. 3 support our hypothesis. This is an intermediate process in which
the inside of euhedral COD crystals was successively replaced with tiny COM crystals.
Comparing samples 1010-2 and 1011, 1010-2 is closer to the initial stage of the reaction and
has a higher percentage of COD remaining inside the stone. On the other hand, sample 1011
is considered to be from a stone in which the reaction had progressed further, so that the stone
interior was almost entirely replaced by COM crystals, leaving the marginal part as COD. In
addition, there were voids inside the stone. Similar results were observed by Sivaguru and
colleagues: they reported that when the phase transitions from COD to COM, the volume

decreases due to water loss, and voids are formed inside the stone.!® Thus, it is reasonable to
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assume that such a phase transition occurs continuously, eventually resulting in a structure
almost replaced by a mosaic structure of COM.

The results of Multi-IF staining in Fig. 4 directly support the above phase transition model.
The striations generated inside the COD crystal were distinct and periodic, so they were
affected by changes in the environment in which the crystal grew. Although it was unclear
what occasional fluctuations were involved, daily and/or seasonal fluctuations are conceivable.
For example, the amount of osteopontin secreted in the body does not fluctuate significantly
daily, but the amount of produced urine differs between day and night.3? In addition, daily
urine output varies between summer and winter.® 3 Urinary protein tends to be concentrated
during periods of low urine output,® so it is possible that these daily or seasonal variations
cause distinct striations. It will be necessary to determine which fluctuations dominantly affect
the concentration of proteins in COD crystals, considering, for example, the growth rate of
crystals. Unfortunately, we do not have enough data to reach a conclusion at present, but plans
to study this issue are underway at our laboratory.

On the other hand, almost no striations were visible in mosaic-like COMs. For example,
in the COMs in Fig. 4(f)-(h), OPN and prothrombin appeared homogeneously distributed
inside the crystal (e.g., along line C-C’; Fig. 4 (k)). In some COMs, protein-rich areas existed
along cracks inside the crystal, but no apparent periodic striations were observed. In the white
square in Fig. 4 (f), weak striations can be seen inside the COM crystal (along line D-D’; Fig. 4

(k))), but they are less clear than the striations in the COD seen in Fig. 4 (b)-(d). These results
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suggest that the observed mosaic COMs grew in locations less susceptible to periodic

concentration fluctuations in urine, at least compared to CODs.
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Figure 6. Schematic of the process of euhedral COD crystal growth and solution-mediated
transformation from a COD crystal to COM crystals corresponding to the periodic

environmental change in urine e.g., protein concentration fluctuation.

Stones are constantly exposed to urine as they grow in the urinary tract. This raises a
question: Which sites in the urinary tract are not subjected to periodic fluctuations in urine
concentration? One answer is within the COD single crystals themselves, as seen in the results
in Fig. 3. Generally, crystals have various defects. Inclusions, one of the crystal defects formed
by entraining solutions inside the crystal, are often seen in natural crystals. The solution

concentration taken into the inclusion will become the equilibrium concentration for the host
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crystal (in this case, the COD crystal) and is maintained within the crystal. Suppose no other
crystalline phases form within the inclusions, and the temperature of the environment in
which the COD crystals are present does not change. In that case, the solution in the inclusions
will continue to exist. However, when COM crystals nucleate inside these inclusions, or when
COM microcrystals are initially contained in the inclusions, the phase transition is initiated
through the solution. According to Ref. 3, the solubility of COD is always higher than that of
COM in the human body environment. In other words, the equilibrium condition for COD is
supersaturated for COM, and the growth of COM crystals can proceed. As the COM crystals
grow and the solution concentration in the inclusion decreases, the COD crystals that make
up the inclusion dissolve until they are in equilibrium with the solution. However, Ca ions
and oxalate ions increased by the dissolution of the COD crystal are quickly used for the
growth of COM crystals through the solution in inclusions. In this way, a solution-mediated
phase transition occurs in which the dissolution of COD crystals and the growth of COM
crystals arise continuously. This reaction continues up to an environment where
supersaturated conditions are maintained for the COD crystals at all times; this supersaturated
environment is near the interface where the COD crystals come into contact with urine.
Considering the average calcium ion concentration and oxalate ion concentration in urine,
urine is always a supersaturated environment with COM and COD concentrations several
times higher than those at equilibrium. Therefore, when the COM crystal grows near the
periphery of the COD crystal by the solution-mediated phase transition, it reaches the

interface where the COD crystal continues to grow, so the COD crystal tends to remain in the
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periphery part. Alternatively, the COD crystal grown in vivo contains inclusions and defects
such as cracks. If the inclusion interface progresses to the vicinity of the outermost shell of
COD, inclusions may become a semi-open system through cracks. The phase transition from
COD to COM would be slowed in such an environment. The low-contrast striations
surrounded by the dashed lines in Fig. 4 (f) were probably affected by the protein
concentration distribution in the COD crystal. Partial crystal dissolution of COD during the
phase transition produces slight protein concentration fluctuation due to the protein
distribution inside the COD crystal. The grown COM crystal might have been affected by such
a slight concentration change.

Another possible environment in which stones can dissolve in the urinary tract is near
the center of a growing stone. A kidney stone forms through crystal nucleation, growth,
aggregation, and calcification. Crystals aggregate and are tightly packed near the central part
of a stone. Thus the central area is like a semi-closed system, making it difficult for urine to
come into the center easily. Once COM crystal growth begins, the phase transition interface
gradually moves from the interior to the exterior of the stone. The transformation stops or
significantly slows down at sites where the supply of solutes from urine and the consumption
of solutes by COM growth are balanced. In fact, there are many cases of kidney stones that are
formed of COD crystals in the outer part but contain COM crystals in the center '“. We also
speculate that a kidney stone we reported in Ref. # was also formed by this process.

The contact-mediated transition may be also possible inside of a kidney stone. However, we

consider the solution-mediated phase transition as the main process. The result of Fig.4
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supports the consideration; it is speculated that protein striations may remain more apparent
than those observed in this study when the contact-mediated transition occurs in a solution-
free environment. The second piece of evidence is that the coexistence of COM and COD is
maintained for several years or more when surgically removed stones are stored in the air. The
contact-mediated phase transition may progress gradually, even without a solution, but at least
it is considered a prolonged phenomenon. In addition, water molecules are released during the
phase transition from COD to COM. Although the amount may be minute, the presence of
such water promotes a local solution-mediated phase transition.

How does the phase transition from COD to COM affect the stone formation process?

In the crystal nucleation process, the metastable phase preferentially nucleates when the
solution concentration is supersaturated for both the stable and metastable phases (Ostwald's
step rule) 8. This is because metastable phases with higher solubility have lower interfacial
energies than stable forms* . According to the classical nucleation theory, the metastable
phases with low interfacial energies nucleate more readily 3 . Indeed, some examples have
been reported in studies on the crystallization of pharmaceutical compounds. ¥ 4 42 COM and
COD are pseudo-polymorphs. Preferential nucleation of the metastable phase holds for COM
and COD nucleation in the urinary tract. In other words, COD nuclei are likely to form in the
urine. Nucleated and crystallized COD single crystals in the urinary tract where there is
sufficient space exhibit idiomorphism. In fact, many CODs found in kidney stones exhibit

idiomorphism, such as Type 1, and this can also be regarded as indirect evidence of preferential
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nucleation of CODs. The high nucleation frequency of the metastable phase and direct COM

nucleation "effectively" facilitate the nucleation process in stone formation.

Next, we will consider the effect of solution-mediated phase transition on the velocity
of kidney stone growth. Aggregates of COD have a texture in which relatively coarse crystals
are gathered, and voids are present. As described in the Results section and the first part of the
Discussion section (see Phase transition within kidney stone samples), such a COD stone
undergoes the solution-mediated phase transition from inside the COD single crystal or the
core of the stone, and gradually changes to COM. In some cases, the reaction proceeds faster
than the direct COM stone formation. Because the components that make up COM crystals
(Ca? and C204*) are already concentrated in the form of COD, so as long as COD remains, a
high degree of supersaturation is maintained locally for COM. Such a phenomenon has also
been reported for other biominerals, and is a highly effective strategy for creating crystal
structures that are convenient for living organisms.* # ¥ On the other hand, in diseases such
as urinary calculi, vascular calcification, and gout, it is a very troublesome mechanism that

promotes disease progression.

The solution-mediated phase transition probably produces a dense and rigid COM
mosaic structure. This is because COMs gradually replace and fill a limited space—i.e., a COD
single crystal or an aggregate of dense CODs—by phase transition. In such a process, areas in
the stone are effectively packed. As mentioned in the results of Fig. 4, some proteins inside the

COD crystals are also released during COM growth and affect the process, so the COM crystals
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formed by the phase transition may stick together through the binding of certain specific
proteins. Finally, a COM stone created in this way would be a troublesome stone that would

be difficult to split by surgeries.

In consideration of all the above, the solution-mediated phase transition from COD to
COM greatly facilitates the processes of crystal nucleation, growth, aggregation, and
calcification. The rate of the solution-mediated phase transition may be slowed when the
exposure of the stone to the urine is limited, such as when the stone blocks the urethra. Still,
the phase transition will gradually progress from the point exposed to urine. The environment
in which the kidney stone is located possibly lead to unevenness in the progress of the phase
transition inside the stone. Actually, some stones have both local mosaic COM and
idiomorphic COD within the same stone. By focusing on the difference in the degree of phase
transition inside the calculus, it may be possible to decipher what kind of environment the
calculus has stayed in for a long time. It will be essential to investigate the crystal components
and crystal phases of kidney stones expelled from patients, and to collect data on the difference
in the probability of subsequent recurrence in the case of a stone with evidence of the phase
transition. Such information may be helpful in accurately predicting the timing of recurrence.
In addition, if the metastable-to-stable phase transition mechanism can be stopped, it may be
possible to prevent the formation of stones that are difficult to crush during surgery. Therefore,
it is crucial to elucidate the phase transition mechanism in kidney stones and search for new

treatment strate gies.
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Conclusions

In this study, we analyzed sections of kidney stones that had been expelled from the bodies of
patients with kidney stone disease. Pseudomorph structures were often found inside the
kidney stones, and partial COM crystals inside COD single crystals were shown to be a clear
trace of the solution-mediated phase transition from COD stones to COM stones. In addition,
the visualization of the protein distribution in the kidney stones supported the fact that
euhedral COD crystals (Type 1) and concentric COM (Type 3) were the primary phase and
that most mosaic COM crystals (Type 2) were the secondary phase. The crystal phase transition
from COD to COM efficiently promotes crystal nucleation, crystal growth, aggregation, and
calcification in kidney stone formation. For this reason, it is crucial to confirm the traces of
solution-mediated phase transition for each patient to predict the possibility and timing of

recurrence.

Supporting information

Supporting information is available.

Figure SI. Cross-Nicol image of sample 1003-9 and FTIR spectra of the sample.
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concentrically laminated COM
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Step1l:

COD crystals nucleate. CODs ~ Step2: Step3:

and concentric COMs can COD crystals grow and COM crystals start to nucleate and
coexist in an open system. aggregate. grow inside COD crystals (Solution-

mediated phase transformation).

‘ Mosaic COM

/

Step4:

COM crystals fill inside COD crystals.
New COD crystals nucleate and grow
in the periphery of the stone.

Synopsis

Investigation of calcium oxalate (CaOx) kidney stones showed direct evidence of the solution-
mediated phase transition of calcium oxalate dihydrate (COD; the metastable phase) to calcium
oxalate monohydrate (COM,; the stable phase). The crystal phase transition from COD to COM
efficiently promotes crystal nucleation, crystal growth, aggregation, and calcification in kidney
stone formation.
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