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Abstract: A comprehensive analysis of kidney stones is essential for the future treatment of
patients. Almost all of the methods available for kidney stone analysis were used in this
study. The chemical analysis included powder X-ray diffraction (PXRD), Fourier transform
infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA-DSC). Following the
chemical analysis, a detailed morphological analysis was carried out using stereoscopic
microscopy, scanning electron microscopy (SEM-EDX), and micro-computed tomography
(micro-CT). These investigations showed that the sixteen kidney stones analyzed in detail
had a heterogeneous mineralogical structure, consisting of at least two different minerals.
Kidney stones consist mainly of calcium oxalate (whewellite or weddellite) but also contain
significant amounts of phosphate (mainly apatite and struvite). A thorough analysis of kid-
ney stones can determine the cause of their formation and investigate possible treatments.

Keywords: kidney stones; calcium oxalate; phosphate; chemical analysis

1. Introduction

Biomineralization is a fundamental biological process observed in both animals and
humans, crucial for the development and maintenance of hard tissues such as bones,
cartilage, and teeth [1,2]. Under normal physiological conditions, mineralization supports
tissue formation and repair. However, this process can also occur pathologically in soft
tissues, leading to a variety of diseases. Pathological mineralization involves the abnormal
deposition of minerals, including calcium phosphates [3,4], calcium carbonates [5], and
calcium oxalates [6,7], in soft tissues. Although various molecular mechanisms explaining
pathological calcification have been proposed, the exact causes and mechanisms of mineral
formation in the affected tissues remain only partially understood [8-11]. Traditionally,
much of the research in this area has focused on indirect studies of these minerals, often
overlooking their in vivo characteristics, which can be captured better through direct
material characterization techniques like electron microscopy [3] and spectroscopy [12].

Among the most recognized forms of pathological mineralization is kidney stone
disease (nephrolithiasis) [13], a widespread condition affecting millions globally. This
disease is characterized by the formation of kidney stones, which are often recurrent after
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treatment [14] and have been linked to a variety of systemic diseases, such as hyperparathy-
roidism [14], obesity [15], diabetes [16], metabolic syndrome [17], and cardiovascular
complications [18,19]. In most cases, kidney stones arise from metabolic disorders that
lead to imbalances in urinary composition, resulting in the supersaturation of certain
minerals [14,20].

The composition of kidney stones has been studied extensively, revealing a variety of
mineral phases [21,22]. While the majority of kidney stones primarily comprise calcium
oxalate, often in the forms of whewellite or weddellite [23], up to 50% of stones also contain
calcium phosphate [21,24]. Other less common types include magnesium ammonium
phosphate, urate, and cystine stones [24]. The formation of these stones is often associated
with conditions such as hyperoxaluria, hypercalciuria, and a low urinary pH, all of which
promote mineral crystallization through supersaturation processes [21,22].

Given the heterogeneous nature of kidney stones, the precise identification of their
elemental and mineral composition is critical for determining the most effective treatment
strategies. This task has been made possible through advancements in material char-
acterization techniques. Modern diagnostic workflows now routinely employ methods
such as Fourier transform infrared spectroscopy (FTIR), powder X-ray diffraction (PXRD),
thermogravimetric analysis (TGA-DSC), scanning electron microscopy (SEM/EDX), and
micro-computed tomography (micro-CT) analysis to provide detailed insights into the
chemical and structural properties of kidney stones.

In this study, we aim to advance the characterization of the crystalline phases present in
kidney stones using a combination of PXRD, FTIR, SEM/EDX, and micro-CT. By examining
16 kidney stones collected from surgeries performed at the University Hospital Center
Osijek, we provide a comprehensive guide on the most common crystalline phases and
demonstrate how these analytical techniques enable their accurate identification.

2. Materials and Methods
2.1. Materials

Sixteen kidney stone samples were collected from University Hospital Center Osijek
(according to FURS (flexible ureterorenoscopy)), of which eight stones belonged to the
female population (F1-8) and eight to the male population (M1-8) (Table 1). The original
stones (in the kidneys) were almost always larger because they are broken into smaller
pieces during the FURS procedure. The analysis shows (Table 1) that M1, M3, M5, M6,
and F6 are predominantly oxalate stones. F4, F5, and F8 are mixed stones (predomi-
nantly oxalate stones with a small amount of phosphate), while F1, F2, F3, M2, M4, and
M7 predominantly contain calcium phosphates. Sample F7 consisted of calcium oxalate
(whewellite) and uric acid, while M8 consisted mainly of cystine and phosphate (struvite).
The kidney stone samples are presented with the patient’s year of birth and their mineral
composition in Supplementary Table S1.

Table 1. Kidney stone sample types classified into two groups according to mineral composition.

Kidney Stone Group

Calcium kidney stones

Samples Kidney Stone Type (Mineral Name)
Mostly calcium oxalate (whewellite (w),
M1, M3, M5, M6, F6 weddellite (wd))
Mixed calcium oxalate (whewellite (w),
F4,F5, F8 weddellite (wd), + calcium phosphate

hydroxyapatite (a))
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Table 1. Cont.

Kidney Stone Group

Samples Kidney Stone Type (Mineral Name)

Calcium kidney stones

Mostly calcium phosphate (hydroxyapatite (a) and
F1, F2, F3, M2, M4, M7 struvite (s)) + some weddellite (wd) and a very small
amount of whewellite (w))

Non-calcium F7 Mixed calcium oxalate (w) + uric acid (u)
kidney stones M8 Mixed cystine (c) + phosphate struvite (s)
2.2. Methods

The kidney stone samples were characterized using stereoscopic microscopy (SM), si-
multaneous thermogravimetric analysis and differential scanning calorimetry (TGA /DSC),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM/EDX), powder X-ray diffraction (PXRD), and micro-
computed tomography (micro-CT imaging).

Visual identification of the oxalates and determination of their morphological prop-
erties were performed using stereoscopic microscopy (with an Orthoplan photographic
microscope, E. Leitz, Leica, Wetzlar, Germany) and SEM with a Thermo Fisher Scientific
Apreo C scanning electron microscope (Thermo Fisher Scientific, Waltham, MA, USA).
Energy-dispersive X-ray spectroscopy and scanning electron microscopy (SEM/EDX) were
used to determine the samples’ elemental composition. The microscope was operated at a
40 mA current and a 20 kV acceleration voltage. The IR spectra were recorded on a Shi-
madzu FTIR 8400S (Shimadzu Corp., Kyoto, Japan) spectrometer in a wavenumber range
from 400 to 4000 cm ™! (resolution: 4 cm™1). IR Solution 1.30 software was used to record
the spectra and process the data. The qualitative and quantitative analyses were carried
out using the Urea Stone library with the DRIFT Shimadzu database. The PXRD data were
collected using a PANalytical Aeris diffractometer (Malvern PANalytical, Malvern, UK)
using Cu Ka radiation (40 kV, 15 mA, with a step size of 0.02 and a 1° divergence slit) in the
range of 10-60° 20. The detected phases were identified using the Crystallography Open
Database (COD), and qualification and quantification of the phases were undertaken with
Rietveld refinement using the HighScorePlus software 3.0.

The TGA/DSC analysis was conducted on a Mettler Toledo System 1 (Mettler Toledo,
Columbus, OH, USA). The samples were tested in an oxygen atmosphere at a gas flow
rate of 200 cm® min~! and a heating rate of 5 °C min !
to 900 °C. The results were processed using STARe Software 10.0. Micro-CT imaging
was performed using a Tescan UniTOM XL cone-beam scanner (Tescan, Czech Republic)

in a temperature range of 30

at the University of Szeged, Hungary, with X-ray source settings of a 120 kV source
voltage and a 20 W tube power. Each sample was measured in micro-focus mode using an
XRD4343_1920x1896 ~3.5 um voxel resolution. The acquired images were reconstructed
using the volumetric Panthera Reconstruction Software 1.4.4.20. (Tescan, Czech Republic).
During this reconstruction, typically occurring artifacts, such as ring artifacts and beam-
hardening artifacts, were corrected.

3. Results and Discussion

As described in the literature, kidney stones contain <90% mineral compounds and
>10% organic compounds. These mineral compounds are the subject of this study [21-24].
Kidney stones can generally be categorized into stones that consist of calcium minerals, such
as calcium oxalate (CaOx—whewellite and weddellite) and calcium phosphate (apatite,
struvite, and brushite), and stones that do not contain calcium (e.g., uric acid, cystine,
protein, and drug stones) [25]. The majority of kidney stones contain calcium oxalate
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(60-75%) or calcium phosphate (15-20%). Other less common stone compositions are
uric acid and cystine [26-28]. In this article, we will categorize the results into the two
broad categories we have just mentioned: calcium kidney stones and non-calcium kidney
stones [29-33].

3.1. Calcium Stones
3.1.1. Calcium Oxalate Kidney Stones

Oxalates are salts of a strong dicarboxylic acid (C;04H;) which are formed in the body
through a combination of food sources and endogenous synthesis from precursors such
as ascorbate and/or amino acids. Increased absorption of oxalate from food, as well as
increased endogenous production of oxalate, can cause the formation of calcium oxalate
(CaOx) stones [34].

The main forms of calcium oxalate are whewellite (monohydrate, CaC,04 x H,O,
w) and weddellite (dihydrate, CaC,O4 x 2H,0, wd), which occur extensively in fossil
rocks, microorganisms, plants, and human urinary calculi. Whewellite has a monoclinic
crystal form, while weddellite has a tetragonal crystal form, although both can crystallize
in a variety of forms, such as tetragonal bipyramids, prisms, tablets, and needles [35].
Weddellite is an unstable modification and changes to whewellite after some time, so a
mixture of weddellite and whewellite is quite common [36].

Analysis of Kidney Stones M1, M3, M5, M6, and F6

As in the IR spectra of the other samples, there is a band that corresponds to symmetri-
cal and asymmetrical OH ™ stretching in the water molecule at 3000-3600 cm . Two sharp
peaks at 1316 and 700 cm~! and two weaker peaks at 661 and 517 cm ™! show the presence
of oxalate ions. From the available literature [37], it can be concluded that all of the samples
in this group (M1, M3, M5, M6, and F6) contain a significant amount of whewellite, as the
OH™ stretching at 3000-3600 cm ™! occurs in five different bands (Figure 1). The C=0O bond
stretching band can be seen at about 1700 cm~ 1. While M1, M5, M6, and F6 contain over
90% whewellite, the composition of sample M3 is more complex. Sample M3 contains both
forms of calcium oxalate (w and wd) but also a smaller proportion of phosphate (a). A more
significant difference can be observed near 950 cm~ ! and 880 cm™!, as sample M3 does not
show any significantly pronounced peaks in this region, while a single broad absorption
peak appears at around 3530 cm ! in the OH stretching region.

204 2
X OH c=0 C,0,
=
o [M5
Q 2
g " c204
E OH C=0 204
o |M3 o ®
g 204
£ c=0 2
=] OoH €204
M1
c,0.%
OH’ _ 274 2-
c=0 c,0,

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™
Figure 1. IR spectra of five kidney stone samples: M1, M3, M5, M6, and F6. Data collected using

DRIFT technique. Samples (5 mg) were mixed with spectroscopy-grade KBr (100 mg) before analysis.
Characteristic bands are labelled at observed wavenumber.
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The X-ray diffraction data report (Figure 2) confirms that samples M1, M5, F6, and M6
are almost pure calcium oxalate monohydrate (w), with an amount of 90% w for sample
M1, 98% for F6, and 99% for samples M5 and M6. Sample M3 is mostly composed of
calcium oxalate dihydrate (wd) (68%), with a lesser amount of w (24%) and possibly a small
quantity of calcium phosphate a (hydroxyapatite, <8%). Calcium oxalate monohydrate was
identified according to PDF card number 20-0231, while calcium oxalate dihydrate was
identified based on PDF card number 17-541.

Intensity / a.u
{;

201/°

Figure 2. PXRD patterns of five kidney stone samples (M1, M3, M5, M6, and F6) compared to
standard data from the Powder Diffraction File (PDF) of whewellite (w) and weddellite (wd).

The thermogram of sample M1 (mixed whewellite and weddellite) measured in the
temperature range from 30 to 900 °C shows the mass loss in three steps (Figure 3). In the
first step from 100 to 250 °C, dehydration occurs; the next loss, in the temperature range
of 350-500 °C, corresponds to the decomposition of anhydride oxalate and the release
of CO; and from 600 to 800 °C, the calcium carbonate decomposes [38]. The remaining
weight percent after heating is 40.48%. Thermograms of the other materials are shown in
the Supplementary Materials (Figure S1).

100 0
—TGA
o ——DSC| 4
-200
80
E
° €
Z -300 —
= 70 2
) o
K] -400 =
= 60 5
I
-500
50
-600
40
-700

100 200 300 400 500 600 700 800 900
Temperature / °C

Figure 3. TGA and DSC curves for kidney stone sample M1 in an oxygen atmosphere.
Figure 4 shows stereoscopic microscope images of the stones mostly composed of

calcium oxalate (whewellite and weddellite). It is visible that the stones contain light brown
papillary skin with white layers, which indicates the presence of calcium oxalates [39].
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The approximate sizes of the kidney stone samples are as follows: M1: 8 x 4.5 mm;
M3: 4 x 5mm; M5: 5 x 5.5 mm; M6: 6 x 4.5 mm; and F6: 3 x 3 mm.

T
- | .

Figure 4. Stereoscopic microscope images of (A) M1, (B) M3, (C) M5, (D) M6, and (E) F6. Samples are
placed on graph paper (1 x 1 mm).

The SEM image of sample M1 (Figure 5A) shows smaller (w) and larger (wd) crystals.
Whewellite crystals have a mesh-like appearance and are small, while weddellite crystals
look like layered rectangular blocks [40]. Larger wd crystals are present in sample M3, which
can be seen in Figure 5B, with a small amount of w crystals. The images of samples M5, M6,
and M7 (Figure 5C,D) show only small crystals of calcium oxalate monohydrate, which,
in some areas, are compacted into large, mesh-like conglomerates. The morphological
features of all of the samples in this group are in line with the mineralogical composition
revealed using PXRD and IR spectroscopy.

Figure 5. SEM images of (A) M1, (B) M3, (C) M5, (D) M6, and (E) F6. Magnification at 1000 x for M1,
M3, M5, and F6 and 5000 (to provide more detail) for Mé.

The elemental analysis using EDX confirms the previous conclusion that samples M1,
M3, M5, M6, and F6 consist mainly of calcium ions, most likely originating from whewellite
(w) and weddellite (wd). Figure 6 shows the presence of phosphorous (P) in sample M3,
which proves the suggestion in the PXRD findings of the presence of a small amount of
apatite (EDX findings for the remaining samples are presented in Supplementary Figure S2).
Along with the major elements (Ca, C, O, and P), a small amount of various other elements
(trace elements) can be observed: K, Mg, Al, and Na. Although the role of trace elements
in kidney stone formation is still not fully understood, generally, the presence of small
quantities of metallic ions is considered to promote crystallization [41].
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Figure 6. Elemental analysis (EDX) of kidney stone sample M3. The peak height (cps/eV) represents
the relative abundance of the detected elements in the sample.

The spatial distribution of the major elements (EDX mapping, Figure 7) in sample
M3 shows that along with the uniform presence of calcium, carbon, and oxygen, there are
several distinct areas with a high phosphorus content (apatite crystals) [31]. This can be
considered definite proof of the mineralogical composition of this sample: 68% wd, 24% w,
and 8% apatite.

Figure 7. Elemental distribution map of sample M3: Ca, C, O, and P. The intensity of color (brightness)
represents the relative amount of a particular element in any given area.

The micro-CT cross-section of sample M5 in Figure 8 shows homogeneous, small, gray,
tightly packed calcium oxalate monohydrate crystals and several voids (black spots), most
likely due to the proteins that are present during stone crystallization [32].

Voids possibly from proteins
w

Figure 8. Micro-CT cross-section of kidney stone sample M5 (scan #1358 out of the 1592 collected in
total is presented).
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Analysis of Kidney Stones F4, F5, and F8

According to the IR spectra shown in Figure 9, the band corresponding to the stretching
of the OH™~ group can be observed at 3000-3600 cm !, which is usual for calcium oxalate
weddellite. At about 1700 cm~?, the band from C=0 bond stretching can be seen, the
band from C-O bond stretching is seen at around 1300 cm !, and the band from C-H bond
bending is seen at 500-800 cm~!. The evidence of the presence of calcium phosphate in
samples F4 and F5 is the characteristic peak for phosphate ions that can be observed at
900-1200 cm ! [42].

F5

Transmittance / %

PO,> o

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Figure 9. IR spectra of kidney stone samples F8, F4, and F5. Data collected using DRIFT technique.
Samples (5 mg) were mixed with spectroscopy-grade KBr (100 mg) before analysis. Characteristic
bands are labeled at observed wavenumber.

The X-ray diffraction data generally confirm the mineralogical composition of kidney
stone samples F8, F5, and F4 (Figure 10). All of these samples are primarily composed of wd
and w, but all of them show the presence of hydroxyapatite. Sample F8 mostly comprises
whewellite (51%), with weddellite (32%) and a small amount of hydroxyapatite (16%) as
well. Stone F5 contains 68% whewellite, 19% weddellite, and also a small amount of apatite
(12%). The mineral composition of kidney stone F4 is weddellite (46%), hydroxyapatite [43]
(34%), and a smaller amount of whewellite (20%).

wd

Intensity / a.u.
-
-
L
L

20/°

Figure 10. PXRD patterns of kidney stone samples F4, F5, and F8 compared to the data from the
literature for whewellite (w), weddellite (wd), and hydroxyapatite (a) [40].
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A thermogram of a typical sample in this group (F8) measured in the temperature
range from 30 to 900 °C shows the mass loss in three steps (Figure 11): the first (100-250 °C)
is water desorption, the second (350-500 °C) corresponds to the decomposition of anhydride
oxalate and the release of CO, and the third, from 600 to 800 °C, corresponds to the decom-
position of calcium carbonate. The remaining weight percent after heating is 49.0% [44] (the
TGA /DSC findings for the remaining samples are presented in Supplementary Figure S3).

100
——TGA|| 0
—DSC
90
100
=
= 80 €
= 200 3
£ g
9 70 -
= 3
-300 T
60
-400
50

100 200 300 400 500 600 700 800 900

Temperature / °C

Figure 11. TGA and DSC curves for kidney stone sample F8 in an oxygen atmosphere.

Stereoscopic images of samples F4, F5, and F8, which belong to the group with a mixed
calcium oxalate (w + wd) composition with some calcium phosphate (hydroxyapatite), are
presented in Figure 12. The sizes of these kidney stones are as follows: F8: 6 x 4 mm; F4:
2.5 x 3 mm; and F5: 4 x 5 mm. Kidney stones that contain calcium oxalate (w, wd) but also
other calcium phosphate minerals like hydroxyapatite have a characteristic morphology,

with a rough, light to dark brown, heterogeneous coating that contains alternating whitish
and brown layers [45].

. - j 111
e B

Figure 12. Stereoscopic microscope images of (A) F4, (B) F5, and (C) F8. Samples are placed on graph
paper (1 x 1 mm).

The SEM microphotography in Figure 13 of the three samples of kidney stones F4, F5,
and F8 shows their similar morphology. A significant amount of calcium oxalate (mostly
whewellite) can be observed. For sample F4 in Figure 13A, a larger proportion of weddellite
and phosphate, specifically hydroxyapatite, can be seen [46]. Kidney stone samples F5
and F8, shown in the SEM microphotography in Figure 13B,C, contain a higher proportion
of whewellite, and this is clearly visible in the pictures. There are many small crystalline
formations corresponding to whewellite, while sample F4 is smoother, which corresponds
to an increased proportion of weddellite and apatite.
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Figure 13. SEM images of (A) F4, (B) F5, and (C) F8. Magnification at 1000 x.

The chemical (elemental) analysis of samples F4 and F5 (Figure 14A,B) shows that
calcium (Ca), phosphorous (P), and oxygen (O) are the most present elements. This is
expected because according to the other analyses, both samples are composed of mixed
calcium oxalates (w and wd) and partly calcium phosphate. Comparing the EDX results
for kidney stone samples F4 and F5, it is clearly visible that sample F4 contains a higher
proportion of phosphate, which is consistent with the other results. As stated earlier
(Figure 6, page 7), the presence of metallic trace elements may promote crystallization
due to their ability to bind with the anions present in urine (oxalate, phosphate) [41]. In
Figure 144, it is visible that this stone sample contains several metals (Zn, Mg, and Al) that
are in solution in the form of cations with a high charge density: +2 and +3 (EDX findings
for sample F8 in Supplementary Figure 54).

==F4

A H B B B B2 B

2 4 6 8
Energy [keV]

F5

Energy [keV]

Figure 14. Elemental analysis (EDX) of samples (A) F4 and (B) F5. The peak height (cps/eV)
represents the relative abundance of the elements detected in the samples.

The micro-CT cross-section of sample F8 in Figure 15 shows a higher amount of smaller
whewellite crystals and clusters of rectangular weddellite crystals [32]. The small bright
areas correspond to apatite, which is present mostly in the outer region of the cross-section.

3.1.2. Calcium Phosphate Kidney Stones (F1, F2, F3, M2, M4, and M?7)

The IR spectra of all of the samples in the calcium phosphate group (Figure 16) show
characteristic peaks at about 500, 1028, and 1500 cm ™! that correspond to the vibrations of
the PO43~ group and a peak at about 3300 cm~! from the OH~ group in water. According
to the literature, a weak peak at about 600-630 cm ! confirms that the phosphate is B-type
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francolite, in which the CO32~ groups are substituted with PO43~. At about 572 cm~1, a
peak corresponding to the P-O bond vibration in the PO4*~ group can be observed [47].
The IR spectra of the remaining two samples in this group (F2 and M2) are presented in
Supplementary Figure S5.

Figure 15. Micro-CT cross-section of kidney stone sample F8 (scan #511 out of the 1592 collected in
total is presented).

M7
M4 OH"
PO43T
R
-
e F3 3. 2-
Qo - PO, CO,
c OH 4 34
H PO4
£
£
(7]
f=
c co.>
- 3
F1
P043
OH" 3 co*
PO, PO43

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 16. IR spectra of four samples of calcium phosphate kidney stones (F1, F3, M4, and M7). Data
collected using DRIFT technique. Samples (5 mg) were mixed with spectroscopy-grade KBr (100 mg)
before analysis. Characteristic bands are labeled at observed wavenumber.

The X-ray diffraction data (Figure 17) generally confirm the mineralogical composition
of kidney stone samples F1, F3, M4, and M7. These samples are composed mostly of
calcium phosphate (hydroxyapatite). Specifically, sample F1 contains 82%, F3 95%, and M7
51% hydroxyapatite. Sample M4 contains 51% struvite, and therefore, it predominantly
consists of calcium ammonium phosphate, with a smaller amount of hydroxyapatite (37%).
Another phosphate mineral, brushite (38%), is found together with apatite (51%) as a
major component of sample M7. It also contains 10% weddellite. The powder X-ray
diffractograms of the remaining two samples in this group (F2 and M2) are presented in
Supplementary Figure Sé.

The presence of weddellite was identified according to PDF card number 17-541. Stru-
vite [48], hydroxyapatite [43], and brushite [49] were compared with the Crystallography
Open Database (COD).
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Figure 17. PXRD patterns of kidney stone samples F1, F3, M4, and M7 compared to standard data
from the Powder Diffraction File (PDF) for weddellite (wd) and the Crystallography Open Database
(COD) data for struvite (s), hydroxyapatite (a), and brushite (b).

As shown in Figure 18 for a typical sample in this group of kidney stones (F2—calcium
phosphate), a remaining weight percent of 25% was recorded after heating. The first step at
30-250 °C is attributed to the desorption of water, and the second (600-850 °C) is attributed
to the decomposition of the mineral carbonates that are present in the stones, together with
phosphate, as indicated by FTIR (Figure 16) and PXRD (Figure 17). The thermograms of
the other samples mentioned can be found in the Supplementary Materials (Figure S7) and
also show similar results.
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Figure 18. TGA and DSC curves for kidney stone sample F2 in an oxygen atmosphere.

Figure 19 shows stereoscopic microscope images of phosphate-type kidney stones
F1 (6 x 5 mm), F2 (8 x 5.5 mm), F3 (6 x 4 mm), M2 (5 x 5 mm), M4 (3.5 x 5 mm), and
M7 (6 x 5 mm). The stones presented in Figure 19, containing apatite (mostly sample F3)
but also other phosphates, such as struvite (mostly sample M4) and brushite (M7), have a
characteristic morphology, with a rough, light to dark brown, heterogeneous surface with
alternating whitish and brown layers [50].
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Figure 19. Stereoscopic microscope images of (A) F1, (B) F2, (C) F3, (D) M2, (E) M4, and (F) M7.
Samples are placed on a graph paper (1 x 1 mm).

Phase identification and structural analysis of the kidney stones were carried out
through thermal analysis (TGA/DSC, Figure 18), infrared spectroscopy, (FI-IR, Figure 16),
and powder X-ray diffraction (PXRD, Figure 17). The results demonstrated that the primary
solid phases identified in all of the systems investigated were phosphates: apatite, struvite,
and/or brushite.

SEM microphotography of the six kidney stone samples in the phosphate group shows
a uniform morphology, with apatite particles mostly of an irregular shape (Figure 20). Small
granular crystals of w and often wd, together with larger phosphate crystals (magnesium
ammonium phosphate-struvite), can be observed in Figure 20B,E.

Figure 20. SEM microphotography of (A) F1, (B) F2, (C) F3, (D) M2, (E) M4, and (F) M7. Magnification
at 1000 x.

The chemical composition of samples F3 and M7 (Figure 21) with the highest content
of calcium, phosphorous (apatite), and oxygen confirms the results of the IR and X-ray
analyses that in all of the samples of this group (F1, F2, F3, M2, M4, and M7), the major
mineral component is calcium phosphate, with a larger amount of apatite. For the other
samples, the EDX results are shown in Supplementary Figure S8.
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Figure 21. Elemental analysis (EDX) of samples (A) F3 and (B) M7. The peak height (cps/eV)
represents the relative abundance of the elements detected in the samples.

The spatial distribution of the major elements (EDX mapping, Figure 22) in sample M7

shows their relatively uniform presence throughout the sample. The elemental analysis of
sample M7 (Figure 21B) and the distribution map (Figure 22) show relatively high amounts
and a uniform distribution of trace elements (specifically Mg and Na) [40].

Figure 22. Elemental distribution map (EDX) of kidney stone sample M7. The intensity of color
(brightness) represents the relative amount of a particular element in any given area.

The internal structure of the apatite kidney stone captured using micro-CT (Figure 23)
shows typical concentric layers (with brighter and darker regions) [32]. Phosphorus, as
the element with the highest atomic number, causes the highest X-ray attenuation. The
uniform smaller regions in the stone’s structure correspond to calcium oxalates.
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Figure 23. Micro-CT cross-section of apatite kidney stone sample Fl(scan #879 out of the 1592
collected in total is presented).

As marked in Figure 24, micro-computed tomography shows the presence of apatite,
which is the brightest area. The presence of a large portion of another phosphate mineral
(38% of brushite) changes the interior structure significantly when compared to that in the
previous micro-computed tomography findings (sample F1, Figure 23).

Figure 24. Micro-CT cross-section of kidney stone sample M7 (scan #939 out of the 1592 collected in
total is presented).

3.2. Non-Calcium Stones (F7 and M8)

Samples F7 and M8 were categorized as non-calcium stones, as they contain other
minerals in addition to calcium minerals, such as uric acid (F7) and cysteine (M8). Uric
acid stones can be caused by a low pH value, a weakened ability to excrete uric acid,
or the absence of certain known inhibitors (e.g., citrate). As the stones examined are
heterogeneous in structure, it is very difficult to predict their formation without additional
history, as stones that are heterogeneous reflect a more complex metabolic environment
and often involve multiple risk factors [51-53].

Both infrared spectra in Figure 25 show a sharp peak at 1700 cm ™! corresponding to
the C=0 stretching in calcium oxalate monohydrate. Also, the bond vibrations in phosphate
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ions (PO4%7) at 900~1200 cm~! and 300-600 cm ! are present, as are peaks around 1027
and 1036 cm ! corresponding to P-O stretching. Five sharp peaks at 1311, 1211, 1124, 1122,
and 1027 cm~! show the N-H stretching in the purine ring of uric acid. The evidence of
the presence of uric acid is a band from C=0 stretching at 1661 cm ™! [54].
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Figure 25. IR spectra of kidney stone samples F7 and M8. Data collected using DRIFT technique.
Samples (5 mg) were mixed with spectroscopy-grade KBr (100 mg) before analysis. Characteristic
bands are labeled at observed wavenumber.

Sample F7, as can be seen in Figure 26, correlates with the standards from the databases
for uric acid [55] and whewellite. Sample M8 corresponds to cystine [56] and struvite [43].
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Figure 26. PXRD findings for two samples of kidney stones (M8 and F7) compared with data from
the literature: uric acid (1) [50], whewellite (w), cystine (c) [51], and struvite (s) [43].

From the TGA /DSC graphs shown in Figure 27A, it can be seen that the mass loss
occurs in three temperature ranges: 180-220 °C, 400450 °C, and 580-650 °C. In the first
step, water loss occurs; in the second, carbon monoxide is released; and in the third, carbon
dioxide is released. The total weight percent loss is 34%. This shows that although this
sample has a more complex composition, it still has a significant content of calcium oxalate.
The thermal decomposition of kidney stone sample M8 shown in Figure 27B is observed to
occur in one step [38], which confirms its major organic (cystine) component.
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Figure 27. TGA (=) and DSC (—) curves for kidney stone samples F7 (A) and M8 (B) in an
oxygen atmosphere.

Kidney stone sample F7 has an approximate size of 3.5 x 3.5 mm, and sample M8 is
approximately 1.5 x 2 mm (Figure 28). Sample F7 appears as a pebble with a smooth but
not polished surface. Sample M8 is colored similarly, but it is lighter. Stones that contain
apatite but also other phosphates like struvite have a characteristic morphology, with a
rough, light to dark brown, heterogeneous coating that contains alternating whitish and
brown layers [45].

o
o

Figure 28. Stereoscopic microscope images of (A) F7 and (B) M8. Samples are placed on graph paper
(1 x 1 mm).

The uric acid crystals appear mainly as agglomerates of platelet crystals with a hetero-
geneous matrix organization, while w is observed as small crystals. A granular appearance
of the uric acid crystals and w crystals is observed (Figure 29A). Figure 29B represents
kidney sample stone M8, which contains mostly cystine (82%) and phosphate, namely
struvite (18%) [54].

Figure 29. SEM microphotography of (A) F7 and (B) M8. Magnification at 1000 .
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As expected for this kind of kidney stone (Figure 30) (M8, cystine + struvite), the most
represented elements are C, O, and S, while the amount of Ca is much lower (“non-calcium
stone”), and again, the presence of multivalent trace elements is observed (Fe, Al). The
EDX results for sample F7 are presented in the Supplementary Materials (Figure S9).

cps/eV

22 M8

Ca

cliil |8 |Fe Na A ca Fe
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Figure 30. Elemental analysis (EDX) of sample M8. The peak height (cps/eV) represents the relative
abundance of the elements detected in the sample.

4. Conclusions

Sixteen kidney stone samples, acquired using flexible ureterorenoscopy (FURS), were
analyzed by means of chemical composition and structural/morphological characteriza-
tion. Half of the samples were extracted from a female population and half from a male
population of various origins. None of the kidney stone samples investigated consist of a
pure chemical compound, as expected, and all of them contain at least a small amount of
calcium oxalates (w and/or wd). In view of the fact that most of the stones analyzed are
heterogeneous in nature, it is unfortunately not possible to draw a uniform conclusion, but
each patient should be treated individually. Stones can be caused by various factors, such as
diet, dehydration and certain metabolic disorders, but to find out the cause of the formation
of each individual stone, in addition to a detailed morphological and quantitative analysis,
other parameters, such as urine pH, urine volume, the presence of various ions in the urine,
and dietary habits, must also be analyzed in detail. This research is particularly relevant
given the rising prevalence of urolithiasis, especially in Western countries, where up to
15% of the population is affected. With this work, we aim to improve the understanding of
the composition and formation of kidney stones to ultimately support the development of
more effective treatments for this common and recurrent disease.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cryst15010006/s1. Table S1. Kidney stone samples with patient’s
year of birth, mineral composition, and Rietveld refinement parameters; Figure S1. TGA (=)
and DSC (—) curves for kidney stone samples M5 and M6 in an oxygen atmosphere; Figure S2.
Elemental analysis (EDX) of kidney stone samples (a) M1, (b) M5, (c) M6, and (d) F6. The peak height
(cps/eV) represents the relative abundance of the elements detected in the sample; Figure S3. TGA
(=) and DSC(—) curves for kidney stone samples F4 and F5 in an oxygen atmosphere; Figure
S4. Elemental analysis (EDX) of kidney stone F8. The peak height (cps/eV) represents the relative
abundance of the elements detected in the samples; Figure S5. IR spectra of two samples of calcium
phosphate kidney stones, F2 and M2. Data collected using DRIFT technique. Samples (5 mg) were
mixed with spectroscopy-grade KBr (100 mg) before analysis. Characteristic bands are labeled at
observed wavenumber; Figure S6. PXRD patterns of two stone samples (F2 and M2) compared with
data from the literature for weddellite (wd), struvite (s), and apatite (a) [45,50]; Figure S7. TGA (—)
and DSC (——) curves for kidney stone samples F1 (a), M2 (b), and M7 (c) in an oxygen atmosphere;
Figure S8. Elemental analysis (EDX) of kidney stone samples (a) F1, (b) F2, (c) M2, and (d) M4.
The peak height (cps/eV) represents the relative abundance of the elements detected in the sample;
Figure S9. Elemental analysis (EDX) of kidney stone sample F7. The peak height (cps/eV) represents
the relative abundance of the elements detected in the sample.
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