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Abstract: Defining the kidney stone composition is important for determining a treatment plan, un-
derstanding etiology and preventing recurrence of nephrolithiasis, which is considered as a common,
civilization disease and a serious worldwide medical problem. The aim of this study was to investi-
gate the morphology and chemical composition of multicomponent kidney stones. The identification
methods such as infrared spectroscopy (FTIR), X-ray diffraction (XRD), and electron microscopy
with the EDX detector were presented. The studies by the X-ray photoelectron spectroscopy (XPS)
were also carried out for better understanding of their chemical structure. The chemical mapping
by the FTIR microscopy was performed to show the distribution of individual chemical compounds
that constitute the building blocks of kidney stones. The use of modern research methods with a
particular emphasis on the spectroscopic methods allowed for a thorough examination of the subject
of nephrolithiasis.

Keywords: kidney stones; scanning electron microscopy; X-ray diffraction; X-ray photoelectron
spectroscopy; infrared spectroscopy; FTIR microscopy

1. Introduction

Nephrolithiasis is a common, civilization disease which is now a serious medical
problem [1]. There are many differences in the prevalence rate of kidney stone worldwide,
so this rate is reported as 1-5% in Asia, 5-9% in Europe, and 7-15% in North America [2].
In the last three decades, the prevalence of kidney stones has increased worldwide [3—-6].
Possible explanations for this growing trend include the obesity epidemic, higher preva-
lence of gout and diabetes, and poor diet [5,7]. The increased prevalence of nephrolithiasis
is followed by a significantly higher financial burden for healthcare systems [8]. This is a
recurrent disease—the probability of recurrence within 5 years is estimated to be 50% [9,10].
Its main cause is the deposition of organic compounds and minerals in the parts of the
excretory system such as the kidneys, ureters, and bladder. This process is induced by
different factors such as the genetic predisposition, environmental conditions or dietary
habits [11]. A high-protein diet and low fluid intake throughout the day have a significant
effect on urine thickening and crystallization of kidney stone crystals in the tubules [12].
The causes of kidney stones are also related to the electrolyte disturbances [13,14]. The
literature reports show that obesity, diabetes and hypertension also increase the risk of
developing kidney stones [15,16]. The process of crystallization is complex and not fully
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understood. There are four stages of this process: nucleation, growth, aggregation of the
crystal and retention of the crystals in the kidney, i.e., formation of deposits [17]. The nu-
merous types of kidney stones result from the varying chemical compositions of the stones,
which also vary in frequency of occurrence in the urinary tract [18]. Globally, approximately
80% of kidney stones are composed of calcium oxalate mixed with calcium phosphate.
Stones composed of uric acid, struvite and cystine are also common and account for approx-
imately 9%, 10% and 1% of stones, respectively [1,19]. With the help of modern analytical
techniques, it is possible to get to know their exact structure and chemical composition in
order to develop treatment, prophylaxis or prevention of recurrence of this disease.

Kidney stone disease is frequent in high-income countries, and in the United States
and Europe, the prevalence reaches up to 10%. In addition, it shows high rates of recur-
rences. Swift changes in the global population and socio-economic and climate conditions
are expected to transform the map of kidney stones epidemiology in the years to come
worldwide. Of consequence, primary and secondary prevention of kidney stone disease is
arelevant task [6]. Defining the stone composition is important for determining a treatment
plan, understanding etiology and preventing recurrence [20]. The studies of the phase
composition of kidney stones are very important to elucidate their etiology. Research
on kidney stones can be performed using many different techniques, from simple obser-
vations using stereoscopic microscopy to complex techniques, such as scanning electron
microscopy with energy-dispersive X-ray microanalysis (SEM-EDS) and many others. The
literature reports various methods, among which the most common are: Fourier trans-
form infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) [21], X-ray
fluorescence (XRF) and X-ray diffraction (XRD) which are very often regarded as relevant
methods to make the phase analysis of this type of materials [22,23] and finally, the XPS
photoelectron spectroscopy, which is one of the latest methods of analysing kidney stones,
enabling the determination of the thorough elemental composition and determination of
the characteristic chemical bonds present in a given compound [24]. There are a few reports
in the literature on the use of the Rietveld method for the quantitative phase analysis and
microstructural characterization of phases to identify kidney stones [25]. The limitations in
the application of this method are crystallographic heterogeneity and different degrees of
crystallinity of this type of materials [26,27].

Costa-Bauza et al. [28] used in their studies stereoscopic microscopy together with
scanning electron microscopy, elemental microanalysis by EDS and infrared spectroscopy.
The authors observed that although the major components of a kidney stone can be obtained
directly by IR spectroscopy which is the most commonly used analytical method, but IR
spectroscopy data alone are no longer sufficient to determine the etiology of different types
of renal stones. Only a detailed structural study and an analysis of the major and minor
components obtained by combination of the methods mentioned above are needed to
provide sufficient information to determine the possible causes of stone formation.

Chatterjee et al. [26] investigated the phase composition and morphological charac-
terization of human kidney stones using IR spectroscopy, scanning electron microscopy
and X-ray Rietveld analysis and concluded that these techniques work are of practical
importance for the specialists analyzing the quantitative phase composition of urinary
calculi and their morphological features at the sub-micron level.

Raman spectroscopy is also a very useful method for the analysis of kidney stones.
It can provide the chemical composition, structure and spatial information of the tested
molecules [29].

According to literature, kidney stones are extensively studied by Raman
spectroscopy [29-32]. Raman spectroscopy measures the scattering of vibrating and rotat-
ing molecules, while FTIR microscopy assesses the absorption of these molecules [33]. In
general, both methods are similar and complementary. However, they have advantages
and disadvantages. In our work, we decided to use FTIR spectroscopy to avoid some
limitations connected to Raman spectroscopy such as possible fluorescence which can
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hide the Raman spectrum and sample heating through the intense laser radiation that can
destroy the sample or cover the Raman spectrum.

The research presented in the paper concerns the identification of kidney stones
based on the analysis of the chemical composition, structural characterization and phase
quantification. The chemical composition of kidney stones was estimated by the infrared
spectroscopy (FTIR) and scanning electron microscopy with the EDX detector (SEM-EDX).
Using the X-ray diffraction (XRD), the phase quantification was examined. For better knowl-
edge about the chemical structure of kidney stones, the X-ray photoelectron spectroscopy
(XPS) studies were carried out. The chemical mapping by the FTIR microscopy used to
show the distribution of individual chemical compounds that constitute the building blocks
of kidney stones was the novelty in the research.

2. Results and Discussion
2.1. FTIR-ATR

The analysis of urinary stones is used for the diagnosis of the etiology of an episode
of nephrolithiasis. The technique considered as standard for this purpose is the FTIR
spectroscopy [34]. The results of the analyses are presented in Figures 1 and 2.
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Figure 1. FTIR-ATR spectra of samples 35 (a), 37 (b) and 43 (c) with the marked spectral bands.

High intensity bands in the range 3600-3200 cm~! were observed in the FTIR-ATR
spectra of all tested samples. This band is characteristic of the vibration stretching of the
O-H and the N-H groups. In the range of 3000-2850 cm ™!, there are bands corresponding
to symmetrical and asymmetric stretching vibrations originating from the CH; groups
indicating the presence of organic compounds on the surface of the examined kidney
stones. The research also showed the bands of low intensity, characteristic of the stretching
vibrations of the P-O groups in the range of 1182-1005 cm ! and the stretching vibrations
of the O-P-O groups in the range of 650-500 cm ! [35].

The bands at 1316 cm ™! correspond to the symmetrical stretching vibrations of the
COO- groups and the peak at 780 cm ™! which corresponds to the deformation vibrations
of the COO- groups from calcium oxalate of sample 35 and 43 [35,36]. The FTIR-ATR
spectra showed the presence of bands characteristic of both carbonates and phosphates
for sample 37 and the presence of bands characteristic of both oxalates, carbonates and
phosphates for sample 43.

For the sample 35, the greatest match of the obtained spectrum is to apatite, calcium
oxalate and carbonate according to the Nicodem Kidney Stones database with the coefficient
of matching equals to 62.34%. The tests of sample 37 with the FTIR-ATR method showed the
best match of the tested material to the mixture of carbonates and apatite. The coefficient
of matching the obtained spectrum to the mentioned database was 68.94%. The FTIR-
ATR tests of sample 43 showed the greatest match to calcium oxalate (65%) as well as
carbonate and apatite, which together constitute 35% of the tested material. The coefficient
of matching the obtained spectrum to the Nicodem Kidney Stones database is 85.99%.
Using FTIR-ATR, it cannot be concluded which carbonate is present, but information from
other techniques allows us to propose a tentative mineral composition for the analysed
kidney stones.

The chemical mapping was performed to isolate the individual chemical compounds
that constitute the components of the studied kidney stones. They were generated and
processed using the Omnic Specta™ software (version 8.1) by the method of correlation to
the selected band for sample 43 in the positions 780 cm ! and 1311 cm~!. The study was
carried out for the selected areas. The results are presented in Figures 3 and 4.
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Figure 2. Comparison of the FTIR-ATR spectra of samples 35 (a), 37 (b) and 43 (c) with Nicodem
Kidney Stones database.
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Figure 3. Correlation map of oxalate distribution in sample 43 after peak 780 cm~!, (a) microscopic
image of the mapped area, (b) chemical map, (c) FTIR spectrum determined in the positions 17,340 um
and 1870 pm from the green area.

According to the literature data, the peak position of 1311 cm~! corresponds to
symmetric stretching vibrations of the COO-groups. In the FTIR spectrum of the test
sample 43, this peak is characteristic of calcium oxalate monohydrate and hydrated calcium
oxalate, because these bonds occur only in oxalates. They do not occur in apatites, which
are also a component of the sample. By creating a chemical map using the method of
correlation to the peak in the position, the distribution of oxalates in the tested sample
was demonstrated. In the presented maps, Figures 3b and 4b red, yellow and green areas
indicate where oxalates are present. The blue color indicates the distribution of apatite. An
analogous map was created by correlation to the peak at 780 cm ™!, which corresponds to
the deformation vibrations of the COO- groups. The map created shows the distribution of
oxalates in the kidney stone sample being tested. The red, yellow and green colors indicate
the distribution of calcium oxalate monohydrate and hydrated calcium oxalate, while the
blue areas correspond to the distribution of apatite.
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Figure 4. Correlation map of oxalate distribution in sample 43 after peak 1311 cm~!, (a) microscopic
image of the mapped area, (b) chemical map, (c) FTIR spectrum determined in the positions 17,340 pm
and 1870 pum from the green area.

2.2. X-ray Diffraction (XRD)

X-ray diffraction is a versatile, non-destructive analytical technique for the identifica-
tion and quantitative determination of the various crystalline forms known as phases of
compounds present in powdered and solid samples. XRD works by irradiating a material
with incident X-rays and then measuring the intensities and scattering angles of the X-rays
that leave the material. The XRD method allows calculation of chemical composition based
on the results of quantitative phase analysis. The fact that this analysis can be applied to
very small samples is another advantage of the technique [22,37,38]. XRD diffractograms
are presented in Figure 5.

For sample 35, the comparison of the diffraction pattern with the ICDD diffraction
database PDF4+2020 showed that 100% of the crystalline phase in the test sample is calcium
oxalate (Table 1).

For sample 37, the tests showed the greatest match between the tested material and
calcium phosphate. Comparison of the diffractogram of sample 37 with the ICDD diffrac-
tion database PDF4+2020 showed that the main component of the crystalline phase of the
test sample is calcium phosphate doped with some carbonate and hydroxyls, leading to a
mixed mineral with a formula like Cas[(POy)» 823 (CO3)p.22 (OH)1 5621
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Figure 5. XRD diffractograms of samples 35 (a), 37 (b) and 43 (c).

Table 1. Comparison of the obtained diffractogram of samples 35, 37 and 43 with the ICDD PDF4+2020

diffraction database.

Name of Chemical . Percantage
Code Compound Chemical Formula Composition [%]
Sample 35
Calcium oxalate
04-009-6324 monohydrate Ca(Cy04)(H20) 100
Sample 37
Calcium hydroxyapatite
01-075-3729 doped with few © 83)5 [(P%ﬁfﬂ | 100
carbonate and hydroxyls 3/0.22 1562
Sample 43
Calcium oxalate
04-009-6324 monohydrate Ca(Cy04)(H,0) 33
01-083-5351 Hydrated calcium oxalate Ca(Cy04)(H70)2.35 5
Calcium hydroxyapatite
01-075-3729 doped with few Cas[(PO) 823 62

carbonate and hydroxyls (CO3)o.22 (OH)1 5621

For sample 43, the tests proved the presence of calcium oxalate monohydrate, calcium
oxalate dihydrate and calcium phosphate in the test sample. Comparison of the diffrac-
togram of sample 43 with the database shows that the main component of the test sample
is calcium phosphate which represents 62% of the crystalline phase. An amount of 33% of
the crystalline phase is calcium oxalate dihydrate and the remaining 5% is calcium oxalate
monohydrate.
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2.3. Scanning Electron Microscopy SEM-EDS

The advanced use of SEM-EDS in nephrology is relatively new to other analytical
techniques. Scanning electron microscopy—energy-dispersive X-ray spectroscopy is a highly
relevant analytical technique that reveals a detailed description of the morphology and
structure of kidney stones [39].

The SEM-EDS tests of sample 35 (Figures 6 and 7) showed a high homogeneity of the
elemental composition of the tested areas A, B and C. Clear crystal structures were observed
in the microscopic images. In addition to the elements included in the composition of
calcium oxalate such as carbon, oxygen and calcium, the test sample also contains nitrogen,
sodium, magnesium, phosphorus, sulfur, chlorine, potassium and iodine. The presence of
phosphorus confirms the presence of apatite in the tested sample of kidney stones.

(Y] Bi‘ det WD HFW | pressure — 50 pm —
5.00kV| 500x |ETD /10.1 mm| 298 um |6.14e-4 Pa Quanta3D FEG

HV mag H | det WD pressu;e 30 um
*| 5.00kV | 1500x|ETD[10.1 mm[99.5 ym|6.14e-4 Pa Quanta3D FEG

(b)
Figure 6. SEM images of sample 35 at magnification: (a) 500, (b) 1500x.
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Figure 7. Cont.
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Figure 7. SEM images of sample 35 and the elemental composition determined by the scanning

electron microscopy with the EDS detector.

The SEM-EDS studies of sample 37 (Figures 8 and 9) showed also a high homogeneity
of the elemental composition of the studied areas A and C. However, the composition of
area B differs from the other areas in the absence of nitrogen. The microscopic images show
clear crystalline structures, in the form of characteristic balls, which are most clearly visible
in the areas A and C. According to the literature data, the crystalline forms from the areas
A and C visible in the microscope images are characteristic of apatite [22,40]. The content
of other elements in the trace amounts indicates the presence of impurities on the surface
of the examined kidney stones.
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Area C Mass Atomic
Element Concentration Concentration
(%) (%)
C 18.85 27.70
N 5.68 7.16
(e} 45.84 50.55
Na 1.03 0.79
Mg 0.43 0.31
P 8.41 4.79
K 0.21 0.09
Ca 19.55 8.61
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Figure 9. SEM images of sample 37 and the elemental composition determined by the scanning
electron microscopy with the EDS detector.

The SEM-EDS studies of sample 43 (Figures 10 and 11) showed a high homogeneity
in the elemental composition of the areas A, B and C. Additionally, the area B of sample
43 showed the presence of potassium. The microscopic images exhibited clear structures
resembling flat globules especially visible in the area A. According to the literature data,
the crystalline forms visible in the microscopic images from the areas A and B (sparse in
the area C) are characteristic of apatite [22,40].

b

HV m‘agrﬁa det WD HFW ressure HV mag | det WD HFW | pressure 30 um
5.00kV| 500x |ETD[10.1 mm| 298 ym |5.49e-4 Pa Quanta3D FEG 5.00kV | 1500x |ETD[10.2 mm|99.5 um|5.49e-4 Pa Quanta3D FEG

(a) (b)

Figure 10. SEM images of sample 43 at magnification: (a) 500 x, (b) 1500x.
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Figure 11. SEM images of sample 43 and the elemental composition determined by the scanning

electron microscopy with the EDS detector.
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The EDS-spectrograms of the tested samples were presented in the Supplementary
Material (Figures S1-S3).

Due to that excess of calcium, one can conclude the generic carbonates used to explain
the FTIR data are mainly calcium carbonate with minor amounts of sodium, magnesium
and sometimes potassium carbonates.

2.4. XPS Spectroscopy

The X-ray photoelectron spectroscopy (XPS) method enables the detection and quanti-
tative analysis of elements that are part of kidney stones (except for hydrogen and helium).
This method allows for determining the type of chemical bonds in which the elements
present on the surface of the tested samples are involved and to identify the chemical states
of the elements (Figures 12-18 and Tables 2-8).
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Figure 12. XPS survey spectrum of sample 35.
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Figure 13. XPS survey spectrum of sample 37.
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Figure 15. High resolution (regional) XPS spectra of carbon: (a) sample 35, (b) sample 37, (c) sample 43.
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Figure 16. High resolution (regional) XPS spectra of oxygen: (a) sample 35 (b) sample 37, (c) sample 43.
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Figure 17. High resolution (regional) XPS spectra of calcium: (a) sample 35 (b) sample 37, (c) sample 43.
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Figure 18. High resolution (regional) XPS spectra of phosphorus: (a) sample 35 (b) sample 37,
(c) sample 43.

Table 2. Surface elemental composition of sample 35.

Element BE (eV) % At. Conc. % St. Dev.
C 284.9 73.9 3.15
N 399.9 2.2 243
(e} 531.9 18.9 1.58
Ca 347 .4 2.8 0.92
P 133.4 0.8 1.33
Al 74.4 1.0 2.21

Na 1072.4 0.5 0.88
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Table 3. Surface elemental composition of sample 37.

Element BE (eV) % At. Conc. % St. Dev.
C 284.7 23.1 0.92
N 400.2 1.6 0.64
(@] 531.7 44.8 0.76
Na 1072.7 0.6 0.18
Mg 1305.2 0.7 0.24
P 133.2 13.2 0.36
Ca 347.2 159 0.30

Table 4. Surface elemental composition of sample 43.

Element BE (eV) % At. Conc. % St. Dev.
Cls 284.7 55.1 0.65
N 1s 399.7 2.7 0.61
O1ls 531.7 28.5 0.49
P 133.2 49 0.37
Ca 347.2 8.7 0.26

Table 5. Surface composition of carbon regions determined for samples 35, 37 and 43, BE—binding
energy, FWHM—full width at half maximum, % At. Conc.—atomic concentration [41-48].

Sample Identifier Name BE (eV) FWHM % At. Conc. Moieties

sample 35 Cls 284.80 1.31 71.5 C-C/C-H
Cls 286.22 1.31 14.3 C-OH/C-O-C
Cls 287.70 1.31 5.2 C=0
Cls 288.70 1.31 74 COOH
Cls 289.51 1.31 1.7 carbonates

sample 37 Cls 284.80 1.55 63.7 C-C/C-H
Cls 286.30 1.55 15 C-OH/C-0O-C
Cls 287.60 1.55 5.5 C=0
Cls 288.60 1.55 12.3 COOH
Cls 289.84 1.55 3.5 carbonates

sample 43 Cls 284.80 1.49 68.6 C-C/C-H
Cls 286.30 1.49 10.5 C-OH/C-0O-C
Cls 287.60 1.49 4.6 C=0
Cls 288.60 1.49 13.9 COOH
Cls 289.46 1.49 24 carbonates

Identification of chemical states of elements and bonds which they create may be a
key aspect in understanding the chemical structure of kidney stones and the reasons for
their formation.

The XPS studies of sample 35 revealed the presence of elements listed in Table 2.

XPS tests showed the presence of the following elements on the surface of the sam-
ple 35: carbon, oxygen, calcium, nitrogen, phosphorus, aluminum and sodium. Carbon,
oxygen, phosphorus and calcium present on the surface are components of oxalates, car-
bonates and apatite, as shown by FTIR identification of sample 35. Other elements, such
as aluminum and sodium, are the contaminants of the sample. Nitrogen is an element
found in kidney stones in the form of uric acid. However, no uric acid was found in the
tests performed. In the FTIR spectra, the C=0O stretching vibration signal is not located at
1725-1700 cm 1.
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Table 6. Surface composition of oxygen regions determined for samples 35, 37 and 43, BE—binding
energy, FWHM—full width at half maximum, % At. Conc. —atomic concentration [47].

Sample Identifier Name BE(eV) FWHM % At. Conc Moieties
sample 35 O1ls 530.61 1.66 2.1 072/0=C
—C-0O- /O -2
O1ls 531.56 1.54 36.1 0=C-0-/0=P/CO;
(carbonates)
Ols 532.57 1.46 49.6 HO-C
O1ls 533.63 1.32 9.7 HO-P
O1ls 534.94 2.16 2.5 0,/H,0
sample 37 Ols 530.83 1.67 6.1 02/0=C
0O=C-0-/0=P/
O1ls 531.37 1.59 76.3 CO,~2 (carbonates)
Ols 532.67 1.42 124 HO-C
O1ls 533.66 1.35 3.8 HO-P
O1ls 535.07 217 1.4 0,/H,0O
sample 43 O1ls 530.77 1.50 6.2 072/0=C
O /O -2
Ols 53136 159 454 0=C-0-/0=P/CO;
(carbonates)
O1ls 532.28 1.52 36.2 HO-C
O1ls 533.45 1.53 104 HO-P
O1ls 534.76 1.85 1.7 0,/H,0

Table 7. Surface composition of calcium regions determined for samples 35, 37 and 43, BE—binding
energy, FWHM—full width at half maximum, % At.—atomic concentration [47,48].

Sample Identifier Name BE (eV) FWHM % At Conc Moieties

sample 35 Ca2p3/2 347.44 1.63 49.2 CaCO3/CaCy04
Ca2pl/2 351.01 1.81 50.8 CaHPOy4

sample 37 Ca2p3/2 347.24 1.58 49.2 CaCO3/CaCy04
Ca2p1/2 350.81 1.72 50.8 CaHPOy,

sample 43 Ca2p3/2 347.16 1.62 50.3 CaCO3/CaCy04
Ca2p1/2 350.72 1.70 49.7 CaHPOy4

Table 8. Surface composition of phosphorus regions determined for samples 35, 37 and 43, BE—
binding energy, FNHM—full width at half maximum, % At. Conc. —atomic concentration [47].

Sample Identifier Name BE (eV) FWHM % At. Conc. Moieties
sample 35 P2p3/2 13290 241 50.5 PO,
P2p1/2 133.75 241 49.5 PO,3~
sample 37 P2p3/2 132.73 1.49 50.5 PO43~
P2p1/2 133.58 1.63 49.5 PO43~
sample 43 P2p3/2 132.68 1.62 50.5 PO,3~
P2p1/2 133.53 1.85 49.5 PO43~

XPS tests showed the presence of carbon, oxygen, phosphorus and calcium on the
surface of sample 37. These elements are part of calcium carbonate and apatite. In addition,
small amounts of magnesium and sodium were found. Nitrogen was not detected in
the tested sample. Magnesium may come from magnesium carbonate, a very common
component of kidney stones. However, it was not identified by XRD. This may be due to
its low amount (0.7% At. Conc.) or it is in a non-crystalline form. The presence of nitrogen,
as in the case of sample 35, may be related to the organic impurities in the sample.
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XPS tests showed the presence of carbon, oxygen, phosphorus and calcium on the
surface of sample 43. These elements are components of oxalate, calcium carbonate and
apatite, which are the main components of this kidney stone sample. Tests also showed
the presence of nitrogen. Looking back at FTIR-ATR analysis, as in the case of samples 35
and 37, the signal coming from the C=0O stretching vibrations is not in the range of flow
numbers 1725-1700 cm~!. Therefore, the presence of uric acid is excluded. The nitrogen
probably comes from protein impurities in kidney stones.

The XPS tests carried out in a narrow range of carbon binding energy showed in all
samples (samples 35, 37 and 43) the presence of carbonates, which are components of the
examined kidney stones. Moreover, in the case of samples 35 and 43, the presence of C-C
and C=0 bonds originating from oxalates was confirmed. The presence of other carbon
bonds on the surface of the tested samples is the result of organic contaminants present on
the surface of the materials.

The XPS tests carried out in a narrow range of binding energies for oxygen showed
for all the tested samples (samples 35, 37 and 43) the presence of carbonates, which are
components of the examined kidney stones. Moreover, in the case of samples 35 and 43, the
presence of C=0 bonds originating from oxalate was confirmed. XPS studies in a narrow
range of binding energies for oxygen also confirmed the presence of phosphates on the
surface of all tested samples. The presence of P=O and P-OH bonds was confirmed in
phosphates.

All tested samples showed the presence of phosphorus in the form of PO~ which
indicates the presence of phosphates. In the case of sample 35, the presence of phosphates
was confirmed by FTIR. Due to a too small amount of phosphates, they were not detected
by the XRD method. XPS tests showed only 0.8 %at. conc. of this element on the surface of
the tested sample. In the case of the remaining tested samples, the presence of phosphates
was confirmed by both XRD and FTIR methods. The presence of phosphorus in all tested
samples was also confirmed by the SEM-EDS method.

The above observations confirm the need to use various analytical methods for the
proper analysis of the tested materials.

3. Materials and Methods
3.1. Research Material

The research materials were the kidney stones obtained in cooperation with the hospi-
tal laboratory and with the consent of the Bioethics Committee at the Medical University of
Lublin (consent number KE-0254/140/2020). The examined kidney stones were excreted
spontaneously by the patients or surgically removed in the hospital ward. The samples
were washed with distilled water to remove loose debris such as blood, mucous and casts
and then air-dried for several days. Stones received in sterile containers were cleaned, dried,
and stored in an air-conditioned environment (between 20-22 °C) until analyzed. Stones
were then pulverized with a pestle and mortar to produce a fine homogeneous powder [21].
The deposits varied in appearance, size and chemical composition. The samples were
denoted with the following symbols: sample 35, 37 and sample 43 (Figure 19).
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Figure 19. Optical microscope image of the examined samples of kidney stones: (a) sample 35,
(b) sample 37, (c) sample 43.

3.2. Methods

The FTIR-ATR spectroscopy was used for kidney stones identification. The kidney
stone samples were ground in an agate mortar and analysed by the FTIR-ATR method in the
powder form. A Thermo Nicolet 8700 FTIR spectrometer (Thermo Scientific, Waltham, MA,
USA) with a Smart Orbit™ diamond ATR attachment and a DTGS (Deuterated Triglycine
Sulphate) detector was used to record the spectra. The detector guarantees the stability of
the signal in the mid-infrared spectral range: 4000-400 cm . The spectra were subjected to
the operations of baseline correction, ATR correction and scaled normalization, owing to
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which these spectra are equivalent to the transmission spectra. The obtained spectra were
compared with the commercial Nicodon Kidney Stone Database.

The chemical mapping was performed with the FTIR Nicolet iN10 MX microscope
(Thermo Scientific, Waltham, MA, USA) equipped with the motorized XY stage with the
use of the liquid-nitrogen-cooled matrix detector. Due to the specificity of the material,
the test was carried out using a non-destructive reflection technique. Chemical maps were
generated and processed using the Omnic Specta™ software (version 8.1) by correlation to
the selected band.

XRD analyses were performed using the Empyrean X-ray diffractometer (Malvern
PANalytical, Almelo, The Netherlands). The analysed samples were triturated in an agate
mortar and the resulting powder was placed in a cuvette. Then, at a small pressure, the area
of the preparation was smoothed out. The analysed samples were placed in the goniometer
holder and then the measurement was performed. In this method, the location and intensity
of the reflections are determined by the crystal structure model. The widths and shapes
of these reflections are related by the empirical relationships. All variables e.g., lattice
parameters, are adjusted in the procedure so that the diffractogram model is consistent with
the experimental data. The recorded diffractograms of samples 37 and 43 were compared
with the ICDD PDF4 + 2021 diffraction database.

The microscopic examinations were performed with the use of the FEI Quanta 3D FEG
high-resolution scanning electron-ion microscope (Thermo Scientific, Waltham, MA, USA).
The microscopic photos of the sample surface topography were taken in high vacuum (HV),
in the topographic contrast mode, SE—i.e., registration of secondary electrons knocked
out of the thin subsurface layer. In order to improve the contrast and reduce the loading
effect, the samples were sprayed with the Pd/Au layer before the measurement by using
the Polaron SC7640 sputter coater (Quorum Technologies, Lewes, UK). The photos of the
samples were registered at magnifications of 500x and 1500 .

XPS analyses were made using the Ultra High Vacuum multi-chamber analytical
system (Prevac) equipped with Scienta R4000 hemispherical analyser. Before the analysis,
the kidney stone samples were stabletted, mounted on the molybdenum support and then
degassed at room temperature to the constant high vacuum of ~5 x 1078 mbar in the
UHYV system loading lock. After introducing the UHV system into the analysis chamber,
a suitable XPS analysis was performed. A monochromatic source of AlIK«x radiation was
used as the source of photoelectron excitation. The photoelectrons were excited by the
X-ray radiation with a characteristic line AlIKo and energy of 1486.7 eV generated by the
VG Scienta SAX 100 lamp with an aluminum anode together with a VG Scienta XM 780
monochromator. During the collection of the XPS spectra, the samples were simultane-
ously irradiated with a low-energy source of electrons EFG (Electron Flood Gun (E=2V,
Ie = 200 pwA)) in order to eliminate charging. During the measurement, the vacuum in
the analytical chamber was lower than 2 x 10~8 mbar. The CasaXPSsoftware (v 2.3.23
PR1.0) was used for data processing and calculating the results. In order to normalize the
spectroscopic measurements, the X axis of the spectra (binding energy) was calibrated to
the Cls aliphatic carbon peak, EB = 285 eV.

4. Conclusions

Kidney stones are a common civilization disease, the first mention of which appeared
in ancient times. For generations, it has been a serious problem for people affected by
it. Currently, owing to the progress of technology, there can be used modern analytical
techniques to study kidney stones. Studies on their structure and composition enables
finding new ways against this disease and preventing its recurrence. This is why the
analysis and identification of kidney stones is so important. Kidney stones are a recurring
disease. It is estimated that in as many as 1/4 of patients diagnosed with kidney stones,
within 10 years from the diagnosis of kidney stones, further deposits are formed. In this
paper, the kidney stone samples were examined using modern advanced research methods.
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The use of FTIR spectroscopy with the ATR attachment allowed the identification of
kidney stones. The research showed the following chemical compositions of the studied
kidney stones: sample 35—oxalates, carbonates, hydroxyapatite; sample 37—carbonates,
hydroxyapatite; sample 43—oxalates, carbonates, hydroxyapatite.

The chemical mapping performed by the infrared spectroscopy of the selected stone
area allowed for presenting the distribution of oxalates in sample 43.

The XRD examination enabled the identification of crystalline phases in the kidney
stone samples. The investigations of the elemental composition by SEM-EDX revealed the
heterogeneous nature of the samples. The XPS spectroscopic investigations allowed for
identifying chemical bonds characteristic of the compounds constituting the main building
blocks of kidney stones. The XPS studies showed also the presence of other compounds
(mainly organic) on the surface of kidney stones which is consistent with the literature data.

XRD testing of sample 35 showed only the presence of calcium oxalates. Other studies
revealed the presence of the additional components: phosphates and carbonates. A small
amount of phosphorus determined by SEM-EDS may explain the lack of phosphates
determined by XRD. Their amount was below the detection limit of the XRD method.
The presence of phosphates was also confirmed by the XPS method. The absence of
carbohydrates in the diffraction pattern is most likely due to the non-crystalline form of
these compounds in the sample.

XRD testing of sample 37 showed only the presence of hydroxyapatite doped with
minor amounts of carbonate and hydroxyls. These studies are consistent with the FTIR
analysis. However, SEM-EDS and XPS studies showed the presence of phosphorus in the
sample. In addition, the XPS spectrum made in a narrow range of binding energies for
phosphorus showed the presence of PO43~ bonds, which proves the presence of phosphates
in the sample. As with the phosphate sample, it was below the detection limit of the
XRD method.

XRD analysis of sample 43 showed only the presence of calcium oxalate monohydrate
and hydrated calcium oxalate, hydroxyapatite doped with minor amounts of carbonate and
hydroxyls, following a generic formula Cas[(PO4)2.823 (CO3)0.22 (OH)1 562]. These studies
are consistent with the FTIR analysis, SEM-EDS and XPS studies.

It is very important to combine different research methods for more insightful investi-
gation and a detailed and in-depth understanding of the composition of urolithiasis helps
to assess, treat and prevent the disease more effectively.

The research proved that all of the used research methods are effective tools for kidney
stone identification. However, it should be noted that the use of more than one test method
gives much more information about the studied material. It should be noted that one of the
components of kidney stones is often carbonates, which co-precipitate in a non-crystalline
form. Therefore, the use of only XRD X-ray diffraction will not identify this component of
kidney stones. An additional method should be applied of identification of non-crystalline
components of kidney stones, and these are spectroscopic methods.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28166089 /s1, Figure S1. EDS-spectrograms of the sample
35; Figure S2. EDS-spectrograms of the sample 37; Figure S3. EDS-spectrograms of the sample 43.

Author Contributions: Conceptualization, W.S.-C. and E.B.; methodology, W.S.-C., A.A., E.B. and
M.T.-M,; validation, W.S.-C., M.D., A.N. and M.K; formal analysis, W.S.-C. and M.G.; investigation,
WS.-C, M.D,, AN,, MK, PM. and M.T.-M.; resources, W.S.-C., E.B. and R.M.; writing—original
draft preparation, W.S.-C., M.G. and A.A_; writing—review and editing, W.S.-C.,, M.G., A.A., PM.
and M.T.-M.; visualization, W.S.-C., M.G., PM. and A.A.; supervision, W.S.-C. and E.B.; project
administration, W.S.-C., E.B. and R.M.; funding acquisition, E.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.


https://www.mdpi.com/article/10.3390/molecules28166089/s1
https://www.mdpi.com/article/10.3390/molecules28166089/s1

Molecules 2023, 28, 6089 24 of 25

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Bioethics Committee at the Medical University of Lublin (consent
number KE-0254/140/2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The database is not available for direct access, but can be requested
from researchers.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples 35, 37 and 43 are available from the authors.

References

1.  Evan, A.P. Physiopathology and etiology of stone formation in the kidney and the urinary tract. Pediatr. Nephrol. 2010, 25, 831-841.
[CrossRef] [PubMed]

2. Aune, D.; Mahamat-Saleh, Y.; Norat, T.; Riboli, E. Body fatness, diabetes, physical activity and risk of kidney stones: A sys-tematic
review and meta-analysis of cohort studies. Eur. J. Epidemiol. 2018, 33, 1033-1047. [CrossRef] [PubMed]

3. Stamatelou, K.K.; Francis, M.E; Jones, C.A.; Nyberg, L.M.; Curhan, G.C. Time trends in reported prevalence of kidney stones in
the United States: 1976-1994. Kidney Int. 2003, 63, 1817-1823. [CrossRef] [PubMed]

4. Scales, C.D., Jr.; Smith, A.C.; Hanley, ].M.; Saigal, C.S. Urologic Diseases in America Project. Prevalence of Kidney Stones in the
United States. Eur. Urol. 2012, 62, 160-165. [CrossRef]

5. Romero, V.; Akpinar, H.; Assimos, D.G. Kidney stones: A global picture of prevalence, incidence, and associated risk factors. Rev.
Urol. 2010, 12, e86—96. [PubMed]

6.  Stamatelou, K.; Goldfarb, D.S. Epidemiology of Kidney Stones. Healthcare 2023, 11, 424. [CrossRef] [PubMed]

7. Alelign, T; Petros, B. Kidney stone disease: An update on current concepts. Adv. Urol. 2018, 2018, 3068365. [CrossRef] [PubMed]

8.  Hyams, E.S.; Matlaga, B.R. Economic impact of urinary stones. Transl. Androl. Urol. 2014, 3, 278-283. [CrossRef]

9.  Dawson, C.H.; Tomson, C.R.V. Kidney stone disease: Pathophysiology, investigation and medical treatment. Clin. Med. 2012, 5,
467-471. [CrossRef]

10. Corbo, J.; Wang, J. Kidney and ureteral stones. Emerg. Med. Clin. N. Am. 2019, 37, 637-648. [CrossRef]

11.  Baumann, ].M.; Affolter, B.; Meyer, R. Crystal sedimentation and stone formation. Urol. Res. 2010, 38, 21-27. [CrossRef] [PubMed]
12. Wang, Z.; Zhang, Y.; Wei, W. Effect of dietary treatment and fluid intake on the prevention of recurrent calcium stones and
changes in urine composition: A meta-analysis and systematic review. PLoS ONE 2021, 16, €0250257. [CrossRef] [PubMed]

13. Gavin, C.T;; Ali, S.N,; Tailly, T.; Olvera-Posada, D.; Alenezi, H.; Power, N.E.; Hou, J.; Amant, A.H.S.; Luyt, L.G.; Wood, S.; et al.
Novel Methods of Determining Urinary Calculi Composition: Petrographic Thin Sectioning of Calculi and Nanoscale Flow
Cytometry Urinalysis. Sci. Rep. 2016, 6, 19328. [CrossRef] [PubMed]

14. Aray, P,; Pandey, S.; Verma, V. Kidney stone formation and use of medicinal plants as anti-urolithiatic agent. Univers. ]. Pharm.
Res. 2017, 2, 43-48. [CrossRef]

15. Taylor, E.N.; Stampfer, M.].; Curhan, G.C. Obesity, weight gain, and the risk of kidney stones. J. Am. Med. Assoc. 2005, 293,
455-462. [CrossRef] [PubMed]

16. Khan, S.R.; Canales, B.K.; Dominguez-Gutierrez, P.R. Randall’s plaque and calcium oxalate stone formation: Role for immun-ity
and inflammation. Nat. Rev. Nephrol. 2021, 17, 417-433. [CrossRef] [PubMed]

17. Ratkalkar, V.N.; Kleinman, J.G. Mechanisms of Stone Formation. Clinic. Rev. Bone Miner. Metab. 2011, 9, 187-197. [CrossRef]

18. Singh, V.K.; Rai, PK. Kidney stone analysis techniques and the role of major and trace elements on their pathogenesis: A review.
Biophys. Rev. 2014, 6, 291-310. [CrossRef]

19. Khan, S.R.; Pearle, M.S.; Robertson, W.G.; Gambaro, G.; Canales, B.K.; Doizi, S.; Traxer, O.; Tiselius, H.G. Kidney stones. Nat. Rev.
Dis. Primers. 2016, 2, 16008. [CrossRef]

20. Zhang, D.; Li, S.; Zhang, Z.; Li, N.; Yuan, X,; Jia, Z.; Yang, J. Urinary stone composition analysis and clinical characterization of
1520 patients in central China. Sci. Rep. 2021, 11, 6467. [CrossRef]

21. Khan, A.H,; Imran, S.; Talati, J.; Jafri, L. Fourier transform infrared spectroscopy for analysis of kidney stones. Investig. Clin. Urol.
2018, 59, 32-37. [CrossRef] [PubMed]

22.  Uvarov, V,; Popov, I; Shapur, N.; Abdin, T.; Gofrit, O.N.; Pode, D.; Duvdevani, M. X-ray diffraction and SEM study of kidney
stones in Israel: Quantitative analysis, crystallite size determination, and statistical characterization. Environ. Geochem. Health
2011, 33, 613-622. [CrossRef] [PubMed]

23. Singh, VK,; Jaswal, B.B.S.; Sharma, J.; Rai, PK. Spectroscopic investigations on kidney stones using Fourier transform infra-red
and X-ray fluorescence spectrometry. X-ray Spectrom. 2017, 46, 283-291. [CrossRef]

24. Roychowdhury, T.; Bahr, S.; Dietrich, P.; Meyer, M.; Thiflen, A.; Linford, M.R. Kidney stone, by near-ambient pressure XPS. Sutf.
Sci. Spectra 2019, 26, 014017. [CrossRef]

25. Ghosh, S.; Bhattacharya, A.; Chatterjee, P.; Mukherjee, A.K. Structural and microstructural characterization of seven human

kidney stones using FTIR spectroscopy, SEM, thermal study and X-ray Rietveld analysis. Z. Fiir Krist.-Crys-Talline Mater. 2014,
229, 451-458. [CrossRef]


https://doi.org/10.1007/s00467-009-1116-y
https://www.ncbi.nlm.nih.gov/pubmed/19198886
https://doi.org/10.1007/s10654-018-0426-4
https://www.ncbi.nlm.nih.gov/pubmed/30066054
https://doi.org/10.1046/j.1523-1755.2003.00917.x
https://www.ncbi.nlm.nih.gov/pubmed/12675858
https://doi.org/10.1016/j.eururo.2012.03.052
https://www.ncbi.nlm.nih.gov/pubmed/20811557
https://doi.org/10.3390/healthcare11030424
https://www.ncbi.nlm.nih.gov/pubmed/36766999
https://doi.org/10.1155/2018/3068365
https://www.ncbi.nlm.nih.gov/pubmed/29515627
https://doi.org/10.3978/j.issn.2223-4683.2014.07.02
https://doi.org/10.7861/clinmedicine.12-5-467
https://doi.org/10.1016/j.emc.2019.07.004
https://doi.org/10.1007/s00240-009-0239-8
https://www.ncbi.nlm.nih.gov/pubmed/19997724
https://doi.org/10.1371/journal.pone.0250257
https://www.ncbi.nlm.nih.gov/pubmed/33872340
https://doi.org/10.1038/srep19328
https://www.ncbi.nlm.nih.gov/pubmed/26771074
https://doi.org/10.22270/ujpr.v2i4.RW1
https://doi.org/10.1001/jama.293.4.455
https://www.ncbi.nlm.nih.gov/pubmed/15671430
https://doi.org/10.1038/s41581-020-00392-1
https://www.ncbi.nlm.nih.gov/pubmed/33514941
https://doi.org/10.1007/s12018-011-9104-8
https://doi.org/10.1007/s12551-014-0144-4
https://doi.org/10.1038/nrdp.2016.8
https://doi.org/10.1038/s41598-021-85723-3
https://doi.org/10.4111/icu.2018.59.1.32
https://www.ncbi.nlm.nih.gov/pubmed/29333512
https://doi.org/10.1007/s10653-011-9374-6
https://www.ncbi.nlm.nih.gov/pubmed/21308400
https://doi.org/10.1002/xrs.2775
https://doi.org/10.1116/1.5052007
https://doi.org/10.1515/zkri-2014-1725

Molecules 2023, 28, 6089 25 of 25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Chatterjee, P; Chakraborty, A.; Mukherjee, A K. Phase composition and morphological characterization of human kidney stones
using IR spectroscopy, scanning electron microscopy and X-ray Rietveld analysis. Spectrochim. Acta Part A Mol. Biomol. Spectrosc.
2018, 200, 33-42. [CrossRef]

Cupisti, A.; Giannese, D.; D’Alessandro, C.; Benedetti, A.; Panichi, V.; Alfieri, C.; Castellano, G.; Messa, P. Kidney Stone Prevention:
Is There a Role for Complementary and Alternative Medicine? Nutrients 2023, 15, 877. [CrossRef] [PubMed]

Costa-Bauza, A.; Grases, F; Julia, F. The power of desktop scanning electron microscopy with elemental analysis for analyzing
urinary stones. Urolithiasis 2023, 51, 50. [CrossRef]

Cui, X.; Zhao, Z.; Zhang, G.; Chen, S.; Zhao, Y.; Lu, ]. Analysis and classification of kidney stones based on Raman spectroscopy.
Biomed. Opt. Express 2018, 9, 4175-4183. [CrossRef]

Shameem, M.K.M.; Chawla, A.; Mallya, M.; Barik, B.K.; Unnikrishnan, V.K.; Kartha, V.B.; Santhosh, C. Laser-induced break-
down spectroscopy-Raman: An effective complementary approach to analyze renal-calculi. J. Biophotonics 2018, 11, e201700271.
[CrossRef]

Chiu, Y.C.; Yang, H.Y,; Lu, S.H.; Chiang, H.K. Micro-Raman spectroscopy identification of urinary stone composition from
ureteroscopic lithotripsy urine powder. J. Raman Spectrosc. 2009, 41, 136-141. [CrossRef]

Chiu, Y.; Huang, Y.Y.; Chen, P.A,; Lu, S.H.; Chiu, A.W.; Chiang, H.K. Quantitative and multicomponent analysis of prevalent
urinary calculi using Raman spectroscopy. J. Raman Spectrosc. 2012, 43, 992-997. [CrossRef]

Castiglione, V.; Sacré, P.Y.; Cavalier, E.; Hubert, P.; Gadisseur, R.; Ziemons, E. Raman chemical imaging, a new tool in kidney
stone structure analysis: Case-study and comparison to Fourier Transform Infrared spectroscopy. PLoS ONE 2018, 13, e0201460.
[CrossRef]

Alvarez, J.L.G.; Martinez, M.].T.; Fernandez, M.A. Development of a method for the quantitative analysis of urinary stones,
formed by a mixture of two components, using infrared spectroscopy. Clin. Biochem. 2012, 45, 582-587. [CrossRef] [PubMed]
Campos, P.V.; Albuquerque, A.R.L.; Angélica, R.S.; Paz, S.P.A. FTIR spectral signatures of amazon inorganic phosphates: Igneous,
weathering, and biogenetic origin. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 251, 119476. [CrossRef] [PubMed]
Shamsipur, M.; Roushani, M.; Pourmortazavi, S.M. Electrochemical synthesis and characterization of zinc oxalate nanoparticles.
Mater. Res. Bull. 2013, 48, 1275-1280. [CrossRef]

Durdagi, S.P; Al-Jalawee, A.H.H.; Yalcin, P.; Bozkurt, A.S.; Salcan, S. Morphological Characterization and Phase Determi-nation
of Kidney Stones Using X-Ray Diffractometer and Scanning Electron Microscopy. Chin. |. Phys. 2023, 83, 379-388. [CrossRef]
Yapanoglu, T.; Demirel, A.; Adanur, S.; Yuksel, H.; Polat, O. X-ray diffraction analysis of urinary tract stones. Turk. J. Med. Sci.
2010, 40, 415-420. [CrossRef]

Bali, V.; Khajuria, Y.; Sharma, J.; Rai, PK.; Gondal, M.A.; Kumar, U.; Singh, V.K. Compositional and Morphological Studies of
Kidney and Gallbladder Stones from Fundamentals to Advanced Level using SEM-EDS Technique: A Short Review. Arab. J. Sci.
Eng. 2023, 48, 13-29. [CrossRef]

Daudon, M.; Bazin, D.; André, G.; Jungers, P.; Cousson, A.; Chevallier, P.; Véron, E.; Matzen, G. Examination of whewellite kidney
stones by scanning electron microscopy and powder neutron diffraction techniques. J. Appl. Cryst. 2009, 42, 109-115. [CrossRef]
Biesinger, M.C. Accessing the robustness of adventitious carbon for charge referencing (correction) purposes in XPS analysis:
Insights from a multi-user facility data review. Appl. Surf. Sci. 2022, 597, 153681. [CrossRef]

Gengenbach, T.R.; Major, G.H.; Linford, M.R.; Easton, C.D. Practical guides for x-ray photoelectron spectroscopy (XPS): Interpret-
ing the carbon 1s spectrum. J. Vac. Sci. Technol. A. 2021, 39, 013204. [CrossRef]

Major, G.H.; Fairley, N.; Sherwood, PM.A.; Linford, M.R.; Terry, J.; Fernandez, V.; Artyushkova, K. Practical guide for curve
fitting in x-ray photoelectron spectroscopy. J. Vac. Sci. Technol. A 2020, 38, 061203. [CrossRef]

Chiang, Y.-C.; Chen, Y.-J.; Wu, C.-Y. Effect of Relative Humidity on Adsorption Breakthrough of CO, on Activated Carbon Fibers.
Materials 2017, 10, 1296. [CrossRef] [PubMed]

Baltrusaitis, J.; Usher, C.R.; Grassian, V.H. Reactions of sulfur dioxide on calcium carbonate single crystal and particle surfaces at
the adsorbed water carbonate interface. Phys. Chem. Chem. Phys. 2007, 9, 3011. [CrossRef] [PubMed]

Shchukarev, A.; Korolkov, D. XPS Study of group IA carbonates. Open Chem. 2004, 2, 347-362. [CrossRef]

Beamson, G.; Briggs, D. The XPS of polymers database. Surf. Spectra 2000.

Salvi, A.M.; Langerame, F.; Pace, A.E.; Carbone, M.E,; Ciriello, R. Comparative Spectra Illustrating Degradation of CaC,O4-H,O
During XPS Analysis. Surf. Sci. Spectra 2015, 22, 21-31. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.saa.2018.04.005
https://doi.org/10.3390/nu15040877
https://www.ncbi.nlm.nih.gov/pubmed/36839235
https://doi.org/10.1007/s00240-023-01424-8
https://doi.org/10.1364/BOE.9.004175
https://doi.org/10.1002/jbio.201700271
https://doi.org/10.1002/jrs.2418
https://doi.org/10.1002/jrs.3138
https://doi.org/10.1371/journal.pone.0201460
https://doi.org/10.1016/j.clinbiochem.2012.02.008
https://www.ncbi.nlm.nih.gov/pubmed/22374172
https://doi.org/10.1016/j.saa.2021.119476
https://www.ncbi.nlm.nih.gov/pubmed/33515921
https://doi.org/10.1016/j.materresbull.2012.12.032
https://doi.org/10.1016/j.cjph.2022.08.025
https://doi.org/10.3906/sag-0909-270
https://doi.org/10.1007/s13369-022-07324-0
https://doi.org/10.1107/S0021889808041277
https://doi.org/10.1016/j.apsusc.2022.153681
https://doi.org/10.1116/6.0000682
https://doi.org/10.1116/6.0000377
https://doi.org/10.3390/ma10111296
https://www.ncbi.nlm.nih.gov/pubmed/29137140
https://doi.org/10.1039/b617697f
https://www.ncbi.nlm.nih.gov/pubmed/17551626
https://doi.org/10.2478/BF02475578
https://doi.org/10.1116/11.20141101

	Introduction 
	Results and Discussion 
	FTIR-ATR 
	X-ray Diffraction (XRD) 
	Scanning Electron Microscopy SEM-EDS 
	XPS Spectroscopy 

	Materials and Methods 
	Research Material 
	Methods 

	Conclusions 
	References

