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ABSTRACT

Background: Kidney stones in the urinary system are formed from complex
minerals that can interfere with the function of the kidney. This formation occurs
gradually and can be observed from the appearance of the kidney stones cross-section
which are cut along its longitudinal axis resembling a tree cambium. A deeper study
on the composition of these layers will provide etiological and pathophysiological
information on the mechanism of the formation and development of kidney stones.

In addition, an accurate analysis on the composition of the kidney stone can provide
a scientific basis to determine the choice of medical treatment and efforts to prevent
from forming of kidney stones in humans.

Objective: This study aimed to analyze the organic material that makes up kid-
ney stones in each layer.

Material and Methods: In this analytical study, the components and morpho-
logical properties of five kidney stones in each layer were characterized using Fourier
transform infrared-attenuated total reflection (FTIR-ATR) and Scanning Elecron
Microscope-Element Distribution Analysis (SEM-EDS).

Results: FTIR-ATR displayed the typical absorption peaks for each stone
constituent component. The components of each layer showed the same peak value
for each absorption peak which consisted of calcium oxalate monohydrate, struvite,
ammonium ion calcium oxalate monohydrate, calcium oxalate monohydrate-calcium
phosphate and uric acid. Meanwhile, the difference in the percentage and composi-
tion of the elements in each stone can be observed by SEM-EDS.

Conclusion: From this study, it can be concluded that each layer of the kidney
stones has a different percentage and composition of elements.
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Introduction

rolithiasis is a disease that occurs in the kidney and urinary tract

due to the formation of solid materials being similar stones. An

unbalanced interstitial fluid, which was affected by the meta-
bolic factors of the human body, lifestyle, and the environment, can in-
crease the concentration of the urine which triggers the formation of kid-
ney stones [1, 2]. This disease has been known since the ancient Greece
where the recent number of cases reaches 1-5% in Asia, 5-9% in Europe,
13% in North America, 20% in Saudi Arabia which made it the third
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largest urology disease in the world [3-5]. The
comparison of cases based on gender bears a
ratio of 2:1 between males and females, re-
spectively. Meanwhile, the rates of recurrence
for men and women are 70% - 80% and 47%
- 60%, respectively [6]. The ratio of patients
with kidney stones to the total population was
1:272 in 2017.

The kidney stones were formed initially by a
nucleation process of the urinary mineral due
to the presence of supersaturation in the pro-
cess of urine production. After that, the nuclei
will accumulate to form an aggregate growing
to a pathological size of several tens microm-
eters [7]. The size continues in order to grow
to the size of millimeters or centimeters until
a stone is formed [8]. In general, the compo-
sition of kidney stones consists of crystals or
organic material with a typical comparison of
each patient. Commonly, organic and crystal-
line materials found are calcium oxalate, cal-
cium phosphate, struvite, uric acid and cystine
[9]. Besides of that, 82 compounds have been
found in kidney stones, but only 7 of them
each account for more than 1% of kidney stone
compounds. The numbers in kidney stones are
around 34% and 44% for monomineral and
duamineral, respectively [10].

There are many methods used to analyze
kidney stones, but in this study FTIR-ATR and
SEM-EDS were used for quantitative analy-
sis and morphology of kidney stones. Infrared
spectroscopy is very effective for quantitative-
ly determining minerals contained in kidney
stone because this method is quite sensitive to
changes in composition [11, 12]. SEM-EDS
is the most widely used instrument for mor-
phological studies and percentage information
on element composition of kidney stones [13].
Some studies reported the results of character-
ization of kidney stones using the FTIR and
SEM-EDS methods with samples in the form
of powder [14, 15]. Even though it is very im-
portant to review each layer of stone because
the composition and distribution of elements
in various layers of stone can show metabo-

lism in the formation phase of kidney stones.
Furthermore, this will be very beneficial for
treatment in patients [16-18].

In this study, we have used the FTIR and
SEM-EDS methods to study the composition
and morphology of each stone layer by not
changing the shape and arrangement of the
layers of stone. Thus, the study specifically
aims to provide insight into the pathology of
kidney stones that will contribute to preven-
tion and treatment planning.

Material and Methods

Material

This analytical study, was approved by the
ethics committee of RSHS Bandung. Thirty
six kidney stones were provided from the
Urology Department of Hasan Sadikin Hos-
pital (RSHS) Bandung, West Java, Indonesia.
Owing to the time and financial restriction,
only five out of thirty six kidney stones were
selected to be used as samples for this study.
The selection of samples was performed by
considering the variation in shape and color,
as shown in Figure 1.

The sample stones were washed by aqua-
bides to cleanse the stones from the residue
of the biological cells such as mucus, blood
and bacteria [4, 11]. Then, the samples were
cut on the longitudinal axis using a low speed
cutting tool with a thickness of 1 mm. In the
final stage, the samples were dried in an oven
at a constant temperature of 50 °C for 48 hours
and stored in a sterilized environment.

Methods

The composition, morphology and percent-
age of elements were reviewed for each sam-
ple. The measurements at each layer were per-
formed at 5 measurement points which were
started from the inner layer of kidney stones to
the outside and then have been numbered from
1 to 5 (Table 1). The composition of the kid-
ney stones was obtained using Fourier Trans-
form Infrared (FTIR) method. In principle,
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Spatial Distribution Kidney Stone

Number of kidney stone
samples: 36 pieces

Shape determination

'

'

Round: Oval: Branched:
15 pieces 16 pieces 5 pieces
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2 Samples

2 Samples

1 Sample

Figure 1: Flowchart determining the number of samples.

the IR spectrum from the stones was captured
by the FTIR machine and created a molecular
fingerprint that represents the absorption and
transmission of each molecule. The fingerprint
peak size directly correlates with the quality
and quantity of chemicals [19]. Meanwhile,
the morphology and percentage of elements
from kidney stones were obtained using SEM-
EDS.

The FTIR measurements were performed
using FTIR-ATR Alpha-P by Bruker which
spectra were recorded in the range of 500 cm!
- 4000 cm'. This tool works with the measure-
ment technique of attenuated total reflectance
(ATR) with transparent diamond as an internal
reflection element (IRE). The measurement
process starts by measuring absorption with-
out a sample above the crystal surface (back-
ground). Then, a sample was placed on the
surface of the IRE crystal. The identification
of the obtained infrared absorption peaks was
carried out using OPUS 7.2 software which
was integrated in the FTIR-ATR Alpha-P. The
peak of the spectrum provides information on
the chemical bonds in a compound or element
found in the kidney stones. The type of the

kidney stone was determined by matching and
comparing the infrared absorption peaks with
the reference spectrum.

Kidney stone morphology was observed
using SEM Hitachi SU3500 and JEOL-
JSM-6510 LA. Hitachi SU3500 was used to
measure sample 2, 4, and 5 with a magnifica-
tion of 500-15000 times. JEOL-JSM-6510 LA
was used to measure samples 1 and 3 with 500
to 2000 times magnification. Prior to the scan,
the samples were coated with gold (Au) in the
vacuum to make the samples more conduc-
tive. Furthermore, the scanning of the mor-
phology of the kidney stones was performed
at the 5 measurement points, as illustrated in
Table 1. The image was analyzed by observing
and comparing the crystal shape to the refer-
ence. The measurement of the percentage of
the constituent elements was carried out after
the scanning the morphology of the stone in
order to retain the same observation points.

Results

Table 1 shows the specifications of the five
kidney stone samples. The diameters of the
stones were 16, 19, 24, 28 and 32 mm. The
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Table 1: Physical appearance and compound of kidney stone.

Picture of kidney

The cross-sectional

Sample stones layers of kidney stone Colors Compounds
us1 0 ‘ Blackish brown  Calcium oxalate monohydrate
uUs 2 Dirty white Struvite
US 3 Whitish brown Ammonium ion calcium oxalate
monohydrate
Mixture of calci-um oxalate
uUs 4 Dark brown  mono-hydrate and calci-um
phosphate
uUss ‘ t Yellow Uric acid

appearance of the cross-sectional layers of
kidney stone was observed like a tree trunk
cambium with a different color for each layer.

a. Characterization of
stones with FTIR-ATR

The samples were identified into several
types of stone based on the FTIR-ATR spec-
trum, as shown in Table 1. Figure 2 shows the
infrared absorption spectrum in the sample.

kidney

The graph illustrates the relationship between
the absorption intensity (a.u) and the wave
number (cm™). The infrared absorption spec-
trum in each layer in the same stone shows the
same peak value, as shown in Figure 2(a). On
the other hand, the infrared absorption in all
samples showed different values indicating
the different types of stone. The FTIR Spectral
data of urinary stones was shown in Table 2.
Calcium oxalate monohydrate was char-
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Figure 2: (a) FTIR spectrum of kidney stone samples (hnumber 3) in each layer, (b) FTIR spectrum
of five kidney stone samples in the core layer (1).

Table 2: FTIR Spectral data of urinary stones [19-26].

Wave Numbers (cm-)
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Tentative assignments

520,90 C-O stretching
594,53 520,90 576,13 593,08 570,46 0-C-O Bending
698,78 O-H Bending
777,90 777,15 777,14 788,41 741,74 C-H Bending
887,68 873,38 P-O sretching
831,37 C-C stretching
992 C-N stretching
1029,09 999,32 1078,63 P-O sretching
1201,78 Ring vibration
1312,23 1310,78 1309,40 1334,20 1302,28 C-O stretching
1344,75 N-H stretching
1384,33 C-N stretching
1432,54 O-H bending
1459,41 P=0 stretching
1537,27 N-O stretching
1603,84 1688,04 1608,08 1632,04 1654,75 C=0 stretching
2853,29 2850,95 2849,47 N-H stretching
2920,24 2918,90 2915,99 NH," stretching
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acterized by four sharp peaks between wave
number 1600 cm™ —777 cm’'. In sample 1, the
absorption peak appears in the wave number
of 1603.84 cm™ (C = O stretching); 1312.23
cm! (C-O stretching); 777.90 cm™ (C-H Bend-
ing); and 594 cm™ (O-C-O Bending). Struvite
stones in sample 2’s IR spectrum were very
easily characterized by the presence of a peak
in 1029.09 cm™ which shows PO, ions. Other
absorption areas in sample 2 were 2920.24
cm™! - 2853.29 cm™! (N-H stretching) indicat-
ing the presence of NH,” (ammonium ion);
1688.04 cm™! (C = O stretching); 1310.78 cm™!
(C-O stretching); 831.37 cm™ (C-C stretch-
ing); 777.15 cm™ (C-H Bending); and 520.90
cm™! (O-C-O Bending). The absorption area
between 1608.08 cm™ - 777 cm™ in sample 3
showed that the stone was a calcium oxalate
monohydrate stone; however, with the peak of
2918.90 cm™! and 2850.95 cm™ (N-H stretch-
ing) indicated the presence of NH," (ammo-
nium ion); therefore the stone was included
in the type of ammonium ion calcium oxalate
monohydrate. The mixture of calcium oxalate

and calcium phosphate in sample 4 was shown
by a high absorption area peak at 999.32 cm!
(P-O stretching) which means that there were
PO, ions in the absorption area. A peak which
characterizes calcium oxalate kidney stone
type was also found in the sample. The peaks
are shown at 1632.04 cm™ (C = O stretching);
1384.33 cm™! (C-N stretching); 1334.20 cm™!
(C-O stretching); 887.64 cm (C-C stretch-
ing); 788.41 cm™ (C-H Bending); 593.08 cm’!
(O-C-O Bending). The area of absorption
peaks in sample 5 included uric acid kidney
stones. The absorption of intensity in this type
of stone was also characterized by the pres-
ence of an absorption area at 992 cm™ (C-N
stretching), 1459.41 cm™ (P = O stretching).

b. Characterization of
stones by SEM-EDS

The classification of kidney stone from the
crystal shape was performed by SEM as shown
in Figure 3. The variations of the morphology
of calcium oxalate monohydrate crystals were
very low. The boundary of the crystal was

kidney

Figure 3: Morphology of kidney stones in several kidney stones.
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not visible because the size of the boundary
is quite small (Figure 3 US 1.4). COM was
also often indicated by a round shape at the
end of the crystal or an ovoid shape [27]. Stru-
vite crystals have a pentahedral, rectangular
and prismatic morphology [28, 29]. In Figure
3 US 2.2 and US 2.4, it was observed that ro-
sette shaped ammonium crystals are organized
in concentric laminates forming conglomer-
ates. The presence of ammonium ion crystals
in kidney stones is found in morphological
forms such as rosettes or spherulites or col-
umn shapes [30]. These characteristics were
not found in Figure 3 US 3.2 to 3.4. Calcium
phosphate crystals are usually found among
the main components of kidney stones. The
mixture of calcium oxalate monohydrate with
calcium phosphate (Figure 3 US 4.3 and 4.4)
was morphologically characterized by rectan-
gular crystal shapes. This type of kidney stone
usually has a small crystal with diameter of 5
pm to 10 pm and a spherulitic shape such as
a needle or plate arranged in a circular radial
manner [31]. Uric acid has various morpholo-
gies such as rectangles and diamond shapes
[27]. Furthermore, in the results of this study,
UA stone types (Figure 3 US 5.1 and US 5.5)
have prismatic and fibrillar forms.

The number of atoms in the molecule was
determined by EDS. Each sample layer
showed different elements and distributions
as shown in Figure 4. The main elements of
COM stones are O, C, and Ca. Other elements
found such as Na, Si and P had relatively small
amounts. Element C is distributed to all layers,
especially in COM types (samples 1 and 3)
where the number of element C was two times
higher than COM mixed with calcium phos-
phate, as shown in Figure 4. The distribution
of the main elements O, Mn, N, and P, in stru-
vite was apparent in all layers of stone with a
nearly even percentage. The struvite stone was
also mixed with small components such as C,
Na, Ca, and K. The number of N elements in
the struvite stone was 3 times more than other
types of stone (samples 4 and 5). The main el-
ements in UA stones are C, N, and O which
have the higher number than Na, Si, Ca, and P.
The O element was 2 times more compared to
COM and struvite stones. Smaller elements in
UA stones were concentrated in certain areas
and were not spread throughout the layers of
stone.

Discussion
The development of kidney stones requires

Percent Atomic Rations Abundance

Carbon
Nitrogen
Oxygen
Sodium
Silicon
Calcium
Magnesium
Phosporus
Potassium

6(}80 40-59|20-39|10-19| 5-9

1-4 0.2-09 0

N

1112 13 14 15 21 22 23 24 25 31 32 33 34 35 41 42 43 44 45 51 52 53 54 §5
Layers Number

Figure 4: Percentage of constituent elements in each layer of kidney stone.
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crystal formation in tubular fluid followed by
crystal retention and accumulation in the kid-
neys [32]. The biochemical studies of blood
and urine are not enough to reveal and iden-
tify the exact causes of nucleation and stone
growth. However, it was obtained by analys-
ing the structure and composition of the stone
after the patient’s surgery. The main compo-
nents of kidney stones were the scientific ba-
sis for the choice of management of clinical
and preventive measures. The identification
of the small components number located in
the nucleus of kidney stones and other layers
cannot be ignored, since this information can
indicate specific nucleation processes or stone
growth. There are many methods to analyse
kidney stones such as the chemical analysis
and physical analysis. The chemical and phys-
ical analysis have provided valuable informa-
tion for the etiology and pathology of kidney
stones. In this study FTIR-ATR and SEM-
EDS methods were used to study the compo-
sition and morphology of each layer of stone
by not changing the shape and arrangement of
the layers of stone.

The FTIR-ATR spectrometer has high sen-
sitivity and simple analysis for the molecular
composition of small samples. This tool is
widely used to characterize kidney stones in
powder samples [17-24]. Each point reviewed
in the sample will provide specific informa-
tion [27]. The main component of urinary tract
stones is calcium oxalate with ratio of 75-90%
of kidney stones followed by calcium phos-
phate or uric acid [26]. Our results showed
that calcium oxalate was the main component
that made up kidney stones and the rest was
composed of other elements such as phospho-
rus, magnesium, ammonium ions. The high
percentage of calcium oxalate was as an ele-
mentary component of kidney stone due to the
presence of mineral deposition in the kidneys
owing to supersaturation.

The two types of calcium oxalate that of-
ten appear are calcium oxalate monohydrate
(whewellite) and dihydrate (weddellite). In the

characterization of kidney stones, the second
type of oxalate often appears together in vari-
ous proportions. Infrared identification of this
type has absorption peaks in the area of 3600-
3000, 1400-1300, and 800—400 cm' [24].
Struvite (magnesium ammonium phosphate
hexahydrate) is formed due to a urinary tract
infection. At a pH value of 7.5, struvite super-
saturation will occur even though magnesium
and phosphate in the urine is still within nor-
mal limits. Phosphate and magnesium in kid-
ney stones have a specific infrared spectrum
(1010, 2370, 760, 572 cm™). The uric acid
kidney stones have infrared spectrum in 1020,
1592, 1440, 1403, 1350, 1312, 1123, 993, 878,
783, 745, 705, 620, 578, 525 and 475 cm’!
[24]. The formation of uric acid stones is in-
fluenced by insulin resistance, molecular fac-
tors, genetics, urine pH, uric acid metabolism,
and excretion [28]. Low urine pH is the main
factor in the formation of uric acid stones.

In the results of our study, the kidney stones
with FTIR have been well-characterized. This
was indicated by a sharp absorption peak in
each molecule. However, the same absorption
peaks are found in each layer. Besides that, the
constituent components of kidney stones in
small numbers were also not detected. Small
amounts of kidney stone organic components
are difficult to detect by many methods such
as FTIR. Therefore, another method is needed
to detect these small components [26].

SEM provides information of the main com-
ponents of stone from its morphology, but
many of them found the same morphology
form of several types of stone, for example,
calcium oxalate monohydrate and brushite
have an ovoid or rectangular shape. In addi-
tion, ammonium and uric acid types also have
a similar shape to rosettes [29, 31]. The same
thing is also shown by the results of this study.
This similarity occurs because there are simi-
lar components in some kidney stones that
have been observed. Because of the similarity
in morphology, identification can be done us-
ing EDS to detect single elements with atomic
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numbers on carbon. Our results showed that
minor quantities of crystals or organic com-
pounds can be identified by high accuracy us-
ing scanning electron microscopy with energy
dispersive X-ray.

The distribution of elements in each layer
of kidney stones was different (Figure 4). A
higher percentage composition element indi-
cated the main constituent component of the
stone. The number of minor components was
also found in each layer such as silicon found
in US 1, US 4 and US 5 stone samples. The
presence of silicon in the stone is due to drugs
[30]. This mineral is not found in every layer
as shown in US 5 only found in layers 2 and
5. In addition to these minerals, other miner-
als also do not always exist in each layer. For
example, mineral sodium at US 1 was found
in layers 2 and 3, US 3 only at layer 1, US 4
at layers 1, 4, 5 and US 5 only at layer 5. The
difference in composition in each layer shown
in this study provided insight new on patho-
logical kidney stones. In addition, the large
contribution will be very useful by studying
the quantization of kidney stone layers. Future
studies in our group will aim to quantify the
layers of kidney stones.

Conclusion

Pathogenesis of kidney stones can be un-
derstood by analyzing chemical composi-
tion, morphology, and composition of stone
elements. Analysis of elemental components
with FTIR-ATR can show the main minerals
that make up the stones. However, this is less
sensitive to minerals in small quantities so that
absorption peaks in each layer are the same.
Meanwhile, SEM-EDS shows that each layer
in kidney stones has a different percentage
and composition of elements. This indicates
that each layer has a different pathology. This
study provides an objective basis for further
research in understanding the pathology of
kidney stone layers to make decisions in medi-
cine, prevention strategies and management of
kidney stones.
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