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Abstract: The chemical composition of biominerals is essential for understanding biomineral for-
mation and is regarded as an attractive subject in bio-mineralogical research on human kidney
stones (urinary calculi). In order to obtain more geochemically interpreted data on biogenic minerals,
mineralogical compositions and major and trace element concentrations of sixty-six kidney stone
samples derived from kidney stone removal surgeries were measured. Infrared spectroscopy results
showed that calcium oxalate monohydrate (COM) and calcium oxalate dihydrate (COD) were the
two main mineral components of kidney stones. Geochemical results indicated that major and trace
element concentrations were present in the following order: Ca > Mg > Na > K > Zn > Fe > Pb >
Ba > Cu > Ti > Mo > Cd > Cr. With the exception of Ca, Mg was the second-most abundant ele-
ment. Zn exhibited higher concentrations relative to other trace elements, which suggests a potential
substitution of calcium by metal ions with a similar charge and radius rather than by metals in
kidney stone formation. Pb appeared in significantly higher concentrations than in previous studies,
which indicates Pb enrichment in the environment. In order to discern multi-element relationships
within kidney stones, principal component analysis was applied. Three principal components (PCs,
eigenvalues >1) were extracted to explain 64.4% of the total variance. The first component exhibited
positively correlated Na-Zn-Cr-Mo-Cd-Pb, while the second component exhibited more positively
weighted Mg-K-Ba-Ti. Fe-Cu demonstrated a positive correlation in the third component. This
study suggests that Ca exhibits a preference for uptake by oxalates during human urinary stone
crystallization, while other alkali metals and alkaline earth metals precipitate with phosphate.

Keywords: kidney stones; calcium oxalate monohydrate; calcium oxalate dihydrate; trace elements;
elemental compositions; China

1. Introduction

As one of the most typical biominerals, the biomineralogy of human kidney stones
(urinary calculi) has rapidly developed in recent years [1-3]. Kidney stones, regarded as
one of the most challenging medical issues, have become a global scourge and can even
result in the deterioration of renal function and permanent kidney damage [4-7]. However,
some of the causes of kidney stone formation remain unknown [4,6,8-10]. Kidney stones
can be classified according to mineral composition, which includes four most common
types: calcium phosphate, calcium oxalate, uric acid, and struvite kidney stones [2,5].
Oxalates of calcium and calcium phosphate are regarded as the two most common types of
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kidney stones, and a combination of both types is also included. As an essential component
of kidney stones, calcium can undergo a potential combination reaction with oxalate and
phosphate and can further precipitate white alkali and alkaline elements with calcium.
Incidences of different kidney stone types are related to various factors including geo-
graphic location, climate, ethnicity, and social and environmental characteristics [4,10,11].
In addition, incidences of urinary tract infections and obstruction of the chronic urinary
tract also contribute to variances [6,8,12].

Kidney stones are a common public health issue. The causes of kidney stone formation
are well understood based on previous findings from studies over the past decades [13,14].
Research has shown that C, O, N, P, and Ca are major components of kidney stones, while
other elements, such as Sr, Cu, Fe, Zn, Pb, Cr, and Mn, are found in trace amounts [15-17].
In the public’s view of the environmental factors, water hardness is a strong candidate;
however, this has not yet been proven. Most research to date has focused on the role of
calcium oxalate crystalluria in kidney stone formation [10,12].

Since kidney stone composition directly impacts secondary prevention, medical treat-
ment, and prognostication, its characterization should be carried out in a broad sense.
Therefore, it is important to identify the chemical composition of kidney stones and to
explore the relationship between different components. In this respect, geochemical and
mineralogical characterizations can reveal personal dietary intake, ambient environmen-
tal conditions and patient residence [18,19], and predict potential metabolic abnormali-
ties [20]. In order to obtain more geochemically interpreted data of biogenic minerals, this
study investigated mineralogical, major, and trace element compositions of human kidney
stones obtained from patients in Beijing and assessed the potential effects of elements
on nucleation, or any other crystallization process, of the main components of kidney
stone formation.

2. Materials and Methods

In this study, urologists collected kidney stone samples during removal surgeries from
66 patients who were admitted to the Peking University Third Hospital. Ethical approval
was provided by the hospital’s ethical review board before the study. Written consent
with relevant information was obtained from the patients before surgery. Patient details,
such as gender (19 females and 47 males) and age (20-83 with an average value of 49),
are presented in Supplementary Materials Table S1. Deionized water was used to rinse
all kidney stone samples, and samples were transferred to dry bottles after air-drying on
sterile gauze. In the laboratory, deionized water was used to re-rinse all samples. In order
to remove residuals and remaining blood clots, samples were sonicated in a 15-min water
bath. Samples were then sliced with a sterile saw and partly powdered by agate mortar
and pestle after the air-drying process.

Kidney stone samples were first analyzed by using infrared spectroscopy (LIIR-20,
Lambda scientific, Tianjin, China, more details can be found in the Supplementary Mate-
rials) to obtain mineralogical compositions. All kidney stone samples from each patient
(defined as an individual sample) were completely digested by HF-HNO3-HClO4 follow-
ing digestion procedures published in the literature [21-23]. Briefly, the sample powder
was weighed and poured into a PFA beaker, then added to the acid mixture. Next, the
beakers were heated and digested on a hotplate. All solutions were finally dried and
re-dissolved (constant volume) before measurement. Concentrations of major and trace
elements were measured by an Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES, Optima 5300DV, Perkin Elmer, Waltham, MA, USA) and Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, Elan DRC-e, Perkin Elmer, Waltham, MA, USA) at the
Institute of Geographic Sciences and Natural Resources Research at the Chinese Academy
of Sciences [24,25]. Quality control was guaranteed by using method blanks, duplicates,
and standard reference materials (Alfa 046318 and Alfa 036371). Concentrations of K, Na,
Ca, and Mg were determined by using ICP-OES, and other trace elements (e.g., Cu and
Zn) were determined by using ICP-MS. It is noteworthy that toxic elements (Pb) were also
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measured by using ICP-MS in this study. Procedural and reagent blanks were measured
along with samples treated by identical procedures. Quality control (QC) standards were
evaluated in each calibration curve during and after each sample set. The precision of
the analysis was greater than +5%. Infrared spectroscopy was also applied in this study.
Mineralogical compositions of most typical kidney stones were characterized based on
a comparison of infrared spectra of sample and mineral standards (reference database,
Supplementary Materials Figure S1).

Several indicators were used to evaluate the effects of metal concentrations on human
health. Pearson correlation analysis was used to explore relationships among different
elements, and principal component analysis (PCA) was used to identify possible sources
by using a commercially available statistics software package (SPSS 22.0, IBM, Armonk,
NY, USA).

3. Results and Discussion
3.1. Mineralogical Compositions of Kidney Stones

Infrared spectroscopy is a simple and convenient method for analyzing the mineralog-
ical composition of kidney stones [26-28]. Infrared spectra obtained by using an infrared
spectrometer can identify the following crystalline compounds in collected kidney stones:
calcium oxalate monohydrate (COM, CaCy04-H,0), calcium oxalate dihydrate (COD,
CaC;04-2H;0), carbonate apatite (CA, Cajo(PO4)sCO3-HpO), uric acid (UA, CsH4N4O3),
and ammonium acid urate (AAU, CsH;N503). For example, symmetric and asymmetric
absorption bands, which appeared at 3480, 3423, and 3055 cm ™! possibly due to asymmet-
ric O-H stretching, characterize the calcium oxalate monohydrate kidney stone [29]. C=O
stretching contributes to a sharp absorption band at 1616 cm~!, whereas C-O stretching
contributes to the band at ~1315 cm ™! [30]. Bands at ~780 and ~660 cm ! are produced by
C-H bending together with out-of-plane O-H bending [31]. Representative infrared spectra
from this study are presented in Figure 1. Calcium oxalate monohydrate commonly mixes
with calcium oxalate dihydrate kidney stones. As shown in Table 1, COM and COM +
COD kidney stones were the dominant (74.2%, n = 49) types, carbonate apatite-type kidney
stones were rare (3%, n = 2), and uric acid (n = 1) and ammonium acid urate (n = 1) kidney
stones were less common than compared to oxalate types (COM and COD) and may only
account for 3% of the kidney stones in this study. COD + Mix kidney stones (mainly COD
with a small amount of observable mixture of carbonate apatite, ammonium acid urate,
and uric acid) were also found in this study, with a frequency of 19.7% (n = 13, Table 1).
Most of the elements of COD + Mix kidney stones exhibited lower concentrations when
compared to COM and COM + COD kidney stones, which reflects potential differences in
the formation processes of these kidney stones.

Table 1. Statistical results of major and trace constituents in different kidney stone types.

Kidney Stone

Parameters Ca Mg Na K Fe Cu Zn Ba Ti Cr Mo Cd Pb
Type
% ng/g ug/g ng/g ng/g ug/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g
(ES’;’(')) Min 205 982 299 88.8 00 00 199 02 00 00 68.1 20 00
Max 544 134999 16,666.7 254756 2710 55 2678.0 135 20,694.4 2151 13911 15249 2558
Mean 280 18804 3168.1 15632 280 07 506.2 28 11921 18.1 4615 3848 66
Median 273 11476 24628 4003 1438 03 3450 15 3062 00 3718 273.1 62
Co(lr‘ffz(;)OD Min 242 1351 578.1 640 44 01 125 01 00 00 1125 58.4 00
Max 283 14692 47657 8302 1914 19 873.1 153 845.1 12474 12645 780.1 240
Mean 264 8312 18177 3733 233 05 269.9 23 218 359.1 502.0 307.6 6.1
Median 26.1 3552 14057 3623 139 0.4 797 05 873 0.0 1941 17658 27
oA Min 03 81 108 219 52 01 14 01 00 00 855 14 00
Max 280 27535 32516 768.6 793 23 508.1 22 16259 10434 5158 47758 48
Mean 189 7438 14361 2544 170 10 1493 08 3473 919 3158 1647 16
Median 237 288 11584 213 108 06 240 05 55.0 00 2976 98.0 10
AAU(n=1) 9.0 55,4808 44170 2576.3 18 051 466.1 15.41 969.6 00 932 96.9 163
CAl(m=1) 307 35685 6685.1 1697.6 153 0.13 578.0 8.12 15769 00 10433 566.3 12559
cA2(m=1) 148 402191 60106 9156 308 0.13 1612 491 12838 2883.1 376.0 803 0.64
UA(n=1) 03 4812 8132 3517 33 575 23 0.04 00 00 1435 95 0.00

Note: COM = calcium oxalate monohydrate, COD = calcium oxalate dihydrate, Mix = mixture, AAU = ammonium acid urate,
CA = carbonate apatite, UA = uric acid.
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Figure 1. Infrared spectra of typical kidney stones that contain the following: (a) calcium oxalate monohydrate + calcium
oxalate dihydrate; (b) calcium oxalate dihydrate + calcium oxalate monohydrate + carbonate apatite (a few); (c) calcium
oxalate dihydrate + uric acid + calcium oxalate monohydrate (a few); (d) ammonium acid urate.

3.2. Chemical Compositions of Kidney Stones

Major and trace element compositions of kidney stones provide basic information
on their bio-mineralization process. Concentrations of some alkali, alkaline earth, and
transition elements together with phosphate, which is considered to be more environmen-
tally significant, were determined. Chemical compositions of 66 kidney stone samples
are summarized in Supplementary Materials Table S1. It should be noted that average
concentrations of major and trace elements were ordered as follows: Ca > Mg >Na > K> Zn
> Fe > Pb > Ba > Cu > Ti > Mo > Cd > Cr. Magnesium is an essential element in biological
processes and acts as one of the most important low molecular inhibitors of stone formation
in urine [13,32]. In this study, Mg appears to be the second-most abundant element with an
average concentration of 2688.3 ng/g (range from 8.1 to 55,480.8 ug/g). Na concentrations
ranged from 29.9 to 16,666.7 nug/g with an average concentration of 2436.0 pg/g. K con-
centrations varied from 21.9 to 25,475.6 ng/g with an average concentration of 880.0 pug/g.
Fe concentrations varied from 0 to 271.0 ug/g with an average concentration of 23.3 ug/g.
Iron in urine is commonly derived from human urinary channel cells and can increase in
terms of percentage in the urinary system if it is allowed to be incorporated in calcium
phosphate stones and oxalates [33]. Zn concentrations varied from 1.4 to 2678.0 ug/g
with an average concentration of 345.7 ug/g. Mixed kidney stones made from a com-
bination of oxalates and apatite showed higher Zn concentrations. Cu concentrations
varied from 0 to 5.8 pug/g with an average concentration of 0.8 pug/g. Ba concentrations
varied from 0.04 to15.4 ng/g with an average concentration of 2.5 pug/g. Concentra-
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tions of Pb, a toxic element, varied from 0 to 25.8 ug/g with an average concentration of
5.3 ug/g, which was significantly higher than concentrations observed in previous studies
(0.8~2.6 ug/g) [2]. Concentrations of Ti, Cr, Mo, and Cd were relatively low with average
concentrations of 0.67, 0.19, 0.44, and 0.30 ug/g, respectively. Compared with previous in-
vestigations from the Novosibirsk region in Russia (Ti = 3~3459 nug/g, Mo = 0.2~225.3 ug/g,
Cd =0.5~33.6 ug/g, Zn =12.8~908.8 ug/g, Fe = 18.8~138.3 ug/g, and Cu = 5.2~34.1 ug/g) [34],
concentrations of Ti, Mo, Cd, and Zn were higher in our study, while concentrations of Fe
and Cu were relatively lower. In contrast, an appreciable amount of Sr was found in most
urinary stones from the Novosibirsk region with concentrations of up to ~415 ug/g [34].
These results may reflect differences in the formation process and provenance of kidney
stones in patients from different regions. Therefore, Sr concentrations in kidney stones
should also be further studied in the Beijing area.

Kidney stones were classified according to the minerals identified by infrared spec-
troscopy. Composition statistics of major and trace elements are presented in Table 1.
These results indicate an important role for these elements in bio-mineralization processes,
such as combining with inorganic or organic parts of kidney stones. As shown in Table 1,
significant differences were observed in element concentrations although the samples came
from the same geological area (Beijing). Almost all major and trace elements, with the
exception of Cu, were present in greater concentrations in calcium oxalate monohydrate
(COM) than in other types of kidney stones. Generally, calcium oxalate dihydrate (COD)
formation was associated with rapid CaOx crystallization due to hypercalciuria, while
COM formation is a significantly longer process with a relatively slow formation rate that
relies on several factors [13]. Therefore, more potential trace elements can be captured
during COM formation, which results in higher trace element concentrations in COM.
The arithmetic mean value of element concentrations was higher than the median value,
which indicates that frequency distribution is asymmetric and skewed by high concentra-
tion values. This suggests different chemical compositions of kidney stones, which can
be attributed to the environment or the composition of food and water ingested by the
patient or accidentally ingested through the food chain [35,36]. It is worth noting that Zn
concentrations in calcium oxalate were higher than other trace element concentrations.

3.3. Statistical Analysis and Source Identification

The relationship between major and trace elements in the pathogenesis of kidney
stones is still under debate. However, previous studies have shown that the element
composition of kidney stones can provide basic information about their sources [2,4].

3.3.1. Correlation Analysis

In order to find possible connections and sources among elements in the kidney
stone samples, a Pearson correlation coefficient was calculated for the analyzed elements
(Figure 2a). Positive correlations were observed between Ca and Na (R = 0.52), Ca and K
(R =0.49), and Ca and Mo (R = 0.36), which suggests a potential thermodynamically favor-
able substitution pathway or a preference for uptake by the oxalate crystal structure of these
elements (Na, K, and Mo) in the human body. Mg displays a strong positive correlation
with trace element Ba (R = 0.52) and displays a weak negative correlation with Fe, Cu,
and Mo. Previous studies have shown that Cu affects the crystallization rate and external
morphology of growing crystals [37], while Fe and Cu affect calcium oxalate growth at very
low concentrations [38]. A similar relationship was observed in different types of kidney
stones (individual groups of kidney stones) where positive correlations between Ca and Na
(R =0.84), Ca and K (R = 0.92), and Mg and Ba (R = 0.60) were observed within COM-type
kidney stones. Ba concentrations in calcium oxalate monohydrate (2.8 ug/g, Table 1) were
higher than in calcium oxalate dihydrate and the mixture, which indicates a preference for
Ba uptake by the oxalate structure during kidney stone crystallization processes. Among
biochemical toxic elements, Pb concentrations were higher than other elements, whereas
Cd concentrations were lower. Therefore, these trace elements in some kidney stone mate-



Minerals 2021, 11, 1396

6 0f 9

rials may be related to individual behavioral factors, such as food and water, rather than
their geological background. This theory is also supported by the positive correlations
between most trace elements (including Zn, Ba, Cd, and Pb) and Na (a major element
in dietary intake) shown in Figure 2a. As a biomineral, kidney stones crystallize in the
human body and are essential for discriminating dietary patterns, even though studies
have not yet been widely reported. Further studies on the connection between the chemical
composition of kidney stones and dietary intake are required. To date, as a typical chronic
kidney disease, the occurrence of kidney stones is not only considered to be related to
geographical distribution, geological environment, and occupational factors [39-41] but
is also widely suspected to be controlled by long-term exposure to various nephrotoxic
elements in drinking water, specifically groundwater sources with high alkalinity and
hardness [42-45]. Water hardness is mainly controlled by Ca and Mg, and it is affected
by various dissolved metallic ions [36]. Previous studies in regions with high incidences
of chronic kidney disease have shown that the occurrence of kidney disease (including
kidney stones) is positively correlated with hard water consumption and that more than
90% of patients have used extremely hard water as their main water source for at least five
years [46,47]. Ingestion of hard water, together with other chemical components (such as
Cd and As), produces various compounds that are harmful to human health and can cause
further kidney stone formation [43,44]. In northern China, many people rely exclusively on
groundwater as their main source of drinking water, which may be a factor that potentially
affects kidney stone occurrences.
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Figure 2. Correlation analysis (a) and principal component analysis (b) of the chemical components of kidney stones.

*p < 0.01;* p < 0.05.

3.3.2. Principal Component Analysis

PCA exhibited varimax rotation, eigenvalues, and communality derivation of the
chemical composition of human kidney stones. Prior to PCA analysis, each element
index was normalized by removing the mean value and was divided by its standard
deviation. The normalization process was applied to reduce discrepancies in different
chemical index ranges. PCA results are displayed in Table 2 and Figure 2b. Three main
principal components (PCs) with high eigenvalues, which accounted for 64.4% of the total
variance, were extracted (all extracted eigenvalues were >1). The first principal component
(PC1) accounted for 32.4% of the total variance. Table 2 and Figure 2b show the highest
Na, Zn, Cr, Mo, Cd, and Pb positive loads and Cu negative load in PC1. The second
principal component (PC2) accounted for ~20.4% of the total variance, with the highest
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positive load relative to Mg, K, Ba, and Ti. The negative load of Cu, Cr, Mo, and Pb was
also present in PC2. The third principal component (PC3) accounted for 11.6% of the total
variance, including the highest positive load of Fe and Cu. In summary, the three PCs can
be explained by the potentially favorable substitution pathway or by a preference for the
uptake process in the human body, which can reveal co-precipitation or substitution to a
certain extent during kidney stone formation.

Table 2. Varimax rotation component matrix of the chemical composition of kidney stones.

Variable PC1 PC2 PC3
Eigenvalues 3.89 2.44 1.39
Variance (%) 324 20.4 11.6

Mg 0.02 0.84 0.06
Na 0.80 0.47 —0.04
K 0.01 0.89 —0.07
Fe 0.13 0.01 0.79
Cu —0.15 —0.06 0.72
Zn 0.84 0.32 0.07
Ba 0.50 0.63 0.31
Ti 0.00 0.46 —0.30
Cr 0.57 —0.03 0.14
Mo 0.67 —0.09 —0.10
Cd 0.85 0.06 —0.11
Pb 0.87 —0.03 0.00

4. Conclusions

Chemical analyses showed that Ca is the major component of kidney stones. Infrared
spectroscopy analysis revealed that kidney stones in the Beijing area are mineralogically
whewellite (calcium oxalate), but they also contain phosphates, which indicates that kidney
stones are mainly found in inorganic phases, such as Ca-oxalate and Ca-phosphates, with
only a tiny portion exhibited in organic phases (e.g., uric acid stone). In addition, we have
observed that whewellite-containing calcium kidney stones retain more trace metals than
weddellite-containing calcium kidney stones, which is mainly a result of the duration of
kidney stone formation.

During the formation of human urinary tract stones, Ca precipitates as oxalate in the
urethra, while other alkali metals and alkaline earth metals are co-precipitated or replaced
by Ca. This result is supported by a significant positive correlation between those elements.
The formation process of kidney stones may be similar to the crystallization process
of precipitated particles, such as pisoids and oncoids, which are triggered by material
precipitation around one or more nuclei. Nevertheless, further research on drinking water
chemistry and eating habits of kidney stone patients is also required in order to discriminate
potential pathogenic factors of kidney stone biomineralization. Well-preserved component
stratification that was observed in kidney stones implies that differences in kidney stone
composition may be related to individual distinctions among diet, water intake, medication,
or other supplementary intakes.

Supplementary Materials: The following data are available online at https://www.mdpi.com/
article/10.3390/min11121396/s1, Table S1: major and trace constituents of all kidney stones and
details of corresponding patients (gender and age), Figure S1: comparison of infrared spectra of
kidney stones and mineral standards, Text S1: parameters of infrared spectroscopy.
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