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Abstract

:

The variety of types that appear in kidney stones makes it necessary to describe them to try to understand their formation. The crystalline phases recognized in stones are classified according to their chemical composition. For this reason, a study using X-ray microdiffraction, Raman spectroscopy, SEM/EDX analysis, and cathodoluminescence (CL) is recommended, to identify their composition. In the present study, this was carried out on kidney stones collected from surgeries in hospitals from Spain. The samples were collected in two representative urban centers: one from a large city, Madrid; the other with a mostly rural population, in order to contrast the possible compositions of the kidney stones. In large cities, struvite appears more frequently, although calcium oxalates are very common in both areas. An attempt was made to provide a guide to the most frequent phases, accompanied by four analysis methods that make their identification possible.
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1. Introduction


Biomineralization is a common process in mammals. One of the oldest pathologies is nephrolithiasis. Urolithiasis is a disease that causes kidney stones to be generated by various organisms such as humans, cats, dogs and, in general, mammalsand usually recurs easily [1]. It generally arises from changes in the physicochemical balance in the urinary tract attributed to different factors [2,3,4,5], although they are not exclusive causes. Thus, one can think of region of residence, climate, ethnicity, diet [6] and genetics [7].



Although kidney stones are known to be composed primarily of calcium oxalate, many of them are usually accompanied by phases of the apatite group compounds [8,9]. In addition, kidney stones composed by calcium oxalate present chemical phases, such as whewellite and weddellite [10], and a small percentage of stones are also made up of magnesium ammonium phosphate, uric acid, or cystine, resulting in the formation of calcium oxalate mineral formation through supersaturation processes [11]. For example, the high concentrations of calcium ions and oxalate ions in the urine play a fundamental role by allowing the precipitation of calcium oxalate due to supersaturation. Also, the presence of calcium and phosphate ions induces the appearance of apatite-type phases, and in this case, pH is a determining factor in the appearance of kidney stones [12].



The composition of kidney stones is very variable; this causes great difficulties in the treatment of this type of biomaterial, as they are not of the same nature. This circumstance justifies the study of each type to solve the possible origin through techniques that lead to the precise characterization of the aforementioned types. Currently, Fourier transform infrared (FTIR) spectroscopy [13,14], X-ray diffraction (XRD) [10,15] and electron microscopy (SEM/EDS) are routinely used to obtain chemical information about the minerals present in kidney stones. Following diagnosis, disease treatment must be chosen from a range of currently used minimally invasive procedures [16] and a wide range of stone-specific drugs [1].



Also, advanced physical techniques have been used in the elemental analysis of kidney stones: total reflection X-ray fluorescence (TXRF or TRXRF) [17]), laser induced decay spectroscopy (LIBS) [18], and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), just to name a few [17,18,19,20,21]. Raman spectroscopy has also been applied for the identification of organic and inorganic compounds [22]. Some elements such as zinc, copper, nickel, aluminum, strontium, cadmium, and lead form sparingly soluble salts with phosphate and oxalate and, therefore, play an important role in kidney stone formation [23]. Thermogravimetric analyses (TGA) measure changes in the chemical and physical properties of the mineral components as a function of temperature [24]. Scanning electron microscopy (SEM) provides morphological features of samples at high resolution, revealing crystalline/non-crystalline structural aspects [25,26].



In the present work, we intend to advance in the analysis of the most appropriate techniques for the characterization of certain crystalline phases in kidney stones, using X-ray microdiffraction (XRD), Raman spectroscopy, SEM/EDX and cathodoluminescence (CL) analysis. An attempt has been made to provide a guide to the most frequent phases, accompanied by four analysis methods that make their identification possible. To this end, 50 kidney stones from surgeries performed at the Fundación Jiménez Díaz University Hospital (Madrid) and the Don Benito University Hospital (Badajoz), both in Spain, were analyzed. Madrid is a large urban city, while Don Benito (Badajoz) is located in a rural environment. Once extracted, they were preserved in a desiccator for subsequent analysis in the techniques cited. Table 1 summarizes the major components and the origin of the analyzed stones.




2. Materials and Methods


2.1. Materials


We analyzed 50 samples of kidney stones from the Fundación Jiménez Díaz University Hospital (Madrid, Spain) The specimens collected had a varied range of shades. In most cases, the configuration was concentric, zoned, with an appreciable initial crystallization nucleus that allowed the growth of overlapping but perfectly identifiable layers. The external area of the kidney stones was usually reddish in color (possibly linked to bleeding processes due to aggression by the stone) and less compact, which was related to their recent formation (they presented a druse growth).



In kidney stones that contained more than one mineral, the inorganic fraction was organized into concentric layers of abruptly different composition around a common core. An interesting feature of these stones is that their centers were usually made up of different forms of calcium phosphate. These included hydroxyapatite, also known as basic calcium hydrogen phosphate, and rarely brushite.



The morphology and chemical composition of kidney stones depend on the supersaturation of different ions and factors such as pH, which allow crystalline growth of one or several phases. The structural and compositional analysis of these stones is more complicated due to the formation of multiple phases that have the same chemical formulas (polymorphs) or the combination of different phases.



All kidney stones, both those extracted in Don Benito (Badajoz) and those in Madrid, were obtained from surgical interventions in which the stone was extracted and preserved from environmental dryness to analyze the phases with the least possible alteration. At the time of analysis in each technique, the sample was reduced to powder in an agate mortar or studied in fresh fracture.




2.2. Methods


Sample mineralogy was analyzed with powder X-ray microdiffraction (XRD) on a PAN Analytical X’Pert Pro X-ray diffractometer (Malvern, UK) fitted with a Cu anode. The operating conditions were 40 mA, 45 kV, divergence slit of 0.5°, and 0.5 mm reception slits. The powder samples were scanned with a step size of 0.0167 (2θ) at 150 ms per step and 2θ angles of 5° to 60°. The phases detected were identified using the Crystallography Open Database (COD) library of crystal structures.



The microscopy and chemical analyses and the CL measurements were performed by scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) using an Inspect-S ESEM of the FEI Company (Hillsboro, TX, USA).



Raman spectra of the samples were obtained by means of a Thermo-Fisher DXR Raman microscope (West Palm Beach, FL, USA) with a point-and-shoot Raman capability of 1 μm spatial resolution using a laser source at 532 nm.



Cathodoluminescence (CL) samples were prepared on polished slabs, at low vacuum mode without coating to keep open a way out for the CL emissions, using a Gatan MonoCL3 (Pleasanton, CA, USA) detector with a PA-3 photomultiplier attached to the ESEM. The PMT covered a spectral range of 185–850 nm and is most sensitive in the blue parts of the spectrum. A retractable parabolic diamond mirror and a photomultiplier tube were used to collect and amplify the luminescence signal. The sample was positioned ~10 mm beneath the bottom of the CL mirror assembly. The excitation for CL measurements was provided by a 20 kV electron beam.





3. Results and Discussion


The components involved in the composition of kidney stones mean that stones are classified in different ways, depending on their major component. However, it is possible that they are classified based on their crystallographic characteristics or their states of nucleation or aggregation.



In this sense, a simple classification of kidney stones can be indicated as follows: The specimens collected have a varied range of shades. In most cases, their configuration is concentric, zoned, with an appreciable initial crystallization nucleus that has allowed the growth of overlapping but perfectly identifiable layers. The external area of kidney stones is usually reddish in color (possibly linked to bleeding processes due to aggression by the stone) and less compact, which is related to their recent formation (they present a druse growth). A precise identification of the molecular and structural phases present in kidney stones is always interesting to infer the possible causes of stone formation. In this work, the kidney stones were not classified, but the components found in each of them are described in an attempt to justify their appearance.



3.1. Calcium Oxalates


Among these compounds, calcium-rich oxalates are the most common (whewellite CaC2O4·H2O, weddellite CaC2O4·2.5H2O and caoxyte CaC2O4·3H2O [27]). The dehydroxylation temperature depends on the binding of water [28]. All of them are structures with C-O-Ca- groups, which can easily admit cations of similar size that replace Ca2+ in the lattices or, depending on the valence, generate defects (vacant and/or interstitial), even stacking defects, dislocations, or twins, which will be identified by certain analysis techniques, such as luminescence. The three oxalates, given the simple difference of presenting a varied number of water molecules, can be converted to each other through a reversible drying/hydration process, with the monohydrate as the most stable phase.



Weddellite and whewellite are two calcium oxalate dihydrate minerals commonly found in kidney stones (organic compounds in the mineralogical Dana-Strunz classification). Their crystalline structures are similar; both crystallize in the monoclinic crystallographic system, with alternation of the two ions that form them: calcium and oxalate. The difference appears in the sequence of the succession of the aforementioned ions; thus, weddellite has a more ordered repetition than whewellite. These differences in periodicity are manifested in the different physical and chemical properties of both calcium oxalates, such as solubility and reactivity and their consequences in the formation of kidney stones (the thermodynamic constants change in both phases).



3.1.1. Whewellite or Oxacalcite


CaC2O4·H2O is a poorly soluble compound, in water a product of low solubility [29] that at 37 °C slightly increases [30], leading to the formation of fibrous crystals. The whewellite structure is related to the monoclinic syngony prismatic class. The elementary cell has the symmetry space group P21/b. The structure responds to X-ray microdiffraction (Figure 1a), with high diffraction peaks at 3.652 Å and 2.357 Å.



Its morphology (Figure 1b) corresponds to its typical monoclinic prisms and clear cleavage, indicating greater pseudorhombic symmetry, and it is calcium oxalate that is usually present in most stones. Crystal equant to short prismatic [001], it is typically distorted with commonly irregularly developed faces. Its twin is very common at {101} as twin and contact plane, with or without reentry angles, heart-shaped or prismatic, and pseudo-orthorhombic in appearance [31].



The crystals, as mentioned before, grow in successive stages with overlapping phases, which suggests a homogeneous nucleation, which triggers the crystallization of the kidney stone due to a supersaturation in the calcium oxalate medium, which will remain in suspension (without crystallization) when other substances appear in the system with a size smaller than the critical size or due to competition in growth because there is not enough space for their development. The Raman spectroscopy and cathodoluminescence (CL) analyses are presented in Figure 1c,d, both agreeing with those obtained by Kuzmanovski et al. [32] in similar materials and by Correcher et al. [33].



Petrova et al. [34] grew whewellite in different mediums. In urine, the crystals took several days to grow up to 30 or 50 µm in size without any impurities: the solution in kidney is always supersaturated with respect to whewellite crystals and conditioning growth rate in urine.



Crystal growth is a process, possibly by adsorption of impurities in the crystallization growth, which can be of the same (homogeneous) or different (heterogeneous) nature. In monomineral crystals, dislocation processes linked to growth can be seen.




3.1.2. Weddellite or Hydrated Calcium Oxalate


Weddellite has an elementary cell with the space group of symmetry I4/m dipyramidal. The crystals commonly appeared isolated, with {011}, elongated [010], ending in {001}; commonly corroded [35]. The diffraction pattern of the sample is presented in Figure 2a with the diffraction peaks at 2.744 Å, 6.19 Å and 3.35 Å (high intensity) [36]. The formation of a crystallization nucleus is the first stage of the growth of the stone, then, on this nucleus and in successive time periods, the growth of the phases and their aggregation will develop.



The results of Raman spectroscopy correspond with those obtained by Frost and Weier [37] (2004) and CL by cathodoluminescence spectra recorded on solid surfaces with hydrated molecules [38]. Both oxalates are very common biominerals that precipitate when urine is supersaturated in oxalate and calcium, depositing on already crystallized materials such as urate, and forming crystals with typical morphologies for each phase.





3.2. Uricite or Compound Derived from Uric Acid


These compounds are derived from uric acid (uricite, anhydrous uric acid C5HN4O3, dihydrate C5H4N4O3·2H2O or ammonium urate NH4C5H3N4O3); all phases correspond to the organic compounds in the Dana–Strunz classification [39,40]. All of the phases appear within the same kidney stone and form the internal concentric structure [41].



Uric acid is a purine derivative (with a double ring containing carboxylic, amine and ketone groups) that crystallizes in the monoclinic crystallographic system in long acicular crystals (prismatic class 2/m). The structure is formed by molecules of aromatic compounds with a flat morphology that join together through hydrogen bonds, generating a very fine, lamellar structure that, morphologically, is identified with characteristic and very sharp acicular crystals [42]. The very high diffraction peaks are 3.093 Å, 3.087 Å, 4.91 Å and 3.864 Å (Figure 3a). Its morphology has the appearance of interconnected prismatic crystals, like those in Figure 3b, with the Raman and CL spectroscopy results (Figure 3c,d) being like those described by Iordanidis et al. [43].



Uric acid and its corresponding salts constitute, in most kidney stones, the germ of the biomineral nucleation process [44]. Essential phases of these biominerals are considered, which develop from crystallization nuclei of the same or different nature, generating epitaxial growths [45]. Anhydrous uric acid or uricite is the thermodynamically most stable and most common form.




3.3. Cystine


Cystine (SCH2CH(NH2)CO2H)2) is a dimeric amino acid formed by the oxidation of two cysteine residues, which are connected by a disulfide bond, with hexagonal morphology (Figure 4b) and layered superimposed growths and homogeneous nucleation. Their XRD analysis presents characteristic peaks at 3.03 Å and 4.45 Å (Figure 4a). The crystals aggregate in a specific pattern, forming the typical morphology of cystine stones, which is rare in kidney stones [46,47].



The molecules of this phase are placed in layers parallel to the (100) plane, and each sheet consists of a zigzag chain of cystine dimers linked by hydrogen bonds. The chains are joined together by van der Waals forces in the direction of the crystallographic b axis. The aforementioned crystal structure manifests itself morphologically in sheets that grow one on top of another like a book and that, due to the weak van der Waals bond, cleavage in (100) plane. Raman spectroscopy and LC analyses are in Figure 4c,d. Zhang et al. [48] used in his work the characterization by Raman spectroscopy of cystine.




3.4. Phosphates


Phosphates found in kidney stones include the apatite group such as hydroxyapatite (Ca5(PO4)3(OH)), carbonate hydroxyapatite or any of the members of the series; brushite (Ca (PO3OH) 2H2O), whitlockite (Ca9Mg(PO3OH)(PO4)6), and struvite (Mg(NH4)(PO4) 6H2O). The composition of these kidney stones is very difficult because of the many phases formed with the same chemical composition or the combination of different compounds.



3.4.1. Apatite Group


The mineral apatite (Ca5(PO4)3) is the most stable of the calcium phosphate phases over a large pH range. All of the compounds are classified by phosphates, arsenates and vanadates, and their crystallization system is hexagonal [49]. The presence of phosphates is conditioned by pH [50] and presents different phases. By X-ray microdiffraction analysis, phosphates show diffraction peaks at 2.814 Å, 2.778 Å and 3.44 Å. Grases and Llobera [51] for hydroxyapatite, presented a simulation study for kidney stones that aligns with the results obtained in this work (Figure 5a,b). They recognized, by SEM, spherulites of hydroxyapatite that acted as heterogeneous nuclei of calcium salts. Raman and CL analyses were compared with those of Fau et al. [52], and the results were similar.




3.4.2. Struvite


Struvite is a mineral that commonly forms in the urinary tract and is a major component of certain types of kidney stones. Its chemical formula is (NH4)MgPO4·6H2O, and its crystal structure is a combination of magnesium, ammonium, and phosphate ions [53]. The struvite crystallized in the Mm2 orthorhombic pyramidal class. The crystal equant: wedge-shaped (due to large and unequally developed {101} and {101}), coffin-shaped (when viewed along [100]); short prismatic [001], [010], or [100]; thick tabular {100}. The distribution of the pyramidal or dome faces is often irregular, sometimes appearing twined [54].



By XRD analysis, it presented peaks at 5.601 Å, 4.257 Å, 2.919 Å and 2.690 Å (Figure 6a), as described by Whitaker and Jeffery [55], and Ye et al. [56]. Its morphology, by SEM/EDX analysis, frequently offers an orthorhombic pyramid appearance (Figure 6b), indicating very favorable crystallization conditions. The Raman spectra are in Figure 6c) and the peaks are the same as those described by Stefov et al. [50]. CL bands are in Figure 6d). Struvite is a phosphate that generates great disposal problems in the fecal waters of large cities due to its expensive treatment and use as waste [53].




3.4.3. Other Compounds


Among other compounds found in kidney stones, but difficult to fully characterize, are whitlockite, brushite and monetite, all from the group of phosphates, arsenates and vanadates in the Strunz classification and identified together with other major phosphates. Whitlockite, with the formula Ca9Mg(PO4)6(PO3OH), crystallizes in the trigonal system, ditrigonal pyramidal class (3 m). Its structure was studied by Tait et al. [57], recognizing characteristic diffraction peaks at 3.21 Å, 2.88 Å and 2.60 Å.



Also from the group of phosphates, arsenates and vanadates, and with the formula Ca(PO3OH), monetite appears, similar to brushite but crystallizing in the triclinic system, pyramidal class. The crystals are fine and grow on existing ones or on rough surfaces, with radial crystallization. The highest intensity diffraction peaks are at 2.96 Å, 3.35 Å and 3.37 Å [58].






4. Conclusions


Kidney stones are, in general, heterogeneous crystalline formations. The composition includes calcium oxalates, apatite group minerals, struvite, uricite or compounds derived from uric acid, cystine and amorphous material. The existence of one phase only is difficult: coexistence is common.



The following analyses are recommended on the basis of the results obtained in this paper:



XRD is a technique that discriminates crystalline phases, without knowing the nature of the amorphous or low crystallinity phases, whose existence is only known but not identified. It has several advantages, including sample preparation and recording time. The identification of phases in the kidney stones is very easy.



Scanning electron microscopy (SEM) provides morphological features of a sample at very high resolution, revealing crystalline/non-crystalline structural aspects. It is a very visual technique that allows punctual analysis in sequences of different phases with an EDX detector. The analysis in line scan shows the changes in composition along the direction selected.



IR spectroscopy is a traditional technique, but it only identifies functional groups, not species. For this reason, its use in analysis is not advisable. It can be considered a complementary technique to the others described. In the present paper, FTIR analysis was not employed.



The Raman spectroscopy technique is strongly complementary to IR. In the present paper, the results superseded those of FTIR analysis.



Thermogravimetric analysis (TGA) measures changes in the chemical and physical properties of mineral constituents in a sample as a function of temperature, indicating the stages of their decomposition. But the weight loss matches some of the crystals present in the kidney stones. Therefore, it does not help to discriminate the components in the kidney stones extracted. In addition, a large amount of sample is required, which is sometimes not available in urolithiasis.



CL initially was a technique applied to the study of optical and electronic properties in different materials; in kidney stones, it offers important advantages by allowing the detection of the luminescence generated by the individual defects of the different phases involved in the random growth of the kidney stones.
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Figure 1. Whewellite. (a) X-ray microdiffraction analysis, (b) SEM/EDX analyses, (c) Raman analysis, (d) CL analysis. 
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Figure 2. Weddellite. (a) X-ray microdiffraction analysis, (b) SEM/EDX analysis, (c) Raman analysis, (d) CL analysis. 
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Figure 3. Uricite: (a) X-ray microdiffraction analysis, (b) SEM/EDX analysis, (c) Raman analysis, (d) CL analysis. 
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Figure 4. Cystine: (a) X-ray microdiffraction analysis, (b) SEM/EDX analysis, (c) Raman analysis, (d) CL analysis. 
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Figure 5. Calcium phosphate hexahydrate: (a) X-ray microdiffraction analysis, (b) SEM/EDX analysis, (c) Raman analysis, (d) CL analysis. 
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Figure 6. Struvite: (a) X-ray microdiffraction analysis, (b) SEM/EDX analysis (crystal orthorhombic pyramidal; the red circle corresponds to struvite crystals), (c) Raman analysis, (d) CL analysis. 
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Table 1. Predominance of phases studied in the kidney stones.
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	Phases
	Madrid (%)
	Badajoz (%)





	Uricine
	35
	15



	Whewellite
	40
	50



	Weddellite
	5
	20



	Cystine
	5
	0



	Apatite group
	20
	10



	Struvite
	30
	5
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