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ABSTRACT: The increasing incidence of urolithiasis in the Asian population 

has been noted, and this condition can result in renal failure. The recurrent 

nature of stone formation evokes significant concern, as it leads to repetitive 

episodes of calculi development, ultimately resulting in gradual renal 

deterioration. Consequently, there exists a pressing imperative for 

comprehending the composition and etiological factors contributing to 

nephrolithiasis. A total of 14 kidney stone samples obtained from patients were 

subjected to X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FT-IR), and Scanning electron microscopy (SEM) analysis. XRD analysis using 

MATCH software was employed to determine the crystallographic phases and 

quantitative abundances of different minerals. SEM examination was conducted 

to observe the microstructures of the kidney stones. Phase estimate findings 

showed that whewellite was the sole phase present in the kidney stone samples 

KS4, KS5, KS8, KS9, KS11, and KS12. struvite and hydroxyapatite were 

present in KS1, KS2, and KS13. Moreover, the study of KS3, KS6, and KS7 

revealed varied levels of struvite, hydroxyapatite, and Weddellite. These 

microstructural features, investigated using the SEM and FTIR methods, 

revealed striking microstructural differences which vary with the type of stone. 

This study provides insights into the composition and microstructure of kidney 

stones in patients from the Nagpur District. The analysis revealed a higher 

prevalence of oxalates, struvite, and mixed groups in the kidney stones of the 

population. These findings contribute to a better understanding of kidney stone 

formation and may aid in developing preventive and management strategies for 

urolithiasis in the region. 

INTRODUCTION: The composition of kidney 

stones can be classified into two parts: an organic 

matrix containing mainly proteins, lipids, 

carbohydrates, and cellular components, and 

biominerals. Calcium oxalate monohydrate or 

whewellite is by far the most frequent mineral type 

in human kidney stones 
1
.  
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The etiology of whewellite stones tends to be 

unclear. In conditions like hyperoxaluria and 

hypercalciuria, elevated amounts of calcium and 

oxalate in urine are linked to their development. 

However, the genesis is multifactorial; metabolic, 

dietary, or genetic conditions can be attributed to it 
2
. 

Although kidney stones are removed by either 

surgical or non-invasive clinical procedures, the 

increasing frequency of recurrence is a significant 

concern, calling for a thorough investigation of the 

composition and quantification of kidney stone 

disease 
3
. Analytical methods such as Scanning 

Electron Microscopy (SEM), Fourier transform 
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infrared (FT-IR) spectroscopy, and X-ray powder 

diffraction (XRD) are used for qualitative and 

quantitative classification of kidney stones 
4, 5

. A 

clinical study was conducted to investigate the role 

of mineral phases in kidney stone pathogenesis, 

likely confounded by an unknown variety of 

underlying renal pathologies. Therefore, we 

propose to examine the microstructure and 

morphology of kidney stones in patient populations 

that have been carefully phenotyped relative to 

renal stone etiology.  

Moreover, the goal is to find analytical techniques 

to accurately determine stone composition and 

visualize the mechanism of nucleation. Knowledge 

of the quantitative mineralogy of kidney stones is 

important for ascertaining their etiology and further 

developing prophylactic. 

MATERIALS AND METHODS: 
Sample Preparation: A total of 14 kidney stones 

were collected, extracted surgically, or expelled 

from the patients' bodies. Patient donors 

hospitalized at Vasant Holium Laser Endo-Urology 

& Andrology Clinic and Ketki Nursing Home in 

Nagpur, from March 2021 to January 2022, were 

involved in the study. General information about 

the patients was gathered through a questionnaire 

aimed at collecting socio-demographic status, 

medical history, and complaints. All samples were 

collected in sterilized wide-mouthed containers. 

The stones underwent surface sterilization with 

distilled water to remove body fluids and blood 

clots. Subsequently, they were dried at room 

temperature for 24 hours and stored in pre-cleaned 

glass vials at 4°C in refrigerators.  

X-ray Diffraction Studies: The XRD 

measurements were conducted using a Rigaku 

MiniFlex diffractometer with a CuKα tube 

operating at λ= 1.54056 Å. The XRD patterns were 

recorded within the Bragg’s angles range of 10° < 

2θ < 90° at room temperature, with operational 

parameters set at a tube voltage of 40 kV and a tube 

current of 40 mA. Manual identification of XRD 

patterns is cumbersome; therefore, computational 

tools were employed to identify the phases 
6
.  

We utilized the 'Crystal Match!' software, 

integrated with the Crystallography Open Database, 

to identify the peaks associated with different 

phases. 

SEM Analysis: For SEM analysis, the kidney 

stones were washed, air-dried, and mounted on 

aluminum stubs using carbon tape. Subsequently, a 

thin layer of gold was applied to the samples for 

improved visualization. The samples were observed 

under a scanning electron microscope (JEOL-JSM-

840, Japan), and images were captured at 10 kV 

using the secondary electron detector (LEI). 

FT-IR Analysis: FT-IR analysis was performed 

using a Shimadzu IRAffinity-1 equipment. The 

spectra were obtained via the diffuse reflectance 

mode in the range of 400-4000 cm
-1

. Two 

milligrams of sample were weighed with 198 mg of 

KBr and measured with a resolution of 2 cm
-1

 using 

100 scans. 

RESULTS: 

Quantitative Phase Analysis: All sample stones 

represented six mineral types: calcium oxalate 

monohydrate, oxalate monohydrate-calcium 

oxalate dihydrate, struvite-hydroxyapatite, calcium 

oxalate dihydrate-struvite, calcium oxalate 

monohydrate-struvite, and calcium oxalate 

monohydrate-hydroxyapatite.  

The peak profiles were fitted with pseudo-Voigt 

functions with asymmetry correction at low angles, 

as shown in Fig. 1. The results of the XRD 

diffraction of samples KS1–KS14, along with the 

patients details Table 1.  

The structural parameters (a, b, c, and β) in Table 2 

for KS1–KS14 do not differ significantly from the 

values reported in the literature for single-crystal 

studies of whewellite, weddellite, and 

hydroxyapatite.  

The quantitative estimation of individual phases, 

showed that the kidney stone samples KS4, KS5, 

KS8, KS9, KS11, and KS12 were monophasic; i.e., 

whewellite was the only available phase. On the 

other hand, KS1, KS2, and KS13 indicated the 

presence of struvite (51-97 wt. %) and 

hydroxyapatite (2-48 wt. %), while KS10 had both 

as major phases (51.4-48.6 wt. %).  

The quantitative phase analysis of KS3, KS6, and 

KS7 showed varying amounts of struvite (3.4 wt. 

%), hydroxyapatite (28.3 wt.%), and Weddellite 

(37.1 wt.%) phase along with the whewellite (62-

96 wt.%) phase as the major phase Table 2. 
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TABLE 1: PHASE COMPOSITION AND QUALITATIVE PARAMETERS OF SAMPLES KS1-KS14 

Sample Gender Age Stone 

Size 

Mineral Composition % 2ϴ(theta) FWHM 

COM COD STR HAP 

KS1 Male 28 7 - 97.2 2.8 - 14.95 0.0839 

KS2 Female 23 10 - - 75.8 24.2 26.80 0.1259 

KS3 Male 28 11 96.6 - 3.4 - 14.89 0.1600 

KS4 Male 70 7 100 - - - 14.94 0.1600 

KS5 Male 63 8 100 - - - 15.02 0.1600 

KS6 Male 36 8 62.9 37.1 - - 30.07 0.1200 

KS7 Male 64 7 71.7 - - 28.3 14.92 0.1600 

KS8 Female 58 6 100 - - - 15.02 0.3200 

KS9 Male 21 4 100 - - - 15.02 0.1600 

KS10 Male 43 6 -  51.4 48.6 31.8 0.2400 

KS11 Male 28 8 100 - - - 24.4 0.2400 

KS12 Male 63 3 100 - - - 24.42 0.2400 

KS13 Male 50 6 - - 91.2 8.8 14.96 0.2400 

KS14 Male 45 3 - 26 17 57.3 32.5 0.1200 

 

FT-IR Characterization: A broad absorption peak 

observed between 3585 to 2767 cm
-1

 is attributable 

to symmetric and asymmetric stretching vibration 

of hydrogen bond (O-H) of water and the N-H in 

the NH4
+
 group Fig. 2A. The symmetric bending 

vibration and unsymmetrical bending vibration of 

the N–H (NH4
+
) were observed at peaks of 1541.70 

and 1417.67 cm
-1

. A very weak peak at 1471 cm
-1

 

is due to HNH deformation of NH4
+
, indicating the 

presence of struvite. Peaks at the region at 1649 

and 1317 cm
-1

 stretching of oxalate anion showing 

that the sample contains Weddellite 
7
. Bands at 

777, 669, and 514 cm
-1

 were assigned to vibrations 

of the O–C–O group in weddellite. The medium 

band cantered at 1031 and 1139 cm
-1

 shows v3 

stretching vibrations due to phosphate of 

hydroxyapatite. Hence the FT-IR spectrum shows 

the sample to be a mixture of calcium oxalate 

dihydrate and struvite. 

 
FIG. 1: DIFFRACTION PATTERN OF KIDNEY STONES A) KS1, B) KS2 C) KS3 D) KS5 
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Fourier transform infrared spectrum of the stone 

sample Fig. 2B shows a strong peak of the sample 

at 3500 and 2358 cm
-1

, which are due to OH 

stretching vibration of crystallized water. An 

intense absorption band at 2806 cm
-1

 and 2358 cm
-1

 

shows intermolecular hydrogen-bonded OH stretch. 

Peaks at the region at 1680 and 1309 cm
-1

 were 

attributed to symmetric and asymmetric stretching 

of oxalate anion showing that the sample contains 

whewellite. The sharp peaks at 781 cm-1 are due to 

O–C=O, and the wideband at 615 cm
-1

 and 522 cm
-

1
 can be assigned to the bending modes of the water 

molecule. 

SEM Morphology: The SEM analysis is used to 

study crystal structures and chemical compositions 

in diverse kidney stones, revealing significant 

morphological and compositional variations. 

Monoclinic whewellite stones displayed plank-like, 

brick-like arrangements Fig. 3A-B, with crystals 

exhibiting a regular or staggered arrangement that 

was relatively tight and orderly. Calcium oxalate 

deposits appeared as dense aggregates of elongated 

calcified strands, showing a banded pattern 

indicative of calcified collagen fibres, mixed with 

aggregated spherulitic units. The surfaces of the 

laminations in KS7 Fig. 3C displayed a 

combination of smooth textures, diverse-shaped 

protrusions, and craters or pores of different sizes. 

Irregular deposits of hydroxyapatite between the 

laminae were observed. The shape and 

microstructure of mixed stones varied with distinct 

components. For example, calcium oxalate-struvite 

mixed stones, as shown in Fig. 3E, showed that the 

basic unit of the structure was lamination made up 

of crystals with coarse surfaces filled with fine 

spherules aggregated over them 
8
.  

The fine concentric laminations composed of 

struvite formed the framework, whereas the 

deposition of hydroxyapatite occurred as 

amorphous fine granules between struvite crystals 

or surrounded struvite crystals Fig. 3F. Localized 

differences in the crystalline or amorphous contents 

could be seen, but the overall composition was the 

same. The presence of massive spherulites with 

sharp rhombic crystals was induced by the high 

concentration of mucoprotein and inflammatory 

debris from the urine 
9
. The concentration of 

mucoprotein could be due to an unbalanced diet. 

Weddellite stones displayed agglomerates of 

rhomboidal planes aggregated together with 

octahedral-shaped crystals Fig. 3G-H.  

 
FIG. 2: FT-IR SPECTRA A) KS1 struvite & WEDDELLITE (COD), B) KS4 WHEWELLITE (COM) 
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Sample KS14 Fig. 3F images showed that the 

hydroxyapatite stones exhibited a range of surface 

features and textures. The stones displayed a 

porous structure with irregularly shaped crystals 

and mineralized deposits. The surface morphology 

of the stones exhibited both smooth and rough 

surface areas, indicating variations in crystal 

growth and mineralization patterns. KS14 Fig. 3D 

is seen to have peculiar globular structures 

encountered with a much smaller size, which is 200 

nm. This can be presumed as nanobacteria, as the 

SEM details match with earlier reports 
10, 11

. SEM 

findings demonstrated a resemblance in size and 

morphology between the observed nanobacteria 

and those documented in previous studies. Studies 

conducted earlier have reported the occurrence of 

nanobacteria in 97% of kidney stones, along with 

its presence in other diseases like atherosclerosis 
12, 

13
.

TABLE 2: STRUCTURAL PARAMETERS OF CONSTITUENT PHASES OF KIDNEY STONES 

S. no. Phase Crystal 

System 

Space 

Group 

Unit-Cell dimensions Crystalline 

size/nm a/Å b/Å c/Å β/° 

KS1 struvite 

Weddellite 

Orthorhombic 

Tetragonal 

Pmn21 6.9550 

12.371 

6.1420 11.2180 

7.3540 

- 

 

849 

KS2 struvite 

Hydroxyapatite 

Orthorhombic 

Hexagonal 

Pmn21 

P 63/m 

6.9550 

9.4210 

6.1420 11.2180 

6.8800 

- 398.5 

KS3 Whewellite 

struvite 

Monoclinic 

Orthorhombic 

P1 21/a 1 

Pmn21 

6.2900 

6.9500 

14.5830 

6.1420 

10.1160 

11.2180 

109.46 304.7 

KS4 Whewellite Monoclinic P1 21/a 1 6.2900 14.5830 10.1160 109.46 445 

KS5 Whewellite Monoclinic P1 21/a 1 6.2900 14.5830 10.1160 109.46 445.2 

KS6 Whewellite 

Weddellite 

Monoclinic 

Tetragonal 

P1 21/a 1 

1 4/m 

6.2900 

12.37 

14.5830 10.1160 

7.3550 

109.460- 

 

445 

KS7 Whewellite 

Hydroxyapatite 

Monoclinic 

Hexagonal 

P1 21/a 1 

P 63/m 

6.2900 

9.4210 

14.5830 10.1160 

6.8800 

109.460 445.2 

KS8 Whewellite Monoclinic P1 21/c 1 6.2900 14.5830 10.1160 109.46 222.6 

KS9 Whewellite Monoclinic P1 21/a 1 6.2900 14.5830 10.1160 109.46 - 

KS10 struvite 

Hydroxyapatite 

Orthorhombic 

Hexagonal 

Pmn21 

P 63/m 

6.9550 

9.4210 

6.1420 11.2180 

6.8800 

107.9 727 

KS11 Whewellite Monoclinic P1 21/a 1 6.2900 14.5830 10.1160 109.46 301 

KS12 Whewellite Monoclinic P1 21/c 1 6.2900 14.5830 10.1160 109.46 301 

KS13 struvite 

Hydroxyapatite 

Orthorhombic 

Hexagonal 

Pmn21 

P 63/m 

6.9550 

9.4210 

6.1420 11.2180 

6.8800 

107.9 727 

 

KS14 Hydroxyapatite 

Weddellite 

Hexagonal 

Tetragonal 

P 63/m 

1 4/m 

9.4210 

12.37 

 6.8800 

7.3550 

 476 

 

DISCUSSION:  The current study was conducted 

to analyse the microstructural and mineralogical 

study of kidney stones from the Nagpur region of 

Maharashtra. Analytical techniques such as X-ray 

Diffraction, Scanning Electron Microscopy, and 

FT-IR spectroscopy were utilized, and it was found 

that all techniques revealed important insights 

regarding the stone’s microstructural details. 

Multiple factors can be responsible for the 

nucleation process, such as Randall’s Plaque on the 

surface of the papilla, whewellite coating on the 

plate, or the crystallization of urine particles. After 

nucleation, consecutive precipitation of urine-

forming minerals leads to aggregation. Previous 

studies from other countries, such as Italy, Iran, and 

Sri Lanka, have consistently reported whewellite 

and Weddellite as the most commonly found 

phases in kidney stone mineralogy 
14

. 

Investigations on stone samples from the Nagpur 

region, Maharashtra, align with these findings. 

However, we have also observed higher 

occurrences of struvite (35%) and struvite-

Hydroxyapatite stones 
15–17

. As bacterial infections 

play a significant role in the formation of struvite 

stones, therefore this can be related to the 

increasing frequency of urinary tract infection 

(UTIs) cases in the population of India as reported 

in recent years 
18, 19

. In SEM analysis, one of 

specimens exhibited aggregations comprising 

bacteria with spherical or ovoid morphology, 

measuring approximately 200 nanometres in 

diameter. Based on these observations, it is 

plausible to classify these entities as nanobacteria 

Fig. 3D. The association between nanobacteria and 

urolithiasis has been well-established in previous 

studies. Nanobacteria are cytotoxic, atypical gram-
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negative bacteria that accumulate in the kidneys 

and subsequently in the urine. The presence of 

nanobacteria in kidney stones indicates that the 

organisms may be involved in kidney stone 

formation.  

 
FIG. 3: SEM IMAGES OF KIDNEY STONES TO OBSERVE THEIR MORPHOLOGY. A) MONOCLINIC 

WHEWELLITE WITH ORDERLY LAYERED PLANES OF KS4, B) RECTANGULAR PLATES OF KS8, C) 

POROUS STRUCTURE OF HAP IN KS7, D) A SMALL SIZENANOBACTERIA, (SCALE BAR 200 NM) IN KS14, E) 

AGGREGATES OF STRUVITE IN KS2, F) RHOMBOIDAL PLANE OF WEDDELLITE AND SPHERULITES 

CRYSTALS OF STRUVITE OF KS14 G) MIXTURE OF HAPHAZARD PLATES OF COD AND STRUVITE 

CRYSTAL ACCUMULATION IN KS1, H) TETRAGONAL WEDDELLITE OBSERVED BY A BIPYRAMIDAL-

PRISMATIC CRYSTAL OF KS6 
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However, many studies support the theory that 

nanobacteria act as a nidus for stone formation, as 

they are capable of accumulating apatite in the 

kidney. Nanobacteria attach themselves to the 

surface of the culture vessel, subsequently forming 

apatite structures resembling caves. These 

structures vary in terms of stone types, weights, and 

cultural positivity and are characterized by tresses 

and a concave surface
 10, 20

. Based on SEM 

analysis, a few of samples exhibited characteristics 

consistent with hydroxyapatite Fig. 3F. Presence of 

radial, compact concentric organization seen 

emerging from the centre is suggestive of a 

mesoscopic pattern found in hydroxyapatite stones 

morphology. Major causes identified for the 

formation of such microstructural features are 

accorded to dietary disorders like severe 

Hyperoxaluria, low diuresis and/or high oxalate-

rich food consumption or a low fluid intake. This 

sort of stone is becoming more and more prevalent 

in Maharashtra 
19, 21

. At high concentrations of 

Mg
2+

, there is a decreased calcium oxalate 

crystallization and growth which makes stone 

porous 
22

. It is clear from the elemental 

composition in the stone matrix that different 

mineral compositions may be included depending 

on chemical interactions, pH variations, and urine 

supersaturation. The purity and shape of crystals 

are also affected by the mass transfer of a solute 

from a supersaturated liquid solution to a solid 

crystalline 
16, 23, 24

. 

CONCLUSION: The complex nature of 

Urolithiasis necessitates a comprehensive 

understanding of the variables that influence the 

development of different phases of kidney stones. 

An intricate examination of kidney stones is 

essential to ascertain their etiology. The combined 

implementation of scanning electron microscopy, 

Fourier transform infrared spectroscopy, and X-ray 

diffraction is a valuable approach for identifying 

components present in extremely small proportions. 

We suggest the use of X-ray Rietveld analysis to 

further investigate the crystal structure and 

composition of kidney stones. This study has led to 

the identification of contributing factors for stone 

formation such as infectious nanobacteria, 

characteristic microstructural features associated 

with metabolic stones, and UTIs. Considering the 

involvement of bacterial infections in the formation 

of struvite stones, it is imperative to further 

investigate the association among UTI, multidrug-

resistant bacteria (MDR), and stone formation and 

recurrence. It is reasonable to hypothesize that 

UTIs are a major cause of struvite stone formation 

within the Nagpur region. Hence, additional studies 

are necessary to confirm the role of bacterial 

infections in nidus formation. 
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