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Abstract
Using analytical transmission electron microscopy (TEM) in different variants, 
X-ray diffraction (XRD), elementary analyses, and X-band electron paramagnetic 
resonance (EPR) methods, the composition and structural peculiarities of human 
gallbladder stones (GSs) of various types removed during surgery from five patients 
with cholelithiasis were studied. TEM and EPR results showed heterogeneous com-
position and structure of GSs studied. These methods yield mutually complemen-
tary structural information. Characteristic EPR parameters of paramagnetic centers 
(PCs) have been determined as well as their nature and their average concentrations 
in the GSs samples were measured. In the case of iron ions, values of  Fe3+ con-
tent measured by EPR and analytical TEM are in a good agreement. We believe 
that obtaining data on the structure and detailed composition of gallstones will allow 
prevention to be optimized in the future, and possibly will create new approaches to 
drug therapy of the cholelithiasis.
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1 Introduction

Cholelithiasis, the formation of gallstones (GSs) is one of the most common 
pathologies of the gastrointestinal tract [1–6]. Currently, a clear tendency to the 
increase of the disease frequency is observed on all population groups condi-
tioned with growth of provoking factors presenting in the modern world [7–12]. 
Increasing life expectancy of the population and chronicity of many diseases 
which are a provoking factor themselves for the cholelithiasis development as 
well as dyshormonal concomitant disorders and presence in the diet of food rich 
with cholesterol and food additives lead to an increase of many diseases accom-
panied with a formation of pathological mineral particles in an organism [11–14].

Average incidence of cholelithiasis diseases doubles every decade and has a 
tendency to rejuvenation [11, 13]. Currently, the disease is detected in 10–20% of 
the total adult population. Every year in Russia are diagnosed up to 800,000 cases 
of the disease which need very complex surgery treatment and a long period of 
patient rehabilitation. Removal of the gallbladder with calculi is the most com-
mon abdominal surgery in the world. Number of complications after operations 
on the bile duct varies from 3.7 to 37.3% [15]. The number of cholelithiasis dis-
eases will grow in the nearest future. In USA, treatment of gallstone disease and 
its complications costs up to five billion USD annually [8, 16].

Despite significant advantages in cholelithiasis surgery, steady increase in the 
incidence of the disease stimulates modern gastroenterology to prevention and 
treatment of the initial stages of the gallstone disease preventing the development 
of the process [4, 5, 7]. Therefore, the study of the etiology of the disease and 
pathogenesis of primary factors leading to GSs formation (agglomeration of vari-
ous components of bile) becomes an important point in solving this problem.

Among modern hypotheses concerning factors forming gallstones, the most 
popular is an idea on the accumulation of peroxide products and free radicals in 
bile, which leads to destabilization of colloidal equilibrium, formation of crystals 
of cholesterol monohydrate and further precipitation of bile [1, 17–19]. For better 
understanding mechanisms, peculiarities of physical–chemical processes occur-
ring during the development of gallstone disease, bile properties and details of 
composition and organization of GSs should be clarified.

Electron microscopy (EM) has widely been used in biological and medical 
investigations during many decades [20–22]. Currently, EM is one of the main 
tools of scientific and technical development of the research methods in medicine 
and biology, e.g., for accurate diagnosis and histological analysis of biopsy mate-
rials, gallbladder calculi, etc. [23–28].

Analysis of advantages and disadvantages of visualizing components obtained 
by scanning electron microscopy (SEM) method is given in Ref. [29]. Usage of 
focused electron beams provided high resolution of 3D imaging for topographic 
morphology and detailing the surface of solid samples. Disadvantages of SEM 
are connected with high cost of the equipment and the necessity to place it in 
rooms completely isolated from electric and magnetic fields and also from pos-
sible vibrations [30]. Some peculiarities of the effect of polyethylene glycol-fibrin 
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gels on the cell migration has been described using SEM in combination with 
FT-IR, thermogravimetry analysis, atomic force microscopy and small-angle X-
ray scattering (SAXS).

Articles [31–33] represent results obtained by the SEM method, in which 
examples of GSs extracted from different patients and varied by color, structure 
and chemical composition were studied. These papers have reported about signif-
icant heterogeneity of GSs by phase and elemental composition what the authors 
connected with various conditions of their occurrence and by different kinet-
ics of their growth. The X-ray phase analysis (XRD) method showed [33] that 
except for two types of cholesterol and bilirubin in GSs, several modifications of 
 CaCO3 (valerite, calcite and aragonite) exist, and the energy dispersive spectra 
(EDS) revealed the presence of different chemical elements in various quantities: 
S, P, Fe, K, Na, etc. The calcites can also contain different metal ions including 
pointed out above and others.

Complex application of transmission electron microscopy (TEM) methods 
such as bright field (BF) and dark field (DF) images, electron diffraction (ED), 
scanning transmission electron microscopy (STEM) with z-contrast, obtain-
ing maps of chemical elements distribution (EDX-mapping) with high locality 
open up new opportunities for detecting structural and chemical heterogeneities 
in GSs due to higher sensitivity and resolution comparing to scanning electron 
microscopy (SEM). They allow obtaining much more detailed information about 
changes in structure and chemical composition of the samples. A resolution in 
STEM EDX-mapping is mainly determined by a diameter of the probe (the elec-
tron beam) and can be reached up to 2–3 nm while the locality of EDX-mapping 
in SEM is about 1.0 um. It is known that sensitivity of electron diffraction phase 
analysis is sufficiently higher as compared to XRD, especially when combination 
of high resolution TEM images and Fourier diffraction patterns are additionally 
applied for structural investigations.

Electron paramagnetic resonance (EPR) spectroscopy provides a unique oppor-
tunity for studying medical and biological systems [34–39]. This is caused by (i) 
its high sensitivity, (ii) registration of only paramagnetic atoms, i.e., radicals and 
certain ions in the sample, and (iii) possibility of selective identification of vari-
ous paramagnetic centers (PCs). For example, in Ref. [35], application of the EPR 
technique is discussed in detail for registration of free radicals and metal ions in 
medicine and physiology including development perspectives for different problems 
which can be solved using EPR. The obtained results and an increasing role of EPR 
in application of stable spin labels and probes as a method of quantitative struc-
tural analysis along with nuclear magnetic resonance and X-ray diffraction method 
in studying biological membranes and membrane proteins have been discussed in 
the book [36].

A method of EPR microscopy (EPRM) with submicron resolution (~ 700 nm) at 
high concentration of spins in the sample has been suggested [38]. Some advantages 
of EPRM in biomedical research were demonstrated with rat basophilic leukemia 
cells and on samples of cancerous tissues with a resolution of several microns using 
water-soluble trityl spin probes. EPRM can be also applied for studying mobility 
and cell metabolism in various conditions of cell growth.
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We should note that the EPR method has already found a fairly wide applica-
tion in clinical studies of internal diseases [34, 40] including cholelithiasis and elu-
cidation of the mechanisms of formation of gallstones as well [41–43, 43]. As an 
example, the study of mixed cholesterol GSs showed that free radical distribution is 
heterogeneous inside GSs [41]. Morphological type and amount of PCs depend on 
pigment content in the selected sample fragment. EPR parameters of some pigments 
have been measured. It is important that authors of these papers have observed and 
characterized several PCs, e.g., stable free bilirubin radical (BLR), manganese, iron 
and copper ions, they tried to estimate their content in GSs. Details of these works 
we will consider below in the relevant section under discussing our own results.

These cited articles published by several research groups, unfortunately, were 
fragmentary and not correlated with each other, and were carried out on gallstones 
of different types, which produced difficulties in comparing the results obtained in 
them. In this paper, we present the first results obtained using TEM and EPR tech-
nique of systematic investigation of the structure, spatial distribution and spectral 
properties of gallstones isolated during surgery from patients with cholelithiasis of 
various etiology.

2  Experimental

In this work we studied gallstones (GSs) extracted from five patients during chole-
lithiasis operations, which are shown in Fig. 1. Samples were chosen based on dif-
ferent morphology and chemical composition.

2.1  Description of GSs Morphology

Figure 1 represents photos of GSs samples chosen for the analysis. Morphological 
description of the samples is given below. All GSs samples were obtained during 
laparoscopic cholecystectomy in a planned manner. After seizure, samples were 
dried at room temperature and stored in sterile Eppendorf tubes.

Sample N1: GSs of yellow color, multiple, polyhedral with rounded edges; size 
of 0.4–0.7  cm, with a smooth, shiny surface, dense, with layered structure. From 
macroscopic view, it was assumed that these GSs are of cholesterol type.

Sample N2: Brown pigmented (fulvous) calculi, multiple, hexagonal with 
rounded edges; size of 0.5–0.6 cm, with a smooth, shiny surface, crumbling, soft.

N1

N2
N3 N4 N5

Fig. 1  Gallstones used in this work. The sample N5 is packed in the plastic envelope with bile
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Sample N3: One stone with deep brown color, irregular oval shape; size 
1.0–1.3  cm with a smooth mat surface, soft, crumbly, layered. GSs are of a 
mixed (cholesterol-pigment) composition with a predominance of the cholesterol 
component.

Sample N4: multiple calculi of multifaceted irregular shape with sharp edges are 
of size 0.2–0.8 cm, brown color with a greenish tint, a smooth, shiny surface, dense, 
layered. GSs are of a mixed composition with a predominance of the cholesterol-
bilirubin component.

Sample N5 is a single calculus, large, size 1.8 cm, of irregular multifaceted shape 
with sharp edges, black with light blotches, with a rough surface, fragile, crumbling 
into small lamellar crystals.

Samples of gallstones were ground in a porcelain mortar, placed in test tubes with 
acetone and dispersed in an ultrasonic bath, then, droplets of suspension were put to 
special copper grids with a thin amorphous lacey carbon film for further study in a 
microscope. The following methods were applied for structural investigation: trans-
mission electron microscopy (TEM), scanning transmission electron microscopy 
(STEM) with a high angle angular dark field detector (HAADF), electron diffrac-
tion, energy dispersive X-ray analysis (EDX) in a FEI Tecnai Osiris microscope. The 
microscope is equipped with a silicon detector system SuperX (Bruker) for ultra-fast 
elemental mapping at accelerating voltage of 200 kV.

Samples for EPR spectroscopy were prepared in two ways: (a) a gallstone was cut 
with a ceramic knife to small parts, c.a., 2 × 2 × 2 mm, choosing for further meas-
urements particles with similar color or (b) rubbing GSs in a porcelain mortar to 
particles with a diameter of ca. 0.2–0.3 mm. Then, GSs material was placed into 
thin-walled quartz ampoules (3.5–4.0  mm in diameter). Measurements were car-
ried out in the presence of air without pumping. EPR spectra were recorded on CW 
X-band Bruker EMX-8 spectrometer at 298 and 77  K in the Center of Magnetic 
Spectroscopy at N. M. Emanuel Institute of Biochemical Physics, Russian Academy 
of Sciences. For measurements, a microwave frequency of 9.65 GHz, a modulation 
frequency of 100 kHz; and microwave power of 0.2 mW was used. The relative and 
absolute contents of paramagnetic centers, PCs, in the samples were evaluated by 
double integration of the spectra and by comparison of the results with a reference, 
the spectrum of a  CuCl2⋅2H2O single crystal with a known number of spins. Analy-
sis of experimental EPR spectra was carried out with the use of the software pack-
age “Simulation of rigid limit and slow motion EPR spectra” provided by Prof. A. 
Kh.Vorobyev, Faculty of Chemistry, M. V. Lomonosov Moscow State University.

3  Results and Discussion

3.1  TEM Results

Figure  2 demonstrates HAADF STEM images of fragments of sample N2 which 
show particles differing in structure: porous (a), with fibrous structure (b), and poly-
crystalline with round-shape crystals with sizes up to 0.3 μm (c).



570 V. V. Pantyushov et al.

1 3

EDX spectra of N1 and N2 particles showed that peaks corresponding to iron 
were absent. Analysis of SAED patterns and comparing with maps of chemical ele-
ment distribution (Fig.  3) showed that particles of the round shape are  CaCO3 in 
valerite and aragonite modifications which are the main phases characteristic of this 
sample. Besides, a peculiarity of the elementary composition of such particles is the 
high content of sulfur and phosphorus following from the height of corresponding 
peaks in the spectrum (Fig. 3), Mg, Al, K are also observed. Iron is present in small 
amounts, however, not in every spectrum. In the areas where the iron peak is clearly 
seen in a spectrum of N2 (Fig. 3f), its distribution differs from sample N1 by homo-
geneous, random distribution in the sample, and not in separated tiny particles as in 
N1 (Fig. 3).

From the results of quantitative analysis given in Table 1 one can see that iron 
and manganese are distributed heterogeneously in the investigated samples (Fig. 4).

Analysis of TEM and STEM patterns together with elementary analysis data 
of GSs N1 showed that particles have arbitrary shapes, and the EDX-spectrum 
has revealed the essential elements in the sample: Ca, O, Na, as well as S, P, Cl in 

Fig. 2  HAADF STEM images of porous (a) and fibrous (b) fragments, and a DF image (c) with a corre-
sponding selected area diffraction (SAED) pattern taken from crystals of the sample N2

Fig. 3  EDX-spectrum (a), HAADF STEM image (b), and corresponding distribution maps of chemical 
elements (c–h) of this area for sample N2
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Table 1  The relative content 
of the elements (K-series) in 
samples N1–N5

*The relative content of elements in the particle area containing Fe 
in Fig. 3

Sample Element [wt.%] [at.%] Error, wt.%

Calcium 98.10 98.62371 10.58
N1 Manganese 0.87 0.634544 0.66

Iron 1.03 0.741744 0.72
Total 100 100

Calcium 84.57 88.42 57.32
N1* Manganese 0 0 0

Iron 15.43 11.58 6.83
Total 100 100

Calcium 99.45 99.60 9.03
N2 Manganese 0.19 0.14 0.10

Iron 0.36 0.26 0.11
Total 100 100

Calcium 98.7 99.06 9.14
N3 Manganese 0 0 0

Iron 1.30 0.94 0.33
Total 100 100

Calcium 98.99 99.26 9.02
N4 Manganese 0.83 0.61 0.18

Iron 0.18 0.13 0.12
Total 100 100

Calcium 97.53 98.21 9.19
N5 Manganese 0.09 0.06 0.05

Iron 2.34 1.723842 0.55
Total 100 100

Fig. 4  EDX-spectrum (a), HAADF STEM image (b), and corresponding EDX-mapping (c–g) of this 
area for sample N5
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smaller amounts. Iron ions were revealed only in a few maps as one-two inclusions 
with a rounded shape and the size of 0.3 μm. The inclusions contained Fe and P 
simultaneously, and their distributions were identical. The same areas contained also 
sodium ions. Except for iron and phosphorus, the rest elements are distributed in 
the particles homogeneously. The data of relative contents of iron, manganese and 
calcium in the samples are listed in Table 1. For getting a general picture, we have 
analyzed several maps of each sample.

A characteristic peculiarity of the particles content in sample N3 is the increased 
quantity of Na, S, P, while it contains considerably less Ca as compared to samples 
N1 and N2. The rest elements are present in similar amounts as in other samples. 
Also, in small amounts, there are Mg, Al, Cl, K. Manganese peaks are not observed 
in EDX spectra. A distribution of all elements is homogeneous throughout the whole 
surface area of all N3 particles studied.

In sample N4, we have revealed the increased content of Mn and of phospho-
rus which as well as Ca and O are the main elements in these particles. Such ele-
ments as Na, Mg, Al, Cl, K, S were observed in much smaller amounts, and Fe was 
detected as traces. Comparing distribution maps of the elements, one can assume 
that particles of N4 sample contain primarily compounds of Ca, Na, P, O, there are 
also substances of sodium with sulfur.

High content of sulfur has been found in sample N5 while peaks of other ele-
ments (Mg, Al, Cl, F) were approximately the same as in other samples. Traces of 
Fe were also observed in the EDX spectrum, which was distributed homogeneously 
in the volume of the particles.

EDX-mapping investigation showed that iron is usually present but not in all areas 
of the sample and differs by its distribution: homogeneously in the whole volume of 
a map or inhomogeneously in the content of some small particles with sizes of a part 
of a micron. The elemental composition is characterized by calcium, oxygen, carbon 
as well as sodium, sulfur, phosphorus and nitrogen. Some metals are also revealed: 
magnesium, manganese, potassium, iron. Compounds which contain metals can be 
visualized much easier by EDX-mapping. Presence of bilirubin  (C33H36N4O6) in 
the samples follows indirectly from the fact that the elemental distribution maps of 
nitrogen and oxygen are identical. But the presence of cholesterol  (C27H46O) cannot 
be detected by EDX-mapping due to the carbon substrate usage and impossibility of 
registering hydrogen atoms with the EDX detector.

We could conclude from the experimental results that there is a crystalline phase 
of  CaCO3 with different morphology in all five samples of gallstones. These calcites 
can include various metals: K, Al, Mg, Mn, etc. Our data indicate formation of min-
erals with different composition as well as sulfides, metal compounds inclusions and 
bilirubin. Our results qualitatively agree well with the data published in literature 
[28, 33, 44].

3.2  EPR Results

Recording of EPR spectra of all samples N1-N5 has initially been carried out at 
room temperature with conditions approximately close to natural. As an example, 
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Fig. 5 presents a spectrum of sample N2 at 298 K which clearly shows existence 
of at least two EPR signals with different paramagnetic centers (PCs) in N2—a 
stable organic radical and manganese ions illustrated by six main lines in the EPR 
spectrum. Low signal-to-noise ratio at 298 K does not allow correct identification 
of the type and valence of manganese ions. The intensive radical signal with a 
g-factor value of ca. 2.003 and a line width ΔB ≈ 1.0 mT is typical to GSs of the 
cholesterol type, and the unpaired electron is localized on the bilirubin molecule 
[41–43].

Similarly to the previous figure, the EPR spectrum of sample N5 points to the 
presence in this GSs of not less than three types of PCs (Fig. 6): (i) the signal of 
bilirubin padical R, (ii) iron ions  Fe3+ and, most likely, (iii) ions of copper(II). 

Fig. 5  EPR spectra of sample N2 at 298  K. Left insert: enlarged central part of the spectrum. Right 
insert: spectrum of free radicals. Stars denote EPR lines of manganese ions

Fig. 6  EPR spectra of sample N5 at 298  K. Left insert: enlarged spectrum of iron ions. Right insert: 
enlarged spectrum of free radical
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For the exact identification of PCs, we have recorded EPR spectra of these sam-
ples at 77 K as well which are shown in Figs. 7, 8.

Recording the EPR spectra at lower temperature leads to stopping molecular 
movements, to elongation of the spin–lattice relaxation time of PCs, i.e., to the 
decrease of EPR line widths and as a result to increasing signal-to-noise ratio and 
to increasing the sensitivity of the EPR spectrometer. For example, it was revealed 
for sample N2 (Fig. 7) that besides the radical R of manganese ions registered at 
298 K, there is also some amount of  Fe3+ ions which had not been observed at room 
temperature. The EPR spectrum of manganese in Fig.  7 indicates its presence in 
the gallstone. Firstly, there are not only  Mn2+ ions containing five unpaired elec-
trons (electron spin S = 5/2) and nuclear spin I = 5/2 with a lot of transitions between 
the spin states, but also probably  Mn4+ ions what significantly complicates their 

Fig. 7  EPR spectra of sample N2 at 77 K. Left insert: enlarged central part of the spectrum. Right insert: 
enlarged spectrum of free radicals

Fig. 8  EPR spectra of sample N5 at 77  K. Left insert: enlarged spectrum of iron ions. Central insert: 
enlarged spectrum of copper(II) ions. Right insert: enlarged spectrum of free radicals
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quantitative analysis. Secondly, from the spectral shape shown in the left insert fol-
lows that a certain portion of manganese ions is distributed in the GSs volume as 
isolated magnetically diluted PCs while some portion of ions participate in magneti-
cally concentrated aggregates in which ions are coupled by strong spin–spin interac-
tion [46].

In the case of sample N5, analysis of EPR spectra at 77 K confirmed the presence 
of three types of PCs and showed unequivocally that the central EPR signal relates 
to the isolated  Cu2+ complexes (Fig. 8), which was not evident from the spectrum at 
298 K (Fig. 6). In EPR spectra of samples N2 and N5 recorded at 77 K, instrumental 
noise is practically absent and thus significantly improving the analysis of the com-
position and structural peculiarities of the samples. A similar effect of increasing the 
sensitivity we have also observed in the case of the rest samples.

Analysis of EPR spectra of all samples investigated has demonstrated that the 
nature and composition of paramagnetic centers in them are sufficiently different, 
and in some cases even inside a certain gallstone. For example, all N1–N5 samples 
contain free radicals R which are stabilized in the bilirubin molecule [41–43] but 
in various concentrations (Table 2). In four samples (N2–N5) iron  Fe3+ ions were 
revealed, in N2—manganese ions, and in N3 and N5—coordinated copper  Cu2+ 
ions. EPR parameters of R and  Fe3+ ions are given in Table 2. A measured value of 
gMn = 2.001 ± 0.001 is typical for ions both of  Mn2+ and  Mn4+ PCs [45–47]. A very 
weak manganese signal has also been observed in sample N4. Some variation of gR 
and ΔHR values for radicals R and of their line shape in different samples indicate 
either the existence of several radical types present in various concentrations or on 
differences in their local (neighboring) environment (polar groups or counter-ions).

We should note that Mössbauer and EPR spectra of pigment gallstones recorded 
at room temperature indicated the existence of iron in the high-spin  Fe3+ state of 
low symmetry with a g = 4.28 signal. Elemental analysis showed the presence of Cu, 
Mn, Zn, and Pb except iron [48].

Values determined in this work agree well with those reported in literature, e.g., 
with gR = 2.0032, gFe = 4.19 [41], gR = 2.003, ΔH = 1.0 mT and gFe = 4.19 [43] cor-
responding to the bilirubin radicals and  Fe3+ ions.

The EPR spectra of divalent copper  Cu2+ ions in sample N5 and the much 
weaker one in sample N3 have the following parameters: A||

Cu = 184 ± 4 G, 
g||

Cu = 2.191 ± 0.005; g⊥
Cu = 2.051 ± 0.004, and a⊥

N = 13.9 ± 0.2 G, where A||
Cu is 

a hyperfine splitting (hfs) constant, and g||
Cu and g⊥

Cu are the main values of the 
g-tensor characterizing Zeeman spin-orbital interaction. The spectral shape (Fig. 8) 

Table 2  EPR parameters, 
g-factors of paramagnetic 
centers (gR) and  Fe3+ (gFe) in 
gallstones

Sample gR ± 0.0005 ΔHR ± 0.2 G gFe ± 0.01

N1 2.0038 10.7 –
N2 2.0037 10.4 4.27
N3 2.0039 10.5 –
N4 2.0034 9.9 4.28
N5 2.0038 9.8 4.27
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and the measured values of A||
Cu, g||

Cu, and g⊥
Cu indicate that copper ions exist in 

the form of isolated mononuclear complexes with four nitrogen atoms (14 N) in the 
coordination sphere [47–49]. A value of the super-hyperfine splitting constant a⊥

N, 
equal to 13.9 G, is characteristic for the octahedral structure of the  Cu2+ complex 
with four 14 N atoms in the equatorial plane [49–51]. Whereas acid residues and low 
molecular complexones forming the Cu(II) coordination sphere are not defined yet 
although we can definitely say from measured parameters of g|| and A|| that these are 
nitrogen-coordinating amino acid groups of histidine, lysine, and possibly ornithine 
[47, 51]. Similar parameters were determined, e.g., for a signal, with g⊥ = 2.05 and 
g||= 2.20, published in [41] while in Refs. [42, 43] were estimated such values as 
g⊥ = 2.05, g||= 2.37, A||= 18.6 mT. This indicates a possibility of also existing  COO− 
groups of organic or amino acids it the coordination sphere of copper ions.

We have applied a double integration method to recorded EPR spectra in the 
cases when the signal-to-noise ratio was reasonable according to recommendations 
of Ref. [52] and we have determined concentrations of PCs in the samples which 
are listed in Table 3. The content of manganese ions could not be determined by the 
integration of EPR spectra due to its complex shape and the superposition of several 
signals in this region of the N2 GSs EPR spectrum. Results are given in Table 3 
where they are compared with the data of the electron microscopy analysis.

3.3  Discussion

The results obtained confirm earlier conclusions about the composition of gallstones 
in which in a very wide range of concentrations of organic compounds as choles-
terol, bilirubin, proteins, bile and other organic acids) as well as inorganic ions, 
salts, and complexes of alkaline earth (Ca, Mg), alkaline (Na, K), and transition 
metals (Fe, Mn, Cu, Zn, Al), and also compounds of non-metals (C, O, N, P, S, Cl) 
are pesent. Variety of composition and structure of GSs requires researchers to apply 
different physical and spectroscopic methods to obtain reliable information.

In this work we have examined a group of five gallstones of different morphology 
with the use of transmission electron microscopy (TEM) and electron paramagnetic 
resonance (EPR). Results obtained (see Table 3) demonstrate the complementarity 
of these methods. Indeed, TEM can measure the content of diamagnetic ions such as 

Table 3  Content of various elements in gallstones from EDX and EPR data

Sample Transmission electron spectroscopy Content of [PCs] ×  10−16, spin/g

Ca, % Mn, % Fe, % Fe3+ Cu2+ Radical

N1 98.1 ± 10.6 0.87 ± 0.66 1.03 ± 0.72 – – 0.9 ± 0.4
N2 99.4 ± 9.1 0.11 ± 0.09 0.21 ± 0.11 1.3 ± 0.2 – 5 ± 0.6
N3 98.7 ± 9.1 0 1.30 ± 0.33 3.9 ± 0.3 51 ± 10 1.1 ± 0.5
N4 99.0 ± 9.0 0.83 ± 0.18 0.18 ± 0.11 2.1 ± 0.2 7 ± 1
N5 97.2 ± 9.2 0.19 ± 0.15 2.61 ± 0.52 8.5 ± 0.7 290 ± 30 11.5 ± 1



577

1 3

Composition and Structure of Human Gallstones Studied by…

calcium, not detected by EPR which detects with high precision paramagnetic ions 
of  Fe3+,  Cu2+ as well as bilirubin radicals R in the samples.

4  Conclusion

Studies of the composition and structural peculiarities of human gallbladder stones 
(GSs) of various types removed during surgery operations from five patients with 
cholelithiasis using analytical transmission electron microscopy (TEM) and elec-
tron paramagnetic resonance (EPR) methods showed heterogeneous content and 
organization of GSs studied. EPR and analytical TEM are mutually complementary 
by obtaining information about gallstones. Characteristic EPR parameters of para-
magnetic centers (PCs) have been determined as well as their nature and their aver-
age concentrations in the GSs samples. Analytical TEM gave a unique information 
about diamagnetic components and phase structure of GSs. Copper(II) complexes 
were evidently observed and characterized. Good agreement between data deter-
mined by TEM and EPR in the case of  Fe3+ ions contained in all samples stud-
ied permits to hope that further joint application of these two methods will provide 
valuable information for the therapy of cholelithiasis. In the case of gallstones, such 
mutual application of these two methods is realized for the first time.

Although currently there are no direct potential medical implications or ben-
efits from quantitative knowledge of the composition of the gallstones (GSs) and 
their heterogeneity, one should take into consideration that the correct therapeutic 
treatment of the cholelithiasis could be suggested only by understanding the mecha-
nism of the disease, its etiology and pathogenesis, therefore, detailed information 
about the precise structural features of gallstones is quite necessary. Different physi-
cal methods provide various and rather often contradictory results which have to 
be additionally checked using other methods. Such methods as analytical TEM and 
EPR allow obtaining complementary data about atoms, ions and species contained 
in GSs and their comparison with the disease history may provide such valuable 
therapeutic information.
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