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Abstract. Since its first use several decades ago, scanning electron microscopy has been used in
numerous investigations dedicated to biological systems. This contribution focuses on observations
on pathological calcifications in order to review several major applications of primary importance to
the clinician. Among these, we highlight such observations as medical diagnostic tools in pathologies
arising from primary hyperoxaluria and urinary infections.
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1. Introduction

The history of the electron microscope dates back to
the first third of the twentieth century when E. Ruska

∗Corresponding author.

and M. Knoll, from the University of Berlin, created
the first instrument in 1931 [1,2]. Basically, scan-
ning electron microscopy (SEM) uses a finely fo-
cused beam of electrons in order to produce a res-
olution image of a sample [3]. In the case of bio-
logical samples, such an experimental setup allows
imaging with a lateral resolution around 200 nm
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without sample preparation (magnification around
45,000).

Several investigations of structures related to kid-
ney stones (KS) were performed as early as over 40
years ago [4–9]. Fujita et al. [5] showed that SEM pre-
cisely describes the three-dimensional architecture
of the endothelial cell. As far as KS are concerned,
Phaneuf-Mimeault and Tawashi [6] showed that the
surface crystals have random axial orientations and
that the gross configuration seems to be determined
by the fibrous organic matrix.

Nowadays, SEM of pathological calcifications [10–
12] is a very active research field. Typical recent pub-
lications include studies on kidney [13–24], salivary
stones [25], breast [26–28], cardiovascular system [29,
30], cartilage [31,32], gallstones [33], prostatic stones
[34,35], thyroid [36], liver [37], ileal [38], or medical
devices [39]. These examples convincingly show that
SEM is an essential laboratory tool that continues to
provide new clues about the pathogenesis of these bi-
ological samples.

This success may be ascribed to the significant re-
cent advances in the various components of a scan-
ning electron microscope, namely the electron gun,
optics, and detectors, enabling entirely new oppor-
tunities [3,40]. For instance, detection at low voltage
(between 0.5 and 2 kV) without the usual surface car-
bon deposition leads to novel breakthroughs regard-
ing pathological calcifications [41,42] as well as tis-
sue alterations [43,44]. Additionally, biological sam-
ples used for nanometer scale observations are com-
patible with other techniques such as Fourier Trans-
form Infra-Red (FTIR), Raman, and Nano-UV spec-
troscopies [45,46].

The aim of this survey is to use selected examples
to illustrate different research applications of SEM.
We show that a precise description of crystallite mor-
phology and surface may be a basis for diagnosis or
deciphering the biomechanism governing the gene-
sis of concretions and ectopic calcifications [47,48].
We define “nanocrystals” and “crystallites” according
to Van Meerssche and Feneau-Dupont, i.e., crystal-
lites (measuring typically some tens of micrometers)
are made of a collection of nanocrystals (measuring
typically some hundreds of nanometers), to describe
the structural hierarchy of pathological calcifications
[49]. We will start by briefly recapitulating the under-
lying physics of SEM.

2. Basic SEM physics

The first component of a SEM is the electron gun [50].
Conventional electron guns use thermal energy to
emit electrons from a cathode. The main disadvan-
tage of this experimental device is related to the sur-
face area of the source which emits electrons. Its di-
mension is rather large (10–30 µm) and the energy
spread spans a few electron volts, because of the ex-
cess thermal energy supplied by heating. A new type
of electron gun was developed in the late twentieth
century. It is based on the tunneling, or Schottky ef-
fect, to produce electrons from a tip, in which case
the source size is less than 10 nm, and the energy
dispersion is now only a few tenths of an electron
volt.

The second key element defining the properties of
the SEM is constituted by a set of detectors. These de-
pend on the fact that the electron beam focused over
a surface (Figure 1) produces various kinds of elec-
trons as well as photons [3], allowing the experimen-
talist to gather information regarding the surface to-
pography and the elemental composition of the sam-
ple at the submicrometer scale [51].

Among these components, a backscatter electron
detector (BSD) detects elastically scattered electrons,
and takes advantages of the fact that higher atomic
number atoms have a higher probability of produc-
ing an elastic collision because of their greater cross-
sectional area [52]. Thus, brightness of the image ob-
tained is directly proportional to atomic number, so
backscatter electron (BSE) images provide an elegant
way to distinguish different chemical phases at the
sample surface. BSE detectors are typically located
above the sample in the sample chamber.

The so called secondary electrons [53] are lower
energy electrons emitted when a solid is irradi-
ated with high energy electrons or other particles;
two kinds of detectors, namely the conventional
Everhart–Thornley type and in-lens detectors, are
usually positioned in the sample chamber. The for-
mer produces images which are more dependent on
the sample topography than the ones obtained by a
BSE detector.

One of the key advantages of modern SEM in-
struments is their spatial resolution [51–54]. By us-
ing electrons instead of photons for imaging sam-
ples, SEM can achieve nanometer spatial resolution
[55–57]. This ability depends on several factors such
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Figure 1. Schematic representation of the different kinds of particles i.e., electrons (backscattered elec-
trons, secondary electrons, Auger electrons) and photons produced after the irradiation of matter by pri-
mary electrons. The analysis depth is given for the different particles.

as the electron spot size, which is determined by the
way electrons are produced and focused, as well as
the interaction volume of the electron beam with
the sample. Even though they fall short of providing
atomic resolution, some SEMs can typically achieve

resolution between 1 and 20 nm. The distance from
the final pole piece of the lens to the sample, called
working distance, is about a few millimeters. To im-
prove the resolution, working distance, source en-
ergy, and current density are crucial parameters.
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3. Sample preparation

Visualizing biological samples with an electron mi-
croscope is not easy, mostly because of the intrinsic
nature of the electron and matter interactions which
defined the image formation. In order to be able to
collect SEM images, biological samples have to be
placed inside high vacuum. Such experimental con-
ditions usually lead to a quite complex preparation
protocol [58–60].

In the case of pathological calcifications, it is of
primary importance to preserve the physicochem-
ical integrity of the abnormal deposit. Such pri-
ority is associated to the relationship which exists
between the physicochemistry of the calcification
(i.e., the chemical composition and the crystal mor-
phology) and the pathology which induced its for-
mation [61–64]. In the case of KS, there is simply
no preparation. The concretions are directly posi-
tioned under the electron beam. In our case, a field-
effect “gun” microscope, namely a Zeiss SUPRA55-
VP SEM, was used for the observation of microstruc-
ture. High-resolution observations were obtained by
an Everhart–Thornley SE detector. To maintain the
physicochemical integrity of the samples, measure-
ments were taken without the usual deposits of car-
bon at the surface of the sample (Figure 2).

Regarding tissue embedded in paraffin, three to
five micron slices are deposited on low-e microscope
slides (MirrIR, Kevley Technologies, Tienta Sciences,
Indianapolis). The paraffin was then chemically re-
moved (xylene 100% during 30 min to 4 h) in order to
improve the crystal detection under the microscope
(Figure 2).

4. Crystal morphology

It is now well accepted that a relationship exists
between crystallographic structure and morphology,
exemplified by Jean Baptiste Louis Romé de l’Isle’s
discovery of the fact that the various shapes of crys-
tals of the same natural or artificial substance are all
intimately related to each other. More precisely, by
measuring the angles between the faces of crystals,
he established the fundamental principle that these
angles are characteristic for a given substance. This
discovery is known as the law of constant angles [65].

A second important relationship, the law of sym-
metry, established by Haüy [66], states that the edges,

angles, and faces of a crystal form are related by sym-
metry. Thus, for example, when one face of an octa-
hedron is modified by its combination with another
form (for example by truncation), all other faces of
the octahedron should be modified at this point in
the same way.

In fact, according to the Gibbs–Curie–Wulff theo-
rem [67], the equilibrium crystal form will be such
as to minimize the total surface energy for a given
volume. This equilibrium form is defined in vacuum.
Unfortunately, the presence of other compounds
can modify this equilibrium through adsorption pro-
cesses. As recalled by Zhang [68], the shape of a crys-
tal is governed by the relative growth rates of each of
the crystal faces present. The most prominent face
of a crystal is the slowest growing, while the smallest
face is the fastest growing [69]. The interplay between
thermodynamics and kinetics during the growth pro-
cess makes predictions of the final geometry chal-
lenging [70].

5. SEM as diagnostic tool

Some authors have suggested SEM as a fundamen-
tal method for routine urinary stone identification,
which also reveals additional detailed information
unobtainable by other methods, such as the mor-
phology, the size, and the elemental composition
of crystallites present in kidney stones [18]. At this
point, recall that more than one hundred chemical
phases have been identified in kidney stones and
more than 100 different etiologies may be involved
in stone formation [61–64]. Moreover, some chemi-
cal phases, such as whewellite (CaC2O4·H2O) or wed-
dellite (CaC2O4·2·xH2O (with x = 0–0.5) [71] may
correspond to very different morphologies. Accord-
ing to the morphoconstitutional model [61–64,72],
five different morphological aspects of whewellite
stones, namely Ia, Ib, Ic, Id, and Ie, correspond to
five different lithogenic conditions. Also, phase trans-
formations such as the transition of weddellite to
whewellite (for the oxalates) or brushite to apatite
(for the phosphates) occur (Figure 3). Finally, it is
not possible to evaluate the carbonation rate of ap-
atite, an essential parameter related to infection [73],
through SEM. Thus, due to this diversity of chemical
phases, crystal morphology within a single chemical
phase, as well as the possibility of phase transitions,
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Figure 2. (a) Skin biopsies (red arrows) positioned on low-e microscope slides (1, 2, 3) (MirrIR, Kevley
Technologies, Tienta Sciences, Indianapolis) compatible with Fourier transform Infrared Spectroscopy,
an electron gun (4), an Everhart–Thornley SE detector (5). (b) Kidney stones (blue arrows) on their
support (1 to 4), an electron gun (5), an Everhart–Thornley SE detector (6).

SEM cannot replace the gold standard FTIR spec-
troscopy [74–76].

Nevertheless, there are numerous exceptions
where SEM provides detailed information at the mi-
crometer scale, which can be of primary importance
for the clinician (Figure 4).

For example, in the case of primary hyperoxaluria,
the most severe lithogenetic disease, we have shown
that the morphology of whewellite crystallites is dis-

tinctive (Figures 4a and b) from that observed in the
case of dietary hyperoxaluria. Such direct examina-
tion constitutes a simple, rapid, and inexpensive tool
that would suggest early diagnosis of primary hy-
peroxaluria type 1 [41,42]. Recall that multiple de-
fective genes can underlie this disease so the ge-
netic approach to diagnosis can be long and expen-
sive. For calcium oxalate dihydrate, it has been estab-
lished that the presence of dodecahedral crystallites
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Figure 3. (a) SEM observation showing weddellite crystallites displaying their usual bipyramidal mor-
phologies with alteration at their surface induced by a phase transition. (b) SEM observations showing
the transition between acicular brushite and spherical apatite.

(i.e., bipyramidal with a thick zone between the two
pyramids) is indicative of heavy hypercalciuria [77].

Another case where SEM makes a crucial contri-
bution concerns kidney stones related to infection
(Figure 4c). In patients with kidney stones without
struvite, and with negative urine culture results, we
have proposed SEM observations in order to confirm

the possible presence of bacterial imprints [73,78]. Of
note, due to the crystal size such bacterial imprints
cannot be detected in struvite, except in the areas of
the stone that contain apatite crystals.

Regarding the quantitative aspect, such approach
occurs in the case of crystalluria when the number
of crystallites is considered [77], but it is difficult to
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Figure 4. SEM observation of a kidney stone related to (a) genetic primary hyperoxaluria and (b) related
to intermittent hyperoxaluria of dietary origin. (c) SEM observation of bacterial imprints and bacteria
surrounded by calcifications.

have a similar approach in the case of SEM obser-
vations. In the case of kidney stones, only the sur-
face is examined and a significant quantitative deter-
mination of the number of crystallites per unit sur-

face needs numerous observations. From a clinical
practice point of view, FTIR spectroscopy constitutes
a cheaper and quicker method to obtain a quantita-
tive information regarding the chemical composition
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[69–71]. Nevertheless, in the near future, such deter-
mination through SEM observations of the surface of
the kidney stone may be relevant with the help of ma-
chine learning [79].

6. Elucidating the pathogenesis of Randall’s
plaque

Randall’s plaque represents a major issue in urology
[80,81]. Several papers report evidence that Randall’s
plaque (RP) present at the tip of the renal papilla
may initiate whewellite (Figure 5a) and more rarely
weddellite stones [82–91]. Some of these investiga-
tions have been dedicated to the pathogenesis of this
pathological calcification; recent data show clearly
that vitamin D and calcium supplementation accel-
erates the formation of RP in a murine model [91].

Other publications report various RP chemical
compositions. While calcium phosphate apatite (CA)
as well as amorphous carbonated calcium phosphate
(ACCP) are the major components of most RPs (Fig-
ure 5b) [92], other chemical phases such as whitlock-
ite, brushite, and sodium hydrogen urate monohy-
drate (NaUr) [90] have been identified in about 5%
of RP (Figure 5c). Such chemical diversity underlines
the fact that several very different mechanisms may
be related to the pathogenesis of RP.

Note that RP constituted by NaUr appeared to be
sex dependent. NaUr-containing RP was found in
4.3% of stones from male patients and in only 0.6% of
cases in female patients (p < 0.00001). This is consis-
tent with the ratio observed in stones made of NaUr
as the major component. Moreover, RP also exists on
weddellite KS (Figure 5d), although the fact that wed-
dellite crystals are very large may explain why RP is
observed preferentially on whewellite KS.

A striking feature of RP composed of CA is related
to their structure. As we can see in Figure 6, all the RP
present on whewellite KS show the same morphol-
ogy [93,94]. RP are made of a conglomeration of cal-
cified tubules and vessels (vasa recta) reflecting the
morphology of the tip of the papilla. Figure 6e shows
a normal papilla where we can see the tubule exit ori-
fices (yellow arrows).

Higher magnification observations are shown in
Figure 7. Note the calcium phosphate cluster within
one tubular lumen (Figure 7a, yellow arrow), while
other tubules are empty with calcified walls (black
arrow). Figure 7b shows that the walls of the tubules

are constituted by an agglomeration of CA spheres
[95–97]. Finally, in Figure 7c, a plug inside the tubule
is visualized [98].

7. The process of kidney stone growth from RP

We now discuss the growth of a whewellite KS from
RP. Only a few papers discuss this particular point
[93,94,99,100]. According to Sethmann et al. [94], ions
from CaP-supersaturated interstitial fluid may dif-
fuse through porous RP into the urine, where a re-
sulting local increase in whewellite supersaturation
could trigger crystal nucleation and hence initiate
stone formation (Figure 8).

At this point, we must emphasize that calcium
oxalate crystallites are present in urine even in the
case of healthy subjects (7% vs. 40% in stone form-
ers) [101]. It is their high occurrence over time which
is abnormal. In fact, in our case, we observe “clas-
sical” whewellite crystallites (Figure 6). Note that in
some cases we found whewellite crystallites coated
with calcium phosphate as well, which can be due to
simple deposition of urinary calcium phosphate. In
the pathogenesis model we have proposed, large ran-
domly oriented whewellite crystals are trapped on a
phase of CA crystals embedded in proteins acting as
a “glue” [93]. This conjecture is clearly supported by
Figure 8c. Thus, it seems that the hypothesis of epi-
taxy between Ca phosphate (RP) and Ca oxalate (KS)
is not relevant in this case [100]. Note also that the
surface of biological apatite is hydrated [102–104].

The surfaces exposed by the whewellite crystal-
lites are those of the growing crystal in aqueous con-
ditions. The crystal description can be found in our
recent paper [70]. We can see (Figure 7) the (100), (12-
1), and (010) surface of the crystallites, showing the
different (12-1)/(010) surface ratios due to the growth
process.

Theoretically some attempts have been per-
formed to predict and understand oxalate polymor-
phism in the past [70,105]. A very pedagogical paper
on the topic has been written by Millan [105]. Since
that time the chemical computational tools have
been evolved dramatically and we recently revisited
this topic using quantum chemical DFT methods
and molecular dynamic tools. Note that DFT offers
the opportunity to assess adsorption of molecules
and thus the reactivity as well as the morphology of
small crystals [106–108].
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Figure 5. (a) RP made of CA positioned on a whewellite KS. (b) SEM observation of an RP made of CA.
(c) SEM observation of an RP made of NaUr. Microscopic aspect of an RP (areas 1 and 2) composed of a
mixture of NaUr needles and carbapatite attached to a whewellite calculus (area 3). NaUr needles of large
dimension are visible on area 2. (d) RP on a weddellite KS. Note the large size of weddellite crystallites,
which may explain why RP is rarely observed on weddellite stones.

In 2001, Millan [105] suggested carefully that, in
his conclusion, not only the thermodynamics play a
role in the expressed morphology but also the kinet-
ics of the formation of the different surfaces. This re-
sult was clearly confirmed by us recently [70]. More-
over, we showed that the effect on the surface for-

mation kinetics can be expressed by including a cor-
rection factor to the surface energies. This correc-
tion factor, which is purely mathematical, is expected
to be related with the kinetics and can be related
to the reactions taking place in a DFT-Molecular dy-
namics calculation on the growth of a specific sur-
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Figure 6. (a–d) SEM observations of RP made of CA. (e) Tip of the papilla with tubule exits labeled with
yellow arrows.
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Figure 7. (a–c) SEM observations at high magnification of RP made of CA. (c) Tubular plug in mouse
papilla.

face in aqueous conditions. The predictions on the
effect of the kinetics on the whewellite morphology is
shown in Figure 9, following the discussion reported
in Ref. [70].

However, what is striking is the sintered as-
pect of the (12-1) and (010) surfaces, which is not
seen in aqueous conditions. This might be as-
cribed to the presence of complexing agents such



48 Dominique Bazin et al.

Figure 8. (a) Whewellite and (b) weddellite crystallites in urine. (c) Whewellite KS with RP, yellow square
labels the interface between KS and RP. (d) SEM observations of the interface between RP and whewellite
KS.

as citrate ion, which is known to modify the ki-
netics of weddellite polyhydrate nucleation and
crystal growth. The sintering also exerts a rela-

tively high impact on surface degradation, which
parallels the catechin chelation effect on weddel-
lite [70].
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Figure 9. (a) Morphology prediction of COM
crystal with the water molecules, without
(001) face. (b) Same but with a surface en-
ergy correction of −0.1 J·m−2 on the (010)
face. (c) Same but with energy corrections:
−0.03 J·m−2 for (021) and (010) surface ener-
gies. (Figure adapted from [58].)

8. Elucidating the effect of drugs on kidney
stones

In addition to primary hyperoxaluria, several other
genetic abnormalities lead to kidney stone patho-
genesis, such as inherited distal renal tubular acido-
sis leading to the formation of calcium phosphate
stones with a specific morphology [109], or adenine
phosphoribosyltransferase (APRT) deficiency which
results in 2,8-dihydroxyadenine (DHA) crystals [110,
111]. Cystinuria, an autosomal recessive disorder,
presents a similar picture, leading to stone formation
in kidneys and accounting for 1–2% of all cases of
urolithiasis. As underlined by Worcester et al. [112],
cystinuria occupies a unique position among renal
stone diseases due to a high recurrence rate. Also, the
formation of cystine stones is frequently associated
with progression toward chronic kidney disease and
renal failure [113–117].

According to the classification of kidney stones
[61–64], two distinctive morphologies named type
Va (the most common one related to untreated pa-
tients) and type Vb (Figures 10a and b) exist. As we
can see in Figure 10b, a diffuse concentric structure
exists in the periphery of Vb stones with a core of
unorganized agglomerates of cystine crystals. SEM
shows large crystals displaying flat surfaces with well-
defined corners and edges in Va cystine kidney stones
(Figure 10c). When the patient follows a conven-
tional treatment based on urine alkalization, signif-
icant erosion of the cystine crystal surface occurs
(Figure 10d).

Among the results of our investigation [115], it is
worth emphasizing that the surface state of cystine
crystallites depends on the drug taken by the patient.
In a patient treated with tiopronine (Figure 10e), we
observed hexagonal holes which correspond to dis-
solved small cystine crystals, while large ones have
lost their typical hexagonal shape. Such a surface
state is very different from that observed in a patient
treated with captopril (Figure 10e) in which numer-
ous scattered holes, similar to wormholes in a stone,
are observed.

9. Biopsy imaging

Scanning and transmission mode electron mi-
croscopy of biopsies has been performed for sev-
eral decades [118–122]. In our investigations, we
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Figure 10. (a) Va cystine kidney stone. (b) Vb cystine kidney stones. (c) SEM image of a typical Va
cystine kidney stone. (d) SEM image of a Vb kidney stone. (e) Example of impaired surface of cystine
crystals displaying numerous scattered holes similar to wormholes in a stone from a patient treated with
captopril. The bulk of the crystals is not affected by such a treatment. (f) Significant erosion of the surface
of cystine crystals in a patient treated with tiopronine. Note the hexagonal holes which correspond to
dissolved small cystine crystals. Large ones have lost their typical hexagonal shape.
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Figure 11. (a) Topology of the different abnormal deposits in kidney biopsy N292. Agglomeration of
“large” crystallites is observed in the lumen of tubules (c) while agglomerations of “small” crystallites
are located in the tubular cells (b). (d) Radial agglomeration of platelets.

have used FE-SEM on human biopsy tissue coming
from various organs namely kidney [123–126], pan-
creas [127], skin [128–131], hairs [132], breast [26],
thyroid [133,134], or arterial wall [135], but of course
we must stress that such opportunities exist for cells
and mice as well [136–140].

Localization and morphology are two key points
which can be addressed through SEM observations
on kidney biopsies (Figure 11a). For example, with
respect to morphology, small (Figure 11b) and large
(Figure 11c) crystallites as well as a radial agglomer-
ation of platelets (Figure 11d) can be observed. Also,
it is noteworthy that large crystallites are located in
the lumen of tubules (Figure 11c) while “small” ones
are in the tubular cells (Figure 11b). It is well known
that the composition of the tubule fluid depends on
the segment of the nephron. This modulation of the
composition along the nephron in addition to var-
ious pathological conditions for hyperoxaluria may
explain why various configurations can be observed
by SEM.

In the case of breast, SEM offers the opportunity
to define two different kinds of calcification, namely
the well-known plaque easily detected by optical mi-
croscopy (Figure 12a), and micrometer and submi-
crometer spherical entities (Figures 12b and c). Fi-
nally, it was possible to relate these two families
of calcifications. As we can see in Figure 12d, SEM
provides structural evidence that micrometer scale
plaques are the result of agglomeration of submi-
crometer scale spherical calcifications.

Observations at higher magnification underline
diversity in the inner structure of the spherical en-
tities (Figure 13), suggesting diversity in the nucle-
ation/growing processes.

Finally, note that not all the spherical structures in
tissues are always composed of CA (Figure 14). For in-
stance, in skin calcium carbonate has been detected
[128]. It is thus of primary importance to the clini-
cian to precisely identify the chemical composition
of spherical entities through either IR or Raman spec-
troscopies [74,76,141–143].
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Figure 12. (a) FE-SEM observations of sample 13H2606 (Fibroadenoma) showing heavily mineralized
deposits with very small entities invisible at this magnification. (b, c) Submicrometer scale spherules cor-
responding to the black circle of Figure 2a are visualized at higher magnifications. (d) SEM observations
seem to show that “heavily” mineralized deposits are the result of the agglomeration of submicrometer
scale spherules.
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Figure 13. Different internal structures of CA sphericules present in breast (a–d: (a) radial structure;
(b, c) concentric layers; (d) radial structure) and kidney (e, f: without structure).

10. Imaging of medical devices

Finally, we must underline that SEM plays an im-
portant role in the characterization of the surface
of medical devices [39,144–147]. Recently, we have
characterized the surface state and the elastic prop-
erties of a set of JJ stents [39] on which pathological
calcifications were present (Figure 15). It was quite
a surprise for the clinicians that black marks on the
surface of JJ stents to help urologists during the op-
eration, significantly alter the surface and may ulti-
mately serve as nucleation centers. Note that ureteral
replacement devices have also been studied [147].

11. Energy-dispersive X-ray spectroscopy

X-ray fluorescence induced by electron spectroscopy
constitutes a powerful technique which allows el-
emental identification by measuring the num-
ber and energy of X-rays emitted from the bio-
logical sample after excitation with an electron
beam. Even if the detection limit is more impor-
tant than the one related to X-ray fluorescence in-
duced by protons or photons [148,149], such spec-
troscopy can give very interesting information re-
garding the chemistry of pathological calcifications
[18,150–153].
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Figure 14. The sphericules present in the skin
(for a patient affected by sarcoidosis) are made
of calcium carbonate as shown by FTIR spec-
troscopy and energy dispersive X-ray measure-
ments.

For example, Racek et al. [18] have selected a set of
30 samples covering the most common types of hu-
man kidney stones for an investigation through SEM
coupled with energy-dispersive spectroscopy. After
application of standardization, these authors show
that it is possible to obtain a quantitative microanal-
ysis with detection limits of 400 ppm (Mg, P, S, Cl,
K, Ca), 500 ppm (Na), and 1200 ppm (F). Such spec-
troscopy can thus bring information regarding the
presence of light elements such Mg or F, which are
generally not discussed in the case of X-ray fluores-
cence experiments induced by photons [154–156].

Recently, we have investigated a set of kidney
stones containing whitlockite in order to assess the
relationship between this chemical compound and
infection. Whitlockite is a calcium phosphate phase
of crucial interest in several pathologies [157–161]. In
order to confirm its presence in kidney stones, we
have performed EDX measurements. On Figure 16,
SEM observations allow us to underline the presence
of pseudocubic crystallites with a trigonal geome-
try. EDX spectra shows contributions of some of the
elements present in the Wk stoichiometric formula
Ca9Mg(HPO4)(PO4)6, namely O, P, Mg, and Ca (Fig-
ure 16b).

12. Complementarity with other techniques

In our research dedicated to pathological calcifica-
tions, we have tried to take into account the hierar-

Figure 15. Alteration of the surface state of a JJ
stent at black positioning marks.

chical structure as well as the chemical diversity of
such biological entities [10,11]. A precise identifica-
tion of the organic [162] and inorganic parts [163] as
well as of the trace elements [148,149] has thus to
be performed. To attain this goal, in lab characteri-
zation techniques [163–165] as well as ones related
to large scale instruments, such synchrotron radia-
tion [166–172] or neutron [72,78,103,166,173,174] fa-
cilities are needed.

To describe the hierarchical structure, we have
used optical, scanning electron as well as transmis-
sion electron (TEM) and scanning transmission elec-
tron microscopes (STEM) [89,91,92,175]. We have
thus described these biological entities at the mil-
limeter, micrometer, and nanometer scales. If the el-
ementary composition can be given by EDX spec-
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Figure 16. (a) Characteristic pseudocubic
morphology of Wk as seen by FE-SEM and
corresponding EDX spectrum, (b) in which
the contributions of C (Kα = 0.277 keV), O
(Kα = 0.525 keV), Mg (Kα = 1.253 keV), P
(Kα = 2.014 keV), and Ca (Kα = 3.691 keV,
Kβ = 4.012 keV) are clear. Note the presence of
a sum peak (SP) due to the coincidence of two
O Kα photons.

troscopy at submicrometer scale, other X-ray fluo-
rescence spectroscopy which are more sensitive but
associated with less spatial resolution can give com-
plementary information [176,177]. Regarding elec-

tron microscopy, electron energy-loss spectroscopy
can be used to describe the local environment of el-
ements and can be thus considered as a very ex-
citing way to complete information given by EDX
spectroscopy. Recent studies have proved that EELS
can provide highly relevant information concerning
the formation mechanisms of these entities [175,178–
182].

Finally, X-ray absorption spectroscopy [183–185],
which uses synchrotron radiation as a probe, offers
major structural and electronic information regard-
ing the local structure of materials of medical inter-
est encompassing those without long range order
such as Pt anticancer molecules [123,138,186] or
nanometer scale particles [187–190]. In our case, we
have used XAS to describe the local environment of
trace elements present in different pathological cal-
cifications [155,169,191–193], thus obtaining a more
precise chemical description than the one obtained
by EDX spectroscopy but quite similar to the ones
gathered by EELS [175,178–182].

13. A major perspective: environmental SEM

Among the different major developments related to
SEM, we have to underline the one published by
Robinson [194,195], which has modified the vacuum
system of a scanning electron microscope in order
to be able to study hydrated specimens. According
to this pioneer work, such modification has enabled
the observation of biological specimens partially im-
mersed in water at temperatures just above 0 °C with
a spatial resolution of approximately 0.2 µm.

Thanks to several major improvements, environ-
mental SEM now constitutes an indispensable tool
for life and medical sciences [196–198]. Environmen-
tal SEM offers a unique opportunity to image wet and
insulating materials such as bacteria biofilm [199–
201]. At this point, it is worth to underline that special
attention has to be paid to the protocol preparation
in order to avoid effects of irradiation [202,203]. In
some publications, the possibility to collect SEM im-
ages of live cells as well as live bacteria has been un-
derlined and a recent publication has discussed this
possibility [204].

Regarding urology, environmental SEM has been
used to investigate the formation of biofilm on med-
ical device [205,206]. Recently, Fernández-Delgado
et al. [206] have used environment SEM to study the
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pathogenesis of biofilm on the surface of urinary
catheters induced by a human pathogen namely
Proteus mirabilis. Their study shows, for the first
time, the ability of clinical and environmental P.
mirabilis strains to develop contrasting biofilms on
chitin and stainless steel surfaces. In the case of
pathological calcifications, environmental SEM may
play an important role for a better understanding of
the relationship between bacteria and struvite, for
example [207].

14. Conclusion

The selected examples discussed clearly show that
SEM constitutes a major tool used in many research
fields encompassing medical diagnosis, the action of
drugs on concretions (here KS), and the description
of growth processes of pathological calcifications. Ac-
tually, SEM acts at the interfaces between medical
diagnosis and research in addressing challenging is-
sues. However, it is quite probable that SEM devices
will soon be introduced into anatomical pathology
laboratories. Moreover, combined with other charac-
terization and modeling techniques, we can expect
exploration and understanding the origin of calcifi-
cations at the atomic scale. This concerted approach
will enable us to tackle the multi-scale challenge of
linking medical diagnosis with the atomic structure
of the pathology.
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[95] N. Çiftçioğlu, K. Vejdani, O. Lee, G. Mathew, K. M. Aho,
E. O. Kajander, D. S. McKay, J. A. Jones, M. L. Stoller, Int. J.
Nanomed., 2008, 3, 105-115.

[96] L. C. Delatte, J. L. R. Minon-Cifuentes, J. A. Medina, J. Urol.,
1985, 133, 490-494.

[97] E. Pieras, A. Costa-Bauzá, M. Ramis, F. Grases, Sci. World J.,
2006, 6, 2411-2419.

[98] L. Huguet, M. Le Dudal, M. Livrozet, D. Bazin, V. Frochot,
J. Perez, J. P. Haymann, I. Brocheriou, M. Daudon, E. Letav-
ernier, Urolithiasis, 2018, 46, 333-341.

[99] A. P. Evan, F. L. Coe, J. E. Lingeman, Y. Shao, A. J. Sommer,
S. B. Bledsoe, J. C. Anderson, E. M. Worecester, Anat. Rec.,
2007, 290, 1315-1323.

[100] S. R. Khan, B. K. Canales, Urolithiasis, 2015, 43, 109-123.
[101] H. V. Nguyen, M. Daudon, R. J. Réveillaud, P. Jungers,

Nephrologie, 1987, 8, 65-69.
[102] D. Eichert, C. Combes, C. Drouet, C. Rey, Key Eng. Mater.,

2005, 284–286, 3-6.
[103] D. Bazin, C. Chappard, C. Combes, X. Carpentier, S. Rouz-

ière, G. André, G. Matzen, M. Allix, D. Thiaudière, S. Reguer,
P. Jungers, M. Daudon, Osteoporos. Int., 2009, 20, 1065-1075.

[104] C. Rey, C. Combes, C. Drouet, S. Cazalbou, D. Grossin,
F. Brouillet, S. Sarda, Progress in Crystal Growth and Char-
acterization of Materials, vol. 60, Elsevier, 2014, 63-73 pages.

[105] A. Millan, Cryst. Growth Des., 2001, 1, 245-254.
[106] D. Bazin, F. Tielens, Appl. Catal., 2015, 504, 631-641.
[107] F. Tielens, D. Bazin, C. R. Chim., 2018, 21, 174-181.
[108] I. C. Oguz, H. Guesmi, D. Bazin, F. Tielens, J. Phys. Chem. C,

2019, 123, 20314-20318.
[109] A. Dessombz, E. Letavernier, J.-P. Haymann, D. Bazin,

M. Daudon, J. Urol., 2015, 193, 1564-1569.
[110] G. Bollé, C. Dollinger, L. Boutaud, D. Guillemot, A. Bens-

man, J. Harambat, P. Deteix, M. Daudon, B. Knebelmann,
I. Ceballos-Picot, J. Am. Soc. Nephrol., 2010, 21, 679-688.

[111] A. Dessombz, D. Bazin, P. Dumas, C. Sandt, J. Sule-Suso,
M. Daudon, PLoS One, 2011, 6, article no. e28007.

[112] E. M. Worcester, J. H. Parks, A. P. Evan, F. L. Coe, J. Urol., 2006,
176, 600-603.

[113] E. Letavernier, O. Traxer, J.-P. Haymann, D. Bazin,
M. Daudon, Prog. Urol. – FMC, 2012, 22, F119-F123.

[114] B. Hannache, D. Bazin, A. Boutefnouchet, M. Daudon, Prog.
Urol., 2012, 22, 577-582.

[115] D. Bazin, M. Daudon, A. Gilles, R. Weil, E. Véron, G. Matzen,
J. Appl. Cryst., 2014, 47, 719-725.

[116] M. Livrozet, S. Vandermeersch, L. Mesnard, E. Thioulouse,
J. Jaubert, J.-J. Boffa, J.-P. Haymann, L. Baud, D. Bazin,
M. Daudon, E. Letavernier, PLoS One, 2014, 9, article
no. e102700.

[117] J. P. Haymann, M. Livrozet, J. Rode, S. Doizi, O. Traxer, V. Fro-
chot, E. Letavernier, D. Bazin, M. Daudon, Prog. Urol. – FMC,
2021, 31, F1-F7.

[118] J. V. Johannessen, Kidney Int., 1973, 3, 46-50.
[119] Y. Collan, P. Hirsimäki, H. Aho, M. Wuorela, J. Sundström,

R. Tertti, K. Metsärinne, Ultrastruct. Pathol., 2005, 29, 461-
468.

[120] S. Conti, N. perico, R. Novelli, C. Carra, A. benigni, G. Re-
muzzi, Sci. Rep., 2018, 8, article no. 4909.

[121] W.-L. Ng, K. F. So, P. C. So, H. K. Ngai, Pathology, 1982, 14,
299-302.

[122] H. Miyazaki, H. Uozakia, A. Tojo, S. Hirashima, S. Inaga,
K. Sakuma, Y. Morishita, M. Fukayama, Path. Res. Pract.,
2012, 208, 503-509.

[123] E. Esteve, D. Bazin, C. Jouanneau, S. Rouzière, A. Bataille,
A. Kellum, K. Provost, C. Mocuta, S. Reguer, P. Ronco, J. Rehr,
J.-P. Haymann, E. Letavernier, A. Hertig, C. R. Chim., 2016,
19, 1586-1589.

[124] D. Bazin, E. Letavernier, J.-P. Haymann, F. Tielens, A. Kellum,
M. Daudon, C. R. Chim., 2016, 19, 1548-1557.

[125] V. Frochot, D. Bazin, E. Letavernier, C. Jouanneau, J.-P. Hay-
mann, M. Daudon, C. R. Chim., 2016, 19, 1565-1572.

[126] M. Daudon, V. Frochot, D. Bazin, P. Jungers, Drugs, 2018, 78,
163-201.

[127] J. Cros, D. Bazin, A. Kellum, V. Rebours, M. Daudon, C. R.
Chim., 2016, 19, 1642-1655.

[128] H. Colboc, D. Bazin, P. Moguelet, V. Frochot, R. Weil,
E. Letavernier, C. Jouanneau, C. Frances, C. Bachmeyer, J.-
F. Bernaudin, M. Daudon, C. R. Chim., 2016, 19, 1631-1641.

[129] H. Colboc, P. Moguelet, D. Bazin, C. Bachmeyer, V. Fro-
chot, R. Weil, E. Letavernier, C. Jouanneau, M. Daudon, J. F.
Bernaudin, J. Eur. Acad. Dermatol. Venereol., 2019, 33, 198-
203.

[130] H. Colboc, P. Moguelet, D. Bazin, P. Carvalho, A.-S. Dil-
lies, G. Chaby, H. Maillard, D. Kottler, E. Goujon, C. Jurus,
M. Panaye, V. Frochot, E. Letavernier, M. Daudon, I. Lucas,
R. Weil, P. Courville, J.-B. Monfort, F. Chasset, P. Senet, JAMA
Dermatol., 2019, 155, 789-796.

[131] H. Colboc, D. Bazin, P. Moguelet, S. Reguer, R. Amode,
C. Jouanneau, I. Lucas, L. Deschamps, V. Descamps,
N. Kluger, J. Eur. Acad. Dermatol. Venereol., 2020, 34, e313-
e315.

[132] F. Brunet-Possenti, L. Deschamps, H. Colboc, A. Somogyi,
K. Medjoubi, D. Bazin, V. Descamps, J. Eur. Acad. Dermatol.
Venereol., 2018, 32, e442-e443.



Dominique Bazin et al. 59

[133] M. Mathonnet, A. Dessombz, D. Bazin, R. Weil, F. Triponez,
M. Pusztaszeri, M. Daudon, C. R. Chim., 2016, 19, 1672-1678.

[134] J. Guerlain, S. Perie, M. Lefevre, J. Perez, S. Vandermeersch,
C. Jouanneau, L. Huguet, V. Frochot, E. Letavernier, R. Weil,
S. Rouzière, D. Bazin, M. Daudon, J. P. Haymann, PLoS One,
2019, 14, article no. e0224138.

[135] R. Coscas, M. Bensussan, M.-P. Jacob, L. Louedec, Z. Massy,
J. Sadoine, M. Daudon, C. Chaussain, D. Bazin, J.-B. Michel,
Atherosclerosis, 2017, 259, 60-67.

[136] F. Preitner, A. Laverriere, S. Metref, A. Da Costa, C. Roger,
S. Rotman, D. Bazin, M. Daudon, C. Sandt, A. Dessombz,
B. Thorens, Am. J. Physiol. Renal Physiol., 2013, 305, F786-
F795.

[137] L. Louvet, D. Bazin, J. Büchel, S. Steppan, J. Passlick-Deetjen,
Z. A. Massy, PLoS One, 2015, 10, article no. e0115342.

[138] E. Esteve, D. Bazin, C. Jouanneau, S. Rouzière, A. Bataille,
A. Kellum, K. Provost, C. Mocuta, S. Reguer, P. Ronco, J. Rehr,
J.-P. Haymann, E. Letavernier, A. Hertig, C. R. Chim., 2016,
19, 1580-1585.

[139] C. Bardet, F. Courson, Y. Wu, M. Khaddam, B. Salmon,
S. Ribes, J. Thumfart, P. M. Yamaguti, G. Y. Rochefort,
M.-L. Figueres, T. Breiderhoff, A. Garcia Castaño, B. Val-
lée, D. Le Denmat, B. Baroukh, T. Guilbert, A. Schmitt,
J.-M. Massé, D. Bazin, G. Lorenz, M. Morawietz, J. Hou,
P. Carvalho-Lobato, M. C. Manzanares, J.-C. Fricain, D. Tal-
mud, R. Demontis, F. Neves, D. Zenaty, A. Berdal, A. Kiesow,
M. Petzold, S. Menashi, A. Linglart, A. C. Acevedo, R. Vargas-
Poussou, D. Müller, P. Houillier, C. Chaussain, J. Bone Miner.
Res., 2016, 31, 498-513.

[140] H. Bilbault, J. Perez, L. Huguet, S. Vandermeersch, S. Placier,
N. Tabibzadeh, V. Frochot, E. Letavernier, D. Bazin,
M. Daudon, J.-P. Haymann, Sci. Rep., 2018, 8, article
no. 16319.

[141] M. Daudon, M. F. Protat, R. J. Reveillaud, H. Jaeschke-Boyerl,
Kidney Int., 1983, 23, 842-850.

[142] L. Maurice-Estepa, P. Levillain, B. Lacour, M. Daudon, Scand.
J. Urol. Nephrol., 1999, 33, 299-305.

[143] V. Castiglione, P.-Y. Sacré, E. Cavalier, P. Hubert, R. Gadisseur,
E. Ziemons, PLoS One, 2018, 13, article no. e0201460.

[144] B. A. Vanderbrink, A. R. Rastinehad, M. C. Ost, A. D. Smith,
J. Endourol., 2008, 22, 905-912.

[145] W.-J. Fu, Z.-X. Wang, G. Li, F.-Z. Cui, Y. Zhang, X. Zhang,
Biomed. Mater., 2012, 7, article no. 065002.

[146] C. Torrecilla, J. Fernández-Concha, J. R. Cansino, J. A.
Mainez, J. H. Amón, S. Costas, O. Angerri, E. Emiliani, M. A.
Arrabal Martín, M. A. Arrabal Polo, A. García, M. C. Reina,
J. F. Sánchez, A. Budía, D. Pérez-Fentes, F. Grases, A. Costa-
Bauzá, J. Cuñé, BMC Urol., 2020, 20, article no. 65.

[147] A. Nouaille, A. Descazeaud, F. Desgrandchamps, D. Bazin,
M. Daudon, A. Masson Lecomte, P. Mongiat-Artus, P. Méria,
Prog. Urol., 2021, 31, 348-356.

[148] M. Uo, T. Wada, T. Sugiyama, Jpn. Dent. Sci. Rev., 2015, 51,
2-9.

[149] S. Rouzière, D. Bazin, M. Daudon, C. R. Chim., 2016, 19,
1404-1415.

[150] V. Uvarov, I. Popov, N. Shapur, T. Abdin, O. N. Gofrit, D. Pode,
M. Duvdevani, Environ. Geochem. Health, 2011, 33, 613-622.

[151] M. S. Yalçın, M. Tek, J. Appl. Spectrosc., 2019, 85, 1050-1057.

[152] H. A. Walli, W. J. Abed Ali, J. Phys.: Conf. Ser., 2019, 1294,
article no. 072003.

[153] K. Seevakan, Malaya J. Mat., 2020, 8, 1240-1242.
[154] D. Bazin, P. Chevallier, G. Matzen, P. Jungers, M. Daudon,

Urol. Res., 2007, 35, 179-184.
[155] A. Dessombz, C. Nguyen, H.-K. Ea, S. Rouzière, E. Foy,

D. Hannouche, S. Réguer, F.-E. Picca, D. Thiaudière, F. Lioté,
M. Daudon, D. Bazin, J. Trace Elem. Med. Biol., 2013, 27, 326-
333.

[156] B. Hannache, A. Boutefnouchet, D. Bazin, E. Foy, M. Daudon,
Prog. Urol., 2015, 25, 22-26.

[157] J. Gervasoni, A. Primiano, P. M. Ferraro, A. Urbani, G. Gam-
baro, S. Persichilli, J. Chem., 2018, 2018, article no. 4621256.

[158] R. Lagier, C. A. Baud, Pathol. Res. Pract., 2003, 199, 329-335.
[159] D. Bazin, E. Letavernier, J.-P. Haymann, P. Méria, M. Daudon,

Prog. Urol., 2016, 26, 608-618.
[160] D. Bazin, M. Daudon, J. Spect. Imaging, 2019, 8, article

no. a16.
[161] D. Bazin, E. Letavernier, J.-P. Haymann, C. R. Chim., 2016, 19,

1395-1403.
[162] Y. Li, D. G. Reid, D. Bazin, M. Daudon, M. J. Duer, C. R. Chim.,

2016, 19, 1665-1671.
[163] M. Daudon, D. Bazin, “New techniques to characterize kid-

ney stones And Randall’s plaque”, in Urolithiasis: Basic Sci-
ence and Clinical Practice (J. J. Talati, H. G. Tiselius, D. M.
Albala, Z. Ye, eds.), Springer, New York, 2012, 683-707.

[164] H. Colas, L. Bonhomme-Coury, C. Coelho Diogo, F. Tielens,
C. Gervais, D. Bazin, D. Laurencin, M. E. Smith, J. V. Hanna,
M. Daudon, C. Bonhomme, Cryst. Eng. Comm., 2013, 15,
8840-8847.

[165] D. Bazin, C. Leroy, F. Tielens, C. Bonhomme, L. Bonhomme-
Coury, F. Damay, D. Le Denmat, J. Sadoine, J. Rode, V. Fro-
chot, E. Letavernier, J.-P. Haymann, M. Daudon, C. R. Chim.,
2016, 19, 1492-1503.

[166] D. Bazin, M. Daudon, P. Chevallier, S. Rouzière, E. Elkaim,
D. Thiaudiere, B. Fayard, E. Foy, P. A. Albouy, G. André,
G. Matzen, E. Véron, Ann. Biol. Clin. (Paris), 2006, 64, 125-
139.

[167] D. Bazin, X. Carpentier, O. Traxer, D. Thiaudière, A. Somo-
gyi, S. Reguer, G. Waychunas, P. Jungers, M. Daudon, J. Syn-
chrotron Radiat., 2008, 15, 506-509.

[168] X. Carpentier, D. Bazin, P. Jungers, S. Reguer, D. Thiaudière,
M. Daudon, J. Synchrotron Radiat., 2010, 17, 374-379.

[169] D. Bazin, M. Daudon, C. Chappard, J. J. Rehr, D. Thiaudière,
S. Reguer, J. Synchrotron Radiat., 2011, 18, 912-918.

[170] M. Daudon, D. Bazin, J. Phys.: Conf. Ser., 2013, 425, article
no. 022006.

[171] S. Reguer, C. Mocuta, D. Thiaudière, M. Daudon, D. Bazin, C.
R. Chim., 2016, 19, 1424-1431.

[172] D. Bazin, M. Daudon, E. Elkaim, A. Le Bail, L. Smrcok, C. R.
Chim., 2016, 19, 1535-1541.

[173] F. Damay, D. Bazin, M. Daudon, G. André, C. R. Chim., 2016,
19, 1432-1438.

[174] M. Daudon, E. Letavernier, R. Weil, E. Véron, G. Matzen,
G. André, D. Bazin, C. R. Chim., 2016, 19, 1527-1534.

[175] C. Gay, E. Letavernier, M.-C. Verpont, M. Walls, D. Bazin,
M. Daudon, N. Nassif, O. Stephan, M. de Fruto, ACS Nano,
2020, 14, 1823-1836.

[176] E. Esteve, S. Reguer, C. Boissiere, C. Chanéac, G. Lugo,



60 Dominique Bazin et al.

C. Jouanneau, C. Mocuta, D. Thiaudière, N. Leclercq, B. Leyh,
J. F. Greisch, J. Berthault, M. Daudon, P. Ronco, D. Bazin,
J. Synchrotron Radiat., 2017, 24, 991-999.
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