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Abstract. In this contribution dedicated to kidney stones containing Whitlockite (Wk), we addressed
three questions, namely, the presence of iron in Wk, the relationship between bacterial imprints and
the presence of Wk, and finally the relationship between the crystal size of Wk-bearing stones and
infection. The complete dataset indicates that iron is not present in our Wk stoichiometry. We also
note the presence of bacterial imprints for kidney stones with a high, but sometimes a low content,
of Wk. Finally, we propose FE-SEM as a diagnostic tool for stone patients who have a negative urine
culture associated with kidney stones containing less than 20% by weight Wk, a low level of carbonate
in apatite, and no struvite. Such a diagnostic tool would represent a significant benefit to the clinician.

Résumé. Dans cette contribution, nous étudions les calculs rénaux contenant la whitlockite (Wk). En
premier lieu, la présence du fer dans la formule stœchiométrique de la Wk est discutée grâce à la
fluorescence X. Puis, nous abordons la relation à l’infection à l’aide d’observations au Microscope
électronique à balayage (MEB) aptes à mettre en évidence de possibles empreintes de bactéries. Elles
montrent que le processus infectieux est établi pour des teneurs supérieures à 20%, ceux-ci ne pouvant
toutefois pas être écartés en dessous de cette teneur. Finalement, l’étude de relation entre la taille des
cristaux de Wk et l’infection par DRX ne permet pas de l’établir. Le message pour le clinicien est le
suivant : pour un patient asymptomatique, si le calcul ne contient ni struvite, ni apatite carbonatée et
moins de 20% de Wk, il convient d’observer par MEB les calculs rénaux afin de pouvoir écarter ou non
un processus infectieux.

Keywords. Kidney stone, Infection, Whitlockite, Diagnosis, X-ray scattering, SEM.
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Published online: 20 May 2021

1. Introduction

Numerous studies have underlined a significant
global increase in prevalence and incidence of
nephrolithiasis [1–4]. Part of this increase is re-
lated to the relationship between urolithiasis and
major public health problems such as metabolic syn-
drome [5,6]. Urinary tract infection (UTI) leading to
the formation of kidney stones can also be consid-
ered a relevant factor [7,8]. In view of the increase in
infection-related stones over the past two decades,
UTI must always be considered a significant possible
cause of urolithogenesis [9–13].

Several kidney stone chemical phases are related
to kidney infection [14–18]. Among them we can
cite calcium phosphate apatite with a high level of
carbonate [19–21], ammonium urate [22], struvite
[23–26] and whitlockite (Wk) [27,28]. High carbonate
calcium phosphate apatite and struvite are related to
urease-producing bacteria, while Wk may be related

to infection by non-urease-producing bacteria. There
is another major difference between struvite and Wk.
While the presence of struvite (independently of its
weight fraction) is directly related to infection, the
weight fraction of Wk in kidney stones, estimated by
Fourier transform infrared spectroscopy (FTIR), was
related to infection with a high degree (80%) of statis-
tical significance if greater than 20% [15].

For further insight into the relationship between
infection and kidney stones containing Wk without
struvite, we have used physicochemical characteri-
zation techniques [29–32] to obtain a precise multi-
scale description of such concretions [33–37]. First,
by analogy with geological studies [38], we assessed
the presence of iron in Wk by X-ray fluorescence
(XRF) [39–41] using synchrotron radiation (SR) as a
probe [42–46]. Iron in Wk may modify the position
of IR absorption bands and thus may confuse the
analysis of IR spectra. Then, we address the size of Wk
nanocrystals for an initial set of infection-related kid-
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ney stones containing more than 20% Wk in weight,
using SR-wide angle X-ray scattering (WAXS) [47–52].
We use the definition of the terms “nanocrystals” and
“crystallites” of Van Meerssche and Feneau-Dupont,
i.e. crystallites (typically measuring tens of microme-
tres) composed of accretions of nanocrystals (typ-
ically measuring hundreds of nanometres), to de-
scribe the structural hierarchy of pathological calci-
fications [53].

For the first set of kidney stones, field emission
scanning electron microscopy (FE-SEM) observa-
tions allowed precise crystallite definition in order to
ultimately pinpoint bacterial imprints. For the sec-
ond set, containing less than 20% by weight Wk, FE-
SEM was also performed for bacterial imprints to es-
tablish a possible infection process. Such a multiscale
approach taking into account chemistry and mor-
phology has already been used to develop new diag-
nostic tools, or to deduce the very first steps of calci-
fication pathogenesis [54–59].

2. Materials and methods

2.1. Samples

Kidney stones (Tenon Hospital) from 31 patients (12
males, 19 females) were investigated (see Tables 1
and 2).

2.2. Investigational tools

Initial analysis was carried out at the hospital us-
ing a stereomicroscope for morphological typing and
a FTIR spectrometer to accurately determine stone
composition [60–63]. FT-IR experiments were per-
formed in transmission mode using a FTIR spec-
trometer Vector 22 (Bruker Optics, Marne-la-Vallée,
France) covering the mid-infrared range from 2.5 to
25 µm.

A Zeiss SUPRA55-VP scanning electron micro-
scope with an energy-dispersive X-ray (EDX) spec-
trometer was used for direct microstructure obser-
vation. Images were obtained without any conduc-
tive coating on the sample. This field emission gun
microscope can operate at 0.5–30 kV accelerating
voltage. High resolution observations were obtained
around 1 kV using two secondary electron detectors:
an in-lens and an Everhart–Thornley detector [64].
Note that such observations allow the clinician to

Figure 1. Normalized X-ray fluorescence spec-
tra (the contribution of Ca is set to 1) collected
for different kidney stones (T10508, T12487,
T29735, T74647) containing Wk. The contribu-
tions of Ca (Kα = 3.691 keV, Kβ = 4.012 keV), Zn
(Kα = 8.638 keV, Kβ = 9.572 keV) are clearly vis-
ible. Note the absence of a significant contribu-
tion from possible iron.

determine the morphology of crystallites which is a
major parameter in nephrology [65–68].

One set of X-ray fluorescence experiments as well
as three sets of X-ray scattering measurements were
conducted at the synchrotron facility SOLEIL (Saint-
Aubin, France). The X-ray fluorescence experiments
were carried out at the Diffabs beamline (e.g. Fig-
ure 1). The main optical system includes a fixed-exit
double crystal monochromator composed of two in-
dependent Si(111) crystals and located between two
long mirrors (50 nm Rh-coated Si) [25].

The X-ray scattering experiments were performed
at the Cristal beamline during two consecutive
SOLEIL synchrotron sessions, using first a 18.446 keV
(λ= 0.67212 Å) and then a 17.017 keV (λ= 0.72857 Å)
monochromatic beam. Note that the monochroma-
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Table 1. Clinical data for the first set of kidney stones containing more than 20% in weight of Wk and
related to infection

Sex, age
(year)

Location Chemical composition estimated through FTIR Carbonate
level

Crystal size
estimated

through WAXS

T10508 F, 59 Staghorn_Kidney 38% CA, 28% Wk, 20% glafenic acid, 10% Prot, 4% C1 /

T12487 F, 54 Ureter 50% CA, 23% Wk, 20% C1, 7% Prot 5% /

T12900 M, 55 Kidney 35% CA, 25% Wk, 25% ACCP,10% C1,5% Prot

T17405 M, 65 Kidney 50% CA, 25% Wk, 20% ACCP, 5% Prot 19% /

T17615 M, 36 Bladder 40% CA, 28% Wk, 26% ACCP, 4% Prot, 2% C2

T29735 F, 59 Urinary tract 30% CA, 25% Wk, 20% ACCP, 15% Prot, 5% TGL, 5% C2 19% /

T32616 F, 22 Kidney 30% Wk, 21% C1, 20% CA, 15% C2, 7% Prot 7% 290 nm ± 10 nm

T38693 M, 52 Staghorn 35% Wk, 24% C1, 19% CA, 16% C2, 8% Prot 7% /

T38952 M, 3 Urethra 40% Wk, 13% C1, 20% CA, 15% ACCP, 5% C2, 7% Prot 5% 90 nm ± 10 nm

T43068 F, 54 Kidney 66% Wk, 19% CA, 9% Prot, 6% C1 / 30 nm ± 10 nm

T43736 M, 4 Kidney 67% Wk, 3% C1, 20% CA, 10% Prot 6% 250 nm ± 10 nm

T44112 M, 87 Expelled 42% Wk, 20% C1, 20% CA, 11% C2, 7% Prot 7% /

T45449 F, 39 Ureter 75% Wk, 12% Prot, 8% CA, 3% C1, 2% TGL / 330 nm ± 10 nm

T51263 M, 70 Urinary tract 75% Wk, 12% Prot, 10% CA, 3% C1 / 330 nm ± 10 nm

T52975 F, 89 Urinary tract 60% Wk, 25% CA, 10% Prot, 5% TGL 10% 130 nm ± 10 nm

T55785 F, 54 Kidney 50% Wk, 7% C1, 33% CA, 10% Prot, 5% 190 nm ± 10 nm

T58866 F, 77 Tubular 52% Wk, 25% CA, 15% ACCP, 8% Prot, 25% /

T71739 F, 69 Kidney 45% Wk, 25% CA, 22% ATZ 8% Prot, / /

T74647 F, 72 Ureter 75% Wk, 20% CA, 5% Prot 8% 90 nm ± 10 nm

T74808 M, 34 Prostate urethra
26% Wk, 21% C2, 17% Br, 14% CA, 10%

OCP, 7% Prot, 3% C1, 2% TGL
6% 120 nm ± 10 nm

Wk=whitlockite; Br=brushite; CA= carbonated calcium apatite; C1=whewellite; C2=weddellite; ACCP= amorphous
carbonated calcium phosphate; Prot = protein; TGL = triglycerides; ATZ = atazanavir; OCP = octacalcium phosphate.

tor was calibrated using a standard LaB6 powder
(NIST SRM 660b). The samples, introduced in kap-
ton capillaries (ø = 0.7 mm), were mounted on a
spinner rotating at 5 Hz to improve particle orien-
tational averaging. Data were collected in Debye–
Scherrer mode using a 21 Si(111) crystal analyser.
With this setup and for each sample, two high an-
gular resolution diagrams recorded in about one
hour were summed since sample degradation under
the X-ray beam was not significant (Figure 2). De-
tails regarding the experimental set up can be found
in reference [69]. To allow for their subsequent su-
perimposition in the same figures, all the collected
X-ray diffractograms were first preprocessed using
the freely available Graphical User Interface WIN-
PLOTR software [70]. The mean size of the coher-
ently diffracting crystals was calculated using the

GSAS software [71].

3. Results and comments

As emphasized by Borghi et al. [72], the relation-
ship between nephrolithiasis and urinary tract in-
fections is complex and difficult to analyse both
from a pathophysiological and clinical point of view.
This has prompted several investigations to under-
stand the relationship between infection and uri-
nary stones [73,74], most of them focussing on stru-
vite [75–81]. Here we attempt to broaden the scope
of studies of this pathogenesis by describing in de-
tail the physicochemical characteristics of stones
containing Wk without struvite. At this point, it is
worth bearing in mind that Wk has been reported
in different parts of the body including lungs [82],
breast [83], gallstone [84], prostate [85,86], aorta [87],
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Table 2. Clinical data related to the second set of struvite-free kidney stones containing less than or equal
to 20% in weight of Wk and a low carbonate level for the apatite

Sex, age
(year)

Location Chemical composition estimated through FTIR Apatite carbonate
level

T3347 M, 86 Bladder 70% CA, 15% Wk, 10% C2, 5% C1 9%

T4216 F, 31 Ureter 60% C2, 20% CA, 12% Wk, 8% Prot /

T9261 M Bladder 69% CA, 18% Wk, 8% C2, 3% C1, 2% Prot 8%

T9491 F, 43 Ureter 55% CA, 18% C1, 15% Wk, 8% Prot 3%

T10410 M, 65 Kidney 61% CA, 16% Wk, 15% C1, 8% Prot 6%

T11564 F, 40 Urinary tract 70% CA, 15% Wk, 7% C2, 5% OCP, 3% C1 7%

T11866 F, 58 Ureter 35% CA, 33% C1, 17% Wk, 15% C2 6%

T18382 F, 34 Ureter 52% CA, 30% C1, 14% Wk, 4% Prot 4%

T22610 F, 68 Kidney 45% CA, 20% Wk, 17% C1, 10% Prot, 8% ACCP /

T33101 F, 50 Kidney 45% CA, 30% C1, 18% Wk, 7% Prot 10%

Wk = whitlockite; Br = brushite; CA = carbonated calcium apatite; C1 = whewellite; C2 = weddellite; ACCP
= amorphous carbonated calcium phosphate; Prot = protein; TGL = triglycerides; ATZ = atazanavir; OCP =
octacalcium phosphate.

bone [88], cartilage [89] and salivary glands [90], and
to note that emerging evidence indicates that bacte-
ria are present in and contribute to other calcifica-
tions such as vascular calcification [91].

Wk has also been identified as a kidney stone
component [92–94]. While several publications con-
centrate on kidney stones containing struvite, lit-
tle is known regarding the relationship between in-
fection and kidney stones containing Wk. Interest-
ingly, hyperthermophilic bacteria (70–110 °C) have
been shown to be able to convert an amorphous cal-
cium phosphate phase into fully crystalline Wk min-
eral, and spherulitic clusters that we interpret to be
hydroxyapatite-like nanocrystals [95].

One of the various geological studies of Wk [96–
98] underlines the presence of iron in the crystal-
lographic structure [38]. To assess the presence of
this element in Wk of biological origin, we began
our investigation with SR-XRF experiments. Figure 1
shows X-ray fluorescence spectra of different kid-
ney stones. The presence of Ca as well as Zn has
been already discussed [44,45,99–102]. Note that al-
though the Zn signals are more prominent than those
of Ca, it doesn’t indicate higher Zn content. Various
correction procedures have to account for the self-
absorbing matrix and the fact that measurements
have been performed in air, the nature of the matrix,
absorption by air, incident beam energy, and the ion-

ization and X-ray emission cross-sections associated
with each element [103,104]. In our case, the experi-
ment was optimized for the X-ray fluorescence of Zn
(Kα = 8.638 keV, Kβ = 9.572 keV).

As the majority of the fluorescence events arise
from photons with energy just above the absorp-
tion edge, the SR-XRF sensitivity is optimized for el-
ements with X-ray fluorescence lines just below the
monochromatic excitation energy, which in this case
is Zn. In addition, X-ray production cross-sections
are a function of Z4 for SR-XRF, where Z is the atomic
number of the target element. Finally, characteris-
tic Zn X-ray emissions occur at higher energy than
those of Ca (Kα = 3.691 keV, Kβ = 4.012 keV), which
is thus more susceptible to absorption and signifi-
cantly affected by air between the sample and the
detector.

The intensity of Zn X-ray fluorescence seems to
be related to the carbonated calcium apatite (CA)
content. High intensity values correspond to sam-
ples with a high CA content (38% CA for 10508,
50% CA for T12487) and weak ones to lower (30%
CA for 29735, 20% CA for T74647). Note the weak
signal for Zn X-ray fluorescence for sample T74647
which contains 75% by weight Wk. In all these
measurements the absence of a significant contribu-
tion from iron is striking, implying the stoichiometric
formula Ca9Mg(HPO4)(PO4)6 for kidney stones con-
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Figure 2. Typical high resolution X-ray powder
diffractogram measured on the Cristal beam-
line for sample T74808 (λ = 0.67212 Å). The
whitlockite diffraction peaks are marked with
an arrow. Note the prominent 010 reflection
of the octacalcium phosphate (OCP) crystalline
phase, which occurs at 2θ = 2.051° and two
other Bragg reflections [100,110] pertaining to
OCP for 2θ = 4.117° and 4.261°, respectively
(see inset). Note that the associated OCP phase
has only been detected by FTIR spectroscopy
through detailed analysis based on spectral
derivatives. OCP indicates possible hypercalci-
uria without any link with infection. Accord-
ingly, we will not discuss the presence of this
compound further.

taining Wk.
Iron is an element of considerable biological im-

portance due instance to its presence in major pro-
teins such as haemoglobin, and links to some genetic
diseases; for this reason we have already proposed
the use of X-ray fluorescence to detect it in biological
tissue [105,106]. It is quite clear that there is no iron
in the stoichiometric formulation of biological Wk.

Next, SEM observations were made on kidney
stones with high Wk content; these (Figure 3a) clearly
show pseudocubic crystallites with a trigonal geom-
etry. Associated EDX spectra shows contributions of
the different elements in the Wk stoichiometric for-

Figure 3. Sample T51263 (75% Wk, 12% Prot,
10% CA, 3% C1) (a) characteristic pseudocu-
bic 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.

mula Ca9Mg(HPO4)(PO4)6, namely O, P, Mg and Ca
(Figure 3b). One interesting fact lies on the morphol-
ogy of Wk crystallites.

According to Frondel [96], crystals are usually sim-
ple rhombohedra as shown in Figure 4a, but are
sometimes modified by small faces as shown in Fig-
ure 4b. Here, we have always observed the first one
(white arrows on Figure 4c). However, in the case
of synthetic Wk [107,108] as well as in the case of
breast cancer, the second morphology was observed
(white arrows on Figures 4d,e). It seems thus that in
the case of infection, the local biochemical environ-
ment defined by the kidney and/or by the bacteria
induce the formation of Wk crystallites with a pecu-
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Figure 4. (a, b) The morphologies for Wk crys-
tals. Reprinted from [96], with the permission
of Mineralogical Society of America. (c) SEM
observation of the Wk part of kidney stones
related to infection. (d) SEM observation of
breast calcifications made of Wk.

liar morphology.
The mineralogical composition of the kidney

stones as given by FTIR spectroscopy (Tables 1
and 2) explains the presence of carbon (Figure 3b). In
kidney stones containing a high level of Wk, bacterial
cell imprints are clearly visible at the surface of and
probably within the apatitic part of the kidney stones
(red arrows in Figure 5) but not at the surface of Wk
crystallites (white arrow on Figure 5) [109].

Finally, at higher magnification, it is possible to
observe Wk crystallites in bacterial imprints (red ar-
rows on Figure 6). Such an observation is consistent

Figure 5. Bacterial imprints (red arrows) ob-
served close to Wk crystallites (white arrow).

Figure 6. Wk crystallites (red arrows) present
in bacterial imprints.

with the fact that, as previously emphasized, an inti-
mate link exists between Wk and bacteria [15].

In some kidney stones, FE-SEM did not reveal a
large number of automorphic Wk crystallites. Instead
some microscale crystallites were observed (red ar-
rows on Figure 7a) in which EDX clearly shows con-
tributions from Mg (Figure 7b).

The second part of this investigation on the
first set of kidney stones (with Wk content greater
than 20% by weight) focuses on the size of the Wk
nanocrystals, characterized using high resolution
X-ray powder diffraction on selected examples
(Figure 2).

For one sample, it was possible to measure the
mean size of the coherently diffracting crystals. For
the other samples, we used the Scherrer formula



350 Dominique Bazin et al.

Figure 7. Sample T17615 (40% CA, 28% Wk,
26% ACCP, 4% Prot, 2% C2) (a) Wk (red arrows)
as observed by its trigonal morphology in
FE-SEM, and corresponding EDX spectrum
(b) showing contributions from C (Kα = 0.277
keV), O (Kα = 0.525 keV), Mg (Kα = 1.253
keV), P (Kα = 2.014 keV), Ca (Kα = 3.691 keV,
Kβ = 4.012 keV). Note the presence of a sum
peak (SP) due to the coincidence of two O Kα

photons.

[110,111] D(2θ) = Kλ/Lcos(θ), a relationship between
D(2θ), the diameter of the crystallites, and the width
of the scattering peak L. Note that K is a dimension-
less geometrical factor of the order of 1 related to
the specific shape of the targeted nanocrystal. As re-
ported previously, this factor was set to unity in our
evaluation of the crystal size [112].

Such simple analysis supposes similar peak
broadening due to microstrain for all the samples
and an isotropic morphology for the Wk crystals
(which is the case for the automorphic crystals) [113].
Figure 8 shows that the scattering peak characteristic

Figure 8. Widths of the Wk-specific scattering
Bragg peak (2 −1 0 reflection, d = 5.165 Å) for
those kidney stones measured. Note in particu-
lar: (1-white circle) = T43068 (66% Wk), (2-bold
solid line) = T51263 (75% Wk). Note that the
wavelength chosen to superimpose all X-ray
diffractograms is 0.67212 Å, as in Figure 2.

of Wk in the different experimental diffractograms
displayed very different widths. In fact, it was impos-
sible to investigate kidney stones with lower Wk con-
tent using X-ray scattering, suggesting that Wk exists
in an amorphous state in low Wk content stones.

Table 1 shows that the size distribution of the Wk
nanocrystals is quite large, which may be a func-
tion of various chemical parameters such as pH and
ionic concentration as shown in a recent investiga-
tion of struvite [114]. These results seem to indicate
that there is no specific size for the Wk crystals when
there is an infection.

To understand the relationship between Wk in
kidney stones, and infection, the foregoing structural
description of Wk has to be complemented by chem-
ical information. The ratio of Mg/Ca in stoichio-
metric Wk is 0.0643. In urine, this ratio is around
0.4 if we consider that normal calcium excretion is
around 5 mmol/day and magnesium excretion is
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around 2 mmol/day. The normal value for phosphate
is around 20 mmol/day, so all the elements present
in the stoichiometric formula of Wk are present
and so Wk biogenesis may well occur alongside
that of CA.

In fact, the formation of CA as well as Wk requires
destabilisation of the water molecules around the
Ca2+ and Mg2+ cations. Based on molecular dynam-
ics simulations using a polarizable potential, Jiao
et al. [115] have shown that the lifetime of water
molecules in the first solvation shell of Mg2+ is on the
order of hundreds of picoseconds, in contrast to only
a few picoseconds for Ca2+, K+, or Na+. Such a simu-
lation indicates that the stability of water molecules
around Mg2+ is higher than the one around Ca2+,
favouring the formation of CA over Wk, the forma-
tion of the first one is hence favoured. To promote
the formation of Wk, the first hydration shell of Mg2+

cations has to be destabilized. We propose that this
may be achieved by physisorption of Mg2+ at the sur-
face of bacteria [116].

Several points lead to the proposition that bacte-
ria may play a key role in this destabilization process.
Firstly, among one hundred chemical phases iden-
tified in kidney stones only two common ones con-
tain Mg2+, namely struvite and Wk, and these two
chemical phases are related to infection. Secondly,
Mg2+ cations play a key role in bacterial metabo-
lism [117,118]. Finally, we have observed Wk crys-
tallites inside bacterial imprints. These facts indicate
the possibility of destabilization of the Mg2+ hydra-
tion shell by bacteria. Note that such a hypothesis
also implies that for bacteria with urease, the decom-
position of urea constitutes a much favourable path-
way, leading to the formation of struvite and highly
carbonated apatite, than the formation of Wk.

Finally, we consider a set of kidney stones (Table 2)
with Wk content equal to or less than 20% by weight.
In some samples, bacterial imprints were observed
along with Wk crystallites, as in sample T3347 (Fig-
ure 9a). For other stones, no bacterial imprints, or
Wk crystallites, could be detected (Figure 9b). Even
though our sample number is quite low, this sug-
gests that in the case of infection, Wk crystallites are
observed. Otherwise, Wk may be present but in an
amorphous state.

What is the benefit of these investigations to the
clinician? Firstly, we confirm that kidney stones con-
taining more than 20% by weight of Wk are related

Figure 9. (a) For sample T3347 (15% by
weight), very small Wk crystallites (blue arrows)
as well as bacterial imprints (red arrows) are
observed. (b) Bacterial imprints and Wk crys-
tallites are not observed for the sample T9491
(Wk-free based on FTIR estimates).

to infection. This is consistent with previous stud-
ies which indicate a content of 25% in weight of
Wk [15]. Second, this study proposes a new approach
for the characterization of kidney stones containing
less than 20% by weight of Wk, a low level of car-
bonate in apatite, and no struvite, in patients pre-
senting a negative urine culture. At this point, we
must underline that according to the data gathered
in our laboratory, which are based on the analysis of
70,728 kidney stones, 3171 kidney stones contain Wk.
Among these, 1728 contain less than 20% in weight
of Wk, a low level of carbonate in the apatite and
no struvite, and are associated with a negative urine
culture. For these 1728 stones, which correspond to
2.5% of the patients, the relationship with infection
is not clear. In the present instance, we found that 4
stones out of a set of 11 presented bacterial imprints
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by FE-SEM.
We propose that, for these patients, FE-SEM could

represent a significant diagnostic tool able to disclose
possible infection. If FE-SEM underlines the pres-
ence of bacterial imprints, there are two possibili-
ties to explain such observation. Is the stone linked
to previous infection? In that case the clinical data
doesn’t contain such information and it is of primary
importance to have such information regarding eti-
ology. Is the stone linked to present infection? In that
case, the lithogenic process is active for the patient
and antibiotic have to be given. In both cases, it is
clear that FE-SEM bring major information to the
clinician.

We propose thus that for patients having kidney
stones without struvite, carbapatite with a low level
of carbonate and a low content of Wk, FE-SEM could
represent a significant diagnostic tool able to disclose
possible infection.

4. Conclusion

These investigations focused on kidney stones con-
taining Wk, a mineral closely correlated with bacte-
rial infection when its content is greater than 20% by
weight by FTIR spectroscopy. Firstly, we stress that
iron is not present in Wk when the latter occurs in
kidney stones. Secondly, FE-SEM supports the re-
lationship between Wk and infection. Bacterial im-
prints were observed in all the kidney stones contain-
ing higher than 20% by weight Wk. Moreover, WK re-
lated to infection seems to have a specific morphol-
ogy. Thirdly, a measurement of Wk crystal size has
been performed by X-ray diffraction based on the
width of a specific diffraction peak (i.e. [210]). A de-
tailed analysis of the high resolution X-ray powder
diffratograms indicates a large distribution of crys-
tal sizes between samples. It seems thus that Wk
content, but not crystal size, in kidney stones cor-
relates with infection. Finally, based on FE-SEM ob-
servations as well as molecular dynamics’ simula-
tions, we propose that bacteria are able to desta-
bilize the first hydration shell of Mg2+ cations. For
bacteria with urease, the decomposition of urea to
ammonia provides a more favourable chemical path-
way, to struvite and carbonated apatite, than to Wk.

In conclusion, we propose FE-SEM as a diagnos-
tic tool for patients with kidney stones containing
less than 20% Wk, a low level of carbonate in apatite,

without struvite, and with a negative urine culture.
FE-SEM observations will give direct evidence of bac-
terial imprints at the surface. These may eventu-
ally be observed through tomography, if experimen-
tal configurations such as Nanoscopium [119,120] or
Anatomix [121] are able to deal with biological sam-
ples with low acquisition time and submicrometer
spatial resolution.
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