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At the surface of attached kidney stones, a particular deposit termed Randall’s
plaque (RP) serves as a nucleus. This structural particularity as well as other
major public health problems such as diabetes type-2 may explain the dramatic
increase in urolithiasis now affecting up to 20% of the population in the
industrialized countries. Regarding the chemical composition, even if other
phosphate phases such as whitlockite or brushite can be found as minor
components (less than 5%), calcium phosphate apatite as well as amorphous
carbonated calcium phosphate (ACCP) are the major components of most RPs.
Through X-ray absorption spectroscopy performed at the Ca K-absorption
edge, a technique specific to synchrotron radiation, the presence and crystal-
linity of the Ca phosphate phases present in RP were determined ex vivo. The
sensitivity of the technique was used as well as the fact that the measurements
can be performed directly on the papilla. The sample was stored in formol.
Moreover, a first mapping of the chemical phase from the top of the papilla to
the deep medulla is obtained. Direct structural evidence of the presence of
ACCEP as a major constituent is given for the first time. This set of data, coherent
with previous studies, shows that this chemical phase can be considered as one
precursor in the genesis of RP.
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1. Introduction

The significant increase in the prevalence of attached kidney
stones in calcium oxalate stone formers (48 to 100%) has
attracted a great deal of attention (Daudon et al., 2010;
Matlaga et al., 2006). This structural particularity may explain
the dramatic increase in urolithiasis now affecting up to 20%
of the population in the industrialized countries. It is note-
worthy that, among the explanation of such epidemic
increases, an intimate correlation between urolithiasis and
other major public health problems such as type-2 diabetes
mellitus has been underlined.

At the surface of attached kidney stones, a particular
deposit termed Randall’s plaque (RP) serves as a nucleus
(Evan et al., 2006; Matlaga et al., 2007). Since the pioneering
work of Randall (1936, 1937, 1940), different models have
been discussed to explain the formation of RP. We have to

phosphate; Randall’s plaque; kidney stones.

recall that most umbilicated stones formed on a renal papilla
contain whewellite (calcium oxalate monohydrate) as the
main component and we have already discussed the
mechanism of formation of such stones on apatite RP
(Daudon et al., 2007). Regarding the pathogenesis of RP, if
convincing arguments have shown that the plaque is initiated
in the inner medulla and progressively expands to the papil-
lary epithelium (Evan ez al., 2003), other experimental facts
based on the evaluation of the carbonate groups by Fourier
transform infrared spectroscopy (FT-IR) seem to show that
other mechanisms have to be considered. Recently, Vervaet
et al. (2009) have underlined the fact that interstitial nephro-
calcinosis in the context of RP formation does not seem to be
associated with any kind of prior tubulo-interstitial morpho-
logical aberration.

Regarding the chemical composition, even if other phos-
phate phases such as whitlockite or brushite can be found as
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minor components (less than 5%), calcium phosphate apatite
(CA) as well as amorphous carbonated calcium phosphate
(ACCP) are the major components of most RPs. As under-
lined previously for biological apatites (Bazin et al., 2009a,b),
their nanometer size with an anisotropy along the c¢ axis
(Vallet-Reg1 & Gonzalez-Calbet, 2004) is combined with a
high Ca and OH deficiency (Wilson & Elliott, 1999; Rey et al.,
1995). At their surface, carbonate groups (Penel et al., 1998) as
well as an amorphous part (ACCP) (Rey et al, 2007a;
Cazalbou et al., 2004) can be found. Of note, ACCP can be
considered as a precursor for CA. Even if several studies have
been dedicated to the study of RP, only a few structural
investigations have been performed ex vivo.

In order to provide structural data on urolithiasis, numerous
techniques have been used including micro-CT (Miller et al.,
2008), scanning electron microscopy (Daudon et al., 2008,
2009), thermal analysis (Gosh et al., 2009), FT-IR spectroscopy
(Quy Dao & Daudon, 1997), atomic force microscopy (Rez et
al., 2002), as well as techniques specific to large instruments
(Bazin et al., 2006) such as proton-induced X-ray emission
(Pineda-Vargas et al, 2009), powder neutron diffraction
(Daudon et al., 2009), synchrotron radiation micro-X-ray
fluorescence (Bazin et al., 2007) or micro-X-ray diffraction
(Fleming et al., 2003; Ancharov et al, 2007). Very early XAS
studies have been undertaken on apatites (Harries et al., 1986;
Hesterberg et al., 1999) and, more recently, kidney stones have
been investigated through X-ray absorption spectroscopy
(Bazin et al., 2008).

X-ray absorption spectroscopy (XAS) is especially useful
for characterizing biological calcium phosphates for several
reasons. First, calcified deposits and their model compounds
may be poorly crystalline or amorphous and consequently
difficult to characterize by X-ray powder diffraction. Second,
the size of the probe is sufficient to establish a mapping of a
biological sample for which no specific preparation is neces-
sary. XAS includes X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) and is able to describe accurately the electronic
state, the geometry of the very first neighbors and finally the
first coordination spheres of a selected element. The present
study is based on the XANES part of the X-ray absorption
spectra to evaluate the local environment of Ca atoms
(Harries et al, 1986). The spectra of possible Ca species,
namely ACCP and CA compounds, in the papilla were
measured. Moreover, owing to the submillimeter size of the
probe, we will establish a mapping of these compounds from
the top of the papilla where the RP is localized to the medulla.

2. Materials and methods
2.1. Experimental design

The biological samples used in the present investigation
came from two different hospitals. More precisely, kidney
stones, which were used as reference compounds for biological
calcium phosphates (CA, ACCP), came from Necker Hospital
while the two studied papillae came from two different
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Figure 1

The RP can be clearly seen as the white part at the top of the renal
papilla. a, b, c and d refer to acquisition points related to X-ray absorption
experiments.

kidneys at Nice Hospital after nephrectomy for tumor (Fig. 1).
The kidney was obtained after a radical enlarged nephrectomy
for a single tumor (clear cell carcinoma) on the cortex far away
from the upper urinary tract. The presence of RPs was
confirmed by direct examination opening the anatomopatho-
logical piece under a stereomicroscope. A large fragment of
the kidney opposite the tumor was dissected, conserving the
entire Malpighi’s pyramid. The samples were stored in formol
and then positioned directly under the beam. This protocol
has been used in order to preserve the physicochemistry
integrity of the sample. The synthetic hydroxyapatite (HAP)
came from Biorad.

2.2. Fourier transform infrared spectroscopy

Samples used for reference compounds (HAP, CA and
ACCP) were first characterized by FT-IR using a spectrometer
(Vector 22; Bruker Spectrospin, Wissembourg, France)
according to an analytical procedure previously defined
(Estepa & Daudon, 1997). Data were collected in the
absorption mode between 4000 and 400 cm ™' with a resolution
of 4cm™'. The different absorption bands of the calcium
phosphate apatite are well assigned (Fig. 2). The v; and v; P—
O stretching vibration modes are measured at 960-962 cm ™'
and 1035-1045 cm ™', respectively, while the v, O—P—O
bending mode corresponds to the doublet at 602-563 cm ™.
The bands at 3570 and 633 cm™' corresponding to the
stretching and vibrational modes of the OH™ groups are
present for the HAP and almost absent for the biological
apatites (CA and ACCP). A key point in the analysis is linked
to the presence of a shoulder in the v; absorption band which
can be used as a fingerprint for the presence of the ACCP
compound.

2.3. XAS at SOLEIL

The selected samples were investigated on the DIFFABS
beamline (Fig. 3) situated at the D13-1 bending magnet at
synchrotron SOLEIL (Saint Aubain, France). This beamline is
mainly dedicated to structural characterization by combining,
if necessary, X-ray diffraction, X-ray absorption and X-ray
fluorescence spectroscopies (Baudelet ez al., 2005). In our case,
the beamline was optimized in order to determine the elec-
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Figure 2
FT-IR absorption spectra for the compounds used here as references (in
red, HAP; in blue, CA; in black, ACCP).

tronic state as well as to describe accurately the first coordi-
nation sphere of Ca atoms.

SOLEIL was running at 2.75 GeV with an average current
of 300 mA for our experiments in the new TOP/UP config-
uration. To reach a monochromatic and focused X-ray beam at
the sample position, a ‘standard’ main optic (for a bending-
magnet source) was used. The monochromatization and
horizontal focusing is achieved using a fixed-exit double
Si(111) crystal monochromator. Upstream and downstream,
two long cylindrical mirrors (50 nm Rh deposited on Si
substrates) are used. The first one (between the source and the
monochromator) allows the vertical beam to be collimated
in order to increase the energy resolution. The second one
focuses the monochromatic beam in the vertical direction. For
these experiments, the angle of incidence of both mirrors was
6 mrad. Taking into account the Darwin width of the crystals

Figure 3
The DIFFABS experimental set-up showing the six-axis diffractometer
and photography of the sample.

of the monochromator and the collimation of the first mirror,
the optimized and repeatable energy resolution AE/E is 10™*
around the 4 keV range. At the sample position, the spot size
was defined with slits to reach 100 um x 250 pm (H x V,
FWHM).

Regarding the Ca K-edge (4086 eV), the energy range was
between 4020 and 4140 eV, with energy steps of 0.5 eVand 3 s
dwell time per point. The size of the beam was determined by
a set of slits (100 pm x 500 pm). To monitor the incident
X-ray beam, a PIN Si photodiode coupled with Kapton foil as
scatterer was used. XANES spectra were obtained in fluor-
escence mode from a silicon drift detector (SDD) (Rdntec-
Xflash; Striuder et al., 1998). The 5 mm? SDD was placed at
90° to the incident beam, in the horizontal plane in order to
minimize the elastic beam scatter contribution. The distance
between the sample and the SDD can be modified, depending
on the fluorescence emission. Energy calibration was achieved
using a well crystallized synthetic HAP.

For the X-ray fluorescence experiments, different
compounds used as reference (HAP, CA and ACCP) were
previously ground to a smooth powder in an agate mortar
and sieved to obtain regularity in size. In order to obtain
X-ray fluorescence measurements, the different reference
compounds were then diluted in a polymer. Note that
regarding the two papillae, the water content was preserved
during the acquisition procedure.

3. Results and discussion

At either the K- or the L-edge, XANES contains both elec-
tronic and structural information, but can be difficult to
interpret fully (Bazin & Rehr, 2003a; Veiga & Figueiredo,
2008; Fleet & Liu, 2009). It is commonly assumed that spectral
features within ~10 eV of the edge threshold are due to
electronic transitions to unoccupied states near the Fermi level
and are sensitive to the spatial and electronic details of the
potential (Asokan et al., 2001; Eichert et al., 2005). In the case
of nanometer-scale metallic clusters, such structures are
sensitive to the size of the cluster (Bazin et al., 1997; Bazin &
Rehr, 2003b).

Regarding our experiments performed at the Ca K-edge
(Fig. 4), the feature labeled A reflects the effective charge and
the site symmetry of Ca®* ions (3d° electron configuration).
We consider now that transitions are discrete, with broadening
owing to core-hole lifetime and instrumental resolution.
Special attention has to be paid in the case of L-edges (Zaanen
et al., 1985; Fleet & Liu, 2009). Following this simple scheme,
this feature A can be attributed to a 1s — 34 transition or
O 2p molecular orbital (Ravel & Stern, 1995). This transition
is dipole forbidden (Al = 2) and results from mixing of
unoccupied d final states with p-character final states.

After this pre-peak A, we find the most intense resonance
of the spectra, called the white line (Cauchois & Mott, 1949).
This structure includes a shoulder-like structure (feature B;
transition 1s — 4s) and a double peak (features C1 and C2;
transition 1s— 4p) whose relative intensities depend on the
type of Ca involved [Ca(l) or Ca(Il)] (Eiden-Assmann &
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XANES spectra of different compounds: references (in red, HAP, well
crystallized synthetic apatite; in blue, CA, biological apatite; in black,
ACCP, amorphous biological apatites) and biopsies [(1) and (2) are the
X-ray absorption spectra collected when the beam is positioned on the
RP]. Details regarding the pre-peak A, the shoulder B and the double
peaks C1-C2 are clearly visible.

Viertelhaus, 2000; Asokan et al., 2001; Eichert et al., 2005). At
this point we would like to recall that HAP can be described as
a hexagonal stacking of (PO,)*~ groups with two kinds of
tunnel parallel to the ¢ axis. The first one coincides with the
ternary axis of the structure and is occupied by Ca®*, noted as
Ca(I) ions. The second one is linked by oxygen and other
calcium ions, noted Ca(II), and is occupied by OH ™ ions. Ca(I)
and Ca(II) are present in a 2/3 ratio.

While the feature A is quite the same in the three samples
HAP, CA and ACCEP, significant variations are measured for
the shoulder B as well as for the C1-C2 features (Fig. 4). These
observations are in line with a previous investigation (Eiden-
Assmann & Viertelhaus, 2000) where it was noted that this
shoulder becomes more prominent as the crystallinity of the
compounds increases. The XANES part is thus sensitive to the
local order around Ca** cations, i.e. between the samples CA
and ACCP. Note that this type of experimental approach has
already been performed on apatitic and non-apatitic calcium
phosphates of biological interest (Asokan et al., 2001; Eichert
et al., 2005).

Owing to a significant increase in the prevalence of kidney
stone formation on RP, the pathogenesis of RP has been the
subject of several major studies mostly based on histology.
Aside from structural investigations based purely on classical
laboratory techniques, there were attempts to use synchro-
tron-related techniques to complete our knowledge of the
biochemical process associated with the formation of RP. This
literature includes in vitro studies where the conversion of
amorphous calcium phosphate into hydroxyapatite has been
investigated by EXAFS spectroscopy (Harries et al, 1987)
as well as the conversion between brushite and apatite

(Lundager Madsen, 2008) and also ex vivo studies dedicated to
the characterization of kidney stones (Orlando et al., 2008) or
the investigation of the influence of trace elements present in
biological or synthetic apatites such as Zn (Takatsuka et al.,
2005; Tang et al., 2009). Numerous results already published
(Sowrey et al., 2004) demonstrate that XANES is a very effi-
cient tool for studying Ca compounds. The chemistry of Ca
phosphate is quite complex. Among the different Ca phos-
phates present in kidney stones are brushite, octacalcium
phosphate and whitlockite, each chemical phase being often
linked to a specific pathology or risk factor. Regarding RP, an
epidemiologic study based on 5401 umbilicated calculi, of
which 91.5% had an identifiable plaque, has shown that CA
and ACCP are the major components (Daudon et al., 2007). It
was logical to extend this type of XANES work to investigate
the localization of pathological calcification inside papilla.

In Fig. 4 is plotted the first XANES part of the absorption
spectra, collected at the top of the papilla for the two samples.
Obviously, the pre-peak A linked to the 2+ electronic state of
Ca atoms is present. More interestingly, the fact that the
shoulder B is absent along with a single feature instead of C1
and C2 structures demonstrate that the Ca phosphate
compound is closer to ACCP than the more crystalline stan-
dards. Because only the major component gives a significant
part of the X-ray absorption spectra, it is possible that other
Ca phosphates are present as minor phases as well. This first
experimental observation is in line with in vitro studies which
have underlined the formation of such a compound before the
formation of Ca phosphate apatites. As pointed out by Rey et
al. (2007b), it seems to exist in its nascent state only in wet
samples and is altered on drying. This chemical property has
biological implication linked to exchange properties with
foreign cations (Cazalbou et al., 2005) as well as the inter-
actions between apatite and tissues. Here, it is quite clear that
the fixation of apatite on the epithelium is dependent on this
hydrated layer. It is possible that the drying process occurring
before FT-IR experiments may alter the physicochemical
integrity of the sample and that part of the CA comes from a
chemical transition from ACCP.

In Fig. 5 we show the different X-ay absorption spectra
collected when we move from the top of the renal papilla to
the medulla (Fig. 1). The amplitude (1la for the spectra a) of
the absorption edge (from 1a to 1d in Fig. 5) and thus the Ca
content decreases rapidly. This is mainly due to the presence
of the calcification at the top of the papilla. The feature A,
which corresponds to the fact that the electronic state of
calcium is 2+, is clearly visible. The position of the features B,
C1 and C2 which are very sensitive to the crystallinity of the
calcification at the edge have been indicated. Of interest, note
that the morphology of feature B in papilla 1 is close to the
morphology of feature B in ACCP (Fig. 4). Moreover, the two
features C1-C2 are not present at the top of the absorption
spectra. These two observations give direct structural evidence
that one of the biochemical mechanisms can be described as
an agglomeration of ACCP entities in the medulla leading to
the formation of RP at the top of the papilla. Regarding the
papilla 2 (Fig. 6), similar observations can be made regarding
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Figure 5
XANES part of the absorption spectra for the papilla 1.

feature B, which is clearly close to that corresponding to the
ACCP compound.

This set of ex vivo experimental results are in line with the
data reported for two papilla samples recently published
(Evan et al, 2007). In this paper the authors found that
carbapatite layers alternating with proteins may form the
upper part of the plaque at the surface of the papilla. By FT-IR
microscopy, they observed that carbapatite might be mixed
with a poorly crystalline phase while, within the tissue,
carbapatite appeared well crystallized. In contrast, our data
suggest that the amorphous phase could be an important part
of the calcium phosphate deposited within the papilla. This
apparent discrepancy can be linked to experimental condi-
tions. Our ex vivo protocol helped us to preserve the physi-
cochemical state of the sample, especially the state of
crystallization which depends on the hydration level.

CaK edge‘ | Papilla 2

Clc2

g Reference compounds
= HAP, CA, ACCP

a=

g i 2a

e}

< 2b*4.4

1 1
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Figure 6
XANES part of the absorption spectra for the papilla 2.

4. Conclusion

We give for the first time direct structural evidence of the
significant presence of an amorphous phase similar to ACCP
as a major constituent of RP. This set of data shows that this
chemical phase can be considered as one precursor in the
genesis of RP. Moreover, our measurements suggest that
ACCP may be deposited within the tissue, and not only at the
surface of the papilla.

This work was supported by the Physics and Chemistry
Institutes of CNRS and by contract ANR-09-BLAN-0120-02.
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