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Abstract. This contribution emphasizes the chemical complexity of abnormal cartilaginous deposits.
First, we briefly describe some key techniques used to precisely describe their physicochemical char-
acteristics. Then, we present the main chemical and structural characteristics of these two chemical
phases, of either biological or synthetic origins. Finally, we discuss selected examples of calcification
characterization.
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1. Introduction

Various epidemiological studies [1,2] rank os-
teoarthritis (OA), a rheumatic musculoskeletal disor-
der, as the most common joint disorder in the world.
Thus the economic burden of OA on patients as well
as on society is considerable. OA not only causes
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pain, but loss of function and consequent disability
in adults. The American Joint Replacement Registry
(AJRR) and the American Academy of Orthopedic
Surgeons (AAOS), reported 1.2 million patients with
over 1.7 million hip and knee replacement proce-
dures in America in May 2020 [3,4].

OA affects the entire joint [5]. More precisely,
the pathological modifications seen in OA encom-
pass degradation of the articular cartilage, thicken-
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ing of the subchondral bone, osteophyte formation,
variable degrees of synovial inflammation, degenera-
tion of ligaments and menisci in the knee, and hyper-
trophy of the joint capsule [6].

Regarding cartilage, some investigators consider
articular calcium phosphate crystals as “innocent
bystanders” or the natural consequence of the
joint damage [7]. Recent studies present evidence
that intra-articular calcium phosphate crystals can
elicit synovial inflammation and cartilage degra-
dation, suggesting that these crystals play a direct
pathogenic role in OA [8,9]. As stated by Murphy et
al. [10] even if the presence of intra-articular calcium
phosphate crystals is a consequence of joint dam-
age, these crystals participate actively in aggravating
the symptoms and signs of OA, especially via their
effects on the synovium. Finally, Liu et al. [11] have
extracted crystals from human osteoarthritic knee
cartilage: they noticed that such crystals induce the
production of proinflammatory and catabolic me-
diators (NO, MMP-13 and PGE2) in human primary
chondrocytes and synoviocytes.

Cartilage calcifications can comprise different
crystalline calcium phosphate phases: a calcium or-
thophosphate phase, i.e. carbonated apatite (CA),
and two calcium pyrophosphate (CPP) phases, par-
ticularly monoclinic, and triclinic, CPP dihydrate
phases (m-CPPD) and (t-CPPD) [12,13]. Carbonated
apatite (CA) crystals are observed in 90%–100% of OA
cartilage and associated with m- or t-CPPD crystals
in 20%. The inflammatory mechanisms triggered by
these different calcium phosphate crystal types are
similar. However, m-CPPD has been reported to in-
duce a more potent pro-inflammatory response via
NF-�B pathway activation leading to the production
of interleukin (IL)1�, IL6 and IL8 [14].

In this contribution, we present some recent in-
vestigations focused on the relationship between OA
and calcifications. Accordingly we will present some
selected physicochemical results based either on in-
lab techniques or those available on large scale syn-
chrotron radiation facilities, and discuss the advan-
tages and limitations of these techniques. We will
start with some general considerations on the re-
lationship between disease and calcification, and a
short review of the different techniques which have
already been used to characterize pathological calci-
fications. Then some physico-chemical characteris-
tics of calcium phosphate phases (CA and CPPD) in-

volved in joint calcifications will be presented, and fi-
nally the detailed elemental, structural and morpho-
logical characterization of calcified cartilage will be
described.

2. Brief summary of analytical methods
for characterization of physiological and
pathological calcifications

Following the example of Yavorskyy et al. [15],
we consider several different families of tech-
niques which can be classified as either imaging or
spectroscopic.

2.1. Imaging techniques

Firstly, ultrasonography (US) [16], conventional ra-
diography (CR) [16] and computed tomography
(CT) [17,18], are routine imaging techniques typ-
ically available in hospitals. Recently, Cipolletta
et al. [19] have evaluated and compared the accuracy
of conventional radiography and musculoskeletal ul-
trasonography in the diagnosis of calcium pyrophos-
phate crystal deposition disease showing that these
two techniques are complementary and aid diagno-
sis. US appeared helpful, and more sensitive than
CR, in revealing CPPD-based calcification.

In clinical routine, polarized light microscopy is
useful for identifying CPP crystals, and discriminates
them from crystalline monosodium urate (MSU), but
is insufficient for CA crystals which are too small. The
spatial resolution of these three imaging techniques
is currently sufficient for medical diagnosis but not
particularly applicable in clinical research.

MicroCT, and contrast-enhanced CTs (CE-CT),
can provide images of cartilage samples and calcifi-
cations but application at the in vivo scale (under 6
micrometers resolution) appears challenging. Dual-
energy computed tomography (DECT) has recently
emerged as a promising tool for chemical discrim-
ination of cartilage calcifications. Pascart et al. [20]
published a first proof of concept study on the poten-
tial of DECT for differentiating CPPD from apatite on
subchondral and trabecular bone. Subsequently, the
DECT approach has been used to effectively distin-
guish calcium orthophosphate (such as CA) and CPP
crystal deposition in human joints in vivo. DECT can
differentiate intra-articular CPP deposits from bone
apatite [21].
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Multi-energy spectral photon-counting CT
(SPCCT) is a novel imaging technique which has
potential advantages over DECT in characterizing
MSU crystal deposits but needs to be further eval-
uated in the assessment of calci�cation pathologies
in vivo [22,23].

Among conventional techniques, only ultrasonog-
raphy is able to detect calcium phosphate crys-
tal deposition, while advanced techniques, micro-
CT and SPCCT, are both able to detect the crystals
at micrometre spatial resolution (0.018 £ 0.018 £
0.018 mm3 and 0.090 £ 0.090 £ 0.090 mm3 respec-
tively). However, only SPCCT has been reported to be
able to discriminate between CPPD and HA crystal
deposits [24].

Field emission scanning electron microscopy
(FE-SEM) plays a key role in OA research and
achieves submicrometre spatial resolution [25,26].
Since the emergence of such technology (which
replaces a single tungsten �lament with a sharp
pointed tip as the electron source), observations of
calci�cations on the surface of cartilage can be per-
formed at low voltage (between 0.5 and 2 kV) with-
out the need for conventional sample preparation
such as surface deposition of carbon. As Figure 1
shows, micrometre scale FE-SEM images can dis-
tinguish between CA and CPPD crystals by their
morphology [12].

In pathological calci�cations, CA deposits gen-
erally manifest as spherical structures constituted
of nanocrystal agglomerates [9,27,28], while CPPD
crystals are larger and display an acicular morphol-
ogy [29], as can be seen in Figure 1. More gener-
ally, the well understood relationship between crystal
morphology, crystal symmetry, and chemical iden-
tity, constitutes a solid basis of crystallo-chemical
analysis [30,31]. The spherical morphology of CA re-
sults from an agglomeration of nanocrystals of di-
mensions typically less than one hundred nanome-
tres [32] and with a platelet morphology [33,34].

On an FE-SEM apparatus, an X-ray detector is
usually positioned to gather information on the el-
emental composition of the calci�cation through
X-ray �uorescence induced by the primary elec-
trons [25,26]. This can give the Ca/P atomic ratio,
which may be informative regarding the nature of the
calcium orthophosphate phase (especially for dical-
cium phosphate dihydrate (DCPD: Ca/P Æ1) or oc-
tacalcium phosphate (OCP: Ca/P Æ1.33), which are

Figure 1. Examples of cartilage calci�cations:
(a) Agglomerates of several apatite crystallites
(red arrows) localized in structures suggestive
of chondrons (blue arrows). (b) Typical rod-
shaped m- or t-calcium pyrophosphate dihy-
drate crystals (black arrows).

known as CA precursor phases) [35] except for bi-
ological CA which is a non-stoichiometric apatite
with a Ca/P ratio lower than 1.67 (stoichiometric hy-
droxyapatite (HA)) [36,37] and which can reach Ca/P
values as low as that of OCP.

Nanometer scale imaging informs the clinician
about the very �rst steps of pathogenic calci�ca-
tion [38]. There is a wide diversity of pathological cal-
ci�cation nucleation mechanisms, which may be ho-
mogeneous [39] or heterogeneous [40]. In the latter
case, the role of vesicles [41,42], DNA [43], or pro-
teins like elastin [44,45], as pathological calci�cation
nuclei have been discussed. At this point, we empha-
size that to determine the chemical nature of intrav-
esicular calci�cations, and more general nanometer
scale deposits, various techniques such as electron
energy loss micro-spectroscopy [42,46] are available.
Several papers discuss the presence of vesicles in car-
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tilage [47–49]. For instance Anderson [47] has iden-
ti�ed vesicles of very di Verent size (» 300 Å–1 � m)
within the cartilage matrix of the upper tibial epiphy-
seal plate of normal mice.

Finally, it is worth noting that 3D images can be
obtained through classical tomography [50,51] in a
typical hospital environment with a spatial resolu-
tion around 100 � m [52]. Using synchrotron radia-
tion as a probe, Marenzana et al. [53] demonstrate
that it is moreover possible to collect microCT data
with an e Vective resolution of approximately 9 � m.

2.2. Vibrational spectroscopies

As emphasized previously, the various calcium phos-
phate phases in OA calci�ed cartilage (CA, m-CPPD
and t-CPPD) require physico-chemical techniques,
more speci�cally vibrational spectroscopies such
as Raman [54–56] or Fourier transform infra-red
(FT-IR) [57–61], which are advantageously non-
destructive and label-free, for chemical analysis of
biological tissues [54–61]. They detect vibrational
energy levels and phonons of materials, and com-
parison with data bank reference spectra yields pre-
cise chemical and structural information [62]. These
two spectroscopies are complementary, and both
techniques are usually required to comprehensively
measure the vibrational modes of a solid or dis-
solved molecule. In the case of pathological calci-
�cations, advantages and limitations of these two
spectroscopies with respect to sample preparation
and data acquisition have been discussed by Daudon
et al. [58]. At this point, let's recall that a Raman
spectrum depicts the optical transitions between
the various rotational–vibrational energy states of
molecules, or ionic groupments and therefore en-
ables precise characterization of material chemical
composition [54–56,63,64]. The “Raman active” en-
ergy transitions observed in Raman spectra originate
from a change in the polarizability of a molecular
entity, i.e. the distortion of its electron cloud upon
interaction with the incident light (i.e. a strong os-
cillating electromagnetic �eld in the UV, visible, or
infrared energy domain) [56]. Raman spectroscopy
has been applied to several kinds of biological sam-
ples encompassing �uids [65], cells [66], minerals as
physiological [67] and pathological calci�cations [68]
and tissues [69].

Regarding FT-IR spectroscopy, or mid-FTIR re-
gion spectroscopy (wavenumber between 400–
4000 cm¡ 1), the classical FTIR microscope exper-
imental set–up which utilizes conventional sources
(globar) can collect chemical images with a spatial
resolution of approximately 5–10 � m depending
on wavelength [70]. This spatial resolution can be
signi�cantly improved by combining atomic force
microscopy and IR lasers [71–76], in which case spa-
tial resolution is determined by the tip dimension
and thus not di Vraction limit constrained, and can
be around 10 nm. Note that Optical PhotoThermal
IR spectroscopy represents another opportunity,
based on a pump–probe architecture using two laser
sources, one for mid-infrared excitation (the pump)
and the other for measuring the photothermal ef-
fect (the probe). With this geometry, it is possible to
acquire IR spectra with a lateral resolution around
500 nm [75,77–84].

Numerous investigations (see review [85]) have
been performed on cartilage following the pioneer-
ing work of Camacho et al. [86] and Potter et al. [87].
In terms of the preparation protocol, Spencer et
al. [88] have clearly shown that the spectrum of
fresh cartilage displays an altered amide I (1590–
1720 cm¡ 1)/amide II (1480–1590 cm ¡ 1) peak ratio
after 24 h, which corresponds to a signi�cant alter-
ation of the cartilage tissue, the amide I being corre-
lated with the amount of collagen. In the case of CA,
the � 1 and � 3 PO4 stretching vibration modes occur
at 960–962 cm¡ 1 and 1035–1045 cm¡ 1 respectively,
while the � 4PO4 bending mode corresponds to the
bands at 602–563 cm¡ 1. Finally, note the absence of
the bands at 3570 and 633 cm ¡ 1, which correspond
to the stretching and vibrational modes of the OH ¡

groups characteristic of hydroxyapatite [62]. We will
show that other techniques such as X-ray absorption
spectroscopy when applied to nanometer scale ma-
terials [89–91] may also give essential information re-
garding pathological cartilage calci�cations [92–96].

3. Some physicochemical aspects of the cal-
cium phosphate phases in pathological joint
calci�cations

Two distinct calcium phosphate crystalline fami-
lies are prominent in synovial �uids and cartilage,
namely calcium pyrophosphate dihydrates and cal-
cium orthophosphate [97]. In terms of the former,
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both t-CPPD and m-CPPD phases occur in joint
calci�cations. Among the latter family, CA is the
main phase encountered; it corresponds to a non-
stoichiometric nanocrystalline carbonated apatite
family (CA: Ca10¡ x(PO4)6¡ x(HPO4,CO3)x(OH)2¡ x)
[98,99]. Other crystalline calcium phosphate phases
have been occasionally identi�ed in synovial �u-
ids and cartilage: octacalcium phosphate (OCP;
Ca8(HPO4)2(PO4)4 ¢5H2O), tricalcium phosphate
(Ca3(PO4)2) [100], dicalcium phosphate dihydrate
(DCPD) [101], and whitlockite (Ca 9Mg(HPO4)(PO4)6)
[60,102], based essentially on crystal morphology
and size, and elemental composition [103]. As
pointed out by Yavorskyy et al. [14], such diver-
sity of calcium phosphate phases calls for physico-
chemical characterization techniques, and even a
combination of several techniques, in addition to
standard staining procedures which may help to
detect pathological calci�cations [27,28,104] but are
not able to distinguish among these di Verent calcium
phosphate phases. Later we present some physico-
chemical aspects relevant to the main calcium phos-
phates identi�ed in OA cartilage calci�cations: CA
and m-/t-CPPD phases.

3.1. Biological and synthetic nanocrystalline car-
bonated apatites

There are several excellent publications and reviews
on the structural characteristics of phosphocalcic ap-
atites [105–107]. Stoichiometric hydroxyapatite (HA:
Ca10(PO4)6(OH)2) which crystallizes in the mono-
clinic P2 1/b group (Figure 2) has generally been used
as a model for biological apatites (bone mineral and
tooth enamel). Unlike stoichiometric HA, biologi-
cal apatites crystallize in the hexagonal P6 3/m space
group with the following unit cell parameters a Æb Æ
9.41844 Å andc Æ6.88374 Å [105,106].

The presence of signi�cant amounts of carbonate
ions located in the PO 3¡

4 sites (type B carbonated ap-
atite) and the OH ¡ sites (type A carbonated apatite)
in apatites from pathological calci�cations or normal
hard tissues constitutes one of the main di Verences
from the HA stoichiometric model [108]. Long a topic
of debate, non-stoichiometric carbonated apatite is
widely accepted as a model for biological hard tis-
sue apatites, and described by the general chem-
ical formula: Ca 10¡ x � x (PO4)6¡ x (CO3)x (OH)2¡ x � x

with 0 · x · 2 (� is a vacancy) [109–111]. The

presence of hydrogen phosphate (HPO 2¡
4 ) ions in

PO3¡
4 sites has also been reported in biological ap-

atites [112,113]. Both divalent ions (carbonate and
hydrogen phosphate) substituting for PO 3¡

4 are as-
sociated with a charge compensation mechanism
involving the formation of one vacancy on a cationic
site and one on a monovalent anionic site. Each di-
valent ion replacing PO 3¡

4 is thus associated with a
missing OH ¡ , which explains why bone apatite is
depleted in hydroxide ions.

In addition to large substitution capacity, toler-
ance of defects (mainly calcium and hydroxyl de-
�cient non-stoichiometric apatites), nanocrystalline
apatites present speci�c physicochemical and struc-
tural characteristics including exceptional surface re-
activity, making this compound adaptable to various
biological conditions and functions [114,115]. This
reactivity is related to the existence on the nanocrys-
tal surface of an hydrated layer containing mainly
loosely bound divalent ions which can be easily ex-
changed in solution with cations, anions or pro-
teins [116]. The carbonate content may be a clini-
cal marker of alkaline medium. Thus, it is high in CA
crystals identi�ed in OA and bone. By contrast, it is
low in kidney stones, except in the case of urinary
tract infection by urease-splitting bacteriae [117,118].

The hydrated surface layer responsible for the
strong surface reactivity of nanocrystalline apatites
(ageing/maturation, ionic exchange, adsorption) is
the most interesting structural feature but also the
most complex to characterize. The latter can of-
ten be achieved with a combination of methods in-
cluding chemical titrations and spectroscopic tech-
niques such as vibrational spectroscopies (FTIR and
Raman) and solid state nuclear magnetic resonance
(NMR) [119,120]. The model of apatite nanocrystals
based on an apatitic core and a more or less struc-
tured surface hydrated layer including non-apatitic
domains is accepted but the precise description of
the organization within this hydrated layer is still dis-
cussed. The reader will �nd illustrations of the apatite
nanocrystal model in several papers [111,116].

Biomimetic nanocrystalline carbonated apatites
can be synthesized by double decomposition be-
tween a soluble calcium salt solution and a soluble
phosphate salt solution with a large excess of phos-
phate and carbonate ensuring pH bu Vering around
physiological pH [116]. Precipitation of apatite is
achieved by rapidly pouring the calcium solution into
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Figure 2. Spatial repartition of the di Verent atoms in the case of stoichiometric hydroxyapatite (HA:
Ca10(PO4)6(OH)2). Hydrogen and oxygen atoms of the hydroxyl groups represented in blue and dark blue
respectively are located on the c-axis.

the phosphate/carbonate solution at room tempera-
ture and ageing the precipitate in the mother solution
for variable periods of time. It is then �ltered, washed,
freeze-dried, and kept dry in a freezer to prevent from
any transformations. This method yields plate-like
apatite nanocrystals with a size and morphology
analogous to bone apatite crystals (Figure 3).

Biological and synthetic apatite nanocrystals
show a thin platelet morphology elongated to-
ward the c axis with crystal dimensions of less
than 100 nm, and even 50 nm, in length and a
few nanometers in thickness [121]. TEM and SEM
images of biological and synthetic nanocrystalline
carbonated apatites are presented in Figure 3.

Finally, it is worth pointing out the presence of
essential biological trace elements namely Mg, Fe, Sr,
Se and Zn. In the cartilage examples we will show
that the Zn content may be related to in�ammation
(Section 3.2) [122–124].

3.2. Biological and synthetic calcium pyrophos-
phate phases

As opposed to calcium orthophosphates, and espe-
cially apatites which have been extensively studied
over many decades, the physicochemistry of calcium
pyrophosphate phases of biological interest are not
well documented although they were identi�ed more
than 60 years ago in menisci and synovial �uids [125,
126]. One of the main reasons is certainly related
to the di Y culty of obtaining pure synthetic CPPD
compounds in large enough amounts to be able
to thoroughly study the formation of those phases
involved in biological processes and their detailed
characterization.

Calcium pyrophosphate hydrated phases
(Ca2P2O7 ¢nH2O) have been studied in several ex-
cellent investigations [127–131]. Several forms of
pure crystalline and amorphous calcium pyrophos-
phate hydrates have also been synthesized [131]
including the two phases detected in joints of OA
patients, m-CPPD and t-CPPD both of chemical
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Figure 3. (a) TEM observation of bone tis-
sue cross-section. (b) TEM observation of syn-
thetic carbonated apatite (from Ref. [121]).
(c) SEM observation of a pathological calci�ca-
tion composed of apatite (kidney stone).

formula Ca 2P2O7 ¢2H2O. The existence of four
other forms, namely one calcium pyrophosphate
monohydrate phase (Ca 2P2O7 ¢H2O) [132], two
monoclinic calcium pyrophosphate tetrahydrates
(CPPT: Ca2P2O7 ¢4H2O) denoted m-CPPT- � and
m-CPPT-� , and an amorphous phase, denoted a-
CPP (Ca2P2O7 ¢nH2O with n around 4) [131,133–135]
must also be mentioned. m-CPPT � and a-CPP
phases are in vitro precursor phases of m/t-CPPD
phases [126,136]. In acidic medium t-CPPD is the
thermodynamically most stable crystalline phase
of the CPP hydrates, followed by m-CPPD and then
m-CPPT � phases.

Hydrolysis of some pyrophosphate ions (P 2O4¡
7 )

into orthophosphates (HPO 2¡
4 ) can occur in the solid

or in solution according to (1); this reaction is fa-
vored by acidic pH and/or increase of temperature
in solution, and also at high temperature as a solid
state reaction (internal hydrolysis) [130,137]. The
presence of orthophosphate ions may stabilize some
CPP hydrated phases and/or explain the co-existence
of calcium orthophosphate (CA) and calcium py-
rophosphate (m-CPPD and/or t-CPPD) phases in
joint calci�cations.

P2O4¡
7 Å H2O ! 2HPO2¡

4 (1)

A one-step fast protocol allowed the synthesis of
the four CPP hydrated phases of biological interest
(m-CPPD, t-CPPD, m-CPPT � and a-CPP) by con-
trolling the pH and temperature during their precip-
itation by a double decomposition reaction between
potassium pyrophosphate and calcium nitrate salt
solutions [131]. With this method, we obtained pure
m-CPPD powder and fully solved the m-CPPD struc-
ture including precise determination of hydrogen
atom positions using Rietveld re�nement of com-
plementary data from synchrotron powder X-ray,
and neutron, di Vraction (Figure 4) [135]. Its unit-cell
corresponds to the monoclinic system P2 1/n and its
parameters are: a Æ12.60842(4) Å,b Æ9.24278(4) Å,
c Æ6.74885(2) Å and � Æ104.9916(3)°. The m-CPPD
cell includes four formula units. The volume per
formula unit is 189.93(1) Å 3; it is almost equal to
that of the t-CPPD structure, 189.32(9) Å 3, the other
CPPD phase found in OA joints, which presents a
high in�ammatory potential but lower than that of
m-CPPD [138,139]. These new structural data on this
pathological phase, with the highest in�ammatory
potential among the crystalline CPPD forms [140]
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