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Abstract. Although numerous pathologies are associated with abnormal skin deposits, these remain
poorly described, as accurate characterization continues to present a challenge for dermatologists.
Their submicrometer size as well as their diverse chemistry require various characterization tools. We
aim to exemplify characterization of endogenous and exogenous skin deposits in some selected skin
diseases using diVerent physico-chemical techniques. We begin with a presentation of selected dis-
eases associated with skin deposits. We then present those of our results which show their variety of
structure, location and chemical composition, obtained with various tools: Field Emission Scanning
Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy, X-ray uorescence, vibra-
tional spectroscopies, as well as techniques speci ¢ to synchrotron radiation. Our results constitute a
real opportunity to improve diagnosis, and to understand the pathogenesis of many skin diseases, and
opportunities for therapeutic intervention.

Keywords. Dermatology, Calcication, Vibrational spectroscopies, Electronic microscopy, Syn-

chrotron radiation.
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1. Introduction

A wide variety of diseases produces pathological de-
posits intissues, including cancers, genetic disorders,
infectious processes and environmental diseases.
Such diversity explains the strong interest of the sci-
enti ¢ and the medical community in these patho-
logical deposits, as well as the di Y culty of establish-
ing a meaningful relationship between their physico-
chemistry and the underlying pathology [1-6].

In dermatology, the medical literature reveals the
same complexity, and various skin diseases are asso-
ciated with either endogenous (mineral or organic)
or exogenous deposits [7,8]. Mineral endogenous de-
posits are generally composed of calcium phosphate
apatite deposits, and are often considered to be pro-
voked by the skin disease itself [9], while exogenous
deposits can present various chemical phases, and
are often considered as potential disease causes [10].

Due to their submicrometer size as well as their
chemical diversity, characterization of pathological

deposits in the dermis cannot be performed with
conventional techniques routinely used in hospi-
tal laboratories. Some standard staining procedures
such as von Kossa, Yasu or alizarin red, can demon-
strate the phospho-calcic nature of the deposits, but
they do not provide further information on their
chemical composition [11]. It is therefore necessary
to develop physico-chemical techniques able to de-
scribe their structural characteristics at a microme-
tre, or even nanometer, scale, as well as their chemi-
cal composition [12,13]. Such an approach has been
applied successfully to various pathological calci ca-
tions in di Verent organs, such as the kidney [14,15],
prostate [16,17] or thyroid [18,19].

Various techniques can be used, including Field
Emission Scanning Electron Microscopy coupled
with Energy Dispersive X-ray Spectroscopy (FE-
SEM/EDX) [20-22], ! X-ray uorescence (XRF)
[23-25], t X-ray scattering [26—29], vibrational spec-
troscopies: ! Fourier Transform Infra-Red (FTIR) and
1 Raman spectroscopies [30—35] as well as techniques
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speci ¢ to synchrotron radiation [36—39] such as X-
ray absorption near edge structure (XANES) [40-45].
These techniques allow the clinician a deeper un-
derstanding of the biophysical mechanisms related
to the pathogenesis of an abnormal deposit [46],
establish a medical diagnosis [47-50] and have a
better idea of the e Vects of drugs on pathological
calci cations [51].

The aim of this paper is to present structural and
chemical characterisations of both endogenous and
exogenous deposits seen in various skin diseases and
to discuss the advantages and the limitations of dif-
ferent physico-chemical techniques.

2. Generalities regarding skin calci cations

We will rst review de nitions related to skin calci-
cation with reference to the literature, after which
we will present some recent results using physico-
chemical techniques on various skin disease.

2.1. Usual description of disease related to skin
calci cations

Skin calci cation, also known as calcinosis cutis, has
been described for decades, and linked to in amma-
tory, metabolic, tumoral, genetic and infectious skin
diseases [52].

Various authors have proposed classi cations of
these diseases based on the physiological process
leading to the pathological skin calci cations. Four
categories are generally recognized: metastatic, dys-
trophic, idiopathic and iatrogenic calci cations [53],
mainly distinguished based on their formation
mechanism. The most commonly encountered skin
calci cations are metastatic and dystrophic [52].

As Table 1 shows, skin calci cations are not always
associated with abnormal calcium and phosphate
serum levels. Dystrophic calci cations, for example,
are induced by local tissue injury or abnormalities
aVecting collagen or elastic bres speci cally. Sys-
temic sclerosis [54], lupus erythematosus [55], der-
matomyositis [56], or mixed connective tissue dis-
eases, are typical examples of skin pathologies that
induce such tissue damage, leading to a calci ca-
tion nidus. In contrast, metastatic calci cations re-
sult from skin calci cations that form on normal tis-
sue adjacent to areas with abnormal calcium and/or
phosphate metabolism [53].

Figure 1. Vascular (red arrow) and subcuta-
neous (green arrow) skin calci cations of the
lower limb, in the case of chronic venous insuf-
ciency and leg ulcers.

Some diseases are not easily classi ed into these
categories. Pseudoxanthoma elasticum, for example,
is an inherited disease, associated with both a de cit
in anti-mineralizing factor (pyrophosphate) and al-
terations of elastic bres [57]. The initial phenome-
non causing the disease is still disputed, making cal-
ci cations observed in pseudoxanthoma elasticum
diY cultto classify from dystrophic to metastatic cal-
ci cations.

Many skin structures can be calci ed, especially
in the dermis, including vessel walls and dermal in-
terstitium. Figure 1 illustrates the radiological aspects
of dystrophic calci cations in chronic venous insuf-
ciency and leg ulcers. Presence of both vascular cal-
ci cations, shown by the linear aspect of the deposit,
and dermal calci cations, illustrated by a more scat-
tered aspect, are depicted.

While in mammalian epidermis a characteris-
tic calcium gradient exists between lower and up-



448 Hester Colboc et al.

Table 1. Types of skin calci cations and related diseases with some of their mechanisms

Type of calci cations  Calci cation mechanism

Related diseases

Metastatic Systemic alteration of calcium phosphate Chronic kidney disease
metabolism Calciphylaxis
Hyperparathyroidism
Paraneoplastic syndrom
Sarcoidosis
Dystrophic In ammation/cell death or mineral Connective tissue diseases
deposition at sites of tissue damage or Scleroderma
alteration of collagen and elastin bres Lupus erythematosus
Serum calcium and phosphate levels are Dermatomyositis
within normal ranges Cutaneous neoplasms
Infection
Trauma
Chronic venous insu Y ciency
Inherited disorders
Werner Syndrome
Pseudoxanthoma elasticum
Ehlers—Danlos syndrome
Familial tumoral calcinosis
Idiopathic No underlying tissue damage or metabolic Subepidermal calci ed nodules
disorder
latrogenic Elevated tissue concentration of calcium Intravenous calcium or

and tissue damage at the site of

extravasated calcium

para-aminosalicylic acid

per layers of the epidermis, little data exists regard-
ing the calcium gradient within the dermis [58-60].
A dermis calcium gradient and its disruption con-
sequent on disease remodelling of skin structures
may play a role in skin calci cation. However, not all
patients with disrupted calcium-phosphate metabo-
lism, nor all patients with local tissue injury, develop
skin calci cations. It is probably the consequence of
a complex interaction between metabolic disorders
and genetic predispositions.

2.2. Diversity of skin calci cation localisation
and morphology

Latest generation FE-SEM allows a submicrometer
scale structural description of these calcied de-
posits [20—22]. While optical microscopy is limited to
a magni cation of ca. 1000 (i.e. with a 100 £ objective
and a 10£ eyepiece), low voltage electrons can de ne
skin surface topology at magni cations greater than

10,000, constituting a unique opportunity to describe
micro calci cations undetected optically.

For our observations, we used a Zeiss SUPRA55-
VP SEM, a eld-emission “gun” microscope (FE-
SEM) operating at 0.5-30 kV. High-resolution obser-
vations were obtained using an Everhart-Thornley
SE detector. An in-lens SE detector is also available.
All the measurements were taken at low voltage (be-
tween 0.5 and 2 kV) without the usual carbon de-
posits at the sample surface. Electron induced X-ray
uorescence experiments are also possible. Five mi-
cron tissue slices were deposited on low-e micro-
scope slides (MirrIR, Kevley Technologies, Tienta Sci-
ences, Indianapolis) to enable IR measurements to
be performed on the very same sample [13]. Figure 2
shows ve skin slices deposited on the low-e micro-
scope slide and positioned in the FE-SEM.

Based on such FE-SEM observations, we identi-
edthree di Verentlocations where skin calci cations
are typically observed: hypodermis, vessel, and der-
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Figure 2. Skin biopsy slices are shown on the low-e microscope slide, positioned in the FE-SEM.

mal bres (Figure 3). These micrometer scale de-
scriptions constitute a signi cantly complementary
approach to the usual routine hospital radiologic
observations shown in Figure 1. Indeed, the spatial
resolution of radiological measurements is far infe-
rior [61]; FE-SEM therefore provides unique informa-
tion regarding the exact location of sub micrometer
pathological skin deposits.

FE-SEM also provides information on the mor-
phology of the pathological calci cations. Morphol-
ogy of skin calci cations varies: in Figure 3A and B
calci cations appear as voluminous plaques while on
Figures 3C, 4 and 5, high magni cation emphasizes
sub-micrometre spherical entities.

Calci cation size is also very variable. Some are
nanometric, making them di Y cult to identify. For
example, in Figure 5 we can see that the calci cation
sizeislessthanl m.

Regarding the formation mechanisms of the dif-
ferent morphologies of skin calci cation, we can hy-

pothesize that the agglomeration of small spherical
bodies leads to the formation of a plaque (Figure 6A).
A similar mechanism has been identi ed in ectopic
breast calci cations [62] (Figure 6B). These similar-
ities hightlight the fact that the pathogenesis of ec-
topic calci cations can be similar although the tissue
and its function may be very di Verent.

2.3. Chemical diversity of skin calci cations

Literature regarding the chemical composition of
skin calci cations is scanty. What exists almost con-
sistently reports carbapatite (calcium phosphate ap-
atite) [63—65] as a unique chemical phase in the skin,
which was usually the case in the samples we studied.
However, our complete set of investigations reveals
at least three chemical phases: namely calcite (one
of the CaCOj3 polymorphs [66]), amorphous carbon-
ated calcium phosphate (ACCP) and carbapatite (Ta-
ble 2). More precisely, in both calciphylaxis and arte-

449



450 Hester Colboc et al.

Figure 3. DiVerent skin calci cation localisation. Calci cation in the hypodermis in cases of calciphy-
laxis; (A) FE-SEM, (B) Von Kossa-stained £ 400. Massive circumferential calci cations of a dermal capil-
lary in cases of calciphylaxis; (C) FE-SEM, (D) HES-stained £ 400. (E) Nanometric spherical calci cations
in dermal bers in a case of sarcoidosis, not visible in optical miscroscopy. FE-SEM.

riosclerosis, we identi ed carbapatite, while calcium
deposits observed in sarcoidosis were composed
of calcite. The variety of dermal bre structural mod-

i cation associated with di Verent skin diseases may
lead to di Verent modi cations of skin functions and
therefore the formation of di Verent chemical types of
calci cations.

Very few studies discuss the chemical diversity of
skin calci cations. Among these, a report by Reid and
Andersen [67] mentioned the presence of dolomite
(not really a true calcium carbonate as its stoichio-

metric formula is CaMg(CO 3)2). Yet, this chemical
diversity has been well described in other organs:
diVerent calcium carbonate polymorphs have been
identi ed in pancreatic stones, gallstones, salivary
stones, and in the liver [68-71]. A better under-
standing of the chemical variety of skin calci cations
would probably help in understanding the patho-
physiology of these skin diseases, as well as the ther-
apeutic options.

Carbapatite and its precursor ACCP represent
compounds identied in pathological calcica-
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Figure 4. Calci ed spherical bodies at the periphery of a granuloma in a sarcoidosis case, observed using

FE-SEM.

tions present in kidney, cartilage, thyroid, aortic
valve, and breast [72—76]. At this point, it would be
useful to summarize some relevant chemical char-
acteristics of carbapatite. Biological apatites corre-
spond to substituted calcium hydroxyapatite (HAP,
Cayo(PO4s)6(OH)) [77-81]. The fundamental struc-
ture can tolerate substitutions by other ions with
the same or a di Verent charge. Some cations which

can replace Ca??A are Pb?A, SPA, Co?, zn?A | Fe?A,
cu?* or Mg A Investigations regarding a possible
insertion of these cations in biological apatite have

thus been performed [82—84]. Other substitutions in-

volve replacement of the original PO ﬁi and OH'! an-
ions which may have the same or a di Verent electric
charge (for example Fi substituted for OH i or CO%i
substituted for PO ii and/or OH 1 ). This wide range of
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Figure 5. Calci ed spherical bodies in a case of calciphylaxis, observed using FE-SEM in the vessel wall

(A and B) and on the surface of an adipocyte (C and D).

ion substitutions can modify the physico-chemical
and biological properties of apatites.

Numerous studies have been devoted to apatites
which are conventionally regarded as conforming to
the A5(BO4)3X canonical chemical formula [85,86].
The crystallographic structure (Figure 7) of apatite is
well known, the space group is P6 3/m with a &b A
9.41844 A c /F6.88374 A [87,88].

The framework of the stoichiometric calcium hy-
droxyapatite can be described as an assemblage of
tetrahedral PO 4 groups [89,90]. An interesting aspect
of this is the existence of two channels. The rsthas a
diameter of 2.5 A and is surrounded by Ca 2A cations
while the second is wider (3-4.5 A).

Finally, biological apatites display some specic
features. One is the widely reported de ciency of

OHi [91-93]. Another, established more recently, is
the presence of hydrogen phosphate (HPO ﬁi ) ions
in Poﬁi sites [94]. Thus, as proposed by Combes et
al. [80], we report in Table 2 the general formulae for
biological apatites.

Regarding physicochemical investigations of bio-
logical apatites, it is of major importance to under-
line that the physicochemical characteristics of cal-
cium phosphate apatite may signi cantly in uence
medical diagnostic. For example, in kidney stones, a
high carbonate level in calcium phosphate apatite,
as well as the presence of amorphous calcium phos-
phate apatite, indicate an infectious process imply-
ing the need for antibiotics [48,95]. The morphol-
ogy of the kidney stones at the macroscopic scale as
well as the morphology of calcium phosphate apatite
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Figure 6. FE-SEM: (A) Agglomeration of spher-
ical bodies (red arrow) leading to the forma-
tion of a plague (blue arrow) in a case of calci-
phylaxis. (B) Comparison with calci cationin a
case of breast cancer: agglomeration of spheri-
cal bodies (red arrow) leading to the formation
of a plaque (blue arrow).

crystallites at the micrometre scale may indicate an
inherited distal renal tubular acidosis [49] or primary

hyperoxaluria[47,96]. Finally, its zinc content may in-
dicate in ammatory processes [84,97,98].

Another interesting aspect is that calci cation
morphology at the micrometre scale is not predictive
of its chemistry. Spherical calci cations, for exam-
ple, could be composed of either calcite or carbap-
atite. The calci cation localisation (vascular, dermal

or hypodermal) within the skin tissue again does not
correlate with chemical composition, suggesting a
relatively modest contribution of the skin tissue en-

vironment to the calci cations chemistry.

3. Generalities regarding exogenous skin de-
posits

The exposome concept was conceived in 2005 to rep-
resent the environmental, i.e. non-genetic, drivers of
health and disease [99]. The exposome concept takes
into account exposure to particles present in food
and air or directly in contact with the skin. Skin pro-
tects the body from the external environment and it
is therefore directly impacted by the exposome.

Penetration of this exogenous material can occur
after a trauma, an injection, or a tattoo puncture;
they have also been shown to penetrate into the skin
through follicular ori ces, for example after cosmetic
application [100].

There is an increasing interest in understand-
ing the eVects of exogenous materials, including
nanoparticles, on living tissues, among them skin.
Recent developments in nanotechnology have estab-
lished a link between exogenous deposits and some
in ammatory diseases, such as in sarcoidosis [101,
102], frontal brosing alopecia [103,104] and tattoos
[105,1086].

4. Physico-chemical characteristics of de-
posits in various skin diseases

4.1. Calciphylaxis

Calciphylaxis is a disease with high morbidity. It af-
fects up to 4% of patients with end stage renal dis-
ease, and its incidence rate increases for those on
chronic hemodialysis [107]. Calciphylaxis is unlikely
for patients with normal renal function.

The signi cant morbidity and mortality of calci-
phylaxis results from extensive skin necrosis, septic
complications, and organ failure, which are the di-
rect consequences of these ectopic calci cations. Fe-
male sex, diabetes mellitus, high body mass index,
elevated calcium, phosphorus, and parathyroid hor-
mone serum levels, nutritional status, and cinacal-
cet or vitamin K antagonist treatments, are associ-
ated with an increased risk of developing the dis-
ease [108,109].
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Figure 7. Crystallographic structure of the apatite 001 (top) and 010 (bottom) planes (from Ref. [77]).

Table 2. DiVerent calcium phosphate compounds with their stoichiometry and their Ca/P ratio

Skin diseases Serum calciumand  Calci cations'
phosphate levels localisation

Calciphylaxis  Usually elevated  Vessels, dermis,
hypodermis

Calciphylaxis  Usually elevated  Vessels, dermis,
hypodermis

Sarcoidosis Usually normal Dermis
(surrounding
granulomas)

Chemical phase Stoichiometry
Amorphous Cag(PO4)s NH 20
carbonated calcium
phosphate (ACCP)
Carbapatite Caio; x(POs)s; x(HPOZ! or
CO3 )x(OH)2; x With 0 - x - 2
Calcite CaCO3

Treatments usually achieve poor outcomes. They
include calcimimetics, surgical parathyroidectomy,
sodium thiosulfate, and bisphosphonates [110-112].
Pathogenesis of the disease is still under debate.
Calci cations observed in calciphylaxis are con-
sidered to be metastatic calci cations, as they oc-
cur in patients with a phospho-calcic metabolic
disturbance [52,53]. However, some authors also
suspect that metalloproteinase digestion of elastin

might occur in calciphylaxis, enhancing deposition
of calcium within these modi ed elastic bres [113].
In this hypothesis, calcium deposits in calciphylaxis
could also be considered as dystrophic calci cations.
Other authors suspect that metal deposits in the skin
tissue are a trigger for a phenotypic switch of vas-
cular smooth muscle cells from a contractile to an
osteogenic phenotype [114].

Recently, we have combined FE-SEM observa-
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Figure 8. Optical microscopy and FE-SEM comparisons in calciphylaxis. Optical microscopy showing
multiple calci cations along adipocytes and in vessels walls, (A) Hypodermis, arrow head: calci ed

vessel, HES£400, (B) Hypodermis, arrow: calci cations along adipocytes, Von Kossa

£400. FE-SEM:

(C) Massively calci ed vessel, (D) Calci cations along adipocytes.

tions of calcic skin deposits in calciphylaxis with FT-
IR and Raman spectroscopic chemical analysis, and
compared these results to calci cations observed in
arteriosclerosis [63]. We showed that calci cations in
calciphylaxis are composed of carbapatite, always lo-
cated circumferentially, mostly in the intima of oth-
erwise normal-looking vessels and often associated
with interstitial deposits (Figure 8). Although vascu-
lar calci cations in arteriosclerosis were also com-
posed of carbapatite, they are associated with me-
dial hypertrophia, localized to parts of the vessel,
and not associated with interstitial deposits. These
results suggest a diVerent pathogenesis and pro-
vide new insights into calciphylaxis pathogenesis
that could explain the poor outcomes of vasodilators
compared with the relative e Vectiveness of calcium-
solubilising-drugs.

4.2. Sarcoidosis: cases of exogeneous and endoge-
nous abnormal deposits

Sarcoidosis or Besnier-Boeck—-Schaumann dis-
ease [115] is a chronic, multiorgan in ammatory
disorder. The disease onset peaks during the third
and fourth decades of life, and has a higher inci-
dence among women and in Afro-American pa-
tients [116,117]. If the lungs are a Vected, in the vast
majority of diagnosed patients other organ systems
are often aVected as well [118,119]. According to lit-
erature [120], skin is the second most a Vected organ,
and may be involved in 25% to 30% of cases. Cuta-
neous sarcoidosis preferentially a Vects sites of prior
injury such as tattoos [121,122] and scars [123].
Although clinical phenotypes, particularly of cu-
taneous lesions, are widely variable, the hallmarks of
sarcoidosis are always noncaseating epithelioid and
giant cell granulomas. The granulomatous in am-
mation (Figure 9) observed in sarcoidosis is consid-
ered to be caused by a complex interaction between
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Figure 9. Optical microscopy and polarized light examination of granulomas in skin sarcoidosis, showing
birefringent particles (arrow): (A) HES £100, (B) HES£ 400.

genetic background, environmental agents, infec-
tious antigens, and T lymphocyte driven immune re-
actions [124].

Sarcoidosis, as well as being observed in other
granulomatous diseases, is associated with calcium
metabolism disorders. High serum calcium levels
are seen in 5 to 10% of patients, mainly due to
dysregulated production of calcitriol by activated
macrophages which form the granulomatous lesions.
These metabolic disturbances may lead to calcium
deposits in various organs, including the skin, caus-
ing metastatic calci cations [125]. Reid and Ander-
sen have indeed reported the presence of calcium ox-
alate and phosphate deposits in sarcoidosis involv-
ing lymph nodes and lungs [67]. Even though these
chemical analyses have been done in di Verent or-
gans, they have never been performed in skin sar-
coidosis.

Exact causes of the disease are still unknown; how-
ever the role of environmental mineral particles is
highly suspected on epidemiological grounds [126].
There is a polarizable material in the centre of some
granulomas, suggesting that foreign materials could
be a nidus for granuloma formation and a potential
trigger for the disease [127-130]. Using biopsy spec-
imens of granulomatous lesions from 50 patients,
Kim et al. [131] have estimated the frequency of po-
larizable foreign bodies in cutaneous lesions of sar-
coidosis. These authors noticed that polarizable for-
eign bodies were present in the granulomatous skin
lesions of 12 of 50 patients (24%) with cutaneous sar-
coidosis. Using electron probe microanalysis, they
identi ed the following elements: Calcium, phos-

phorus, silicon, and aluminium. Unfortunately, such
a characterization technique is not able to identify
the compounds in which these elements occur.

Electron microscopy has been used in several pre-
vious investigations [114-118]. For example, Take-
mura et al. [132] clearly demonstrated that ultra-
structural examination improves the diagnostic util-
ity of endomyocardial biopsy in cardiac sarcoido-
sis, by clearly identifying even only one epithelioid
cell. More recently, Kuribayashi et al. [133] showed
by electron microscopy that multinuclear giant cells
were formed by epithelioid histiocytes and an aggre-
gation of lymphocytes. Interesting FE-SEM results by
Catinon et al. [134] indicate the presence of calcium
phosphate particles in 7 out of 10 patients.

Recently, we have investigated 14 skin biopsies
from cutaneous sarcoidosis patients by FE-SEM/EDX
and FTIR spectroscopy [135,136]. FE-SEM allowed
the identi cation in three patients of silica in the cen-
tre of skin granulomas (Figure 10). Some FE-SEM ap-
paratus are able to acquire X-ray uorescence spec-
tra [20—22] so it is possible to know the elemen-
tary composition of speci ¢ materials in the tissue.
Note that this selection can be performed at the sub-
micrometer scale when electrons are employed as
probes.

Figure 10E displays the X-ray uorescence spectra
induced by the primary electrons of the microscope
on the foreign material we identi ed, and we can
clearly see the contributions of Si (K @ £1.740 keV)
and the contributions of other elements in the sup-
port (Zn, L @1 A£1011.7 keV; Ag, ley A£2.984 keV).
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Figure 10. (A-D) FE-SEM photographs of foreign material in the skin biopsy of the arm of a patient with
cutaneous sarcoidosis. (E) EDX spectrum identi es silica in the abnormal deposit at the centre of the
granuloma.

To determine the chemical nature of the foreign nigue for chemical analysis of biological tissues (Fig-
material precisely, FTIR data have been collected ure 11) [137-139]. This spectroscopy detects vibra-
on the same sample. Infrared spectroscopy is an tional energy levels and phonons of materials and

advantageous, non-destructive, and label-free tech- leads to precise chemical and structural information
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Figure 11. Slices from a skin biopsy are visible on the low-e microscope slide, which is positioned in the

FTIR spectrometer.

by comparison with data bank reference spectra [30].

It is convenient to conceptualize an IR spectrum
as two regions: 4000-1000 cm' * known as the func-
tional group region, and C1000 cmi * known as the

ngerprint region, even if for many chemists the
dividing line is in fact 1450 cm i 1. The functional
group region contains relatively few peaks, which are
typically associated with the stretching vibrations of
functional groups. Inthe ngerprint region, the spec-

tra usually consist of bending vibrations within the
molecule. This region is the key to the data analysis
because it is here that each distinct compound pro-
duces its own unique pattern of peaks, e Vectively a
ngerprint [140-143].

A large number of investigations are based on an-
other vibrational spectroscopy, namely Raman [33—
35]. As emphasized by Khulbe and Matsuura [144,
145], infrared and Raman spectra of a given molecule
complement each other. The symmetrical stretching,
nl (normal vibration) of CO  is infrared inactive, but
active in Raman. On the contrary, the bending, ©°,
and asymmetric stretching, ° 3, vibrations are Raman
inactive and infrared active.

These diVerences arise from the fact that infrared
spectroscopy exploits an absorption process depen-
dent on the permanent dipolar moment of a molec-
ular bond, while Raman spectroscopy is a scattering
process related to a modi cation of the polarizabil-
ity (induced change of the dipolar moment) of the
molecule.

Recently, KraVt et al. [146] have compared these
two spectroscopies in colon tissue applications.
These authors note that the advantages of FTIR
imaging are related to shorter acquisition times and
higher spectral quality, while Raman imaging dis-
plays better spatial and spectral resolution. Also,
signi cant di Verences also exist with respect to the
preparation of biological tissue samples.

In Figure 12, the infrared bands show clearly that
the foreign material is composed of crystalline sil-
ica [135], a chemical characteristic clearly indicating
an exogenous origin of this abnormal deposit.

As we have seen previously, FE-SEM also oVers the
possibility of precisely describing skin deposits. For
two of the samples, we have been able to pinpoint
nanometer scale spherical bodies between the col-
lagen bres not detectable by classical optical mi-
croscopy. To determine their chemical composition
(Figure 13A), we performed FTIR spectroscopy (Fig-
ure 13B) as well as EDX measurements (Figure 13C).
Based on speci ¢ IR absorption bands, we can con-
clude that the spherical entities are calcite. On EDX
analysis, we noticed the absence of a uorescent P
signal (2.01 keV) and the presence of a signi cant sig-
nal related to Ca (3.7 keV) in line with the FTIR spec-
trum showing the presence of calcite.

Another striking result of this investigation was
the identi cation of spherical calcite entities in the
periphery of the granuloma in 4 patients. This is in
line with the fact that sarcoidosis, as well as observed
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Figure 12. Infrared spectrum of the foreign material. The absorption bands at 1074 and 1038 cm

ilare

associated with crystalline silica. Also, we can clearly see the ®-quartz doublet (Silica) around 800 cm i1
in accordance with established infrared spectrometric data [30].

in other granulomatous diseases, is associated with
calcium metabolism disorders [146,147].

Based on the entirety of our data, sarcoidosis ex-
empli es a case where both endogenous and an ex-
ogenous pathological deposit can be identi ed. Note
that the presence of the nanometer scale endoge-
nous calci cations cannot be discerned through clas-
sic staining procedures. This speci ¢ chemical com-
position observed only in sarcoidosis may be due
to the signi cant dermal structure modi cation ob-
served in the disease, which modi es the physiolog-
ical spatial distribution of calcium through granu-
loma driven skin restructuring. A well-developed sar-
coid granuloma consists of a tightly packed conglom-
erate of epithelioid- and multinucleated-giant cells
encircled by lymphocytes, especially CD4 A T helper

cells, but also rare CD8 A T cells and B cells [147-149].

Such reorganisation may lead to a speci c calci ca-
tion pathogenesis in sarcoidosis, explaining the pres-
ence of calcite and not carbapatite.

4.3. Tattoo-associated keratoacanthoma

Tattooing involves introducing pigmented material

into the dermis by puncturing the skin, in order to

obtain a permanent design. It is a very old practice,
which has probably been performed since the Ne-
olithic times [150]. Nowadays, tattoos are very wide-
spread: in Europe, there are around 100 million peo-
ple with tattoos [151,152]. Tattoo inks are made of al-
most insoluble pigments mixed with additives such

as formulants, dispersants, and preservatives [153,
154]. Nowadays, natural pigments are very rarely
used, and most tattoo inks are composed of syn-
thetic substances [155-160], allowing cheaper mass
production of inks with a large variety of shades. The
composition of tattoo inks is poorly regulated world-
wide, including in Europe, with few recent guide-
lines [161,162]. Various types of carcinogenic com-
pounds occur in tattoo inks, including primary aro-
matic amines (PAA), cleavage products of organic
azo colourants used in the inks [163]. Tattoos there-
fore eVectively present permanent lifelong exposure
to potentially carcinogenic compounds [164,165].
Many cases of skin cancers occurring within tattoos
have been reported, including cases of keratoacan-
thoma (KA) on red ink, and the role of PAA is sus-
pected [166,167]. Furthermore, cases of multiple or
recurrent KA on tattoos have been reported, making
the causality link between these skin tumours and
tattoos even stronger [168].

Recently, we published an investigation regard-
ing the chemical composition and distribution of
tattoo inks within tattoo associated KA [169]. Clin-
ical and histopathological data from three patients
coming from Bichat Hospital diagnosed with tat-
too associated KA in 2017 were selected (Figure 14).
The medical le was completed by structural and
chemical characterisation of tattoo inks within KA.

Regarding laboratory characterization tech-
niques, we used X-ray uorescence (XRF) [23-25]
to identify the inorganic elements and Raman spec-
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Figure 13. (A) Optical photograph of skin sarcoidosis; (B) Infrared spectrum of the peaks characteristic
of calcite (1087 cm' 1 (weak), 881 cmi 1, 1432 cmi 1, 712 cmi 1) in a protein matrix, from the area corre-
sponding to the red square on the map, located in the dermis. (C) Electron induced X-ray uorescence
of the sample. The contributions of trace elements from the support, namely Zn (1.01 keV), Si (1.74 keV)

and Ag (2.98 keV), are clearly visible.

troscopy to identify the organic compounds present

in tattoo inks [170-173]. As we can see in Figure 15,
the sensitivity of laboratory XRF is su Y cient to show
the presence of various elements in a skin biopsy.
The micrometre resolution of Raman spectroscopy
enabled the identi cation of an organic compound,
namely the Pigment Red 170 (PR170) dye, as well as
agglomerates of TiO » nanoparticles (Figure 16). Even
though it is usually possible to de ne the chemical

nature of iron oxide [174,175], this approach was not
possible with our sample, probably due to a lack of
sensitivity.

Like other researchers working on tattoos [176,
177], we also used synchrotron characterization
techniques, speci cally XANES spectroscopy where
acquisition at the iron K edges (Figure 17) de nes the
iron environment.

While Ti always has an exogenous origin, iron and
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Figure 14. Optical microscopy of a KA developed on a tattoo made of red ink, from one of the three
patients previsously described. (A) HES £ 25. (B) Super cial dermis, HES £ 400.

Figure 15. Laboratory XRF spectra of skin reaction to a tattoo. The sample contains high levels of iron
and zinc which may be of exogenous or endogenous origin.
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Figure 16. Caption continued on next page.
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Figure 16 (cont.).

(A) Optical micrographs of the samples of the three patients previously described, at

two di Verent magni cations (10 £ and 100£ ) revealing micron size red pigment clusters. In patient 1, note
the heterogenous and lighter aspect of the red pigment, suggesting the presence of nanoparticles of TIO .
(B) Corresponding Raman spectra. Reference spectra are also given as a comparison: PR170 dye sample
(Kremer) and rutile (TiO ) downloaded from the RRUFF database.

Table 3. Synthetic iron oxide (found in pig-
ments)

Name Formula  Colour
Hematite Fe 203 Red
Magnetite Fe 304 Black
Goethite FeO(OH)  Yellow
Limonite Fe ,03H,0 Brown

Table 4. Synthetic compounds used as pig-
ments

Colour Ingredients
Black Magnetite
Red Iron oxide/common rust, ferric
sulfate, hematite,
Green Ferrocyanide and ferro-ferric cyanide,
Blue Ferric ferrocyanide

zinc can be either exogenous or endogenous. XANES
spectroscopy can be used to chemically character-
ize these elements; for example, in the case of iron,
XANES spectra of human adult deoxyhaemoglobin
and myoglobin have been measured [178]. For ex-
ogenous iron,amongthe di Verentcompounds which
have been identi ed in pigments, H. Petersen and D.
Lewe noticed the presence of the following oxides:
Fe, O3, FeO(OH) and Fe304 [176]. Table 3 summarizes
synthetic iron oxides used as pigments [179]. Islam
et al. [180] reported other chemical compounds con-
taining iron (Table 4). As we can see, ferric sulfate,
ferric ferrocyanide (the anion [Fe(CN) ¢]* ) and ferri-
cyanide (the anion [Fe(CN) g]i 3) may be also present.
Most of the particles used in pigments can be consid-
ered to be nanomaterials [181].

Other elements in tattoo ink are associated with
the iron or titanium. For example, as underlined by
Prior [153,154], all iron oxide pigments contain minor
amounts of nickel impurities, even when iron oxide
pigments are re ned to a high degree of purity. The

fact that nickel incorporates into the crystal struc-
ture constitutes a health risk of possible allergic re-
actions [153,154].

Figure 17 shows the spatial repartition of iron in
a KA developed on tattoo ink. When we compare the
experimental Xanes spectra of the selected POI with
that ofv goethite, it is quite clear that this compound
has been used.

4.4. Frontal brosing alopecia

Fibrosing frontal alopecia (FFA) was rst described
20 years ago. It is characterized by scarring alope-
cia on the anterior area of the scalp and mainly af-
fects women after menopause [182]. Its origin is un-
known, but as the number of cases continues to in-
crease, it is suspected that extraneous compounds
found in leave-on facial skin care products are impli-
cated [183]. TiO» is the most widely used white pig-
ment. It is found in a very large number of products:
paints, construction materials, food (candies, cook-
ies, etc.), pharmaceuticals (capsule shell, toothpaste,
etc.) but also in cosmetics: creams and sunscreens,
due to the UV blocking properties of TiO ,. The po-
tential toxicity of TiO » is currently a major public
health concern—TiO » has been classi ed in group
2B (“possibly carcinogenic to humans”) by the Inter-
national Agency for Research on Cancer; the long-
term dermatological impact of these particles is not
yet well known in humans. It is still debated whether
TiO» penetrates the stratum corneum, but it has been
clearly demonstrated that it can be deposited in the
follicular ori ce [184].

In a previous publication, we reported nding tita-
nium dioxide (TiO ;) nanoparticles along the hair fol-
licles of a patient with FFA, who had been using daily
sunscreens containing TiO » for years [104]. The anal-
yses were carried out by electron microscopy, and by
X-ray uorescence spectroscopy at the Nanoscopium
beamline (Figure 18). First, a search for nanoparti-
cles was carried out by scanning electron microscopy
coupled with energy dispersive X-ray absorption
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Figure 17. (A) Xanes spectroscopy set-up at Synchrotron Soleil, Di Vabs beam line. (B) XANES spec-
troscopy at the Fe K-edge: XANES spectra at Fe K-edge were acquired at 7 points of interest (POI) in order
to characterize the Fe environment.
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Figure 18. Nanoscopium set up. 1: Sample. 2. X-Ray uorescence detectors. 3: Visible microscope for
sample alignement. 4: Nanopositioning for high spatial resolution. 5: Stepper motors for large eld of

view.

spectroscopy. Abnormal deposits, micrometric in
size, were observed along the hair and their analysis
revealed that they contained titanium.

To re ne these results, the deposits were studied
on the Nanoscopium beamline of the Synchrotron
Soleil by uorescence spectroscopy using an X-ray
nanobeam (300 £ 300 nm?), in order to obtain ele-
mental maps of several areas of these deposits [185].
Figure 19 shows a typical X-ray uorescence
spectrum in which contributions of di  Verent ele-
ments appear, namely S, Ca, Ti, Fe, Zn and Br.

As we can see on Figure 19, XRF spectroscopy is
able to detect di Verent elements in biopsy [186,187]

and thus can play a major role in metal intoxica-
tion [188]. Here we would like to consider three of
them namely sulfur, zinc and titanium and thus dis-
cuss health problems not connected to pathologi-
cal calci cations. X-ray Sulfur detection in human
hair bers (Figure 19) is due to the fact that hair is
primarily composed of keratin proteins with a very
high content of cysteine, a sulfur-containing amino
acid, which commonly forms cystine via a disul de
bond [189,190]. The detection of sulfur in hair by XRF
and XANES in dementia has been discussed, for ex-
ample by Siritapetawee et al. [191] in the context of
possible roles of calcium, chlorine, phosphorus and
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Figure 19. Typical X-ray uorescence spectrum collected from a hair with the contributions of S (K ®
at 2.31 keV, K- at 2.46 keV), Ca (Kg at 3.69 keV, K- at 4.01 keV) Ti (Kg at 4.51 keV, K- at 4.93 keV), Fe
(Ke at 6.40 keV, K- at 7.06 keV), Zn (Ke at 8.638 keV, K- at 9.572 keV) and Br (Kg at 11.92 keV, K- at

13.29 keV).

Figure 20. Micro X-ray uorescence spec-
troscopy: high 500 nm resolution distribution
maps of sulfur (S) within a hair shaft.

sulfur in the etiology of elderly patients' dementia.
Also, Inoue et al. [189] showed that it is possible to
map the oxidation state of cysteine in human hair
through Xanes spectroscopy. In our experiment (Fig-
ure 20), it is quite clear that the nanometer scale res-
olution allows us to precisely de ne the distribution
of sulfur in hair.

Numerous publications have discussed the pres-
ence of Zn in hairs. A rstinvestigation performed by
Bertazzo et al. [192] determined the Cu and Zn levels
of both 607 men (1-85 y old) and 649 women (1-92 y
old) by atomic absorption spectrometry. These au-
thors noticed that sex does not in uence Zn content

(200.97 & 9.68 g/g for men and 209.81 § 9.49 g/g
hair for women). Subsequently Dastgheib et al. [193]
investigated the relationship between alopecia areata
(AA) and iron, zinc, and copper levels in serum and
hair. According to their data, there was no statisti-
cally signi cant di Verence between trace elements
among AA patients and control patients. Such a con-
clusion is not in line with Ozaydin-Yavuz et al.'s pub-
lication [194]. These authors found that low levels of
Zn and Mn are associated with AA while other met-
als were normal: Zn supplementation may therefore
have some bene cial e Vect in AA. In our case, it is
quite di Y cult to extract a conclusion regarding the
spatial repartition of Zn in hairs (Figure 21). As un-
derlined by Nicolis et al. [195], the usual techniques
applied to human hair analysis yield a mean concen-
tration, whilst the analysis of a single hair reveals im-
portant uctuations in three levels: with time (along
the hair), between the hairs of the same person, as
well as between the hairs of di Verent people.

Finally, it is worth noting that various shampoos
contain zinc; clinical studies have established that Zn
pyrithione is one of the most e Vective anti-dandru V
ingredients in shampoo formulations [189-191,196].

We paid particular attention to Ti. TiO » micropar-
ticles (0.5-1 m) were detected along the surface
of follicles thanks to the high sensitivity of the
Nanoscopium beamline (Figure 22).

As in tattoo associated KA, we have also used Ra-
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