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Sarcoidosis is a multisystem inflammatory disease affecting different organs particularly
lung, skin, eyes and joints. Characterized by noncaseating epithelioid granulomas,
sarcoidosis is considered to be caused by a complex interplay between genetics and
environmental agents while it still remains a disease of unknown etiology. 10 skin biopsies
from patients with cutaneous sarcoidosis were included in the study. After polarized light
examination (PLE) through optical microscopy, these skin biopsies have been investigated
through mFourier transform (FTIR) infrared spectroscopy and Field Emission Scanning
Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy (FE-SEM/EDX).
Three biopsies showed a refractive material at PLE. FTIR and FE-SEM/EDX analyses indicate
the presence of silica at the center of the granulomas in these three biopsies. Another
striking result is related to the presence of calcite, a calcium carbonate at the periphery of
the granulomas. To our best knowledge, this is the first time that the presence of this
calcium carbonate has been reported. Such description at the submicrometer scale paves
the way for a better understanding of the physicochemical processes related to sarcoidosis
and will help clinicians to develop new diagnostic tools.
© 2016 Académie des sciences. Published by Elsevier Masson SAS. This is an open access
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1. Introduction

Sarcoidosis is a multisystem granulomatous disease
affecting the skin in 25e30% of cases reported in [1].
Cutaneous lesions are widely variable; papular sarcoidosis,
annular sarcoidosis, maculopapular eruption and lupus
pernio are more common [2]. Disease onset peaks during
the third and fourth decades of life have a higher incidence
among women and are seenmore frequently in Blacks than
in Caucasians [2]. Sarcoidosis is characterized by non-
caseating epithelioid and giant cells granulomas, the hall-
mark of the disease. The granulomatous inflammation
observed in sarcoidosis is thought to be caused by a com-
plex interplay between a genetic background, environ-
mental agents, infectious antigens and T lymphocyte
immune reactions [3].

Cutaneous sarcoidosis preferentially affects sites with a
prior injury such as tattoos or scars and a polarizable ma-
terial has been reported in almost 25% of cases suggesting
that foreign materials could be a nidus for granuloma for-
mation and a potential trigger for the disease [4e7].

Sarcoidosis, as observed in other granulomatous dis-
eases, is associated with calcium metabolism disorders.
High serum calcium is seen in 5e10% of patients [8], mainly
due to a dysregulated production of calcitriol by activated
macrophages forming the granulomatous lesions [9]. These
metabolic disturbances may lead to deposit of calcium in
various organs, including the skin, as seen in calcinosis
cutis [10].

Sarcoidosis is a disease of which the causes are still
unknown, although the role of environmental mineral
particles is strongly suspected on the grounds of epide-
miological data [11,12]. Nowadays, there are increasing
interest and recent developments in nanotechnology in
order to understand the effects of nanoparticles on living
tissues [13]. Therefore, the importance of morphology and
chemical analysis of pathological calcifications has been
clearly underscore in different organs but never recog-
nized in sarcoidosis [14e17]. The present study has been
designed to investigate the physico-chemical characteris-
tics of 1) intragranuloma polarizable foreign materials and
2) tissue deposits in biopsy samples of 10 cutaneous
Table 1
Skin biopsies analyzed: clinical characteristics of the patients and histopatholog

n Patient Clinical presentationb

Age Gendera Site Morphology

1 69 M Toes Papules
2 43 F Nose

Upper limb
Angiolupoid
Plaque

3 31 M Temple Annular lesion
4 42 M Upper limbs

Tattoo
Papules

5 42 M Back Papules
6 61 F Upper limbs Papules
7 49 M Lower limbs Papules
8 54 M Lower limbs Nodules
9 23 F Forehead Papules
10 21 H Lip Macro-cheilitis

a M: male; F: female.
b Clinical presentation of the cutaneous lesions.
c PLE: polarized light examination.
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sarcoidoses. In order to describe their structural charac-
teristics as well as their chemical nature at the subcellular
scale, two different techniques were used: Field Emission
Scanning Electron Microscopy coupled with Energy
Dispersive X-ray Spectroscopy (FE-SEM/EDX) [18e20] and
mFourier Transform Infra-Red (mFT-IR) [21e27]
spectroscopy.

2. Material and methods

2.1. Patients

Ten samples of formalin fixed, paraffin embedded bi-
opsies from cutaneous sarcoidosis patients, stained with
hematoxylin and eosin (H&E), were retrieved from the
Pathology Department of Hôpital Tenon APHP Paris (Pr I.
Broch�eriou). Sarcoidosis patients were followed in the
Dermatology Department (Pr C. Franc�es) or the Internal
Medicine Department (Dr C. Bachmeyer) of Hôpital Tenon
APHP Paris. The diagnosis of sarcoidosis has been made on
clinical data and histopathology results [4]. In accordance
with French legislation, no written informed consent was
necessary. Clinical characteristics of patients and histopa-
thology of biopsies are summarized in Table 1.

The first stage of this investigation employed optical
microscopy and PLE analysis.

2.2. FTIR microspectroscopy

FT-IR data were used to localize and determine the
chemical nature of the pathological deposits in the skin
biopsies. As discussed in previous reports [20,23], skin
biopsies were deposited on low-e microscope slides
(MirrIR, Kevley Technologies, Tienta Sciences, Indian-
apolis). All the FT-IR hyperspectral images were recorded
with a Spectrum Spotlight 400 FT-IR imaging system
(Perkin Elmer Life Sciences, France), with a spatial reso-
lution of 6.25 mm and a spectral resolution of 8 cm�1.
Each spectral image, covering a substantial part of the
biopsy, consisted of about 30,000 spectra. All biopsies
presumed to contain crystal deposits were analyzed with
the Spotlight 400 FTIR imaging System in the mid
y.

Biopsy

Site Granulomas location PLEc

Toe Superficial and deep dermis Negative
Elbow Superficial and deep dermis Positive

Temple Superficial and deep dermis Negative
Upper limb Superficial dermis Positive

Back Superficial and deep dermis Negative
Upper limb Deep dermis and subcutis Negative
Lower limb Subcutis Negative
Lower limb Deep dermis and subcutis Negative
Forehead Superficial and deep dermis Positive
Lip Superficial and deep dermis Negative

ca and calcium carbonate deposits in granulomatous areas of
Field Emission Scanning Electron Microscopy coupled with
himie (2016), http://dx.doi.org/10.1016/j.crci.2016.05.007



Fig. 1. Typical granulomas (black circle) without (A) and with (B) birefractile bodies (arrow) (H&E �100).

Fig. 2. Samples Nos. 9 (A), 2 (B) and 4 (C) in PLE (H&E magnification �400) showing birefringent bodies in the granulomas (arrows).

Fig. 3. (A) Optical photograph of sample No. 2 (white circles indicate granulomas); (B) IR spectrum of the protein matrix from the region corresponding to the red
cross on the map, located in the dermis, showing the characteristic signals of silica in the protein matrix.
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infrared (4000e700 cm�1) spectral range to obtain
infrared maps of tissue slides at high spatial resolution,
down to 10 microns.
2.3. Field Emission Scanning Electron Microscopy

All the FE-SEM observations were performed on a
Zeiss SUPRA55-VP SEM. Such a field-emission “gun” mi-
croscope operates either at 1 or 2 kV. High-resolution
observations were obtained by 2 secondary electron de-
tectors: an in-lens SE detector and an EverharteThornley
SE detector [18,20]. The measurements were taken at low
voltage (between 0.5 and 2 kV) without the usual de-
posits of carbon at the surface of the sample. For some
samples, an Energy Dispersive X-ray (EDX) experiment
was also performed to identify calcium in the abnormal
deposits.
Fig. 4. (A) Optical photograph of the sample No. 4; (B) IR spectrum of crystalline sili
cross on the map, located in the dermis.

Fig. 5. (A) Optical photograph of the sample No. 9; (B) FT-IR

Please cite this article in press as: H. Colboc, et al., Detection of sili
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3. Results and discussion

3.1. Optical microscopy and polarized light examination

In all the 10 biopsies analyzed, characteristic epithelioid
and giant cell granulomas were observed in the dermis and
subcutis (Fig. 1A and B).

In most of them (8/10) more than 10 granulomas per
section were observed. After Polarized Light Examination
(PLE), the refractive material was detected in 3/10 biopsies
restricted to one or two granulomas among the numerous
granulomas present (Fig. 2; Table 1).

3.2. FTIR spectroscopy

FT-IRmicrospectroscopy analysis was then used in order
to detect, localize and determine the chemical nature of
deposits in the 10 skin biopsies. This method has been
ca with the characteristic peaks in a protein matrix, corresponding to the red

spectrum corresponding to the red square on the map.

ca and calcium carbonate deposits in granulomatous areas of
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shown to be particularly valuable for chemical analysis of
living tissues and recent experimental developments in
FTIR microspectroscopy have allowed the collection of FT-
IR spectrum at the nanometer scale [28e30].

3.2.1. Normal epidermal and dermal tissue structures
In a typical FT-IR, components of the skin which absorb

in the infra-red range, can give rise to typical signatures. For
example, a portion of the IR signal arises from collagen
which is a major structural protein in the skin (type I and
III) and plays a key role in providing structural scaffolding.
Fig. 6. (A) and (B) SEM photographs of sample No. 2 at two magnifications. (A) The a
spectrum identifies the presence of silicon in the abnormal deposit present at the

Please cite this article in press as: H. Colboc, et al., Detection of sili
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Indeed, the collagen fibrils can be visualized through amide
I (at 1660 cm�1), methylene (CH2 at 1450 cm�1) and amide
III (at 1260 cm�1) [31]. Significant results have also been
obtained regarding the spatial distribution of lipids in the
human stratum corneum using an experimental setup
combining an atomic force microscope and a tunable IR
laser source [32]. Using the absorbances at 2930 cm�1

(lipid) and 3290 cm�1 (keratin), the data collected by C.
Marcott et al. [32] suggest that regions of higher lipid
concentration are located at the perimeter of corneocytes
in the normal stratum corneum.
bnormal deposit is clearly shown in the center of the granuloma. (C) The EDX
center of the granuloma.

ca and calcium carbonate deposits in granulomatous areas of
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3.2.2. Abnormal deposits in granulomas
Based on previous investigations performed on

abnormal deposits in granulomas and following our
polarized light examinations we suspected the presence of
silica confirmed by FTIR spectroscopy.

As reported by Lippincott et al. [33], three frequencies
around 1100, 800, and 480 cm�1 are characteristic of all the
polymorphs of SiO2. These frequencies respectively corre-
spond to a stretching mode involving displacements
Fig. 7. (A) And (B) SEM photographs of sample No. 4 at two magnifications (C) The
the abnormal deposit present in the center of the granuloma.

Please cite this article in press as: H. Colboc, et al., Detection of sili
skin sarcoidosis by mFourier transform infrared spectroscopy and
Energy Dispersive X-ray Spectroscopy analysis, Comptes Rendus C
associated primarily with the oxygen atoms, a stretching
mode involving displacements associated primarily with
the silicon atoms, and a SieO bending mode. Note that
silica exists in many different polymorphs, a and b-quartz,
a and b-cristobalite, coesite, stishovite and a CaCl2-like
form, each one thermodynamically stable in a different
region of the phase diagram [34,35]. The most stable phase
of silica under ambient conditions is a-quartz, which be-
longs to the class of silica structures with corner-sharing
EDX spectrum shows the presence of silicon in the chemical composition of

ca and calcium carbonate deposits in granulomatous areas of
Field Emission Scanning Electron Microscopy coupled with
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SiO4 tetrahedra. It is worth stressing that such poly-
morphism may be significant from a medical point of view.
Recently, K.M.A. O'Reilly et al. [36] have reported that
crystalline silica and amorphous silica differentially regu-
late the cyclooxygenase-prostaglandin pathway in pulmo-
nary fibroblasts.

Fig. 3A shows an optical image of sample No. 2 which
corresponds to the superficial dermis containing many
granulomas. Signals at 810 and 1078 cm�1 correspond to a
silica species.
Fig. 8. (A), (B) and (C) SEM photographs of sample No. 9 at two magnifications (D) Th
center of the granuloma. Zn and Ag are present on the sample support.

Please cite this article in press as: H. Colboc, et al., Detection of sili
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Fig. 4A shows an optical image of sample No. 4 which
corresponds to the epidermis, dermis and part of the sub-
cutis, in which the different absorption bands at 1072 and
1036 cm�1 are associated with crystalline silica.

Finally, Fig. 5A, shows an optical image of sample No. 9
corresponding to the three layers of the skin, with granu-
lomas, in this sample, located in the dermis. The doublet
absorption bands at 799 cm�1 and 776 cm�1 due to the
SieOeSi intertetrahedral bridging bonds in a-quartz are
clearly visible in this sample.
e EDX spectrum shows the presence of silicon in the abnormal deposit in the
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3.3. FE-SEM/EDX analysis

FE-SEM/EDX observations enable us to characterize
the location of these abnormal deposits at the micro-
meter scale. The three skin layers are recognizable on the
FE-SEM microphotographs: the superficial layer
(50e100 mm), composed of epidermis and stratum
Fig. 9. (A), (B), (C) and (D) SEM photographs of

Please cite this article in press as: H. Colboc, et al., Detection of sili
skin sarcoidosis by mFourier transform infrared spectroscopy and
Energy Dispersive X-ray Spectroscopy analysis, Comptes Rendus C
corneum, the dermis (1e2 mm) and the subcutis
(1e2 mm). We first focussed on the intragranuloma silica
deposits, and secondly the Ca carbonate deposits.

3.3.1. Intragranuloma silica deposits
The 3 samples with refractive material detected by

PLE were investigated by FE-SEM/EDX analysis. Results
sample No. 3 at different magnifications.

ca and calcium carbonate deposits in granulomatous areas of
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are shown in Figs. 6e8. In summary, in these three
samples a mineral deposit was observed within a gran-
uloma, all containing silicium but with a different
morphological pattern. In the second sample (Figs. 6 and
7) the deposits were sharp unique irregular objects more
than 10 mm long. In the third sample (Fig. 8) the deposit
Fig. 10. (A), (B) and (C) SEM photographs of sample No. 5 at different magnification
dermis (1e2 mm) and hypodermis (1e2 mm).

Please cite this article in press as: H. Colboc, et al., Detection of sili
skin sarcoidosis by mFourier transform infrared spectroscopy and
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was an aggregate of very small objects some of them at
the nanoparticle scale (<0.100 mm). These differences can
be explained by the fact that the morphology of the de-
posits can be modified by the preparation procedure,
which can fragment a large single object into small
nanoparticles.
s. In A, we can recognize the three skin layers, the epidermis (50e100 mm),

ca and calcium carbonate deposits in granulomatous areas of
Field Emission Scanning Electron Microscopy coupled with
himie (2016), http://dx.doi.org/10.1016/j.crci.2016.05.007



Fig. 11. (A) Optical photograph of sample No. 3; (B) IR spectrum of the peaks characteristic of calcite in a protein matrix, from the area corresponding to the white
circle on the map, located in the deep dermis.

Fig. 12. X-ray fluorescence of the sample No. 3 induced by electrons. The
contributions of trace elements coming from the support namely Zn
(1.01 keV), Si (1.74 keV) and Ag (2.98 keV) are clearly visible. We can noticed
the absence of fluorescence signal coming from P (2.01 keV) and the pres-
ence of a significant signal related to Ca (3.7 keV) in line with the FTIR
spectrum showing the presence of calcite.
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3.3.2. Ca carbonate deposits at the periphery of the granulomas
FE-SEM/EDX analysis completes the data from the

mFTIR-SEM investigation. Aggregates of submicrometer
spherical deposits of Ca carbonate are localized between
the collagen fibers (Figs. 9 and 10). Such a spherical
morphology may be due to the spray drying technique [37]
or analogous methods [38] as described in other organs
such as kidney [39,40], breast [41] or cardiovascular tissue
[42,43]. Such calcium carbonate nanoparticles are consis-
tent with the spherical morphology of micrometer size
calcium carbonate crystallites, as crystallites are composed
of a collection of nanocrystals [44].

In order to determine the chemical nature of these
spherical entities,mFTIRandEDXwereperformed. First,mFTIR
spectroscopy (Fig. 11) shows that these structures contain a
large amount of calcium as confirmed by EDX (Fig.12). Based
on specific IR absorption bands, we can conclude that the
spherical entities are calcite. Recall the different calcium
carbonate species: anhydrous species (CaCO3), namely
calcite, aragonite and vaterite and the hydrated species such
as monohydrocalcite (CaCO3$H2O) or ikaite (CaCO3$6H2O)
and finally amorphous CaCO3 which may contain water
molecules [45,46]. From a medical point of view, very few
reports discussed tissue calcium carbonate in the context of
sarcoidosis. For example, a report by Reid and Andersen [47]
mentions the presence of dolomite (not really a true calcium
carbonate as its stoichiometric formula is CaMg(CO3)2). In
pancreas, the presence of calcium carbonate (calcite, arago-
nite, vaterite) has beenwidely reported [48,49]. Also, otoliths
are composed of calcium carbonate and protein [50].

The presence of these abnormal deposits in the skin is
one of the striking results of this submission. It is worth
emphasizing that those spherical calcium carbonate parti-
cles are not refractive, which, together with their very small
size, can explain why these deposits were not seen in PLE.

4. Conclusion

The comprehensive set of data from mFTIR and FEDS-
SEM/EDX yields the first information on the physico-
Please cite this article in press as: H. Colboc, et al., Detection of sili
skin sarcoidosis by mFourier transform infrared spectroscopy and
Energy Dispersive X-ray Spectroscopy analysis, Comptes Rendus C
chemical nature of cutaneous granulomas and peri-
granulomas tissues in sarcoidosis patients. Notably only a
few granulomas contained silica particles and the possi-
bility that silica may simply be a foreign material either
forming a nidus for a granuloma or related to a macrophage
contaminant ingested before the granuloma formation.
Moreover, calcium carbonatewas detected at the periphery
ca and calcium carbonate deposits in granulomatous areas of
Field Emission Scanning Electron Microscopy coupled with
himie (2016), http://dx.doi.org/10.1016/j.crci.2016.05.007
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of the granulomas in 4/10 biopsies. The fact that these
deposits were located at the periphery of the granulomas,
whereas silica was detected in the center, prompts us to
think that calcium carbonate is produced by the granu-
lomas, whereas silica contributes to their formation.
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