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Abstract. This contribution is a concise review of nanomaterials in medicine, those designed to treat
pathology, those which are induced by pathology, and those which provoke pathology. Clearly, there is
a vast family of therapeutic and medically relevant nanomaterials, to which numerous excellent jour-
nals and books are dedicated. The purpose of the first section is to illustrate the chemical complexity
of research into therapeutic nanomaterials and the challenges in their characterisation. The second
section treats that family of nanomaterials induced by diverse pathologies, such as metabolic disor-
ders, infection, or cancer. Here, the challenge is to find characterisation techniques able to provide
chemical information at the nanometer scale to enable and enhance early medical diagnosis. Finally,
various nanomaterials injected into the human body for esthetic purposes are discussed, specifically

tattoo inks which can provoke severe pathologies such as skin cancer.
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1. Introduction

This manuscript forms part of a special issue ded-
icated to the research of Professor E. Dumiriu, fo-
cused on the relationship between nanomaterials
and medicine [1-4]. According to the European Com-
mission, “Nanomaterial” means: “A natural, inci-
dental or manufactured material containing parti-
cles, in an unbound state or as an aggregate or
as an agglomerate and where, for 50% or more of

ISSN (electronic) : 1878-1543

the particles in the number size distribution, one
or more external dimensions is in the size range
1 nm-100 nm. In specific cases and where war-
ranted by concerns for the environment, health,
safety or competitiveness the number size distribu-
tion threshold of 50% may be replaced by a thresh-
old between 1 and 50%. By derogation from the
above, fullerenes, graphene flakes and single wall car-
bon nanotubes with one or more external dimen-
sions below 1 nm should be considered as nanoma-
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terials” [5]. Here, three kinds of nanomaterials are
considered.

First, we will consider the development of nano-
materials for the treatment of severe pathologies,
to improve prognosis through a synergistic combi-
nation of diagnosis and therapy, thereby facilitat-
ing personalized medicine [6,7]. As underlined by a
recent European community report [8], several med-
ical specialities can benefit from such nanomateri-
als. Among them, we can cite oncology, immunology,
dermatology, neurology, ophthalmology, and urol-
ogy. Clearly, the number of nanomaterials used in
nanomedicine is huge and numerous excellent jour-
nals and books are devoted to this subject [9,10]. Ac-
cordingly, only a concise review will be presented
regarding the chemical diversity of such nanoma-
terials. Also, to illustrate the complexity of charac-
terization in biological tissues, some data is pre-
sented on so-called “quantum rattles” (QRs) based on
AuQDs (quantum dots) and gold nanoparticles (NPs)
confined in mesoporous silica, which are claimed
to improve prognosis via a single multifunctional
agent [11,12].

The second family of nanomaterials of medical
significance discussed has endogenous origins and
is induced by certain pathologies. As previously em-
phasized [13,14], microcrystalline pathology is an ex-
citing research field in which most investigations
have been performed on the mineral component of
pathological calcifications. Various pathologies in-
cluding cancer [15,16], infection [17-19], and genetic
disorders [20-25], may generate nanomaterials. In
these cases, the challenge is not related to the de-
velopment of new nanomaterials but to developing
characterisation techniques able to provide chemical
information at the nanometer scale for early medical
diagnosis [26-28].

The third family of nanomaterials discussed is
those purposefully injected into the human body
and associated with the art of tattooing which has
served extremely diverse purposes [29]. According to
the historian Herodotus (484-426 BC), ancient Greeks
learned both the idea of penal tattoos and the art of
tattooing from the Persians around the sixth century
BC [29]. Tattooing involves introducing pigmented
material into the dermis by puncturing the skin to
generate a permanent design. Nowadays, most tat-
too inks synthetic substances [30,31] in which vari-
ous types of nanomaterials have been identified. A

publication of Colboc et al. [32] of an investigation of
the chemical composition and distribution of tattoo
inks within tattoo associated keratoacanthoma (KA)
is discussed. Note that tattooing of cosmetically dis-
figuring corneal scars may be a valuable therapeutic
alternative to reconstructive surgical procedures in
a distinct group of patients where the latter will not
result in functional improvement or carry the risk of
phthisis [33].

2. Nanomaterials dedicated to the treatment
of pathologies

The definition of nanomedicine given by the Euro-
pean Science Foundation in 2004 is “the science and
technology of diagnosing, treating, and preventing
disease and traumatic injury, of relieving pain, and
of preserving and improving human health, using
molecular tools and molecular knowledge of the hu-
man body” [34].

2.1. The huge chemical diversity of nanomateri-
als

As underlined by Min et al. [35], research in
nanomedicine has already led to the development
of a wide range of products including therapeu-
tics, diagnostic imaging agents, in vitro diagnos-
tics, and medical devices. This versatility obviously
arises from the wide chemical diversity among med-
ical nanomaterials. Nanomedicine effectively be-
gan with liposomes as the first therapeutic NP plat-
form [36]; Figure 1 illustrates several more to be
considered [37,38].

To illustrate the huge chemical diversity of med-
ical nanomaterials, consider those platforms based
on metal particles. Various metals (Table 1) namely
Aluminium, Cobalt, Copper, Gold, Iron, Silver, Tita-
nium can be used in cancer immunotherapy con-
texts [39].

This is also true of antimicrobial activity; metal ox-
ide nanomaterials such as zinc oxide (ZnO), iron ox-
ide (Fe3O4), copper oxide (CuO), magnesium oxide
(MgO), and titanium dioxide (TiO2) NPs possess an-
timicrobial activity towards a range of Gram-positive
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Table 1. Overview of the variety of NPs containing metals and examples of their cancer immunotherapy

applications [39]

Aluminium oxide

Cobalt oxide

Cuprous oxide

Gold

Iron oxide

Silver

Titanium dioxide

Zinc oxide

Adjuvant

Antigen delivery

Alter tumor
microenvironment

Antigen/adjuvant
delivery;
Photothermal
therapy

M1 macrophage
polarization;
Protein delivery;
Photothermal
therapy

Reduce
tumor-promoting
cytokines

Immune

stimulation
induced by
ultrasound

Antigen delivery
(pulsed DCs)

Enhances
anti-cancer effects
of tumor cell
vaccines

Induces
macrophage
activation

Alter expression of
drosophila
transcription factor

Increased CTL
responses; tumor
ablation released
tumor antigens

Increased
pro-inflammatory
macrophage
proliferation;
IONP-HSP
chaperoned
antigens to APCs;
thermal tumor
ablation

Decreased IL-1
signaling in tumor
microenvironment

ROS generation
increased
pro-inflammatory
cytokines and
interleukins in the
tumor

Improved
antigen-specific
CTL responses

Observed smaller
tumor sizes and
more CTL) when
co-administered
with a tumor cell
vaccine

Increased
antigen-specific
CTLs in vivo
Induced myeloid
infiltration and
systemic immunity

Reduced tumor
growth in vivo;
prevented tumor
growth in vivo

Inhibited tumor
growth;
IONP-HSP70 led to
tumor-specific CTL
responses; ablation
led to protective
immunity

Inhibited
fibrosarcoma tumor
growth in vivo

Suppressed tumor
growth in vivo

Delayed tumor
growth in vivo

CTL: cytotoxic T lymphocyte. IONP: iron oxide nanoparticle. HSP: heat shock protein. IL-1 f: interleukin 1
beta. ROS: reactive oxygen species. DC: dendritic cell. APC: antigen presenting cell.
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Figure 1. Schematic illustration of therapeutic NP platforms in preclinical development: (a) liposome,
(b) polymer—drug conjugate, (c) polymeric NP, (d) dendrimer, and (e) metal oxide NP (here iron oxide).
The red dots represent hydrophilic drugs and the blue dots represent hydrophobic drugs (from Zhang et

al. [37]).

and Gram-negative bacteria, including resistant bac-
terial strains [40]. Note that their antibacterial activ-
ity is usually related to the generation of reactive oxy-
gen species (ROS), attributed to their intrinsic pho-
tocatalytic activity or to the release of the metallic
ions [41,42].

2.2. The huge diversity of the
physicochemical properties of a
single kind of nanomaterial

For one type of the NPs discussed here, gold NPs,
morphological modifiaction leads to modulation of
properties (Figure 2) [43]. As shown in Figure 2,
AuNPs can be used in tissue engineering for improv-
ing scaffold mechanical properties, electrical cou-
pling between cells, and cell adhesion, and for pro-
moting stem-cell proliferation, differentiation and
maturation.
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Figure 2. Uses of AuNPs in tissue engineering. AuNPs can be synthesized in various shapes and sizes,
which dictate their physical properties and make them suitable for various applications [43].

AuNPs also offer the possibility for surface adsorp-
tion of molecules for a variety of purposes (Figure 3).
These include antibodies, biopolymers such as colla-
gen, or monolayers of small molecules to render the
NPs biocompatible, as discussed by Salata [44] (Fig-
ure 3).

2.3. The extensive diversity of synthetic method-
ology

Finally, it is worth pointing out the different synthesis
methods [45-48] developed to produce nanomate-
rials. These fall into two major categories: “bottom-
up” and “top-down” approaches (Figure 4). The
difference between them can be readily illustrated
by nanoclusters (NC), a subset of materials which
bridge the gap between NPs and atoms. In this case,
the formation of NCs by assembly of ions or atoms,
or the etching of NPs to smaller NCs, exemplify
the “bottom-up” and the “top-down” approaches
respectively [49].

To illustrate aspects of medical nanomaterials re-
search, we discuss theranostic vectors consisting of
gold clusters included in mesoporous silica spheres
[11,12,50]. A precise characterization of the nanoma-
terials is the first requirement. Figure 5 shows neg-
ative mode electrospray-ionization mass spectrom-
etry results of [Auzs(aminothiophenol or ATP);g]™
clusters dissolved in dimethyl sulfoxide at 1 mg-ml™.
The negative-ion mass spectrum is dominated by two
peaks (Figure 5), the first one near m/z = 7160 which
corresponds to the Auys(4ATP);g cluster and the sec-
ond one around m/z = 3600 which corresponds to
a doubly charged Aups cluster with some ligands
further reacted (corrupted). This is consistent with
the average particle diameter (1.2 £ 0.3 nm) deduced
from transmission electron microscopy (TEM) (Fig-
ure 5), in which small black points, corresponding to
Au clusters, are visible inside large silica spheres of
100 nm.

To fabricate these theranostic vectors, gold clus-
ters were added to the mesoporous silica sphere so-
lution and stirred overnight in water at room tem-
perature. The resulting solid “quantum rattles” (QRs)
based on gold quantum dots (AuQDs) was washed



170 Dominique Bazin

Linkers

laye

Biocompatibility

Functional

Antigen detection

Protective

layer

Fluorescent
signalling

Shape
recognition

Figure 3. Typical configurations utilised in biomedical nanomaterials [44].

with water three times using sequential centrifu-
gation and ultrasonic dispersion. Intravenous in-
jection was performed under isoflurane anesthesia
(3.5% induction, 1.5% retention) to reduce stress and
pain.

After injecting the theranostic vectors/
nanoparticles, it is very important to define their
distribution across different organs. To this end,
when the nanomaterials contain heavy elements,
XRF is a unique tool [51,52]. It relies on the emission
of characteristic secondary X-rays by specific atoms
after irradiation by high energy X-rays [53]. The key
point is that the energy of the emitted photon is
specific to the photo-excited atom [54].

A typical X-ray fluorescence of a biological tissue
containing QRAuQDs is shown in Figure 6. They give
rise to the Au L, emission; the experimental condi-
tions, in air, do not show the expected silica X-ray
fluorescence [55,56]. The high spatial resolution (be-
tween 10 pm and 30 pm) of synchrotron XRF [56], en-
ables rapid (around 30 ms) maps of the different ele-
ments to be constructed [11].

Figure 7 plots the spatial distribution of different
elements in kidney. It is important to differentiate
elements present in the kidney from those in the
embedding paraffin, which a quick visual inspection
indicates as Cr, Ti, V and Ni.

Finally, it is worth to point out a possible spatial
correlation between Zn and Au. Zinc, established as
an essential trace element in 1961 [57] participates
in regulating the physiological anti-inflammatory re-
sponse [58]. To assess a possible inflammation pro-
cess induced by QRAuQDs theranostic vectors, data
on the spatial repartition of QR-AuQDs particles
(based on the intensity of the X-ray fluorescence Au
L,) have been acquired and compared to Zn spatial
distribution (Zn K, emission) for the rat kidney (Fig-
ures 8a and 8b), spleen (Figures 8c and 8d) and liver
(Figures 8e and 8f).

Although visual inspection suggests a spatial cor-
relation between Zn and Au, the Pearson and Man-
ders correlation coefficients [59,60] are both 0.7, and
not close to 1 (Figure 9). This means that Zn-Au dis-
tributions are not strongly linked and there is no
strong correlation between Au distribution and in-
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Figure 4. Conventional methods for NP synthesis [45-48].

flammation, unlike the case for cisplatin [61,62], an
anti-cancer drug associated with significant nephro-
toxicity. This is consistent with the literature showing
that silica generated through “soft” chemistry does
not provoke an inflammatory response.

This example shows clearly that the synthesis of
bionanomaterials as well as their characterization in
biological tissues constitute a significant challenge.

3. Pathology-induced nanomaterials

Several diseases including cancer, genetic disor-
ders, cardiovascular abnormalities, or infection, can
provoke pathogenic calcifications in various tissues
[63-67]. Pathological calcifications exhibit several
levels of organization [13,14] resulting from agglom-
eration of crystallites (of typically micrometer di-
mensions and observable by Scanning Electron Mi-
croscopy (SEM)), in which each crystallite appears
to be composed of nanocrystals (of dimensions typi-
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Figure 5. Electrospray-ionization mass spectrometry (SYNAPT G2S-HDMS mass spectrometer equipped
with an electrospray ionization source) and TEM image (FEI Tecnai G2 Spirit instrument operating at an
acceleration voltage of 120 kV) of the Auy5(4ATP) g clusters. Clusters were dispersed in dimethyl sulfoxide
for analysis (from Esteve et al. [11]).

Table 2. Selected chemical compounds most frequently identified in kidney stones (L is for vacancy)

Chemical compounds with calcium

Whewellite CaC,04 H,O
Weddelite CaC,04 2H,0
Brushite CaHPO4 2H,0
Apatite Cayg—x[x(PO4)6-x(CO3) x (OH)2_ [y with 0 < x < 2
Octacalcium phosphate CagH,(POy4)e 5H,0
Chemical compounds without calcium
Uric acid, CsH4N4 O3
7,9-dihydro-1H-purine-2,6,8(3H)-trione
L-Cystine, 2-amino-3-(2-amino-2-carboxy- L-CgH12N204S,
ethyl)disulfanyl-propanoic acid
Struvite, Magnesium ammonium phosphate MgNH4PO4-6H,0
2,8-Dihydroxyadenine, CsH5N50,

6-Amino-1H-purine-2,8(7H,9H)-dione
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Figure 6. Typical X-ray fluorescence spectrum of a biological sample showing contributions from Ca (K,
at 3.691 keV, Kp at 4.012 keV), Fe (K, at 6.404 keV, Kp at 7.058 keV), Zn (K, at 8.638 keV, Kp at 9.572 keV)

and Au (L, = 9.713 keV) (from Esteve et al. [11]).

cally of some hundreds of nanometers which can be
determined by X-ray or neutron diffraction). Scatter-
ing experiments clearly show that pathological calci-
fications can be considered as nanomaterials [68].

In the case of kidney, the morphoconstitutional
model elaborated by Daudon [69-72] establishes
a significant relationship between the physico-
chemical characteristics of urinary stones and their
pathogenic origin. This model takes into account
the chemical composition and the crystalline ar-
chitecture of urinary stones, which are usually very
heterogeneous. Table 2 summarizes the chemi-
cal compositions of the phases most frequently
identified in kidney stones (more than one hun-
dred distinct chemical phases have actually been
identified).

Over recent decades, there has been considerable
interest in the application of such morphoconstitu-
tional models to pathological calcifications in other

organs, namely prostate [73,74], thyroid [75-77], skin
[78], breast [16,79] or joints [80-87].

3.1. Apatite nanomaterials identified in kidney

Based on extensive forensic studies between 1935
and 1938, Alexander Randall noticed, at the tip of
the renal papillae, lesions consisting of calcium phos-
phate and carbonate deposits accumulating in the
kidney interstitium [89]. Despite these seminal stud-
ies, this “Randall’s plaque” (RP) generated limited in-
terest during the second part of the 20th century.
Current epidemiologic studies suggest that over
recent decades RP-related stone prevalence has in-
creased. In France, the proportion of stones har-
bouring an umbilication and typical plaques Has in-
creased threefold in recent years compared to three
decades ago, especially in young patients [90]. More
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Figure 7. Spatial distribution of Zn (a), Fe (b), Cu (c), Au (d), Ca (e), Mn (f), Cr (g), Ti (h), V (i) and Ni (j),
derived from their corresponding X-ray fluorescence emission lines (QR-AuQDs—exposed rat kidney
embedded in paraffin); 13.7 mm x 19.3 mm, 30 pm resolution, 20 ms acquisition time) (from Esteve et
al. [11]).
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Figure 8. Spatial distribution of QR-AuQDs particles, and Zn, based on the intensity of the X-ray fluores-
cence Au L, and Zn K, emission for various rat organs: kidney (panels (a) and (b)), spleen (panels (c) and
(d)) and liver (panels (e) and (f)) (from Esteve et al. [11]).
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Figure 9. Manders coefficients for Au and Zn
for the kidneys of all the animals used in this
study (from Esteve et al. [9]).

specifically, children may develop calcium oxalate
stones from calcium phosphatic apatite RP [91].

There are numerous excellent texts devoted to bi-
ological and synthetic calcium phosphate apatites
[92-94]. With RP being of concern to the nephrol-
ogist and urologist, the RP literature is of great sig-
nificance [88,95-105]. Figure 10 shows several X-ray
diffraction patterns from RP samples; they are clearly
similar to that from a calcium phosphate apatite kid-
ney stone reference sample (sample N17105) [88].

The RP samples are primarily nanocrystalline ap-
atites which display plate-like morphology (about
50 nm long, 25 nm width and 10 nm thick) and
exhibit the usual anisotropy along the ¢ axis [106].
These typical structural characteristics are associated
in the X-ray diffractogram with a relatively fine (002)
diffraction peak (at 26 = 26°) and several poorly re-
solved lines constituting a broad peak between 20 =
30° and 260 = 35°. These structural characteristics
are shared by numerous biological apatites associ-
ated not only with pathological but also with normal
(bone, dentine) biocalcifiations [106-108].

The physico-chemical characteristics of RP have
implications in clinical practice. The close relation-
ship between high urine calcium, and Randall’s
plaques, means that detecting a carbapatite plaque
in an umbilicated calcium oxalate calculus points
towards underlying hypercalciuria and/or low fluid
intake.

Finally, it is worth to underline that calcium phos-
phate apatite pathological calcification appear as mi-
crometer scale spherical entities. Previous investiga-
tions have show that the internal structure of spheri-

cal entities may display different configurations (Fig-
ure 11 from Ref. [109]). It can be supposed that
concentric structures indicate that the pathogenesis
of the calcification is made in a liquid environment.

3.2. Uric acid nanomaterials identified in kidney

Recent reports indicate that metabolic disorders as-
sociated with metabolic syndrome or type 2 diabetes
predispose towards uric acid (UA) stones [110]. This
is confirmed by Daudon et al. [111,112] who find that
the proportion of UA stones is strikingly higher in
stone formers with diabetes than those without.

To determine whether diabetic and non-diabetic
patients form similar urinary stones, powder neu-
tron diffraction (PND) experiments have been per-
formed [113,114]. The fact that the neutron in-
teracts only weakly with the stones and thus can
penetrate deeply into the bulk offers an excellent
opportunity for measuring the average size of the
nanometre scale nanocrystals composed of light ele-
ments, as shown for other species identified in kidney
stones [113].

A striking feature of the PND results (Figure 12)
was that the crystal size of uric acid stones was sig-
nificantly lower in diabetic patients (77.5+£5.3 nm vs.
105.8 £ 5.4 nm, p = 0.0006). This may be related to
differences in urinary pH between diabetic and non-
diabetic patients, as pH is the main factor explaining
high UA supersaturation; in clinical practice, acidic
urine was the main factor explaining UA stone for-
mation [115].

3.3. Cystine nanomaterials identified in kidney

Cystinuria arises from a mutation in renal epithelial
cell transporters, which induces a significant reduc-
tion in dibasic amino acids and cystine reabsorption
and a high excretion of these amino acids, mainly ly-
sine and cysteine [117-119]. Although cystinuria ac-
counts for only 1%-2% of all urolithiasis and 6%-—
8% of urolithiasis in pediatric populations, repeated
stone formation in affected patients often causes
considerable morbidity [120].

The physicochemistry of twenty five cystine kid-
ney stones were investigated by PND and scanning
electron microscopy (SEM) [116]; Figure 13 shows a
typical PND diffractogram.



Dominique Bazin

177

X-ray Diffracted intensity (a.u.)

L

Reference Compound!
kidney stone made of
| apatite

|N17105

| RP on N4511
| RP on N7283

|RP on N42554

20 25 30 3
20°

5 40 45 50

55 60

Figure 10. X-ray diffractograms from several RP samples, and a bio-apatitic KS reference standard (from

Carpentier et al. [88]).

The mean crystal size was calculated for each
sample using the FullProf software [116]. Patients
treated by sodium bicarbonate alkalinization showed
nanocrystals of significantly lower mean size. Pa-
tients on other treatments showed cystine surface
modifications only. The structural characteristics of
such cystine nanomaterials thus help the clinician
assess therapy.

3.4. Calcium carbonate nanomaterials in skin

Sarcoidosis (Besnier-Boeck-Schaumann disease) is a
multisystem inflammatory disease affecting differ-
ent organs particularly lung, skin, eyes and joints
[121,122]. Sarcoidosis, as well as being observed in

other granulomatous diseases, is associated with
disorders of calcium metabolism [123]. Saidenberg-
Kermanac’h et al. [124] have noticed that sarcoidosis
patients have a high risk of fracture despite not hav-
ing a lowered bone mineral density, suggesting that
other independent factors are involved. As empha-
sised by Arkema and Cozier [125], sarcoidosis occur-
rence varies greatly by age and sex. What causes this
variation is unknown, but it indicates that sex plays a
role in the manifestation of disease. In some popula-
tions, there is a 10-year difference in age at diagnosis
between men and women; in Sweden, the age at di-
agnosis in men was 45 compared with 54 in women
[126].
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Colboc et al. [127] have investigated skin biop-
sies gather sarcoidosis related physicochemical data;
SEM combined with Energy Dispersive X-ray Spec-
troscopy (Figure 14) and p Fourier Transform In-
fraRed (FTIR) data [127] have given valuable informa-
tion on calcium metabolism disorders.

Calcium metabolic disorders manifest nanometer
scale spherical entities (Figure 14) made of calcite (a

form of calcium carbonate) at the periphery of the
granulomas [127].
4. Nanomaterial-induced pathologies

Long perceived as a form of exotic self-expression
in some social fringe groups, tattoos have shed their
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Figure 12. Nanocrystal sizes of UAA urinary
stones from diabetic male (from 22 to 32 in red
circles) and female (from 33 to 43, blue circles)
patients (from Daudon et al. [112]).

maverick image and become mainstream, particu-
larly for young people [130]. It is important to note
that in permanent tattoos and permanent make-up,
the pigments are deposited into the dermis by means
of a needle (Figure 15) [128,129].

This process ensures that the pigments cannot be
removed. Simultaneously the organism is exposed to
the pigments in the tattoo in a very direct way and for
a prolonged time [131]. Health problems have arisen
from the significant increase of available colours and
thus pigments. In fact, the exact composition of tat-
too inks is unregulated and often unknown [132].

Regarding the inorganic components of tattoo
inks, Battistini et al. [133] have used SemiQuant
Inductively Coupled Plasma Mass Spectrometry to
characterise twenty inks of different brands and
colours, and thus quantify18 metals (Al, As, Ba, Cd,
Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, Se, Sn, Ti, Zn).
This technique also yielded the dimensions of the
nanoscale metallic particles [133]. More specifically,
Al was found at nano- (62-80 nm) and submicron-
sizes (105-140 nm), Cr, Cu, Pb and Zn were in the

ranges 42-62 nm, 44-96 nm, 26-28 nm and 26—
59 nm, respectively, and Ti in submicron range (166—
383 nm).

Several publications using other techniques have
confirmed this nanometer particle size. For exam-
ple, Arl et al. [134] showed using dynamic light scat-
tering that blue, green and red inks exhibited parti-
cle diameters above 200 nm and that black ink par-
ticles were smallest. Also, Hogsberg ef al. [135] mea-
sured particle size by laser diffraction, electron mi-
croscopy and X-ray diffraction. Pigment sizes fell into
three main classes. Black pigments were smallest and
almost exclusively pure NPs (i.e. particles with atleast
one dimension <100 nm), white pigments the largest
(TiO, pigment in the white inks had the smallest pri-
mary particle size of approximately 100 nm) and the
coloured pigments intermediate between the two.

Various investigations have addressed nanomate-
rial accumulation in organs. Tang et al. [136] focused
on two kinds of silver materials with different parti-
cle diameters (50-100 nm and 2000-20,000 nm) ad-
ministered to rats via subcutaneous injection, show-
ing clearly that the smaller reached the blood circu-
lation and were distributed to the main organs, espe-
cially to the kidney, liver, spleen, brain and lung. In
contrast, the larger ones were unable to invade the
blood stream or organ tissue.

As pointed out by Battistini et al. [133], all these
elements are present in the form of various oxides
(Aleg, C0304, Cr203, CuO, NiO, TiOg, 7Zn0). Chem-
istry of tattoo inks can be accessed by vibrational
spectroscopies such as FTIR [137,138] and Raman
[139,140]. Yakes et al. [141] point out that, while pig-
ment identification can be performed by using FTIR
spectroscopy, Raman has the additional ability to
identify carbon and some inorganic compounds that
are challenging to detect with FTIR [142]. Raman
spectroscopy also offers the ability to distinguish be-
tween the TiO, polymorphs anatase and rutile. In-
deed, Colboc et al. [32] use Raman spectroscopy to
demonstrate the presence of the TiO, rutile poly-
morph in a patient who presented a KA associated
with a lighter shade of red, importantly because
anatase and rutile differ in toxicity [143]. The same
authors [32] have performed X-ray absorption Spec-
troscopy (XAS) experiments [144-147] to show the
presence of zincite (ZnO) and goethite (a-FeOOH),
as have Schreiver et al. [128,129] using synchrotron
techniques. Thanks to the micrometer scale spatial
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Figure 13. Typical observed (Yobs in red), calculated (Ycalc) and difference profiles (Yobs-Ycalc in blue)
of the PND diagram of a cystine kidney stone. Tick marks (Bragg position in green) below the profiles
indicate the peak positions of allowed Bragg reflections for cystine (from Bazin et al. [116]).

Figure 14. (A)-(C) SEM photographs at differ-
ent magnifications. In (A), the three skin layers,
the epidermis (50-100 um), dermis (1-2 mm)
and hypodermis (1-2 mm) can be seen.

resolution of XAS experiments [56,63,66,147,148], it
is possible to correlate the optical image of tumors
in skin biopsies with the spatial distribution of ele-
ments given by XRF data (Figure 16), helping the clin-
ician to establish a significant relationship between
pathology and the heavy elements in inks. Bear in
mind at this point that the organic components of the
ink must also be characterized.

For example, Colboc et al. [32] have measured a
signal from the azo pigment (PR170) and from a TiO,
particle in the very same area of a skin biopsy (Fig-
ure 17). It is possible that these two compounds in
such close proximity induces some severe pathol-
ogy. Generation of primary aromatic amines from
azo pigments such as PR170 in humans is suspected
to be the consequence of enzymatic activity, thermal
decomposition, or photodegradation after exposure
to UV light [149].

Finally, some cases of iatrogenic diseases may be
due to the patient absorbing or generating nanoma-
terials. The literature contains several investigations
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subsequently deposited in regional lymph nodes. After healing, particles are present in the dermis and
in the sinusoids of the draining lymph nodes. The picture was drawn by the authors (i.e., C.S.) (from
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where abnormal deposits of drugs and their metabo-
lites have been characterized [149-156].

5. Perspectives

For all the nanomaterials presented in this con-
tribution, the emergence of in-lab characterization
techniques yielding nanometer scale structural and
chemical information represents a significant oppor-
tunity to increase undersatnding of their interaction
with biological tissues [157].

Two possibilities exist to perform IR spectroscopy
[137] beyond the diffraction limit i.e., to bridge the
resolving power gap between the micrometer and
nanometer ranges. The first is associated with 500 nm
spatial resolution and is based on a pump-probe
architecture using two laser sources, one for mid-
infrared excitation (the pump) and the other one for
measuring the photothermal effect (the probe) [158].

The lateral resolution of such a microscope is around
500 nm [159]. The second configuration combines
an atomic force microscope and IR lasers [160,161]
and produces a spatial resolution of 10 nm [162,163].
Several publications show that these two techniques
can be applied to characterize abnormal deposits in
tissues [164,165]. Using NanolR spectroscopies, the
complete set of data collected at the nanometer scale
suggests that cystinosis is related to the pathogen-
esis of rectangular crystals of cysteine and not cys-
tine [164].

Structural and chemical information is also avail-
able from synchrotron radiation [166-172] or elec-
trons [102,103] as probes. The beam of a synchrotron
radiation source can be focused down to the mi-
crometer or even nanometer scale, allowing localised
analyses [173,174]. Current research efforts are aimed
not only at measuring the abnormal elemental dis-
tributions associated with various diseases, but also
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Figure 16. Optical microscopy and XRF correlation: Optical microscopy, showing mainly black ink in
the superficial and deep dermis, with little, dispersed, and less visible, pink ink: (a) Hematoxylin-eosin—
saffron (HES)-stained (x400) (b) HES-stained (x25). XRF analysis: The main elements observed are (c) Ca,

(d) Fe (e) Ti and (f) Zn (from Colboc et al. [32]).

at suggesting or revealing possible biological mech-
anisms underlying the observations [175-179]. As
a recent example, we have proposed a new, high-
sensitivity technique based on synchrotron deep UV
microspectroscopy with a submicrometre spatial res-
olution for the diagnosis of oxalate-mediated kidney
diseases and an understanding of their physiopathol-
ogy [172].

Finally, it is worth mentioning that it is possible
to model nanometer scale material characteristics
with theoretical approaches based on Density Func-
tional Theory (DFT) calculations [180,181], which are

particularly effective in the case of nanomaterials
[182-184]. It is now possible to predict nanocrystal
morphology [185,186] or model the adsorption of
small molecules at their surface [187-190]. Quantum
chemical calculations can also be used to understand
competition between the different complexation re-
actions and propose possible new and more efficient
phosphate and oxalate sequestrants to prevent the
formation of nanometer scale pathological calcifica-
tions [191].
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Figure 17. Optical micrographs of the three samples at two different magnifications (10x and 100x)
revealing the presence of micron size red pigment clusters. Note the heterogeneous and lighter aspect
of the red pigment, suggesting the presence of NPs of TiO,. (b) Corresponding Raman spectra. Reference
spectra are also given as comparison: PR170 dye sample (Kremer) and rutile (TiO,) downloaded from the

RRUFF database (from Colboc et al. [32]).

6. Conclusion

This contribution considers therapeutic nanoma-
terials dedicated to disease treatment, pathology-
induced nanomaterials, and finally pathologies in-
duced by deliberately injected nanomaterials related
to tattooing. Clearly each nanomaterial family pro-
vides enough subject matter for a book!

Although the number of cited publications is lim-
ited, this concise review clearly demonstrates that
the synthesis, and characterization, of nanomateri-
als, and understanding their interactions with biolog-
ical tissues, constitute major challenges [192].
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