
Université Bordeaux 1 

Les Sciences et les Technologies au service de l’Homme et de l’environnement 
 

 

 

 

 

 

 

THÈSE 
 

PRÉSENTÉE A 

 

L’UNIVERSITÉ BORDEAUX 1 
 

ÉCOLE DOCTORALE DES SCIENCES CHIMIQUE 
 

Par Seydou, YAO 
 

POUR OBTENIR LE GRADE DE 

 

DOCTEUR 

 

SPÉCIALITÉ: Physico-chimie de la matière condensée 

 Imagerie IRTF de haute résolution des interactions cellules-fibres 

pour l'étude des effets pathogènes des amiantes 
 

Directeur de thèse : Cyril Petibois 

Co-directeur : Giancarlo Della Ventura 
 

 

 

 

Soutenue le : 07/11/2012 
 



 

Devant la commission d’examen formée de : 

 

M. Moenner, Michel  Professeur Université de Bordeaux 2  Président du Jury 

M. Augusto Marcelli  Directeur de recherche, INFN-LNF, Frascati  Rapporteur 

M. Yeukuang Hwu  Professeur, Institute of Physics, Taipei  Rapporteur 

M. Giancarlo DellaVentura Professeur  Université de Rome 3 Établissement Co-directeur 

M. Cyril Petibois  Maitre de conférences, Université Bordeaux 1 Directeur 
 

 

 



3 
 

This PhD work has been performed thanks to the grant of the university Italian-French University 

(Vinci program 2009): 

 

 

-  Imagerie IRTF de haute résolution des interactions cellules-fibres 

pour l’étude des effets pathogènes des amiantes.   

 

-  Immagini FTIR ad alta risoluzione dell'interazione fibracellula per lo 

studio degli effetti patogeni dell'amianto. 

 

-  High resolution FTIR imaging of fibers / cell interactions for the study 

of the pathological effect of asbestos. 
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Résumé 

Il est assez bien accepter que des maladies pulmonaires tel que l’amiantose ou le mésotheliome, 

dont la sévérité dépend du phénotype cellulaire impliqué,  proviennent de l‘interaction entre les 

fibres d’amiantes et les cellules humaines. Du fait de l’hétérogénéité morphologique et chimique des 

fibres et l’obligation de disposer de moyens analytique capable d’analyser l’interaction organique – 

inorganique, les détails du processus pathologique reste largement inconnus. En effet, la toxicité des 

fibres d’amiantes ne dépend pas seulement de leurs dimensions mais aussi de leurs formes et chimie 

de surface. Cela implique qu’il existe de nombreux type d’interaction fibre – cellule, rendant difficile 

l’interprétation du phénomène. Grace à leurs capacités non invasives, d’investiguer à un niveau 

cellulaire et la possibilité de sonder les fonctions moléculaires, les techniques spectroscopiques tels 

que l’infrarouge and le Raman sont appropriés pour évaluer ces  interactions fibre – cellules. 

Cependant, il existe certaines limites analytiques tels que la perte de sensitivité des détecteurs infra 

rouge en travaillant avec des sections de tissus ou d’échantillons de faible épaisseurs, la limite de 

résolution latéral et spatiale et l’impossibilité d’analyser les échantillons riche en eau. Des études 

préliminaires réalisées dans notre laboratoire ont permis de développer l’imagerie infra rouge couplé 

avec une matrice plan focal bidimensionnelle de détecteurs utilisant le rayonnement synchrotron 

afin de surpasser ces inconvénients. En effet, ces études ont permis de voir l’amélioration du rapport 

signal sur bruit  en utilisant le rayonnement synchrotron plutôt que la source Globar. De plus, 

l’utilisation de ce rayonnement synchrotron permet de réduire la résolution latérale de la technique 

à l’échelle micrométrique et augmenter sa sensitivité. Durant ce travail doctoral, des expériences ont 

été réalisées pour déterminer les substrats qui permettraient d’obtenir une qualité de culture 

cellulaire corrélée à une bonne image spectrale sur la base de leurs propriétés physiques et 

biologique. Cela a mis en évidence que les substrats les plus adéquats pour réaliser de l’imagerie 

infrarouge sont le Si, Ge et Si3N4. Par conséquent, l’application de l’imagerie infrarouge couplé au 

rayonnement synchrotron avec des cellules cryofixées sur des substrats de nitrure de silicium a 
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permis de déterminer les modifications de contenus cellulaires sous différentes conditions 

expérimentales. Une fois cette expérience accomplie, en mettant en pratique notre connaissance du 

rayonnement synchrotron couplé avec les détecteurs à matrice plan focaux et notre capacité à 

exécuter des cultures cellulaires ex vivo de cellule individuel sur un substrat de silicium, nous avons 

développé une méthode d’analyse afin d’évaluer les effets de l’interaction entre des matériaux 

inorganiques (fibres d’amiantes) et des cellules pulmonaires. En comparant les résultats obtenus à 

partir de différents type de fibres et différentes concentrations, nous avons observé que les 

changements moléculaires induites dans les cellules pouvait être différenciés et a permis ainsi de 

confirmer la capacité de l’imagerie infrarouge à déceler les changements moléculaires dans une 

cellule unique. Dès lors, nous avons décidé d’explorer l’interaction in vitro entre les fibres et les 

cellules individuelles en utilisant la spectroscopie Raman. Le principal objectif était de suivre le 

comportement in vitro  des cellules individuelles en contact avec les fibres d’amiantes afin d’avoir 

une meilleure compréhension de l’effet pathogénique des fibres. Avec l’aide de techniques 

multivariées tel que l’analyse en composante principal ou l’analyse de classes, nous avons pu 

remarquer que les petites fibres de moins de 5µm peuvent être internalisés par la cellule pendant 

que les plus larges fibres (<15µm) ne le peuvent pas. Ainsi, l’utilisation des techniques 

spectroscopiques tels que le Raman et l’infrarouge nous ont permis d’obtenir simultanément des 

informations morphologique et chimique sur le system, permettant d’avoir une meilleure vision du 

mécanisme de défense des cellules vivante individuelles en interaction avec les fibres d’amiantes.  
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Abstract 

Interaction of asbestos fibers with human cells cause lung diseases such as asbestosis and 

mesothelioma, whose severity is directly dependent on the cellular phenotypes involved. Details of 

this process remain largely unknown because of the chemical heterogeneity and morphology of the 

fibers and the requirement of organic-inorganic analytical means. Indeed, the toxicity of these fibers 

depends not only on their dimensions, but also on their habit and surface chemistry. Therefore, there 

are multiple fiber-cell interactions and phenomena making challenging their interpretation. Because 

of their non invasiveness, their ability to investigate at a cellular level and the possibility to probe 

molecular function, spectroscopic methods as FTIR and Raman spectroscopy are suitable techniques 

to evaluate these fiber cells interactions.  However, there are some analytical limitations such as the 

depletion of the sensitivity of IR detectors by working with thick tissue sections or very small sample, 

the limitation of resolution due to the spatial and lateral resolution and the impossibility to analyze 

sample rich in water. Preliminary studies performed in our laboratory as part of this PhD project, 

permitted to develop FTIR imaging coupled with bi-dimensional focal-plane-array (FPA) of detectors 

using synchrotron radiation in order to overcome these drawbacks. Indeed, recent studies have 

revealed that it is possible to obtain a higher SNR by using synchrotron radiation rather than Globar 

source. Moreover, the use of SR radiation permits to reduce the lateral resolution of the technique to 

the micrometer scale and to increase his sensitivity. In this work, experiments were realized to 

determine the substrates which allow a high quality of cell culture and good IR spectral image on the 

basis of the physical and biological properties of each substrate. This led to determine that Si, Ge and 

Si3N4 are the best substrates for FTIR imaging. Consequently, we applied SR-FTIR imaging with 

cryofixed cells on Si3N4 substrate to determine the cellular content changes under different 

experimental conditions. Once settled, by implementing our knowledge of SR-IR radiation coupled to 

FPA detectors and our ability to perform individual ex vivo cells culture on Si substrate, we developed 

a method to analyze the effect of the interactions between inorganic materials (asbestos fibers) and 
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organic materials (cells). By comparing the results obtained from different types of fibers and 

concentrations, we observed that the molecular change induced on cells could be differentiated. 

Thus, IR imaging confirmed its ability to show molecular changes in one cell as previously revealed. 

Henceforth, we decided to investigate the in vitro interaction between asbestos and single cells using 

Raman spectroscopy. The main goal was to monitor the in vitro behavior of single cells in contact 

with asbestos fibers to get a better understanding of the pathogenic effect of the fiber. With the help 

by multivariate analysis such as principal component analysis or cluster analysis, we found out that 

the small fibers can be apparently well internalized by the cell, while larger fibers are not 

internalized. Thus, the use of spectroscopic techniques as Raman and FTIR spectroscopy allowed us 

to obtain simultaneously morphological and chemical information on the system, thus providing a 

further insight into the mechanism of defense of single living cells interacting with asbestos fiber. 



8 
 

Riassunto 

L'interazione tra fibre di amianto e cellule umane causa malattie polmonari come l'asbestosi e il 

mesotelioma, la cui gravità dipende direttamente dai fenotipi cellulari coinvolti. I dettagli di questo 

processo rimangono in gran parte sconosciuti a causa della eterogeneità chimica e morfologica delle 

fibre e della mancanza di metodi in grado di analizzare sistemi che sono simultaneamente organici ed 

inorganici. Infatti, la tossicità delle fibre dipende non solo dalle dimensioni, ma anche dalla loro 

morfologia e dalla composizione chimica superficiale. Pertanto, vi sono diverse modalità di 

interazione tra fibre e cellule, che rendono difficile l'interpretazione del fenomeno. A causa della loro 

non invasività, la loro capacità di indagare a livello cellulare e la possibilità di analizzare le funzioni 

molecolari, i metodi spettroscopici come FTIR e Raman sono tecniche adatte per studiare 

l'interazione fibra/cellula. Tuttavia, vi sono alcuni limiti analitici come la mancanza di sensibilità dei 

rilevatori IR per sezioni troppo spesse di tessuto o per campioni molto piccoli, la scarsa risoluzione 

spaziale e la difficoltà di analizzare campioni ricchi in acqua. Studi preliminari condotti nel nostro 

laboratorio hanno permesso di sviluppare tecniche di imaging FTIR utilizzando rivelatori bi-

dimensionali FPA (focal-plane-array) e radiazione di sincrotrone per superare questi inconvenienti. 

Infatti, studi recenti hanno rivelato che è possibile ottenere un miglior SNR utilizzando radiazione di 

sincrotrone, piuttosto che una sorgente Globar. Inoltre, l'uso di radiazione di sincrotrone permette di 

migliorare la risoluzione laterale fino al micron e di aumentare la sensibilità della misura. In questo 

lavoro, sono stati realizzati esperimenti per determinare i substrati che consentono simultaneamente 

una elevata qualità della coltura cellulare e buone immagini spettroscopiche IR sulla base delle 

proprietà fisiche e biologiche di ogni substrato. Ciò ha permesso di riconoscere i substrati di Si, Ge e 

Si3N4 come ottimi candidati per l'imaging FTIR. Di conseguenza, abbiamo utilizzato metodi di 

imaging SR-FTIR su cellule cresciute su substrato di Si3N4 e criofissate per studiare i cambiamenti del 

contenuto cellulare in differenti condizioni sperimentali. Una volta stabilite le migliori condizioni 

sperimentali, e dopo aver migliorato la nostra conoscenza sull'uso della radiazione di sincrotrone 
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accoppiata ai rivelatori FPA e la nostra capacità di eseguire le culture di cellule sui substrati di Si, 

abbiamo sviluppato un metodo per analizzare l'effetto dell'interazione tra un materiale inorganico (le 

fibre di amianto) e un materiale organico (le cellule). Confrontando i risultati ottenuti con differenti 

tipi di fibre e diverse concentrazioni, abbiamo osservato che il cambiamento molecolare indotto sulle 

cellule poteva essere caratterizzato, e che quindi le tecniche di imaging IR permettevano 

effettivamente di analizzare i cambiamenti molecolari in una cellula. In una seconda fase abbiamo 

deciso di studiare l'interazione in vitro tra amianto e singola cellula utilizzando la spettroscopia 

Raman. L'obiettivo principale era di monitorare il comportamento in vitro delle cellule in contatto 

con le fibre di amianto per avere una migliore comprensione dell'effetto patogeno della fibra. Con 

l'aiuto di analisi multivariata come l'analisi delle componenti principali o la cluster analisi, abbiamo 

scoperto che le fibre di piccole dimensioni possono essere ben interiorizzate dalla cellula, mentre le 

fibre grandi non vengono internalizzate. Pertanto, l'uso combinato di tecniche spettroscopiche come 

Raman e FTIR permettono di ottenere simultaneamente informazioni morfologiche e chimiche sul 

fenomeno dell'interazione tra fibre di amianto e singole cellule, consentendo di migliorare la nostra 

comprensione del meccanismo di difesa della cellula vivente. 
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ABBREVIATIONS 
 

A549: Adenocarcinoma human alveolar basal epithelial cells 

ATCC: American type culture collection 

ATR: Attenuated Total Reflection 

CARS: Coherent anti-Stokes Raman scattering spectroscopy 

CCD: Charge couple device 

DMEM: Dulbecco’s modified eagle medium  

DNA : Desoxy ribonucleic acid 

FTIR: Fourier Transformed InfraRed  

FPA: Focal Plane Arrays 

GPa: GigaPascal 

HCA: Hierarchical cluster analysis 

HCMEC: Human cerebral microvascular endothelial cell 

IARC: International Agency for Research on Cancer 

MPa : MegaPascal 

MTT: Mitochondrial tetrazole assay 

NA: Numerical aperture 

OLS: Ordinary least squares 

PC: Principal component 

PCA: Principal component analysis 

PCR: Principal component regression 

PBS: Phosphate buffered saline 

PLS: Partial least squares regression 

RNA: Ribonucleic acid 

RNS : Reactive nitrogen species 

ROS: Reactive oxygen species 
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SEM: Scanning electron microscopy 

SERS: Surface Enhanced Raman Scattering 

SNR: Signal-to-noise ratio  

SR: Synchrotron radiation  

TEM: Transmission electron microscopy 
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1. ASBESTOS FIBERS 
 

There are more than two hundreds types of natural minerals fibers coming from rocks. 

Volatile, most of them are not harmless but others as asbestos show a real pathogenicity for humans.  

Asbestos is a commercial term applied to six varieties of naturally occurring fibrous mineral that have 

been widely exploited industrially. The practical use of these minerals is ancient but the demand for 

asbestos fibers grew exponentially in the beginning of the 20th century. This inflation was due to 

their thermal properties, average tensile strength, resistance to fire, heat, electrical and chemical 

damage of these materials used in the automobile industry and for military applications. The 

maximum of production was in 1977 with 4,8.106 tons produced and is currently around 2.106 tons 

per year worldwide[1].  

The world production had decreased since 1978 because of health issues linked to the use of 

asbestos fibers. Early the 1980s, a series of pathologies were developed by asbestos mining workers. 

Thus, researchers as Goldsmith[2] debated the relationship between silica exposure and lung cancer 

and suggested that silica based minerals were carcinogen and lung cancer were due to minerals, 

‘foreign bodies’ in the biological environment; the results were enhanced by epidemiological 

evidence. As a consequence, the International Agency for Research on Cancer (IARC) defined 

asbestos fibers properties; evaluated asbestoses as lung carcinogenic fibers and related the exposure 

to asbestos  with the risk of pulmonary diseases as nonmalignant inflammatory (pleural plaques, 

asbestosis…) and malignant (mesothelioma and bronchogenic carcinoma) diseases; differences were 

related to the cellular phenotypes as well as  the nature of the asbestos involved [3, 4]. Later, the 

studies revealed that the fibers carcinogenicity is not simply correlated to the exposure but depends 

on the chemistry and structure of each type of fiber. Thus, the six varieties of fibers were regulated 

by the safety administration exposure standards [5]. 

 

Asbestos fibers belong to two classes of minerals: serpentines and amphiboles. These two 

groups occur also in non fibrous forms, which are not considered as asbestos, but are more common 

and widespread than the fibrous varieties. Thus, within the serpentine group only one fiber has a 

fibrous shape. Named Chrysotile, it is a magnesium silicate mineral. On the other hand, there are five 

asbestiform varieties of amphiboles – see figure 1. Asbestiforms are defined as fibrous shape 

occurring in bundles that can be divided or cleaved into thinner fibers (less than 0.5 µm in width) 

http://en.wikipedia.org/wiki/Tensile_strength
http://en.wikipedia.org/wiki/Flame-retardant
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with high tensile strengths and high aspect ratio (length/diameter of 20:1 to 100:1 or higher for 

fibers longer than 5 µm up to 200µm).  

 

 

 

Figure 1: Shapes of asbestos fibers by transmission electron microscopy (TEM): (a) chrysotile, (b) crocidolite,  

(c) anthophyllite, (d) winchite-richterite asbestos (e) tremolite and (f) amosite. Scale bar = 10 μm [6]. 

 

These six industrial minerals share a set of physical and chemical properties that make them 

unique, such as their high tensile strengths or resistance to chemical damage, even if each can be 

distinguished by its compositions or structure. Indeed, chrysotile has a planar sheet-like structure 

which is rolled up to finally give needles, while amphibole minerals are characterize by a double-

chain arrangement of Si-O tetrahedra as shown in (a) and (b) from figure 1 above.  

Amphiboles are considered as more powerful carcinogens than chrysotile fibers due to their 

physical and chemical properties. As a consequence, more than 95% of world exploitation of 

asbestos regards the chrysotile specie. The chemistry of fibers is considered as main inducer of the 

pathogenicity of fibers.  
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1.1 CHEMISTRY OF FIBERS 

The term “asbestos fibers” refers to a family of silicate based mineral described by a 

heterogeneous chemistry and morphology. The diversity of crystallization of the silicate chains into 

thins fibrous structures can explain this variety of fibers. The chemical properties within each class of 

fibers, i.e., the serpentine characterized by chrysotile and the amphiboles group, will be discussed in 

the next section.  

1.1.1 SERPENTINES 
 

Chrysolite asbestos, one of the polymorph minerals in the serpentine phyllosilicate group is 

chemically a hydrated magnesium silicate with an ideal composition = Mg3Si2O5(OH)4. The two other 

common serpentine minerals are lizarite and antigorite. The formation is realized thanks to the co-

deposition of many minerals as brucite (Mg(OH)2), magnetite (Fe3O4), calcite (CaCO3), dolomite 

((Mg,Ca)(CO3)2), chlorite ((Mg,Al,Fe)12Si8O20(OH)16), and talc (Mg6Si8O20(OH)4), the stress and 

deformations in the host matrix, the water content, the temperature cycles during geological 

periods, etc… Chrysotile fibers are found in veins in serpentinite rocks, they grow as extended sheets 

that tend to enfold forming a tubular fiber structure. These crystalline fibers are usually curved; 

hence the name ‘serpentine’; extremely thin and flexible, see figure 2.  

 

 

Figure 2:  Microscopic structure of chrysotile 

fibers [7].  
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The properties of chrysotile fibers are correlated to their chemical composition but also to their 

crystal structure. Chrysotile‘s crystal structure is formed by a double layer composed of a tetrahedral 

and octahedral sheets. The octahedral brucite layer – (Mg6O4(OH)8)4-  – is intercalated between each 

silicate tetrahedral sheet and bonded together by oxygen atoms [8]. This difference of distance 

between O-O forces the double sheet to roll up leading to the tubular shape characteristic of 

chrysotile [9]. This kind of structure explains why chrysotile fibers have a poor chemical persistence. 

Indeed, the outer octahedral layer of chrysotile is readily leached of magnesium, even under pH=4 to 

ph=6 acid conditions [10].  

 

1.1.2  AMPHIBOLES  

 

The amphibole group of asbestos includes the species amosite (grunerite), crocidolite 

(riebeckite), tremolite, anthophyllite, and actinolite. The different amphibole species have different 

geological origin but the common point is the necessity of mechanical stress or high temperature 

during their chemicals reactions of formation or metamorphic process [11]. 

 

Figure 3: Schematic 

structure of amphibole 

fibers (adapted from 

[12]). There are 

different cationic sites 

that can accept 

different types of 

atoms, depending on 

their size.  
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The chemical composition of the amphiboles may be represented by the following general 

formulae: 

A0-1, B 2C5T8O22 (OH, O, F, Cl)2 

Where A= Na or K ;   

B = Na, Ca, Mg, Fe
+2

, Mn, Li 

C= Al, Fe 
+2

, Fe
+3

, Ti, Mg, Mn or Cr 

 T= Si, Al  

A, B, C represent different cationic sites having different sizes within the crystal structure [8].  
 

This formula reveals that the amphibole group includes many mineral species characterized by 

different cation substitutions at the structural sites. For example, tremolite and actinolite are related 

by the substitution (at the C-sites) of divalent iron (dominant in actinolite) by magnesium (dominant 

in tremolite).    

Amphibole fibers usually come out as individual species rather than as bundles and with a linear 

double chain as polymeric structure. These chains crystallize into long, thin, and straight fibers, which 

structure is characteristic of this kind of asbestos fibers.  

Amphiboles crystallize either as a monoclinic, rectangular prism with a parallelogram as its base, than 

an orthorhombic - rectangular prism with rectangular base - forms. The crystal structure is based on 

double Si4O11 chains of tetrahedral. The arrangement contains several cation sites which host atoms 

with different coordination, charge and dimension. Two double chains of this silica tetrahedral group 

are placed back to back and linked along the c-axis; axis corresponding to the direction of elongation 

in all amphibole fiber (figure 3) [13]. 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Prism_%28geometry%29
http://en.wikipedia.org/wiki/Parallelogram
http://en.wikipedia.org/wiki/Prism_%28geometry%29
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1.2 PHYSICAL PROPERTIES OF ASBESTOS FIBERS 

 

Asbestos fibers, known as miracle fibers in the 1950s, have a set of properties that make them ideal 

for a variety of construction and insulation purposes. The most important for industrial application is 

the fiber length distribution. Indeed, the length and the distribution of the fibers play a central role in 

the performance of the final material where the fiber is embedded. Other physico-chemical 

properties as: 1- the thermal behavior during heating which is relatively stable, mechanically stable 

with a low weight loss 2- the high tensile strength (near 10 GPa; thanks to the Si-O-Si bonds) superior 

to the tensile strength of steel (between 450 - 1970 MPa) [14] and the flexibility 3- the hardness 

comparable to other glassy silicate 4- the high electrical resistivity used for electrical insulation 

applications and 5- a good resistance to acids and bases. The most important physical and chemical 

properties of the six regulated asbestos minerals are summarized in the Table 1. 

 

The table shows that:  

- The chemical stability of amphibole fibers is better in acid environment compared to 

chrysotile. This explains why amphiboles fibers remain longer in the lung compared to 

chrysotile.  

- Amphiboles develop more fibrous shapes than chrysotile. This feature can be related to the 

high carcinogenic potential of amphibole.  

- Chrysotile fibers have a higher flexibility and thus a lower hardness than the amphibole. This 

explains the larger use of chrysotile instead of amphiboles for many industrial applications.  
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characteristic Chrysotile Amosite Tremolite Actinolite Anthophyllite Crocidolite

Chemical formula Mg3Si2O5(OH)4 (Fe+2)2(Fe+2,Mg)5Si8O22(OH)2 Ca2Mg5Si8O22(OH)2 Ca2(Mg,Fe+2)Si8O22(OH)2 Mg7Si8O22(OH)2 Na2(Fe+2,Mg)3Fe+3Si8O22(OH)2 

Color White, gray, green, yellowish Brown, gray, greenish White to pale green Green Gray, white, brown-gray, greenLavender, blue, green

CAS registry [12001-29-5 ] [12172-73-5] [14567-73-8] [12172-67-7] [17068-78-9] [12001-28-4] 

Structure structure as veins in serpentine and mass fiber deposits lamellar, coarse to fine, fibrous and asbestiform long, prismatic, and fibrous aggregates fibrous in ironstones

Physical state Solid Solid Solid Solid Solid Solid

hardness, Mohs 2.5-4.0 5.5-6.0 5.5 4.0

specific gravity 2.4-2.6 3.1-3.25 2.9-3.2 3.0–3.2 2.85–3.1 3.2-3.3

Specific surface area (m2/g) 26.8 ± 0.7 5.7 ± 0.3 NA NA 11.8 ± 1.0 8.3 ± 0.5

optical properties biaxial positive parallel extinction biaxial positive parallel extinction biaxial negative oblique extinction NA NA biaxial oblique extinction

refractive index 1.53-1.56 1.63-1.73 1.60-1.64 NA NA 1.65-1.72

flexibility high fair fair to good Fair to brittle Fair to brittle poor,generally brittle

texture silky, soft to harsh coarse but somewhat pliable generally harsh NA NA soft to harsh

tensile strength, Mpa 1100-4400 1500-2600 <500 NA NA 1400-4600

resistance to: acids 4 < pH< 6 weak, undergoes fairly rapid attack fair, slowly attacked good NA NA good 

resistance to : alkalies  7 < pH< 10 very good  good good NA NA good

surface charge, mV (zeta potential) +13.6 to +54b -20 to -40 NA NA NA -32

decomposition temperature, °C 800-850 600-900 1040 950 800  

 

Table 1: Physical and chemical properties of the six regulated varieties of asbestos fibers [15-17] 
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1.3 PHYSICAL STUDY AND ANALYSIS OF FIBERS 

 
 

The mineral composition and structure of asbestos fibers are characterized through different 

analytical methods. Indeed, morphological characterization is not enough to ensure the identification 

of these fibers. Thus, microscopic methods or other analytical techniques must be used. Optical 

microscopy is the easiest way of identification when the sample size is in the micrometric scale; the 

spatial resolution of the fiber must be better than 0.2 µm of diameter to be seen by this technique. 

It’s a powerful technique, fast and accessible allowing the recognition of the different types of 

asbestos thanks to their differences of optical properties and shape. Identification can also be 

performed with the transmission or scanning electron microscopy (TEM, SEM) techniques. These 

techniques allow the visualization of the thinnest fibrils and counting of fibers in small samples. 

Coupled with an energy-dispersive X-ray spectrometer, it is possible to determine the elemental 

composition of the fiber; they are however non routine techniques and require strong manipulation 

of the sample.  When the samples contain a large amount of fibers, the characterization can be 

accomplished using X-ray fluorescence (XRF), Secondary ion mass spectrometry (SIMS), laser 

microprobe mass spectrometry (LMMS) or X-ray photoelectron spectroscopy (XPS) [18]. Indeed, the 

diffraction technique by X-ray allows the identification of the different types of asbestos fibers and 

also their minerals composition [19]. There are also other techniques to determinate the type of 

fibers. Thermo-analytical methods as DTA (Differential Thermal Analysis), TGA (Thermo Gravimetric 

Analysis), or DSC (Differential Scanning Calorimetry), can be used as complementary techniques to 

identify the asbestos fiber. Indeed, the unique feature observed to each asbestos fiber (as the 

exothermic peak due to the release of heat at 830°C for chrysotile to determine the presence of talc 

[20] can be used to reveal the mineral contamination of asbestos. The same principle can be applied 

to IR and Raman spectroscopy; these techniques allow the identification of asbestos fibers thanks to 

the unique spectral signature at the difference – with the other techniques mentioned above – that 

it’s possible to achieve both organic and inorganic information and reuse without destroy the 

sample.   
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1.4 TOXICITY OF THE FIBERS 

 

 
At the beginning of the asbestos issue, these minerals were considered as a single substance. Their 

toxicity was explained on the basis of properties like the fibrous habit, the fiber dimensions, the 

aspect ratio and mineral composition. However, each of them failed to explain all the experimental 

data. Thus, the necessity to consider biochemical aspects as iron generated free radicals (ROS and 

RNS), durability and biopersistence – the capacity of asbestos fiber to remains into the lung – was 

investigated to explain the results. The knowledge evolved and now it is well clear that asbestos 

fibers are heterogeneous materials, i.e. there are several issues to consider, involving differences 

among their shape, their different crystallinity, chemical composition and dynamic phenomena 

occurring at the fiber surface. All these issues together play a role in the carcinogenicity of the 

asbestos. Moreover, it’s now well accepted than the fiber surface plays a crucial role since the cells 

and tissues are directly in interaction with the surface of the fibers. Thus, the surface composition, 

the surface area, the active sites at the surface and the ions that might selectively leach from the 

fiber surface are important to study the in vivo effects of each type of fiber. To understand the 

cytotoxicity of the fibers, different physico-chemical and biochemical properties need to be 

explained. 

 

1.4.1 FIBROUS HABIT 
 

Once inhaled, asbestos fibers have different fates – see figure 4. They can be removed from the lung 

by phagocytosis; they can reach the alveolar region, migrate to the interstitium and remain into the 

pleura and/or undergo “frustrated phagocytosis” – phagocytosis can‘t be done totally because of the 

size of the fiber.   
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figure 4 :Asbestos fibers fates after exposure 

(developed by [21]). 

After the fibers enter into the nose and 

mouth, they go through the esophagus - 

leading to cancer of esophagus. Once in the 

lung, they can go to the bronchia and alveoli 

space but also through the abdomen to the 

stomach intestines leading to diverse type of 

cancer.   

 

 

Indeed the size of alveolar macrophages is not enough to ingest the long sized fibers [22] 

 

 

Figure 5: Frustrated 

phagocytosis realized by 

macrophage (in yellow) on 

asbestos fiber (in white). The 

phagocytosis is said to be 

“frustrated” because 

macrophages cannot 

phagocyte the fiber [23].  
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Each fate depends on the shape and the dimensions of the fiber. Non-fibrous asbestos are well 

cleared from the lung. Serpentine fibers, as discussed above, can be disintegrated in small fragments 

by the pH of the lung that are ingested and cleared from the lung by phagocytosis. Amphiboles, into 

the lung are disassociated into unique long and thin fibers that penetrate into the epithelial cells. The 

IARC define a fiber as potentially carcinogen when the length is > 5µm and the aspect ratio >3:1 (with 

width <0.5µm) [24]. When the length is > 5µm, the phagocytosis can’t be completed (figure 5) and 

the macrophage releases oxidants, enzymes of degradation and cytokines to call other macrophages 

and thus realized the phagocytosis. This releasing leads to a cascade of in vivo actions that induce 

mesothelioma. Thus, amphibole fibers are up to 500 times more powerful in causing mesothelioma 

than chrysotile fibers because of their typical dimensions and shape [25]. 

 

 

Figure 6: A: Schematic formation of 

chrysotile. The Mg layer and the Si 

layer are linked together the oxygen 

atom (in red) leading to the final 

rolled up structure.  

B: chrysotile fiber disintegration. In 

mildly acid condition, the chrysotile 

fiber is disintegrated into small 

pieces that can be phagocyted [26]. 
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Figure 7: A: Schematic crystal 

structure of amphibole. The fiber are 

connected to each other thanks to 

oxygen atoms (in red)  

B: amphibole fiber disassociation. In 

acid condition (2<pH<5), the oxygen 

bond is cut off leading to the 

dissociation of long and thin fiber 

into the lung [26]. 

 

 

 

1.4.2 GENERATION OF FREE RADICALS 
 

Asbestos fibers can generate free radicals. The generation of these free radicals, due to the presence 

of iron on the fiber surface leads to the Reactive Oxygen Species (ROS) and Reactive Nitrogen Species 

(RNS) as HO•, H2O2, O2•-, ONOO•- and NO. Thus, the surface of the fiber contains active sites that 

suggest a variation in the amount of free radical release, amount enhanced by the presence of 

chelatants that assisted to the iron release [27]. There are different mechanisms of generation of 

ROS. If there is H2O2 in the system the production of ROS is done through the Fenton reaction:  

 

Fe (II)(surface) + H2O2  Fe(III) + OH+ HO• 
 

As show by the reaction, the Fenton activity is insensitive to the redox state i.e. a change of the 

oxidation state of the atom, requires surface iron and is a catalytic surface site i.e. can be 

regenerated. 

 

Thus, these reactions are consistent with prolonged effects in vivo and depend not only on the iron 

content but also upon the crystallographic structure. The knowledge of these reactions and the 

presence of active site on the fiber surface explain why biopersistence plays an important role in the 

cytotoxicity of the fibers.   
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Thanks to all the information collected, we are aware that the different types of fiber lead to the 

different effects depending on the various fibers dimensions, the fiber shape and the heterogeneity 

of the surface reactive sites. Thus, the pathogenicity is not related to a single feature but to a set of 

features, acting at different level and explaining why there is a range of diseases due to the 

inhalation of asbestos fibers.  
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1.5 PATHOLOGICAL PATHWAY OF ASBESTOS FIBERS 

 

The pathological pathway of the asbestos fibers is a process that starts at the moment of the 

inhalation of the fibers to the damage of the target cells – epithelial and mesothelial – leading to the 

asbestosis or mesothelioma; the process is summarized in figure 8.   

 
 
 
 
Figure 8:  Hypothetical pathological pathway of asbestos carcinogenicity and their effects on cells. From the 

inhalation of the asbestos by the nose and mouth to the carcinogenicity of the target cells (mesothelioma, 

epithelial), including the frustrated phagocytosis. Adapted from [28]. 
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Once inhaled into the lung, the asbestos dust can reach the alveolar region. Thus, pulmonary 

parenchymal cells, including alveolar macrophages, pulmonary epithelial cells, mesothelial cells, 

endothelial cells, and fibroblasts, are all susceptible to develop cell-fiber interactions with 

chemotoxic effects. Alveolar or interstitial macrophages represent the key elements in the 

development of fibrosis, the other inflammatory cells (T-lymphocytes, neutrophils, mast cells) being 

involved only as a second line. These macrophage-fibroblast interactions are established at two 

levels: 1- by the production of chemotactic factors, the macrophages participate in the recruitment 

of other cells; and 2- the multiplication of cells mediated by growth factors leading to the cell 

proliferation in the region involved. Since they are the first line in contact with asbestos fibers in the 

lung, epithelial cells from the alveolar epithelium have been the most studied. The aim of previous 

studies has been to observe the clearance of fibers, the effect of the fibers on cells (notably for type I 

and II alveolar epithelial cells). There has also been interest in the induction of inflammation as well 

as on the proliferation of these cells [29]. These recent studies used human lung epithelial (A549) 

cells. The other types of cells studied are the mesothelial cells (human mesothelial MeT 5A) [10]. 

The mechanism of asbestosis or the nature of asbestos carcinogenicity process may be described as 

follows: 

- Fibers generate free radicals that damage cells and DNA. Indeed, asbestos induce DNA 

damage in two different ways, one associated with asbestos fibers in the cell and another one not 

depending on the presence of fibers. The latter could be due to iron release from the asbestos fibers 

or reactive oxygen species formed from iron contained in the fibers [10]. 

- Fibers stimulate proliferation of cells. Indeed, the alveolar macrophages due to the frustrated 

phagocytosis release also chemotactic agents like platelet-derived growth factor (PDGF), 

Transforming Growth Factor (TGF) and interleukin-1 (IL-1). These factors increase cell proliferation 

and stimulate extracellular matrix (ECM) production.  They allow the detainment of sites of asbestos 

and finally to further macrophage accumulation. These chemotactic agents can recruit and activate 

inflammatory cells (neutrophils and lymphocytes) locally but also from the interstitial space, such as 

fibroblasts [11]. 

- Fibers induce chronic inflammation reaction-chain (release of ROS, cytokines, growth 

factors…etc.). Majors factors involved include IL-1, PDGF, insulin-like growth factor-1 (IGF-1) or tumor 

necrosis factor α (TNF-α). As an example, TNF-α exhibits powerful pro-inflammatory activity related 

both to induction of adhesion molecules on endothelium and epithelium surfaces and to the 

stimulation of other cytokines, notably chemokines, such as IL-8 [30]. 

- Physical action of fibers interferes with mitosis by troubling chromosome segregation, which 

results in abnormalities during the mitosis. 
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At the macrophage level, studies have shown that apoptosis of alveolar epithelial cells plays a 

significant role in the pathogenesis of lung disorders [14, 31]. Basically, apoptosis is the main way for 

reducing the hyperplasia in type II alveolar cells when a lung injury occurs. However, in the case of 

asbestosis, apoptosis may induce epithelial barrier dysfunction, further lung injury, and fibrosis [32]. 

Concerning DNA, chromosomal aberrations have been observed (aneuploidy, lagging, bridged, and 

sticky chromosomes). This is due to the accumulation of unphagocyted fibers in the perinuclear 

region of the cells [33]. The uptake of fibers by the cells is increased by adsorption of proteins at the 

fiber surface. At the genes level, gene expression is altered by the release of RNS and ROS, which 

induces cytotoxicity manifested by gene base substitutions, deletions, insertions, rearrangements, 

and sister chromatin exchanges [34, 35]. These molecular features of cell-fiber interactions appear as 

major issues for diagnosis and monitoring of asbestosis. Except the utilization of tissue biopsies for 

determining specifically given molecular parameters, several imaging methods have been applied to 

the diagnosis of this large and diffuse family of pathologies. 

Today, no techniques allow a better overview of the toxicity issue of asbestos fibers. Spectroscopic 

techniques as Raman and IR spectroscopy are exploited all along this work together with toxicity 

techniques in order to determine morphological and chemical information of cellular response. This 

would permit to access details of the effective toxicity of asbestos fibers as well as information on 

the physical and chemical features of the interaction between asbestos fibers and epithelial lung cell 

at a molecular level with a sub cellular resolution. 
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2. IR SPECTROSCOPY 
 

Fourier-Transform Infra Red (IR) spectroscopy is an analytical technique revealing the bonds between 

atoms. It helps the determination of the structure of molecules thanks to the intra molecular and 

inter-molecular vibrations occurring into the sample. Indeed the amount of IR radiation absorbed by 

the materials is measured as a function of the wavelength. Allowing the analysis in solid, liquid and 

gaseous phases, IR spectroscopy has been significantly used during the last 20 years in analytical 

chemistry thanks to the strong increase in the performance of the equipments.  

2.1 PRINCIPLES 

 

The energy domain of IR light is broad and can be divided into three sub domains: far-IR, mid-IR and 

near-IR. The domain where most vibrations of molecules are observed is the mid IR and corresponds 

to the wave numbers between 4000 cm-1 and 400 cm-1 – 2.5 to 25µm in wavelengths or 1.2*1013 to 

1.2*1014 Hz in frequency.  IR spectroscopy is based on the capacity of the apparatus to detect the 

vibrational transitions happening between two different vibrational energy levels in a molecule. It’s 

important to understand that bonds in molecules react as a harmonic oscillator. Indeed, these bonds 

are elastic, can diverge in term of bonds lengths and angles from a mean position and vibrate at 

precise frequencies – frequency corresponding to the vibrational frequency and its environment of a 

chemical bond. 

When hit by an IR light, an atom is excited by the energy of the photons and can move in the three 

dimensions of the space. When they are bonded together, because of its environment, a molecule 

can only translate and rotate into the space limiting the number of degrees of freedom:  

3N-6 (non-linear molecule) 

3N-5 (linear molecule) 

where N is the number of atoms of the molecule.  

There are different types of vibrations: symmetric and anti-symmetric. Moreover these vibrations 

can also be separated in stretching mode, ν (where the atom bond is stretched) and bending mode δ 

(where the molecule is deformed). Thus, symmetric stretching νs or anti-symmetric stretching νas can 

occur and the same for the bending mode – δs and δas – as shown below.  
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Figure 9:  Different 

vibrational modes of a 

molecule. These others 

modes correspond to 

different bending 

occurring in complex 

molecule. 

   

An IR absorption is correlated to the change of the electrical dipole moment. This makes impossible 

the IR detection of homonuclear molecules as O2 or N2 in contrast to heteronuclear molecules as H2O 

or CO2 that vibrate in the IR region with intense characteristic peaks.  

2.2 INSTRUMENTATION 

IR spectrophotometers consist of a source, a detector and an interferometer. Each will be discussed 

below. 

 

Figure 10: IR spectro-

photometer with the 

interferometer of 

Michelson [36]. 

 

2.2.1 THE IR SOURCE 



33 
 

The most common IR source used in IR spectroscopy is the Globar. It’s a silicon carbide rod allowing a 

spot size of ≈ 100µm [37]. To increase the resolution of the spot, another type of source called the 

synchrotron IR radiation came into play in the recent years. This source allows a photon flux several 

orders of magnitude higher than the Globar source. However, due to the complexity and the cost of 

SR light, the use of Globar source is still widespread in the laboratory experiment.  

2.2.2 THE INTERFEROMETER 
 

The early dispersive spectrometers were based on the use of a monochromator. This permitted the 

scan of each wavenumber separately i.e. each point of the spectrum was recorded distinctively. 

These spectrometers were extremely slow. The type of spectrometer used nowadays is the Fourier 

transform interferometer. Combined with a suitable detector, it allows a better sensitivity and a 

faster scan speed based on the recording of the whole wavenumber range simultaneously. The 

interferometer allows a difference of optical path by a game of reflection and transmission of the 

light from the source leading to the achievement of an interferogram.  

 

Figure 11: The 

interferogram and the 

single spectrum 

obtained by Fourier 

transformation [38]. 

 

 

Thus, the interferogram is a measurement of the temporal coherence of the light at each different 

time delay setting [38]. The application of the Fourier transformation on the interferogram obtained, 

permits to resolve it into a sum of sinusoidal functions, corresponding respectively to a wavenumber. 

The frequency and the amplitude of each of them are calculated from the interferogram. The 

reference is a helium neon laser with the same optical pathway than the source and used as internal 

calibration. 
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2.2.3 THE DETECTOR 

Two type of detectors are usually used in the mid IR region: 1- the DLaTGS detector – deuterated l-

alanine-doped triglycine sulfate – allowing to work at room temperature with a great stability and 

ease to use, and 2- the MCT – Mercury Cadmium Telluride –  having a higher sensitivity but requiring 

to be cooled with liquid N2.  

Recent developments of IR microscope detectors including the Focal Plane Array – FPA – have 

decreased the acquisition time of experiments by collecting 4096 spectra at the same time. These IR 

multichannel detectors or arrays are based on the collection of data by small individual detectors – 

pixels – allowing a simultaneous and very rapid spectral mapping on large area [39]. The FPA 

detectors permit to analyze a 1 mm² sample area at the microscopic resolution in few minutes 

instead of hours with single element detector to obtain a similar spectral quality but also to reduce 

the instabilities due to the changes of the experimental condition [39, 40]. Moreover, the 

development of the number of arrays from 8*8 elements to 128*128 elements allows a better lateral 

resolution. Indeed, the dimensions of individual detectors are 40*40 μm and with the use of 

magnification level of microscope‘s objective – 4x, 15× or 36× it is possible to obtain a final pixel 

resolution of 10*10, 2.6*2.6 or 1*1 μm respectively [37]. The final pixel resolution of 1*1 µm allows 

the study of single cells by IR imaging in laboratory despite the problem of the weak photon flux of 

the Globar source.  

It is important to note that the most critical factor defining image fidelity is the lateral resolution. 

Diffraction of light happens when the size of an optical device, placed in the path of the light beam, is 

smaller than the beam diameter. Thus, any types of optical microscopy are restricted by the inherent 

low spatial resolution called diffraction limit. This diffraction limit is correlated to the wavelength and 

the size of the aperture through the equation 1 [41]:  

                                                                                                                                    (eq.1) 

Where  correspond to the distance between two objects,  the wavelength and  is the 

numerical aperture (N.A.) of the objective with  the refractive index of the medium between the 

objective and the specimen and θ the acceptance angle of the objective [42]. It is obvious that 

objects can be seen by mid IR light – 4000cm-1 to 900cm-1 – if they are spaced between 2.5µm and 10 

µm. The resolution can be reduced by others minors factors as mirror, detector geometry, objective, 

detector response…. Moreover, the diffraction limit is a concept that can be overcome by using ATR 

IR devices [43]. Indeed, by collecting the evanescent wave on the surface of a substrate with specific 
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properties, it’s possible to obtain information on objects smaller than 0.5µm, which would challenge 

the principle of Rayleigh criterion (two points can be separated when the central maximum of the 

first Airy disc is placed at a distance of just one radius) and thus the principle of lateral spatial 

resolution [44].  

Thus, the use of the FPA detectors with the IR interferometer leads to the acquisition of a 

spectroscopic image in a time similar to the acquisition of a single spectrum, in conventional mode. 

Utilization of synchrotron radiation provides a high brightness over a small size spot, an increase of 

SNR and a fast measurement, thus allowing the study of molecular change occurring in single cell. By 

coupling the multichannel detection of FPA detectors with the spectral multiplexing advantage of 

FTIR interferometry, the field of view of an entire sample is spectroscopically imaged in a time period 

faster than to acquiring a single spectrum conventionally but with a better SNR.  

 

2.3 APPLICATIONS 

 

First used in material science for characterizing and analyzing chemical species, IR was developed for 

biological applications during the second half of the 20th century thanks to the development of 

computers. First used for the analysis of simple biomolecule, IR spectroscopy and then IR imaging 

with the availability of FPA detectors, made possible the examination of more complex biosystems. 

Thanks to the development of statistical theories for data treatment, it was possible to extract 

information on specific molecular components and their changes from their spectra [45]. Thus, the IR 

imaging technique made possible to access to the internal organization, elemental or molecular 

distribution from complex biosystems such as bacteria [46], cells [47], tissues, and model biosystems 

such as membranes [48] or vesicles [49].  

For inhomogeneous and complex biosamples, such as cells or tissues, with different molecular and 

structural components, each vibrating molecule absorbing within the mid-IR region : nucleic acids, 

osidic residues, lipids, and proteins contribute to the whole spectra. These different molecules have 

overlapping absorptions modes, which make challenging the assignment of IR bands to particular 

molecular components [39]. However, relevant spectral regions as lipids (3050 cm-1 – 2800 cm-1), 

proteins (1700 cm-1 – 1480 cm-1) and osidic residues (1200 cm-1 – 900 cm-1) can be highlighted. From 

these regions, there are also pertinent bands: the amide I and the amide II vibrational bands 

between 1700 and 1480 cm–1; lipids absorptions modes around 2900 cm–1 and DNA, RNA vibrational 

band at 1705 and 1610 cm–1 and osidic residues around 1000 cm–1. Thus, it’s possible to obtain the 

distribution of molecular components of interest, for example protein or lipids, by integrating the 

proper bands over the scanned region.  
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The development of infrared applications in the biological field allowed to obtain a large qualitative 

and quantitative database and thus to determinate the structural composition in a vibrational 

spectrum as shown in the table below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Typical Mid IR 

spectrum of cell 

[50] with the 

spectral region of 

interest and their 

meaning 
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Wavenumber (cm-1) Assignment 

3328 Amide A (ν -N-H), proteins 

3129 Amide B (ν -N-H), proteins 

3015 ν =C-H, lipids 

2960 ν as -CH3, lipids proteins 

2920 ν as -CH3, lipids proteins 

2875 ν s -CH3, lipids proteins 

2850 ν s –CH2, lipids proteins 

1720-1745  ν –C=O, lipids (esters) 

1710-1716  ν as –C=O, RNA (esters) 

1705-1690 ν as –C=O, RNA, DNA 

1654 Amide I ν -C=O (80%), ν - C-N (10%), δ -N-H (10%), α-helix 

1630-1640  Amide I ν -C=O (80%), ν - C-N (10%), δ -N-H (10%), β-structure 

1610, 1578 ν -C4-C5, ν -C=N, imidazole ring, DNA, RNA 

1515 Aromatic tyrosine ring (Lasch et al) 

1540-1550  Amide II δ -N-H (60%), ν - C-N (40%), α-helix 

1530 Amide II δ -N-H (60%), ν - C-N (40%), β-structure 

1467 δ –CH2 lipids, proteins 

1455 δ as –CH3 / -CH2 scissoring lipids, proteins 

1370-1400  ν -COO-, δ s –CH3 lipids, proteins 

1330-1200  Amide III, proteins 

1230-1244 ν as –PO2
-, RNA, DNA 

1160, 1120 ν -C-O, RNA ribose 

1170, 1070  ν as, ν s –CO-O-C, lipids 

1090-1084  ν s –PO2
-, RNA, DNA 

1060, 1050 ν –C-O, deoxyribose/ribose DNA, RNA 

996 RNA stretch and bend ring of uracyl 

965 symmetric PO4
-
 stretch (DNA) and deoxyribose-phosphate 

skeletal motions 
 

IR peaks 

assignments of 

cellular spectra 

[51] 

 

In the same way, samples containing asbestos fibers have been investigated by IR spectroscopy. 

Schematically, the relevant absorption bands are located in the 3600-3700 cm-1 range (specific 

hydroxyl bands), the 600-800 and 900-1200 cm-1 ranges (specific Si-O-Si bands) [52]. Moreover, the IR 

study of each type of fiber allows to discover differences in spectra between them and provides the 

opportunity to identify the different species.  

 

 

 

 

 

 

 



38 
 

Vibrations Chrysotile Anthophyllite Amosite Crocidolite Tremolite Actinolite 

O-H Stretching 3680 (s) 3668 (vs) 3640 (w) 3630 (vw) 3670 (vs) 3670 (vs) 

 3640 (w/m)  3620 (w) 3620 (w) 3650 (w) 3650 (w/m) 

   3610 (w) 3610 (w)   

       

Si-O stretching 1075 (s) 1085 (m) 1120 (m) 1135 (m) 1100 (vs) 1094 (vs) 

 1020 (s) 1010 (s) 1075 (s) 1100 (s) 1060 (s) 1050 (s) 

 950 (vs) 970 (m) 990 (s) 985 (vs) 995 (s) 1035 (s) 

   885 (w) 970 (vs) 940 (s) 1010 (s) 

    890 (w) 920 (s) 985 (vs) 

    870 (w)  948 (s) 

      914 (s) 

       

Silicate chain 
and ring 
vibrations 

 775 (w/m) 765 (w) 770 (m) 755 (m/s) 755 (m) 

  750 (w) 695 (w) 685 (m) 680 (m/s) 727 (w) 

  705 (w) 630 (w) 630 (m) 660 (w/m) 682 (m) 

  665 (m)   635 (w/m) 658 (w) 

      645 (w) 

       

Cation-oxygen 
stretching 

600 (s) 480 (s) 490 (m) 535 (m) 500 (m/s) 540 (s) 

 430 (vs) 440 (s) 475 (s) 495 (m) 455 (vs) 507 (vs) 

 400 (s) 420 (m) 418 (s) 435 (vs) 440 (vs) 475 (vs) 

 295 (m/s) 385 (m) 365 (w) 350 (w) 395 (w/m) 465 (vs) 

  360 (w) 345 (w) 310 (m) 385 (w/m) 450 (vs) 

   325 (w)  355 (w/m)  

 
 

Table 2 : Principal IR absorptions peaks and their assignments for asbestos minerals [53] (in cm
-1

).(s) strong ; (m) 

medium; (w) weak; (vs) very strong. In red the IR peaks characteristic of each asbestos fiber.  

 

Working on single cells implies the analysis of low amount of biological material and thus the 

measurement of spectra with low signal. Moreover, it was show that coupling IR imaging with SR 

radiation leads to a higher sensitivity and spatial resolution. Thus, the exploitation of the SR-IR signal 

made possible the extraction of qualitative information from biological samples.  

Not all the intense IR bands characteristic of asbestos fibers can be used for the identification when 

working with biological materials. Indeed, the IR bands of biological objects are extremely more 

intense than those of the fibers. This explains the difficulty of using IR spectroscopy in the study of 
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the interaction between cells and asbestos fibers and our inability to visualize the IR image of the 

fiber when we realize IR representation of the interaction because of the biological group.  

Thus, we decided to use Raman spectroscopy as an additional technique to obtain images of the 

interaction of fibers with lung cells. Thanks to the achievement of spectrum with sharp and narrow 

bands, Raman spectroscopy allows to better differentiate the organic vs. inorganic elements. 

Moreover, the spectra can be collected in aqueous medium which leads to access to in vitro 

information of the interaction. So, the use of Raman spectroscopy is susceptible to bring out new 

information and on the work and that why we decide to employ Raman spectroscopy.  
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3. RAMAN SCATTERING 

3.1 THEORY AND PRINCIPLES 

 

Raman Spectroscopy, as IR spectroscopy, probes vibration mode of molecules. Once the 

electromagnetic radiation is emitted, a material can absorb, emit or scatter the photon. Thus, a beam 

of radiation from a source such as a laser is passed through a sample, and the radiation leaving the 

sample is captured. There are different types of scattering, the elastic scattering or Rayleigh 

scattering that occurs when the scattered radiation has the same wavelength i.e. the same energy 

that the incident light and the inelastic scattering or Raman scattering which is described by a 

difference of frequency of the exiting light due to a difference of the vibrational energy of the 

sample. Discovered in 1929 by Sir C.V. Raman, the Raman Effect is the inelastic scattering of a photon 

because of a change in the photon energy. Stable at the ground electronic state, an atom hits by a 

laser light is excited and reach to a higher level of energy.  Then the energy is brought back down and 

emitted a photon. 1 in 106 of the incident photons is scattered inelastically. 
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Figure 12: light 

scattering processes 

with a simple 

molecule: Rayleigh 

scattering (blue) and 

anti- Raman 

scattering (red) and 

the electronic state 

for each process. 

  

Moreover, if an atom is at a given energy level, it can be excited and fall below the original level.  

Thus, there are two vibrational energies of the inelastic scattered light:  the Stokes and anti-Stokes 

mode. In Stokes scattering, the laser light induces a vibration in the bond and after the scattering 

process, the photon is in a higher vibrational energy state and the scattered energy is decreased. In 

anti Stokes scattering, the scattered photon gains energy and the material remains at a lower 

electronic state (see figure 13). 
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Figure 13:  The Raman 

scattering process. Stokes 

scattering: the chemical 

bond absorbs energy and 

the emitted photon has 

less energy than the 

absorbed photon; anti-

Stokes scattering: the 

atom loses energy and the 

emitted photon has more 

energy than the absorbed 

photon. 

Being an electromagnetic radiation, the light interact (by its electric component) with the molecular 

vibration modes and induce a polarization of the bond [54] given by the equation  2:  

                  (Eq.2)            with    Q = Q0 cosωvib t and  ≠0           (Eq.3)                       

 Where  is the polarizability, Q is the motion of a vibration mode, Q0 the vibration mode at the 

initial state t and ωvib the vibration frequency of the molecule.  

That leads to the creation of an induced oscillating dipole moment represented by the equation 4:  

(t) =   (t) with   (t)=  cosω0 t         (Eq.4)                       
 

Where   is the polarization and  the electric field.  

If  change when the molecule vibrates, the polarization leads to the equation 5: 

(t) =   (t)                         (Eq.5)                       

 

(t) =   cosω0 t                                   (Eq.6)                       

(t)= (Eq.7)     
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(t) = ( ) + ( ) + ( )                                      (Eq.8)     

            

Equation (2) explains why, a change in the molecular polarizability of the sample is required to be 

able to measure the Raman Effect on a sample. This change is reflected by a change in either the 

magnitude or the direction of the polarizability ellipsoid of the molecule i.e.  ≠ 0. In general, 

for molecule with a center of symmetry, no active IR transitions are Raman active; and for non linear 

symmetric molecules, all the modes are IR and Raman active.  

Equation (8) shows that the oscillating dipole will reradiate at the same frequency than the applied 

field ( ) which is the definition of the Rayleigh scattering and creates two others frequencies 

of radiation: 1- the Stokes scattering has the form of ( ) and occurs for the negative 

wavenumbers – if the laser radiation is set to zero – and 2- the anti-Stokes scattering illustrated by 

the term ( ) and will have positive wavenumbers.   

 

Figure 14: Position 

and relative intensity 

of stokes and anti-

stokes scattering 

relative to Rayleigh 

scattering.   

 

 

Another way of showing the Raman spectrum is to set to zero the incident frequency to the 

characteristic frequency of the silicon (ν (Si) = 520.7 cm-1). This allows a better calibration of the 

system since the frequency shift is the most important parameter for acquisition. Because of the 

difference of intensities between stokes and anti stokes peaks (the difference can be revealed by the 

quantum mechanics equation of the distribution of phonon), only the Stokes peaks are represented 

in the positive shift.   
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3.2 INSTRUMENTATION 

 

The Raman spectroscopy set up is based on five essential components, a monochromatic sources (ie 

a laser), an appropriate arrangement of the sample (see section 4.2), an analyzer for the scattered 

light which may either be a spectrometer or a spectrograph , a device for converting photons into 

electrical signals, and a control unit for data acquisition.  

Nowadays, compact Raman spectrometer systems are available in which all these components are 

integrated. Such system offers the advantages and disadvantages of typical “fully operating 

“systems: they are easy to handle but cannot readily be modified, such that they are difficult to 

adapt to non standard applications. Each part will be described below.  

3.2.1 THE SOURCE 

Thanks to their good SNR and their high intensities, the laser sources are now in Raman systems 

instead of mercury arc and high power gas lasers (e.g. Ar+). Raman signal needs a high intensity from 

the source to be able to measure the signal at low levels since only 1 photon over 106 is scattered 

and collected.  

The intensity of the Raman scattering is given by the formula (4):  

 

            (Eq 9) 

Where Is represents the scattered intensity, I0 the incident intensity, α the polarizability of the 

particle, λ the wavelength of the incident radiation, θ the angle incident and r the distance from 

center of scattering to detector [54]. 

Consequently, the intensity of Raman varies as the fourth power of the frequency – f = , so the 

sources emitting in the blue and green region (argon – 488 or 514nm – or krypton – 530.9 or 

647.1nm – laser source) are the most advantageous for Raman studies. Thus, in our lab, we used for 

experimentations the Witec apparatus that combined Confocal Raman spectroscopy, Atomic force 

and Scanning Near-field Optical microscope with a 532 nm excitation laser source. Thanks to the use 

of laser light, the practical diffraction limit, which is on the order of the excitation wavelength, is 

about 10 – fold smaller for Raman spectroscopy than for mid - IR spectroscopy. In our case, the 

diffraction limit is around 250nm at 532nm – with an NA of 1.4 for the objective – and a lateral 

resolution of 90nm. There is also the possibility to use three types of fibers with 25, 50 and 100 nm 
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core diameter, allowing reducing the resolution. However, the use of these sources induces high 

fluorescence signal and is harmful for the biosamples. Indeed, the heat of the laser beam focusing on 

a very small area of the sample and the absorption of cellular component as proteins or nucleic acids 

lead to the photodecomposition of the sample [55].  It is probably possible to overcome this limit by 

using a good sample amplifier and a fast scan to reduce the fluorescence and the degradation of the 

sample induced by UV ionization.  

3.2.2 THE DETECTOR 

Detectors sensitivity is based on the fact that Raman scattered radiation emits in the visible or the 

near IR region. There is two different technologies to detect the Raman Effect: the Fourier Transform 

Raman (FT-Raman) and the dispersive Raman. As we work with a dispersive Raman detector, we will 

describe the theory below.  

Dispersive detector is based on polychromatic detection. The principle consists in the use of a long 

wavelength excitation laser passing through the sample, and after the Raman signal is focused on a 

grating. This grating permits to divide the radiation into the different frequencies – the dispersed 

beam. Then, the beam is collected by a multichannel two dimensional CCD detector and connected 

to a computer that transformed the light obtained into specific wavelengths.  

 

Figure 15 : Optical 

principle of dispersive 

Raman detection. The 

laser light is dispersed 

onto a grating composed 

of photoactive arrays that 

are positioned into the 

focal plane of the 

spectrograph leading to 

the detection of each 

frequency [56]. 
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Taking into account the typical size of a CCD array with a length of around 25 mm including more or 

less 1000 individual photoactive elements, the wavenumber increment per pixel at 500 nm is 0.5   

cm-1 and the total range to be covered is 500 cm-1. Then, besides the constraints due to the spectral 

slit width, in principle, bands can be resolved that are separated by at least three pixels which, in the 

present example, corresponds to 1.5 cm-1 [56]. The size of the spectral range that is covered by the 

CCD array increases with decreasing number of grooves of the grating, such that the choice of the 

grating is a trade-off between spectral coverage and spectral resolution. The sensitivity of gratings 

and detectors used in the polychromatic detection mode exhibits distinct wavelength dependence as 

explain in theory and principles section. Thus, during our work, the scattered light is collected by an 

objective lens of 300mm of focal length that permits the dispersion grating of the light into the 

thermoelectrically cooled CCD detector by one of the dual grating; 1800 and 600 lines / mm @ 

500nm leading to a spectral window for detection from 150cm-1 to 4000cm-1.  

3.2.3 CONFOCAL SPECTROMETERS 
 

Several Raman micro spectrometers employ confocal optics, which provide the capability to produce 

images of thick samples at various depths. The exciting laser beam is focused onto the sample via a 

microscope objective, which simultaneously serves to collect the scattered light in the backscattering 

configuration (Figure 16) 

 

Figure 16: Schematic 
optical principle of a 
confocal spectrometer. 

The laser is focused onto 
the sample via a 
microscope objective, 
which in turn also collects 
the scattered light. The 
reflected laser light and the 
Rayleigh light is removed 
from the scattered light by 
a notch filter prior to 
entering the spectrograph 
stage [56]. 
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There is a special design to perform the confocality in Raman (micro) spectrometry. In such a design 

(see Figure 17) the laser beam is first focused on a small aperture (to clean up the beam profile and 

present a diffraction - limited source), and then refocused by an objective lens with a large numerical 

aperture onto a small (ideally diffraction - limited) focal volume within the sample. A mixture of the 

Raman - and Rayleigh - scattered light from the illuminated spot is then collected by the objective 

lens. The high NA of these optics allows the light to be collected over a solid angle of almost a full 

hemisphere. I.e. An objective with a NA of 0.95 collects about 70% of the radiation emitted. 

 

Figure 17: Schematic representation of the optics of a confocal microscope. The detector 

pinhole obstructs the so - called out - of- focus (or out - of - plane) light, i.e. light from adjacent spatial regions 
and fluorescent emission not originating from the focal plane of the objective lens. Light rays from below the 
focal plane come to a focus before reaching the detector pinhole, and then expand out so that most of the rays 
are physically blocked from reaching the detector by the pinhole. In the same way, light from above the focal 
plane is focused behind the detector pinhole, and is not detected. However, all the light from the illuminated 
focus (solid lines) is imaged at the pinhole and passed to the detector [57].  
 

 

The detected light originating from an illuminated volume element within the specimen is then 

focused and permits the mapping of the entire specimen by moving the sample by small amounts 

after each spectrum has been recorded. For Raman mapping measurements, the readout time per 

pixel must be very short. For example, if an image consisting of 128 pixels per line and 128 lines is 

acquired with an integration time of 1 s per pixel, then the total acquisition time will be a little over 

4.5 h. Reducing the readout time to 100 ms per pixel decreases the measurement time to 27 min. A 

further 10 - fold reduction in the readout rate decreases the acquisition time to less than 3 min. 

Thus, our Raman spectrometer allows us to perform 3D mapping of 100 µm section by acquiring an 

entire spectrum in be less than 1 ms, which allows Raman mapping of over 10 000 spectra in less 

than one minute when the Raman signal is adequate. 
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Image of the Confocal 

Raman Microscope 

from Witec 

 

 

3.3 APPLICATIONS ON SAMPLE 

3.3.1 INORGANIC SAMPLES 

Raman spectroscopy is able to work into aqueous medium, this allowing to analyze inorganic 

samples. Indeed, thanks to his aptitude to offer information as composition, structure or stability of 

coordination compounds, Raman scattering is widespread in material science as super and 

semiconductors, carbon-based materials, oxides, glasses …[58]. An example of use is the detection of 

vibrational energies of metal-ligands bonds – between 100cm-1 and 700cm-1 – active in Raman and 

well observed but difficult to extract in IR [59]. 

Moreover, considering 1- the absence of sample preparation; 2- the high chemical specificity since 

narrow bands are obtained and 3- the access to qualitative information, as led to apply Raman 

spectroscopy to the analysis of asbestos species to determine and differentiate each fibers types in 

microscopic quantities on the basis of their chemical composition [60, 61]. 

This permitted the detection of functional groups and fingerprint regions for each type of fiber, thus 

leading to the identification of different species. All these information are grouped in the table below  
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Asbestos fibers Si-bridging 
O -Si 
stretching  

Non 
bridging O -
Si stretching  

Si-O-Si 
deformation 

Cation-
oxygen 
stretching  

O-H Stretching  

Amosite  1093 (vw) 1020 (s) 506 (w) 421 (m) 3656 

 658 (vs) 968 (m)  401 (m) 3639 

 555 (vw) 903 (vw)  364 (m) 3623 

 528 (m)   349 (m)  

    309 (w)  

    287 (w)  

      

Anthophyllite  671 (vs) 1042 (m)  430 (m) 3674 

    410 (w)  

    384 (m)  

    362 (m)  

    336 (vw)  

    304 (m)  

    260  

      

Chrysotile  1105 (vw)   465 (m) 3700 

 692 (vs)   432 (vw) 3685 (sh) 

 623 (w)   389 (vs)  

    345 (s)  

    321 (vw)  

    304 (vw)  

      

Crocidolite 1085 (s) 969 (vs) 509 (w) 469 (m) 3637 

 1032 (m) 891 (s)  374 (vs) 3685 

 664 (s) 772 (m)  332 (m)  

 577 (vs) 737 (m)  297 (s)  

 539 (vs)   249 (s)  

    271  

      

Tremolite 1061 (m) 928 (w)  414 (w) 3677 

 1028 (m)   393 (m)  

 672 (vs)   369 (m)  

    349 (vw)  

    251 (w)  

    222 (w)  

    232 (w)  

 

Figure 18: Asbestos Fibers Identification by Raman Micro-spectroscopy [61] (in cm-1). (s) 
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strong; (m) medium; (w) weak; (v) very; (sh) shoulder. The table shows that each asbestos fiber 

has specific bands in the low frequency region: 671 cm-1
 for anthophyllite, 692 cm-1

   for 

chrysotile, 577 cm-1
 or 664 cm-1

 for crocidolite and 672 cm-1
 for tremolite corresponding to 

the Si-O-Si stretching modes. Bands can be used as markers during imaging work to 

differentiate the species 

 
 

 

 

 

 

Raman spectrum 

of a tremolite 

fiber 

  

3.3.2 ORGANIC SAMPLE 

In addition to the advantages described above, Raman spectroscopy was extended to the biomedical 

field because of its capacity to image and obtained spectra of cells– so combining qualitative 

morphological information of the sample. Moreover, it’s possible to access the biochemical 

composition and metabolic states of a single cell without using labels or dyes; showing the length 

scale of the technique, which is comparable to that of the confocal fluorescence microscopy or other 

optical techniques [62, 63].  

Thus, different types of cells were investigated by Raman spectroscopy and the determination of the 

fingerprint regions has been evaluated. Consequently, the identification of the Raman signal of cell 

sub compartments were determined and mostly due to the contribution of DNA and proteins for 

nucleus and proteins and metabolites as sugars signals for cytoplasm [64].The assignment of the 
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Raman peaks for cellular compounds has been well investigated and can be summarized in the table 

below. 

Wavenumber (cm-1 ) Assignment 

3070 Amide B (CNH bend) 

2960 CH3 stretch (antisymmetric) due to methyl terminal of membrane phospholipids 

2936 CH3 stretch 

2928 CH2 antisymmetric stretch of Methylene group of membrane phospholipids 

2886 CH2 stretch (symmetric) due to methylene groups of membrane phospholipids 

2854 CH2 stretch 

2739 CH stretch 

1736 C=O stretch 

1667, 1640  Amide I (protein) C=O stretching of amide coupled to NH2 in-plane bending 

1657, 1659  C=C stretch (lipids), Amide I (α-helix, protein) 

1611 Tyr (aromatics) 

1566 Phe, Trp (phenyl, aromatics) 

1550 Amide II absorption due to N-H bending coupled to a C-N stretch 

1509 C=C stretch (aromatics) 

1452 CH2 stretch deformation of methylene group (lipids) 

1439 CH2 def. 

1420 CH3 asymmetric stretch (lipids, aromatics) 

1397 CH3 bending due to methyl bond in the membrane 

1382 COO- symmetric stretch 

1367 CH3 symmetric stretch 

1336 Adenine, Phenylalanine, CH deformation 

1304 Lipids CH2 twist, protein amide III band, adenine, cytosine 

1267 Amide III (α-helix, protein) 

1250 Amide III (β-sheet, protein) 

1235 Antisymmetric phosphate stretching 

1206 C-C stretch, C-H bend 

1165 C-O stretch, COH bend 

1130 C-C asymmetric stretch 

1100, 1094, 1081  PO2
- symmetric stretch (nucleic acids) 

1065 Chain C-C 

1056 RNA ribose C-O vibration 

1003 Phenylalanine (ring-breathing) 

967 C-C and C-N stretch PO3
2- stretch (DNA) 

957 CH3 deformation (lipid, protein) 

936 C-C residue α-helix 

921 C-C stretch proline 

898 C-C stretch residue 

870 C-DNA 

853 Ring breathing Tyr – C-C stretch proline 
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828, 833 Out of plane breathing Tyr; PO2
- asymmetric stretch DNA (B-form) 

807 A-DNA 

786 DNA – RNA (PO2
-) symmetric stretching 

746 Thymine 

727 Adenine 

Table 3 : Raman spectroscopy peaks assignment for cells compartments [51]. 

As explained for the asbestos fibers, a correct assignment of the peak observed for lipids, DNA and 

RNA provides a rapid method to identify these components. Thus, the development of Raman 

spectroscopy as a tool in biological research is important in a range of application as the analysis of 

chemical composition of cells and the search for specific markers, the macromolecules interaction – 

DNA / protein – or the determination of molecular markers of disease as cancer in the early stages of 

its development [65]. 

Thanks to its non invasiveness, label free and ability to provide high spatially resolved image, several 

groups have tried to analyze in vitro the chemical changes from single living cells using Raman 

spectroscopy. Their studies are mainly based on the change of proportions of nucleic acid and 

proteins [66, 67]; or the difference of distribution of macromolecule [68]. In general, some of them 

worked using fixed [69] cells as reference for the study but it became impossible to monitor a 

biological process over the time and be sure that the change is not due to the fixation method [70, 

71]. Others work with living cell but by using SERS [72, 73] and CARS techniques [74] with a laser 

source in red region (to avoid heat of the cell of interest), they lose spectral information.  Working 

with SERS allows a 10 fold increase of the Raman signal without regards on the necessity and the 

difficulty of sampling and the growth of cell on metallic surface. Only one group [75] has studied the 

cell response to a chemotherapy drug treatment at single cell level using living cell and 532nm laser 

source and analyzed chemically the spectral difference in RNA and DNA region by using Raman 

micros spectrometry (spectral region of interest between 800 and 1800cm-1) but they have 

oversampling and the signal level is three fold better with us. Thus, at this point of the study, no one 

has been able to perform safe 3D Raman spectra of a single living cell using Raman spectroscopy and 

obtain morphological and chemical information on them. Beforehand, an upstream work is 

necessary. The right condition of growth cells, the intensity of the laser and other experimental 

conditions as the scan velocity must be found prior to realize the image as the scattering signal is 

weak and the biological material can be degraded.    

Thus, the Raman spectroscopy is potentially a powerful technique to investigate the interaction of 

cell – asbestos fibers because of its aptitude to provide both organic and inorganic information. 

Moreover, the possibility to work in aqueous solution allows the investigation of living cells. Since the 
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spatial resolution is better than the IR one, the use of the Raman spectroscopy will permit to 

investigate the vibration as the IR spectroscopy but also obtain a better spatial characterization of  

the sample. Another reason is the complementarity between IR and Raman spectroscopy since a 

bond inactive in Raman is active in the IR and vice versa. So these techniques can be combined to 

elucidate analytical and toxical issues and have information of the interaction by looking at the 

interface organic / inorganic species. IR technique will be most useful to determine modification for 

protein and osidic residues spectral regions when Raman will be used to access nucleic acid and lipids 

modification.    
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4. PROBLEMATIC 
 

The asbestos fibers are known to have a carcinogenic effect on human leading to diseases such as 

asbestosis, or mesothelioma. At present, there are no technological resources able to fully 

characterize the interaction asbestos fibers / cell for understanding the pathogenicity of these fibers 

at the cellular and sub-cellular levels. In this work, we developed new Raman and IR imaging 

techniques to investigate the interaction between asbestos fibers and lung cells to determine the 

pathological pathways of fibers.  

The goal of using IR spectroscopy is to obtain cellular response information at a molecular level. It’s 

also a very fast technique that requires no or little sample preparation. In addition, the achievement 

of spectral information can be done in few minutes. Therefore, chemical information can be 

extracted and when working with biosamples, a biochemical fingerprint of the specimen is obtained 

allowing ultimately to access features indicative of the cell state such as cell proliferation, apoptosis, 

differentiation etc… Indeed IR imaging has already proved his ability to achieve information in the 

protein and lipid regions. The data, when treated with multivariate analysis allow the determination 

of markers for cancer purpose. Due to its ability to perform experiment in solution and determine 

extracellular and intracellular modification occurring on living cells, Raman spectroscopy brings 

complementary information.   

Thus the aim of the study will be the development of IR and Raman spectroscopic methods to 

investigate the toxicity of asbestos fibers on lung cells ex vivo and in vitro. The results will be coupled 

with biological assays used to evaluate the toxicology profile of the fiber to complete the 

spectroscopic measurements. The goal is to show how IR and Raman technique can overcome 

disadvantages of other toxicological assays and bring out valuable responses of the problem. The first 

step of the study, as shown in chapter 4, is the determination of the best substrate for spectroscopic 

measurement. To do this, the HCMEC cells were grown on different types of substrate as PbF2, CaF2 

or Si… and the samples were measured using synchrotron radiation to evaluate which substrate 

allows the best SNR and integration for each spectral region. On the basis of the preliminary results 

the next step of the study was done with the best substrates thanks to the analyses of the data using 

multivariate analysis. Thus, the effects of different types of asbestos fibers on lung cells were 

investigated using firstly IR imaging (chapter 5).  Coupled with biological tests as colorimetric 

methods, the difference in IR spectra was evaluated and elucidated for the protein and lipids regions. 

This study allowed us an attempt to determine the spectroscopic features due to the presence of 

asbestos fibers in the systems.  Chapter 6 will be an example of application of IR imaging using SR 
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radiation, while in the chapter 7 we describe is the living cell behavior when they interact with 

asbestos fibers. For this last step, Raman spectroscopy methods were developed. Thanks to the 

spatial resolution of the method in the two dimensions, the localization and the spectroscopic 

features of the asbestos fibers could be elucidated.  

In summary, during the work of this thesis, spectroscopic methods were developed and tested to 

couple inorganic information with organic data in order to establish the effective value of these 

spectroscopic techniques to characterize the interaction of fibers with cells. According to these 

methods, morphological and chemical parameters were thus investigated to determine the 

carcinogenic effect of the asbestos fibers.  
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5. MATERIALS AND METHODS 
 

5.1 SUBSTRATES FOR CELL IMAGING 

The choice of a substrate for spectroscopic studies is a critical point to plan and perform the 

experiments. The good substrate should have a good biocompatibility and a good adhesion to allow a 

good attachment of the cells. In the same time, it must have an insignificant or well-defined 

contribution in the spectrum to provide the highest signal-to-noise ratio (SNR) on IR image spectra of 

a cell. Thus, we performed several tests aimed at defining which substrates, with different spectral 

windows and characteristics, among Si3N4, Ge, GLS, LaF3, Si, SrF2, ZnS/C, ZnS/F, PbF2, PbCl2, 

diamond, AgCl, CaF2 was suitable for cell culture conditions comparable to those observed when 

using polycarbonate petri dishes and offer the best performance the IR and Raman spectroscopy 

work. It is important to note that the direct cell culture on the substrate may have an influence on 

their chemical content and morphology [51, 76] so it’s important to choose a substrate that can 

minimizes this contribution. At the end of the study which is fully described and explained in chapter 

5, we selected Si wafers to perform the spectroscopic work.  

5.2 CELL LINE  

We selected the cell line A549 cell line (CCL-185, from American Type Culture Collection) for this 

project aimed at studying the interaction between asbestos fibers and lung cells. The A549 is a cell 

line coming from a Caucasian carcinoma human alveolar basal epithelial cell, widely used as in vitro 

model for a type II pulmonary epithelial cell of the epithelial barrier for drug metabolism and the 

pulmonary toxicity induced by external agent as nanoparticles and biochemical toxins [77]. With 

dimensions from 35 to 70 µm they are anchored to the culture flask in a solution in vitro; they are 

also squamous and grow as monolayers and adherent cells as shown in figure 19.  

 

Figure 19: Microscopic image of A549 

alveolar epithelial type II cells [78] 
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5.3 CELL CULTURES 

Cells were grown in a Dulbecco’s Modified minimum Essential Medium (DMEM)/F-12 medium 

supplemented with 10% fetal calf serum, 1 g/L of glucose, glutamine, HEPES and antibiotics. Cells 

were routinely propagated in a humidified 5 % CO2 atmosphere at 37°C. Serum-free culture was 

performed according to Barnes et al [76]. The serum-free medium consists of a basal medium 

supplemented with 25 µg/mL HDL, 5 µg/ml insulin, 5 µg/mL transferrin, 2 ng/mL EGF, 1 mg/mL f-BSA 

and antibiotics 

5.4 ASBESTOS FIBERS 

Three natural asbestos fibers were used for this work; all samples were selected from the collection 

of the “Museum National d’Histoire Naturelle” of Paris. The first one is a “crocidolite” from 

Buchanawald (South Africa), labeled MNHN 134-86. Wavelength-dispersive microprobe analysis 

(WDS-EMP) gave a composition in the riebeckite compositional field, according the recent accepted 

nomenclature schemes for amphiboles [79, 80].  Deviations from the end-member composition 

involved weak amounts of TiO2, MgO, MnO and K. Both F and Cl were below the detection limit, thus 

suggesting an anionic composition equals to (OH)2. The second is a cummingtonite, labeled MNHN 

137.96; EMP data showed this sample to be very rich in Mn, with a composition actually close to the 

species mangano-cummingtonite (Mn2Mg5Si8O22OH2). The third fibrous amphibole is an actinolite, 

labeled MNHN 104.624, with an intermediate Mg/Fe composition with respect to end-member 

tremolite. 

Scanning electron microscopy (SEM) showed all samples to consist of very to extremely fibrous 

crystals, as it is typically the case of “crocidolite” from South Africa, which has an average dimensions 

< 1.0 µm in width (average 400-500 nm) and typically > 10 µm in length (and up to several tenths of 

µm). Before the experiments, the fibers were ground in a mechanical milling machine equipped with 

a micro agata mortar and baked at 250-300°C overnight to avoid chemical and/or biological 

contaminations due to handling procedures or from the environment. The amphibole powders were 

suspended in the cell medium and sonicated (Labsonic, 100 W, B. Braun Biotech International) for 5 

minutes before each experiment. 
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5.5 CELL CRYOFIXATION TECHNIQUES 

 

Most of the methods used for the cell imaging by IR suffer by the necessity to perform cell fixation 

with PFA or methanol – to remove the water contribution from the sample, and this may modify the 

chemical and morphological features of the cell.  Thus, a dedicated cell- culture method has been 

developed such as to provide : 1- cells on IR- transparent substrates with their extracellular matrix, 2- 

cells adhesion on the substrate without adhesion matrix as collagen , 3- cells morphology maintained 

all along the process. To obtain these features,  cells grown on Si-support for IR imaging 

measurements were prepared as follows: after sterilization (24h bath in ethanol + UV radiation for 15 

minutes), the Si-supports were placed in 6 wells plates. 30 000 cells with cell medium were added to 

each well with the suitable amount of fibers. The cryofixation has been done 24 hours later following 

the method described by Petibois and al. [81]. Briefly, Si-plates were removed from wells and 

washed twice with PBS to remove culture medium components before to be placed in sterile tubes 

and plunged in liquid-N2. Cells were further dehydrated in freeze chamber with laminar flux of dry air 

for a slow (12h) freeze-drying. 

5.6 COLORIMETRIC ASSAY 

The cytotoxicity of each type of fiber and concentration was investigated by 3-(4, 5-dimethylthiazol-

2-yl)-2, 5-diphenyl tetrazolium bromide (MTT). It’s an alternative method for rapidly and indirectly 

determining cell viability based on metabolic activity. The test measures the conversion of MTT to 

insoluble formazan by dehydrogenase enzymes of the intact mitochondria of living cells. A549 cells 

were seeded at a density of 5.103 cells / well into 96-well micro plates for 24h. After treatment with 

the different concentrations of fibers for 24h, the medium was removed and 200 µl of MTT (Sigma) 

solution (5 mg/ml in PBS) were added to the plates and incubated for 3 h at 37 °C. After a 

centrifugation at 2000 rpm for 10 minutes, the liquid was removed and the formazan crystals were 

dissolved in 200 µl of DMSO (Sigma) for 30 minutes. The amount of formazan crystals formed 

correlates directly with the number of viable cells. Optical density (OD) was measured at 570 nm 

(reference filter 690 nm) using a UV-spectrofluorometer. Controls were grown in culture medium 

without treatments; their absorbance values were taken as reference values. Results were analyzed 

and expressed as percentage of the control (control equals 100%). Mean values of relative viability ± 

standard deviation (s.d.) were considered for statistical evaluations [82]. 
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5.7 EXPERIMENTAL MEASUREMENT CONDITIONS 

5.7.1 IR IMAGING SETUP 

Different IR imaging setup has been used during the different studies presented above. The common 

conditions are the use of the Bruker Hyperion 3000  microscope equipped with a 64x64 focal plane 

array (FPA) detector coupled to a IR spectrometer (Bruker Equinox 55, Germany) for the optical and 

IR images. IR spectra acquisitions were performed in transmission mode, using a 8 cm-1 spectral 

resolution. A Blackman-Harris three-term apodization and a zero-filling factor of 2 were applied 

before Fourier transformation of each spectrum. N2 purge was performed on both the microscope 

and the spectrometer for ensuring optimal spectra acquisitions by removing absorption from the 

atmosphere and the plexiglass box (on the front of IR microscope) filled for better N2 purge 

effectiveness. The spectra were recorded without a normalization process. The baseline was 

corrected manually and reconstructed to pass through the two side points of the main regions of 

interest. A nine point smoothing were applied and then, the spectral regions area were integrated 

according to the chosen abscissa limits (in cm-1) as described previously [83]. The difference of setup 

for each study is described below.  

5.7.2 SUBSTRATE STUDY 

Optical and IR images were realized using a Globar source (Ø ~ 1 mm). IR spectra acquisitions were 

performed coadding 256 scans (4000-900 cm-1). Individual cells were analyzed in triplicate per 

window with magnification level set at 15X (reconstructed image has pixel size of ~2.6x2.6 µm – see 

figure 4). From every 2D image, an average of 10*10 spectra corresponding to nucleus location was 

extracted and averaged. Then, integration of amides I (1720-1600 cm-1) and II (1600-1490 cm-1) 

absorption bands were performed using sub-routines of Opus 6.5 software (Bruker Germany).  

5.7.3 ASBESTOS FIBER INTERACTION STUDY 

The IR spectrometer was illuminated by a synchrotron radiation IR source (Ø ~ 35 µm) as described 

elsewhere [44]. IR spectra acquisitions were done co-adding 128 scans (4000-900 cm-1). Individual 

cells were analyzed in triplicate per window with the magnification level sets at 36X (the final IR 

image has a pixel size of about ~1.1x1.1 µm). From each 2D image, the spectrum with higher signal 

level at amide spectral interval corresponding to the nucleus location was extracted. Then the 

integration of absorption from lipids (3000-2850 cm-1), amides I (1720-1600 cm-1) and II (1600-1490 

cm-1) bands were performed. Amide II / I ratio was further calculated. 
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5.7.4 RAMAN SPECTROSCOPY SETUP 

Raman spectroscopy was achieved using a 532 nm excitation source and a grating of 600 lines / mm 

at 500nm. The experiments were conducted with a water immersion objective of 63x with a 

numerical aperture of 1.0. To protect the objective lens and perform long acquisitions spectra, 

medium cell were removed and replaced before the experiments by PBS with glucose at room 

temperature. Spectra were acquired using 70*70 (points per line*line per image) sample area for the 

XY mapping with a scan speed for tracing of 14 s/line and an integration time of 0.2 s. For Z-stack 

images, the number of layers was determined to obtain a final difference of 800nm between layers. 

The spectral range was from 0 to 4000 cm-1 which allows the study of the main fingerprint regions of 

the biosample. Before analyzing the data, a pre-processing study has been performed thanks to the 

software Witec Project 2.06 (Witec, Germany). The baseline was subtracted from each mapping with 

a polynomial of order 0 for a constant offset, and the Si substrate peaks were removed from the 

whole spectrum. Then Savitsky-Golay filter of order 3 with eight smoothing point was applied to 

reduce the electronic noise from the signal. Multivariate analyses were performed further on the 

modified data. The same procedure was done on all XY mapping of this project.   

5.8 STATISTICAL STUDIES 

In spectroscopy analysis, Spectrum can be explained as a two dimensional variation in intensity in the 

Y-direction and an induced variation in the X-direction leading to an X-Y table. The recorded spectra 

contain chemical features and others particularities which usually come from constant physical 

effects occurring during the measurement. Thus, spectra can be described as the sum of the 

intended and the unintended contributions to the data. The desired information in spectra is 

extracting by investigating peak intensities, shoulder formation, peak shapes and their modifications 

due to external agents as stress condition. Indeed, the undesired contribution as electronic noise, 

baseline or substrate subtraction should be attenuate thanks to the use of appropriate preprocessing 

methods. Unfortunately, the evident information contained in spectra corresponds to absorption 

zones which are located at multiple spectral regions and usually overlap. As example, changes 

occurring in the state of cells or tissues are resulting from a complex effect that is revealed by a 

number of dependant or independent features. Moreover, due to the high molecular content of 

cells, the corresponding spectra are intricate convolutions of the vibrational signatures of each 

component. Therefore, multivariate analysis is necessary to be able to analyze and extract the 

information of interest. Depending on the method used, multivariable analysis - which takes each 

spectral absorption as variable - can show an elaborate view of the overall response, a classification 
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between different experimental conditions and also bring out spectral absorption for the 

characterization of biophysical effects.  The statistical methods used during this work are explained 

below.  

5.8.1 MATRIX OF CORRELATION 

Technically, a correlation matrix allows determining any type of relationship between several series 

of variables. It’s essentially used to large series of data with many dependant and independent 

parameters to find out the covariables, i.e. variables with the same statistical meaning. There are 

several correlation coefficients, often denoted ρ or r, measuring the degree of similarity or 

dissimilarity between two elements. The most common of these coefficients capable of measuring 

similarities between two elements in the matrix is the Pearson correlation coefficient (p). It is 

obtained by dividing the covariance of the two variables by the product of their standard deviations 

which is sensitive only to a linear relationship between two. Thus, the higher the absolute value of p 

value, the more correlated the data are.  

5.8.2 PRINCIPAL COMPONENT REGRESSION 

Principal components regression is a technique based on the regression analysis. It means that the 

aim is the relationship between a dependent variable (for example integration value) and one or 

more independent variables (=absorptions). The advantage on a simple regression technique is that 

the principal components regression also handles the problem of multicollinearity (see chapter 5.8.1) 

and produce stable estimates for regression coefficients.  To realize it, the method is to combine first 

a PCA (Principal Components Analysis - see chapter 5.8.3) on the table of the explanatory variables to 

reduce the number of variable and then perform a linear regression of the selected components. 

Thus, the parameters of the model that correspond to the input variables can be compute and 

presented in charts.  

As PCR is build on PCA, a great advantage of PCR regression over classical regression is the available 

charts that describe the data structure. Thanks to the correlation and loading plots it is easy to study 

the relationship among the variables. There can be relationships among the explanatory variables, as 

well as between explanatory and dependent variables. Indeed, PCR gives the value of each 

parameter with its standard deviation and the value of the t-student test. A variable is significant 

when the p value greater than |t| is less than 0.01%.  The score plot gives information about sample 

proximity and dataset structure. The biplot gather all these information in one chart allowing the 

access to the most relevant parameters describing the study.  

http://en.wikipedia.org/wiki/Pearson_product-moment_correlation_coefficient
http://en.wikipedia.org/wiki/Covariance
http://en.wikipedia.org/wiki/Standard_deviation
http://www.xlstat.com/en/products-solutions/feature/principal-component-analysis-pca.html
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5.8.3 PRINCIPAL COMPONENT ANALYSIS 

It’s a method used for datasets with multiple dimensions. It leads to the reduction of the number of 

variables in the dataset and retains most important variables. To allow the reduction, p variables 

(X1,…, Xp), which are wavelength in spectroscopic studies, are combined lineary to produce principal 

componants (PCs) – also call eigenvectors. These PCs must not be correlated to each other to explain 

the different dimensions found in the dataset. Each succeeding component will account for 

progressively smaller amounts of variance. Thus the highest variation is shown for PC1 and so on. 

Although a large number of components may be extracted in this way, only the first few components 

will be important enough to be retained for interpretation. Therefore, the goal is to reduce the data 

to a small number of eigenvector that explain the largest variance in the data.  

Experimentally, after the determination of the spectral regions of interest (650cm-1 – 710cm -1 and 

2820 cm-1 – 3020cm-1), we proceed to the determination of the number of  PCs with meaningful 

amount of variance to extract. To do it Witec software will provide the eigenvalues plot from the 

analysis of a dataset of a 70*70 XY mapping of cell. An eigenvalue represents the amount of variance 

that is accounted for by a given component i.e. a PC.  

 

Figure 20:  Eigenvalues plot 

of a XY mapping of cell. On 

the axis:  PC=Principal 

component;  Var= Variance 

 

 

This plot shows the first components extracted tend to account for relatively large amounts of 

variance, while the later components account for relatively smaller amounts.  By looking at the 

eigenvalues plot, the rule is to look for a “break” between the components with relatively large 

eigenvalues and those with small eigenvalues. The components that appear before the break are 

assumed to be meaningful and are retained for rotation; those appearing after the break are 

assumed to be unimportant and are ignored. In case of several break, we look for last big break 

before the eigenvalues begin to level off. Only the components that appear before this last large 
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break should be retained [84]. In our case, the difficulty to determine the number of factors forced 

us to use a third criterion called the proportion of variance accounted for. It implies that a 

component is retained only if it accounts for 20% of the total variance. Thus, in the example of figure 

20, we retain 6 PCs. 

Once the number of PCs is found, the dataset is reconstructed and can be used for other statistical 

manipulations. The same pattern was applied to each XY mapping.  

  

Figure 21: Raman mapping of tremolite fiber before PCA in A) and after PCA in B)  

The Reconstructed image after the PCA method shown in figure 21 illustrated the reduction of the 

noise. It became easier to determine spectral differences. Thus, K-means HCA was applied to find out 

dissimilarities between spectra.  

 

5.8.4 K MEANS HCA (HIERARCHICAL CLUSTER ANALYSIS) 

Cluster analysis is an unsupervised statistical method that identifies and classes groups of samples on 

the basis of the information found in their data and allows to characterize their relationships. The 

aim is to find out the samples similar (related) between them and different (unrelated) from samples 

from other groups. Typically in clustering methods, all the samples with in a cluster are considered to 

be equally belonging to the cluster. As we work with hierarchical clustering, the result is displayed as 

a tree or a dendrogram i.e. it’s possible for clusters to have sub-clusters (children) as shown below.  

B A 
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Figure 22: Example of 

dendrogram representation. 

A dendrogram node 

corresponds to heterogeneity 

between two classes.  Each 

color represents a class. 

 

 

Thus, clustering’s goal is to find out “useful” groups of objects. K-means is a type of cluster usually 

use for spectroscopic data to reveal these groups. In this technique a cluster is defined as a set of 

objects in which each object is closer (more similar) to the prototype or reference (average of all the 

points in the cluster) that defines the cluster than to the prototype of any other cluster. Practically, a 

number K (user specified parameter) of clusters desired leads to the determination of K references. 

Each point of the data is assigned to the closest reference and each reference representing a cluster. 

Thus, the determination of sub-clusters is done by the determination of new K references from the 

cluster of interest and can be repeated as long as the references are not the same.  The distance 

method used to find out the difference between spectra is the Euclidian distance:               

                                                      (Eq.10) 
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6. ARTICLES 

METHODOLOGY FOR IR IMAGING OF INDIVIDUAL CELLS 

 

Objectives: The aim of this work was to determine cell growth quality with respect to IR-

transparent substrates properties by considering cell viability and IR spectral data.  

 

This article has been submitted at applied spectroscopy in june 2012 

 

 

Based on the physical and biological properties of each substrate, we realized experiments in order 

to determine the substrates allowing a high quality of cell culture and good IR spectral image. To 

obtain this information, most relevant biological and physical parameters characterizing a substrate 

have been selected and studied in order to find out which parameters are the most important to 

optimize the IR spectral data. The entire test has been realized according to the same procedure of 

cell growth for each substrate.  

 

The IR imaging technique has been well developed for the study and the molecular imaging of 

biological samples in order to characterize their molecular contents. Several advantages of the 

technique as the ease of sampling, the unnecessary of using of contrast agents, the determination of 

specific molecule or bonds thanks to the unique spectral fingerprints for each target molecular 

arrangement.  However, there are some analytical limitations such as the depletion of the sensitivity 

of IR detectors by working with thick tissue sections or very small sample, the limitation of resolution 

due to the spatial and lateral resolution and the impossibility to analyze sample with water. 

Therefore, FTIR imaging has been developed using synchrotron radiation in order to overcome these 

drawbacks. Indeed, an initiative study realized in our lab has shown the possibility to couple 

synchrotron radiation with focal plane array (FPA) detectors in order to enhance the signal to noise 

ratio thanks to the increase of the photon flux magnitude – three times higher than that of the 

conventional sources. Moreover, we also noticed that the reduction of the spot size from ≈ 100 µm 

to ≈10 µm permits to increase the spatial resolution. Promising results on the achievement of 

spectral information on sub cellular compartments led to the use of this technique for the present 

study. Thus, synchrotron radiation has been used to perform the experiments in order to find out 

which substrates allow the best SNR ratio and high quality of cell culture.  
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During this work, we grew and cryofixed the cell on each substrate according to a dedicated cell 

culture method developed in our lab. Then, we collected the IR data of the cells for each substrate 

using SR-IR light. Then we integrated the spectrum with the higher signal level at amide spectral 

interval corresponding to the nucleus location in the lipids, amide I and amide II spectral region. Two 

sets of parameters characterizing the substrates were selected: 

1- the cell growth parameters (biotoxicity, adhesion, differentiation…) showing the ability of the 

substrate to allow a cell culture of quality, 

2- Physical parameters (refractive index, reflective coefficient, transmission coefficient, 

Absorption coefficient, dielectric constant..) illustrating the capacity to obtain good IR data 

with each substrate. 

The spectra obtained from each substrate have been processed using the statistical methods as the 

matrix of correlation and the Principal Component Regression (see sections 5.8.1 and 5.8.2.). 

It turned out that the spectral acquisition quality is mainly influenced by the refractive index value, 

the hydrophilic degree reflected by the contact angle constant and the biotoxicity. Since the two last 

parameters are representative of a good quality cell culture, the refractive index value remains the 

most important parameters to consider. Finally, the best compromise can be obtained by working 

with Si, Ge and Si3N4 substrates. 
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USE OF SYNCHROTRON-RADIATION BASED FTIR IMAGING FOR CHARACTERIZING CHANGES 

IN CELL CONTENTS 

 

Objectives: The aim of this study was the determination of cellular contents changes of cryofixed 

cells on Si3N4 substrate by using FTIR imaging coupled with synchrotron radiation source and a focal 

plane array detector. 

 

Widely used in laboratory, FTIR spectroscopy has shown its efficiency to access both biological and 

analytical information on biological sample by probing molecular functions. Thanks to the coupling 

with focal plane arrays, FTIR spectroscopy has proved its ability to image biological samples. 

However, in order to obtain quality spectra, it’s necessary to realize fast scan acquisitions (minutes) 

and have a high signal to noise ratio (SNR). Indeed, to obtain both morphological and chemical 

information, the spectral quality is the main component leading to a good data treatment. Thus, 

recent studies have revealed that we obtain a higher SNR by using synchrotron radiation rather than 

Globar source. Moreover, the use of SR radiation permits to reduce the lateral resolution of the 

technique to the micrometer and to increase his sensitivity. Thus, FTIR imaging fits with the 

investigations of issues in cell biology by extracting spectral information from biosamples. The goal of 

this study was to demonstrate the ability of SR FTIR imaging to differentiate two biochemical states 

of cells by extracting spectral information belonging to the most important molecular contents of 

samples. 

To be able to do that, human cerebral micro-vascular endothelial cell line (hCMEC) has been cultured 

directly on Si3N4 substrate using two different experimental conditions: control and low glucose 

content. IR images acquisition was realized over periods around 10 minutes in order to obtain the 

higher SNR with a safe sample. Curve fitting procedures were performed in amide I region (1720–

1580 cm−1) and fatty acyl chains (3020–2800 cm−1) regions in order to access to protein secondary 

structure and to ν(C=CH), νas (CH2), and νas (CH3) absorption of fatty acyl chains. Several differences 

were observed: 1-a lower amide I to amide II ratio (p<0.01) 2- a different secondary structure profile 

of proteins, with a significant increase in non-ordered structure components (P<0.01); and 3- a 

higher ν(C=CH)/ νas (CH3) absorption ratio (P<0.01) showing an increase of the unsaturation in fatty 

acyl chains.  

Thus, our study has demonstrated that FTIR imaging with a synchrotron radiation source is able to 

find out molecular changes at single cell level between two physiological conditions. This proves the 
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ability of SR FTIR imaging to analyze low organic matter on the basis of their main molecular 

structure at a single cell level, which offers a range of application using vibrational spectroscopy in 

cell biology studies.   



81 
 



82 
 



83 
 



84 
 



85 
 



86 
 



87 
 



88 
 



89 
 

SR-FTIR IMAGING AS A TOOL FOR STUDYING CELL-ASBESTOS FIBERS INTERACTION 

 

Objectives: This study has been realized to analyze the interaction between asbestos fibers and 

epithelial lung single cell by FTIR imaging. The final goal was to develop a dedicated synchrotron 

radiation FTIR (SR-FTIR) imaging methodology for analyzing the effect of asbestos fibers on single cell 

with a 1×1 μm lateral resolution.  

 

Asbestos fibers refer to a group of occurring naturally silicates. These materials have been widely 

used for their exceptional physical and chemical properties in several industrial applications. Their 

presence in the environment has been recognized to cause deadly lung pathologies as asbestosis or 

mesothelioma after exposure. The details on the pathological pathway remain largely unknown 

because their heterogeneity in chemistry and morphology. Indeed, the toxicity of these fibers 

depends not only on their dimensions, but also on their habit and surface chemistry. Therefore, there 

are multiple fiber-cell interactions and phenomena making challenging their interpretation.  

The study of interactions between asbestos fibers and cells is also a challenge because we need a 

technique that allows 1- to analyze organic materials with inorganic species at the same time; 2 – to 

obtain both morphological and chemical information simultaneously and 3- work at a cellular level. 

This is why we decided to use spectroscopic methods and IR spectroscopy in particular. Indeed 

thanks to preliminary studies performed in our laboratory, we developed a dedicated method using 

bi-dimensional focal-plane-array (FPA) of detectors which allow the collection of 2D infrared images 

of ex vivo cells in a short time.  

By implementing our knowledge of SR-IR radiation coupled to FPA detectors and our ability to 

perform individual ex vivo cells culture on Si substrate, we develop a method to analyze the 

interactions between inorganic environmental fibers (asbestos).  

First of all, the biological study of cell treated with different types of fiber reveals:  

1- The concentration of fibers up to 20µg/ cm² is not lethal for the cells 

2- Different types of fiber with different chemistry seem to exhibit the same toxic pattern 

We use these information to compare the IR spectra between control cell, cells with 10 µg/ cm² (no 

lethal concentration) and cells with 50 µg/ cm² (lethal concentration).Unfortunately, we could not 

able to use the synchrotron radiation and all the work was done first using conventional Globar 
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source. This implies that the absorbance level of each 2D IR images was very low for each single cell. 

Therefore, we integrated the amides and lipids absorption bands only due to their major intensity in 

the spectra.  

By comparing the results obtained from different types of fibers and concentrations, we observed 

that the molecular change induced on cells could be differentiated. The changes due to the 

interaction with different types of fibers for amide I, amide II and amide I / amide II were equivalent. 

Moreover, the ratio of protein to lipids content increased with the concentration of fibers, increase 

revealed by an enhancement of cellular proliferation, result already known by biologists.  

Despite the use of Globar source, IR imaging has shown its ability to show molecular changes in one 

cell. Moreover, we were able to determine the relative toxicity of different types of fibers interacting 

with lung cells. 
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CELLULAR TOXICITY OF AMPHIBOLES IS FIBER LENGTH DEPENDENT 

 

Objectives: The goal of this work was to study the interaction between asbestos fiber and single 

living cell in vitro using high resolution Raman spectroscopy as a probe.   

 

 

The project was firstly focused at realizing for the first time a safe 3D Raman spectrum of a single 

living cell, and then at obtaining the spectra after adding asbestos fibers to the system such as to 

monitor the behavior of single cells in contact with inorganic materials.  

 
The use of Raman spectroscopy was designed for multiple reasons. The first is the possibility to 

perform in vitro experiments which is the main purpose of the study. The second is that with this 

spectroscopic technique one has the possibility to achieve chemical information from both the 

inorganic (fiber) and organic elements (lung cell) in the system. We could obtain direct images of the 

interaction between cells and fibers by plotting the intensity of a particular Raman bands. In 

addition, the modern spectrometers allow extremely fast data collections and this is a crucial point in 

experiments were there is the need to prevent the degradation of the biological materials and 

monitor of phenomena compatible with biological time – 20 minutes. The final great advantage of 

Raman spectroscopy is the high lateral resolution of 700nm permitting to visualize and track change 

occurring at sub cellular components, i.e. are at a sub-micrometer scale.    

 

For this work, the suitable experimental conditions allowing the interaction between living cells and 

asbestos fiber and then the monitoring of this interaction were investigated. Cells were grown in a 

Dulbecco’s Modified minimum Essential Medium; a concentration of 40.103 cells / well was added 

into 6-wells plates and cultivated on Si wafer. We incubated with this concentration of cells 5µg / cm² 

of asbestos fibers for 24h. These amounts were chosen to respect two conditions: 1- the cells must 

be distant from each other to allow a single cell observation by Raman spectroscopy 2-fibers 

concentration such as to allow the physical interaction with a cell. The spectra were acquired using 

70*70 (points per line*line per image) sample area for the XY mapping with a scan speed of 14 s/line 

and an integration time of 0.2 s. For Z-stack images, the number of layers was determined such as to 

obtain a final difference of 800nm between layers. 

Before analyzing the data, a pre-processing study was realized thanks to the software Witec Project 

2.06 (Witec, Germany). The baseline was subtracted from each mapping with a polynomial of 0 order 

for a constant offset and the Si substrate peaks were removed from the whole spectrum. Then the 
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patterns were smoothed using a Savitsky-Golay filter of 3rd order to reduce the electronic noise to a 

signal. Indeed, SG is proved useful to reduce the noise levels of spectroscopic data [85]. It’s 

important to note that the order of SG can influence the peak intensity. 

 

Once determined the marker bands for the cells and asbestos fiber, respectively, we obtained several 

images of asbestos within the single cell. The most interesting result from the images is that the 

small fibers can be apparently well internalized by the cell, while larger fibers are not internalized. In 

order to confirm or infirm the result, multivariate statistical analysis as principal component analysis 

and clustering analysis have been performed. Thus, the use of these statistical techniques led to the 

detection of the mechanism of defense of the cells in contact with asbestos fiber.  

 

In summary, the use of Raman spectroscopy allows to obtain simultaneously morphological and 

chemical information leading to the determination of the mechanism of defense of single living cells 

interacting with asbestos fiber.  

 

This work is summarized in a manuscript given below which will be submitted. 
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7. DISCUSSION AND CONCLUSIONS  

In this study we addressed the cellular response to asbestos fibers. To this end, we developed new 

spectroscopic methodologies to access both organic (cells) and inorganic (fibers) information at the 

single cell level. A first step has been the test of suitable IR-transparent substrates for in vitro 

analyses of single cells by FTIR imaging. The goal was to ensure a safe, i.e. non-toxic, cell culture to 

perform spectroscopic analyses on living or cryofixed cells. Further, the toxicity of amphiboles could 

be evaluated by performing biological tests with different types of fibers after culture on the selected 

IR-transparent substrates. Although not fully developed in this PhD work for analyzing the cell-fiber 

interactions, in vitro IR images of single cells could be also obtained by proposing a new utilization of 

an ATR device on which cells could be grown. These studies allowed determining that asbestos fibers 

toxicity was not equal between fiber species, but all shown gradual effects with concentration in 

culture medium. To further discriminate between chemical and morphological parameters of 

asbestos fibers toxicity on lung cells, a new Raman microscopy method was proposed on living cells 

for 3D analysis with respect to fiber aspect ratio. It could be demonstrated that fiber length is a key-

parameters of toxicity.  

7.1. IMPROVED EXPERIMENTAL CONDITIONS 

FTIR imaging is a novel spectroscopic technique able to provide cell imaging, in vivo and in real-time. 

However, one key-issue is developing methodologies for cell culture on IR-transparent substrates 

fitting cell biology requirements. Indeed, the choice of a substrate suitable for the spectroscopic 

measurement is a critical point to address before proceeding to the development of dedicated 

methodologies for cell imaging. Preliminary studies performed in our laboratory permits to develop 

FTIR imaging coupled with bi-dimensional focal-plane-array (FPA) of detectors using synchrotron 

radiation in order to obtain 2D IR images of a single cell with a good SNR [81, 86]. To enhance this 

SNR and obtain quality of cell culture and good IR spectral image, new experiments have been 

performed testing several substrates with different physical and biological properties. As discussed 

and illustrated in the article 1, Si, Ge and Si3N4 substrates turned out to be the best choices. Based on 

this finding the results obtained in previous works where CaF2 or ZnSe substrates were employed [87, 

88] could be reviewed and discussed in term of a poor biocompatibility between cells and these 

substrates. 

Despite the use of synchrotron radiation coupled with FPA detectors, the acquired SNR were low 

because of the cryofixed cells used containing very low amount of organic materials. The 
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consequence was the impossibility to apply the study to spectra located in the cytosol and 

membrane regions. 

The different parameters defined as suitable for this study and the number of substrates makes 

difficult the choice of a multivariate process to describe the response. Moreover, the necessity to 

plot the results limited the choice of the model. Thus, the PCR, combination between PCA and PLS 

regression, leads to the results with high accuracy of the model. 

Therefore, the study shows that there is a correlation between the type of substrate, the  cell culture 

quality and the quality of the obtained spectra thus making the correct choice of substrate 

mandatory for IR imaging of live cell. This point is particularly relevant for live cell analyses, where 

cell culture conditions must remain unaffected by substrate properties. 

7.2. FTIR SPECTROSCOPY AND IMPLICATIONS 

FTIR imaging of individual cells is still limited by the low signal-to-noise ratio obtained from analysis 

of such weakly absorbing organic matter when using a Globar IR source. In this study, we used FTIR 

imaging with a synchrotron radiation source and a focal plane array detector to determine changes in 

the cellular contents of cryofixed cells after culture for 48 h on Si3N4 substrate. Several spectral 

differences were observed for cells deprived of glucose compared with control cells: a lower amide I-

to amide II ratio (P<0.01), a different secondary structure profile of proteins (obtained from amide I 

spectral region curve fitting), with a significant increase in non-ordered structure components 

(P<0.01); and a higher ν(C=CH)/νas (CH3) absorption ratio (P<0.01), suggesting increased unsaturation 

of fatty acyl chains.  

Our study has shown that SR-FTIR imaging is now sufficiently efficient to enable analysis of the low 

organic matter content of small biological samples, namely individual cells, on the basis of their main 

molecular structures. A low energy storage ring with stable current level was used for long scanning 

periods to obtain a high signal-to-noise ratio in FTIR spectral images of cells, thus enabling use of 

sophisticated spectral data treatment. Importantly, curve fitting of the amide I spectral region could 

be performed for analysis of the secondary structure of proteins. Spectral regions of fatty acyl chains 

and the saccharide content of cells could be also investigated, thus providing a global overview of cell 

molecular changes between two physiological conditions. Therefore, this study demonstrated that 

SR-FTIR imaging is a suitable analytical technique for investigation of the molecules in cells and their 

changes. 
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On the basis of this knowlegde, we decided to investigate the effect of the interaction between 

asbestos fibers and lung cell by implementing the methodology explains above.  The methodology 

has been tested on individual cells cultured directly on IR-transparent windows for transmission IR 

measurements after cryofixation. 

Because of technical problems, the SR IR coupled with FPA detector could not be used to study the 

interaction between asbestos fibers and epithelial single cells. To counteract this issue, we developed 

the method using Globar source as described in article 2. Despite all the conditions used to enhance 

the IR signal of a single ex vivo cell – use of Si wafer and a large number of scan to obtain the highest 

SNR – the obtained intensity was very low. Therefore, we performed a large number of experiments 

(n=30) for each condition and instead of using single spectra, we used an average of spectra in the 

nucleus region. Consequently, only univariate analyses as ANOVA could be performed for the 

statistical consideration. The results obtained using FTIR imaging coupled to a synchrotron radiation 

source and FPA detectors in order to determine changes in cellular contents of cryofixed cells is 

presented in article 3. The aim was to show the ability of SR IR imaging to solve spectral changes on 

individual cells as a function of different fiber concentrations. 

The interpretation of the IR result reveals that the amide II/ amide I absorptions ratio from spectra 

corresponding to the nucleus location are different as a function of the fibers concentration. Amide 

absorption changes are associated with a variation of protein content and conformational change of 

protein and nucleic acids (DNA and RNA) in cells submitted to stress [89, 90]. These changes have the 

same decreasing pattern for each type of fibers. Thus, the ratio amide I / amide II can be considered 

as a marker of cellular stress induced by the asbestos fibers.  

Similar results were found for amide I / lipids absorptions ratio. In this case, changes were increasing 

with the concentration. An increase of protein to lipids content ratio explains an enhancement of 

cellular proliferation, result already provided by cytotoxicity assays [91]. 

Since the same results were observed for gradually increasing amounts of asbestos fibers up to 

10µg/cm², and to different types of fibers with different chemistry, IR spectroscopy has shown its 

ability to discriminate the effects of different concentrations of fibers. Moreover, these ratios expose 

biochemical variations of the cells, confirming the ability of IR spectroscopy to access to toxicological 

information. These promising results show that IR spectroscopy can be an alternative technique to 

determine of subtle changes in cells exposed to inorganic species and evaluate the toxicity of the 

fibers at similar concentrations. The use of synchrotron radiation will allow to enhance the results 

and find more specific markers of toxicity of the asbestos fibers with epithelial cells.  
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An Attenuated Total Reflection (ATR)-based device designed for an IR microscope coupled to a FPA 

detector and optimized for in-vivo cell imaging is in development in our laboratory. This device is 

designed to allow the in vitro imaging of living cells and by using existing brilliant synchrotron 

radiation sources this ATR device may collect images at the surface of the Ge crystal at a sub-cellular 

spatial resolution with a penetration depth of the evanescent wave around 500 nm within the 

sample in few seconds. A brief summary of the cellular components that can be detected with such 

optical device is also presented in annex 1. Preliminary studies of cell imaging using the manually 

removable Ge-crystal shows that the in vitro imaging of living cells is possible. Unfortunately, by lack 

of time, the development of this original technique to the study of the interaction of fibers with 

human cells couldn’t be performed. 

7.3. IN VITRO BEHAVIOR ASSESSMENT  

To try accessing the in vitro information during the interaction of fibers with living cell, we developed 

a 3D Raman/optical imaging methodology to characterize both morphological and chemical 

parameters of the experiments. Despite problems in adjustment of the laser power and scan speed, 

we were able to collect images at a sub cellular level. Thus, we determined that the toxicity of 

asbestos fibers is strongly dependent on the fiber length, allowing to characterize a possible 

mechanism of defense of the cells. 

As detailed in section 3.2.3, the confocal system allows a hyperspectral imaging i.e. a sample is 

scanned point-by-point and line-by-line, and at every pixel a complete Raman spectrum is taken. 

Then, the multispectral files are analyzed to display the distribution of specific sample properties. 

The specificity of our Raman microscope system is that only the core of the fiber guides the light and 

acts as a pinhole for the confocal microscopy. The use of a pinhole permits to the confocal Raman 

spectroscopy to suppress vertical and horizontal out-of-focus light and ensures that only light 

originating from the focal plane of the image can reach the detector. By passing through the sample, 

the resulting signal is a combination between the confocal point signal and the signal that goes 

through the sample and return to the detector. That’s why even if we focalized on a fiber inside the 

cell, the obtained spectrum contains lipids signal. Thus, the size of the pinhole is critical since the 

confocal volume illuminated is correlated to the size of the laser light and the use of the core of the 

optic fiber as pinhole allows a range of pinhole sizes from 100 µm to 25 µm of diameter. This 

increases the final resolution of the confocal system leading to have fine stack of images. 

Unfortunately, the high sensitivity of the device due to the reduction of the spot size leads to the 

rapid degradation of the sample.  
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Experiments done with fibers in interaction with living cells permitted to characterize some 

tendencies: 1- most fibers are located under the cells; 2- only small sized fibers (< 5µm in length) are 

internalized into the cell and 3-longer fibers (5 to 15 µm) are observed in the extra cellular matrix or 

cross the cell. Multivariate analysis of the data showed that the internalization was made by vesicles 

via endocytosis mechanism. When the fiber length is > 15 µm, the cell is unable to envelop it 

illustrating the limitation of the mechanism of defense of the cells. Finally, the exceptional long 

chronicity for human pathologies related to asbestos fibers as mesothelioma and asbestosis can be 

linked to the fiber longer than 15 µm whom the toxic effect can’t be constrained. This observation 

suggests that chemical toxicity is certainly low; making those morphological parameters more 

relevant in the pathology. Since the result has been observed for different types of asbestos 

chemistry, we can conclude that the toxicity of the fiber is dependent on the length. Lung cells can 

thus develop defense strategies for handling the biopersistence of inorganic species, which may thus 

have major impact for bio-safety issues related to nanomaterials. 

As a final comment, it is clear that the spectroscopic techniques as IR and Raman may contribute 

significantly to the analysis of cellular toxicity of asbestos fibers. This work reveals that toxicity of the 

asbestos fibers is length dependent. Thus, asbestos fibers are not intrinsically toxic but become toxic 

when inhaled into the lung only when the length is > 15 micron. At this stage of the study, the role of 

the chemical composition of the fiber is not considered, and requires further investigations to allow a 

complete comprehension of the process leading to disease as mesothelioma and asbestosis.  

Despite the validity of spectroscopic techniques to analyze the toxicity of asbestos fiber in interaction 

with epithelial lung cells, a lot of work remains to be done. The optimization of the cells responses 

and the systematic application of the dedicated methodology performed here with synchrotron 

radiation need to be improved. With the developed methods exposed above, the systematic use of 

synchrotron radiation with IR spectroscopy and the progress in signal processing for Raman 

spectroscopy will provide efficient tools to investigate the toxicity of inorganic materials as asbestos 

fibers in interaction with living cells.  

Moreover, experiments using ATR - FTIR device will permit to explore the in vitro interaction 

between asbestos fiber and cells at a nanometric spectral resolution. It will permit to study the 

interaction between the extra cellular matrix of the cells and the fibers with a size between 5 and 

15µm. We will be able to examine how the interaction is realized at the extra cellular matrix level. It 

could also be interesting to couple these information with those provided by techniques such as X-

ray fluorescence. Indeed, this latter method could provide access to the chemical components 

related with the pathological effect of the fibers. 
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