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Carbon nanotubes (CNT) are considered as promising new tools in many different fields 1 , including nanomedicine 2 . Due to the increase of their worldwide industrial production, a growing concern about their potential health impacts emerges and first evidences of biological effects of carbon nanotubes in vivo and in vitro have been recently reviewed in refs. [3][4][5][6][7][8] . But basic research on interactions of CNT with cells is still needed. The present study is placed in an occupational health context, in case of accidental CNT exposure of manufacturing workers. Consequently, we use non functionalized CNT that reflect CNT produced for different industrial applications.

A first challenging issue is to know whether these materials enter or not into cells. Optical microscopy observations of single-walled (SW) CNT are intrinsically limited by the spatial resolution, while low contrast of carbon-based nanotubes makes electron microscopy observations very difficult for dispersed SWCNT 9 in a carbon-rich cellular environment. SWCNT have also been detected in biological media through their near-infrared intrinsic fluorescence [10][11][12] . However, the method is limited to individually dispersed semi-conducting nanotubes 13 , while as-produced SWCNT are usually assembled in bundles and are either semi-conducting or metallic. Incorporation of CNT inside cells can more easily be detected by marking them with imaging agents [14][15] , but these agents may alter biological effects [16][17][18] .

An alternative approach is to trace CNT in cells by detecting the catalyst metal particles employed in most synthesis techniques and finally remaining attached to or contained in nanotubes. Catalytic particles have recently been imaged using their magnetic resonance properties 11 . However, spatial resolution was only of a few hundred of m 2 , which does not allow intra-cellular analysis. A second issue is to have information about cell modifications after contact with CNT. Indeed, data have been published showing oxidative stress and inflammation 19,20 but information is still lacking concerning underlying mechanisms.

Aiming at providing new data on cell-CNT interactions, we investigated this issue using X-ray fluorescence microscopy (µXRF). µXRF is a powerful micro-analytical method for imaging elemental correlations across the cell since distributions of various elements are collected simultaneously, with sub-cellular spatial resolution and high sensitivity [21][22][23][24][25][26][27] . Obtained results consist in a two-dimensional projection of the volumetric distribution of elements in a whole cell. Analysis of the fluorescence signal of catalyst metal particles bound to nanotubes can provide information about CNT cellular localization without making complete dispersion of these nanomaterials in surfactants and without using supplementary marker, which may alter interactions between CNT and cells. Therefore, µXRF can allow investigating interaction of cells with nanotubes exhibiting characteristics as close as possible to those found in production plants or research laboratories. Furthermore, modifications in cell constitutive elements can give precious indications about underlying mechanisms of cell responses to these materials. To the best of our knowledge, the µXRF method, newly used in biology and toxicology, has never been applied before to analyze cell-CNT interactions. The purpose of this letter is to demonstrate the relevance of µXRF to study the biological effects of carbon nanotubes on cells. We will first show that this technique possesses enough sensibility to detect CNT in cells, even for very low concentrations of catalyst, and then that it has the unique advantage of allowing detecting changes in the distribution of chemical elements in cells after exposure to nanotubes.

In this study, we consider murin macrophages exposed to SWCNT or to multi-walled (MW) CNT, the choice of macrophage cells being dictated by their key role in host responses to exogenous agents (cell culture monolayer is exposed to suspensions of CNT sonicated in serum-free cell culture medium; see Supplementary Information for details). MWCNT used are produced by Catalytic Chemical Vapor Deposition (CCVD) following a procedure described elsewhere 28,29 , and further treated by high energy sonication (see also Supporting Information). This treatment leads to CNT breakage: as shown by High Resolution Transmission Electron Microscopy (HRTEM), their length, initially of about 150 m, is in the [1-6] µm range and nanotube tips are often opened (inset Fig. 1A/b). MWCNT are straight, their external diameter is in the [10-120] nm range with most of the tubes in the [30-70] nm range. Residual iron-based catalyst particles are partially filling the CNT inner core (Fig. 1A/b). The global iron content measured by ThermoGravimetric Analysis (TGA) under air is 4.4 wt%. We also used SWCNT of both "unpurified" and "purified" (NP-SWCNT and P-SWCNT respectively) grades synthesized using the 'HiPCO' process 30 and purchased from CNI Corporation. In both SWCNT grades, iron is present in the form of nano-particles at the end and on the side-walls of nanotubes (inset Fig. 1A/d andf), the number of iron particles being much higher in NP-than in P-SWCNT (Fig. 1A/c,d vs.

1A/e,f). Iron content measured by TGA is of about 20.8 and 1.8 wt% in NP-and P-SWCNT respectively. The individual diameter is in the [0.8 -1.2] nm range and the individual length is in the [100 -1000] nm range. We underline that no free iron-based particles were observed in any of our samples, which is the prerequisite of our strategy of tracing CNT by detecting catalyst metal particles (see also Supplementary Information, figure S1). Figure 1B shows typical optical microscopy and conventional TEM images of control and CNTexposed cells. Details of the exposure procedure can be found in the Supporting Information. After 24h of exposure, MWCNT are mainly engulfed into vacuoles that can occupy most of the cell surface cytoplasm (Fig. 1B/c,d), as previously shown 19 . By contrast, for the same concentration, such phenomenon is only occasionally observed in the case of NP-SW and P-SWCNT-exposed cells (fig.

1B/f, h and data not shown).

Figure 2 shows fluorescence spectra and elemental maps of a control cell obtained using µXRF.

Phosphorus (P) and potassium (K) are constitutive elements of cells and their spatial repartition delimitates the cell shape. The P and K-rich zones in the central part of the cell can be attributed to the nucleus. Na and Cl concentrations follow the cell shape. Other element maps (Ti, Cr, and Fe) show a rather homogeneous distribution (experimental background). Considering exposed cells, iron maps reveal one or several iron-rich zone(s) inside or close to the cell contours (Figs. 3 and4) whereas no such zone was observed in control cells (Fig. 2). Iron-rich zones give the localization of the catalyst particles inside the MWCNT or attached to the SWCNT, therefore allowing CNT localization. Iron-based catalyst particles could even be detected in the case of cell exposure to P-SWCNT (Fig. 4b), for which iron amount was minimized, thus highlighting the high sensitivity of the XRF method. Observation of SWCNT-cell interaction is particularly interesting since we could not clearly identify these carbon materials in cells with optical microscopy or conventional TEM, as previously discussed by other investigators 9 . In addition, in some cells exposed to SWCNT, the iron map shows co-localization of the highest Fe signal with the highest P signal (Fig. 4b), suggesting an interaction of SWCNT with the nuclear or perinuclear region, as evidenced by Porter and coworkers 9 .

-8 -This finding could have important implications, for example, in terms of genotoxicity 31 and would need a dedicated investigation. µXRF allows detecting a dose-response effect of the cellular Fe signal in CNT-exposed cells; higher amount of iron with respect to phosphorus is found in cells exposed to 100 µg/mL compared to those exposed to 10 µg/mL of MWCNT, and for cells exposed to NP-SWCNT as compared to P-SWCNT (for instance, the ratio Fe/P between the integrated signal of iron and that of phosphorus in the fluorescence spectra are respectively equal to 16 and 70 for Fig. 3b andc, to be compared to 6 for Fig. 3a; Fe/P =10 for Fig. 4a to be compared to Fe/P =3 for Fig. 4b).

Beyond CNT localization, µXRF can be used to study other aspects of CNT behaviour in a biological context. Figure 4c (cells exposed to 10µg/mL NP-SWCNT) shows an agglomerate of 10 macrophages around a central non-cellular area. The central area is iron-rich but contains nearly no phosphorus, thus corresponding to an aggregate of nanotubes. The nanotube aggregate in fig. 4c displays a low but detectable potassium signal that probably arises from sorption of potassium from the culture media since no potassium was present in the NP-SWCNT used here. This result is in line with previous studies showing sorption of divalent ions from aqueous solution by CNT 32 , but it has never been shown in biological relevant conditions. Thus, µXRF can help to identify and characterize CNT aggregates in biological relevant conditions.

One of the major interests of µXRF is the simultaneous mapping of the fluorescence signal of various chemical species. It allows monitoring effects on cellular elemental distributions that can be linked to CNT internalization. In the following, we emphasize the case of Ca. No significant amount of Ca was observed in any control cell, as illustrated in the fluorescence spectrum shown in fig. 2, while Ca signal could be detected in some cells exposed to 100 µg/mL MWCNT and NP-SWCNT (Fig. 3b andc and Fig. 4a respectively). It should also be noticed that control studies of XRF spectra of corresponding nanotubes exposed to cell media alone did not show any calcium localization on nanotubes. No Ca signal was observed in any cell exposed to 100 µg/mL of P-SWCNT, as it is illustrated in Fig. 4b.

Cellular heterogeneity in Ca response has previously been observed in murine macrophages exposed to ultrafine carbon particles 33,34 , where excess in Ca signal is due to an increase in cellular Ca uptake. Our observation of Ca could be of great importance in the perspective of understanding the biological impact of CNT on macrophages, since excess of Ca can be linked to functional disorder in cells like oxidative stress, inflammation or cytotoxicity 35 . Moreover, the observation of clear changes in the elemental distribution of cells exposed to CNT validates the sensibility of µXRF for that purpose and confirms the relevance of this technique in the field of nanoparticles toxicity. Moreover, at the present stage of the study, it is difficult to draw definitive conclusions regarding the physico-chemical determinants of the modification of Ca content since different parameters are modified from MWCNT to NP-SWCNT (structure, agglomeration state, dimensions, together with content and location of iron-based catalyst particles) and from NP-SWCNT to P-SWCNT (chemical surface properties and amount of iron-based particles). The bioavailability of iron-based catalyst particles which could also be a causative agent for promoting cell perturbations [36][37][38] , probably also varies between our three samples (MWCNT are opened and purification treatment of SWCNT may imply increased iron bioavailability and redox activity in P-SWCNT compared to NP-SWCNT). However, whatever the predominant physico-chemical determinant, the present experiments show a new paradigm of CNT toxicity, based on the capacity of CNT to modify cell calcium content, for both MWCNT and NP-SWCNT.

In summary, our results demonstrate for the first time the relevance of the µXRF technique to study cell-CNT interactions. It allows CNT localization at the single cell level with simultaneous analysis of the biological response through observation of changes in cell elemental composition (calcium in the present study). Analysis of cell-CNT interactions by µXRF is an original approach that represents a significant advance in the field of toxicology of carbon nanotubes and could provide new data to understand biological effects of these nanomaterials as they are produced, without any artificial labelling which would necessarily modify the CNT-cell interactions.

  fluorescence microscopy (µXRF) is applied for the first time to study macrophages exposed to unpurified and purified single-walled (SW) and multi-walled (MW) carbon nanotubes (CNT). Investigating chemical elemental distributions allows one: (i) to image nanotube localization within a cell, (ii) to detect chemical modification of the cell after CNT internalization. An excess of calcium is detected for cells exposed to unpurified SWCNT and MWCNT and related toxicological assays are discussed.
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 5 Figure 5. Twenty-four hours treatment of murin macrophages with CNT and calcium antagonists
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In order to get a better understanding of the role of calcium in the biological effects of macrophages exposure to CNT, first results concerning cytotoxicity and inflammatory response (secretion of TNF-) are presented for discussion in Figure 5. It has to be noted that we examined inflammatory response (TNF- production) only in MWCNT-exposed cells because of SWCNT interference with the dosage of TNF- protein (data not shown). Cytotoxicity response was found higher in cells exposed to MWCNT and NP-SWCNT as compared to those exposed to P-SWCNT, which did not seem to induce calcium accumulation either. Furthermore, the intracellular calcium chelator BAPTA-AM and the calmodulin inhibitor W-7 both significantly inhibit MWCNT-and NP-SWCNTinduced cytotoxicity and the production of TNF- by MWCNT-exposed macrophages, thus tending to confirm the biological relevance of the increased calcium content found by µXRF. Further investigations should allow studying the details of the biological mechanism(s) involved in the effects of CNT on calcium homeostasis.