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An Oxidative Stress (OS) state is characterized by the generation of Reactive Oxygen Species (ROS) in a biological system above its capacity to counterbalance them [1]. Exposure to OS induces the accumulation of intracellular ROS, which in turn causes cell damage in the form of protein, lipid, and/or DNA oxidations. Such conditions are believed to be linked to numerous diseases or simply to the ageing of tissues. However, the controlled generation of ROS via photosensitizing drugs or photosensitizers (PS) is now widely used to treat various tumors and other infections [2,3]. Here we present a method to track the chemical changes in a cell after
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particular, elevated ROS levels in cells are associated with the aging process [4], as well as with many pathological disease processes [1,5]. Among various ROS involved in bio-oxidative and bio-photo-oxidative processes, 1 g plays a significant role. In particular, 1 g is involved in lightinduced photo-damage to the eyes and skin [6]. 1 g is known to be almost as reactive as atomic oxygen and to react directly with proteins and unsaturated lipids located in the cytosol and cell membranes to give the corresponding peroxides. Consequently, cell apoptosis, bacterial and viral inactivation are identified effects of 1 g action [7,8] with higher yields than hydroxide (OH • ) or superoxide (O 2

•─

) radicals [9].

Pristine fullerene (C 60 ), due to its unique electronic -system, can generate 1 g and other ROS in organic solvents under UV or visible light illumination [10]. It has also been shown that the poly-hydroxylated and highly water-soluble derivatives of C 60 , also known as fullerols, are potent photosensitizers of ROS. In particular, evidence of generation of superoxide radicals via the so-called Type I mechanism, as well as 1 g via an effective resonant energy transfer (Type I photosensitization pathway) was demonstrated for fullerol C 60 (OH) 24 [11]. In a previous studywe have shown that a custom-synthesized fullerol (C 60 (OH) 19 (ONa) 17 ,18H 2 O) can efficiently generate 1 g in aqueous milieus under visible light illumination and also pointed to a strong photo-toxicity of this compound towards cells [12] and cell compounds [13].

In this work, the oxidative stress on living monkey fibroblasts was mediated via ROS, which was photo-sensitized in the presence of the above-mentioned fullerol C 60 (OH) 19 (ONa) 17 ,18H 2 O [12].

First, the generation of 1 g by this water-soluble derivative of C 60 via Type II photodynamic process was confirmed in a cell-free EPR experiment using a 1 g selective substrate, 2,2,6,6-
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tetramethyl-4-piperidinol (TMP-OH). Then, the OS-induced biochemical alterations in living fibroblasts were tracked by Fourier Transform InfraRed Microspectroscopy (FTIRM) at the single cell level. To achieve the required subcellular spatial resolution, an IR beam size smaller than the cell size itself is needed. However, existing IRMS instruments using a conventional thermal (globar) source, encounter a Signal-to-Noise ratio (S/N) limitation when apertures confine the IR to an area of below 30 m 2 [14]. Hence, for single cell imaging, the InfraRed (IR) synchrotron source delivers the entire infrared wavelength at much higher brightness than a globar source [15]. For a 10 by 10 m 2 aperture, the S/N ratio is improved by a few orders of magnitude compared to globar sources [16]. In order to account for heterogeneities in living matter, we also looked for spectral anomalies for a given functional group in a population of at least 75 cells, allowing statistical sampling.

MATERIALS AND METHODS:

Fullerol synthesis and ROS generation. The fullerol synthesis was adapted from Chiang et al.

[17], based on the oxidation of C 60 under strongly acidic conditions. The synthesis and characterization is detailed in [12]. windows (13 mm diameter, 1 mm thickness, Crystran, UK) using an identical number of passages. CaF 2 is known to be non toxic to cells and fully transparent in the relevant IR range between 1000 and 4000 cm -1 . A density of 25000-30000 cells per window was deposited, and used for experiment before they reached confluent state (day 2-3), thus single cells were still distinguishable [21].

Protocol of Cell Irradiations. The cell-covered CaF 2 -windows were removed from the culture medium, rinsed in PBS, placed in the photosensitizing solution (i.e. PBS supplemented by 500 M C 60 (OH) 19 (ONa) 17 ), and then illuminated for three different exposure times (10, 20 and 30 min). Special care was taken not to heat the sample by the light source (Halogen Philips, 150W).

After exposure, the photosensitizing solution was removed, the cells were rinsed in PBS, incubated for 30 min in DMEM, rinsed again with PBS and left to dry at 4°C under a soft air flow. Once fully dried, the windows were carefully re-washed with distilled water in order to
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remove PBS salt crystals on the window surface, fully dried again and kept at 4°C until SIRMS experiments [22,23,24].

A Trypan Blue (TB, Sigma Aldrich) assay was used to probe the viability of the cells upon OS.

TB is negatively charged and typically does not penetrate a cell unless its membrane is damaged.

Consequently, all cells including this dye and thus having a blue stained cytoplasm are dead.

Inversely all viable cells exclude the dye and have a clear cytoplasm. Noteworthy, the TB assay cannot differentiate between a necrotic or apoptotic cell.

Synchrotron Infrared MicroSpectroscopy. Synchrotron-based Fourier Transform Infrared

Microspectroscopy (S-FTIRM) measurements were performed on dried cells prepared as described above. The S-FTIRM set-up [14] consists of a Thermo Nicolet Continum IR microscope coupled to a Thermo Nicolet Magna 860 FTIR (Thermo Nicolet Instrument, Madison, WI). An automated X-Y mapping stage allowed sample scanning with a step accuracy of 1 m. The IR beam, with an aperture of 7 x 7 to 10 x 10 m 2 , was positioned on the center of a single flat cell chosen by conventional optical microscopy, illuminating most of the cell.

Spectra were collected in transmission mode, at a spectral resolution of 4 cm -1 , and 128 to 256 scans were co-added to enhance the S/N ratio. Prior to each experiment, a background spectrum was taken at a clean cell-free place on the CaF 2 window and subtracted from the one with the sample. Data were analyzed using Omnic 7.4 (Thermo Fisher Scientific Inc), and Transform (Fortner Software). Few bad pixels were removed and replaced either by the mean value of their neighbor's pixel (e.g. for odd absorbance values) or set to zero (for negative values). It is worth noting that despite the high brightness of the IR source, the total energy delivered to a sample for
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an aperture of 10 by 10 m 2 is less than 5 mW [25]. The local rise of temperature under IR synchrotron irradiation has been determined to be lower than one degree [26]. Therefore, we assumed that heating had no effect on our experiment. Compared to the non-exposed fibroblast, the most striking change is the appearance of a peak centered at 1740 cm -1 (blue arrow). Nevertheless, the absolute increase of this peak could be due to a high number of lipid molecules and/or high lipid density in the cell. This could be especially the case when the aliphatic chains band (region 2995-2800 cm -1 , green arrow), which is connected to lipids, also increased. Therefore, we calculated the ratio between the C=O representative band and the lipids for N > 75 cells at three different time points T = 10, 20 and 30 min. Results are shown in Figure 3a. All values were normalized to control (1) where the cells were not subjected to any treatment. Control (2) and (3) were performed respectively in the presence of PS in the dark and after 20 min of illumination but without PS. Even though the distribution of the obtained values is relatively high, due to a strong heterogeneity among cells, the ratio between carbonyl ester groups in non-hydrogen bonded state and lipids, in each experimental group, were consistent and almost doubled after a 20 min OS exposure.

RESULTS

Kinetics

Specific protein-phosphorylation events have been previously demonstrated to occur during apoptosis and play an important role in the regulation of the programmed cell death mechanism
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To determine whether the differences in the means of the presented histograms are significant, we performed a two tails t-test comparing the control (1) with the 10, 20 and 30 min oxidative stress statistics. The data were expressed as means and standard errors. The obtained t values for for p = 0.1 or less were considered as significant. All our data fulfilled the imposed t-test conditions.

Single cell mapping. In order to localize characteristic spectral features at higher resolution we recorded an IR map of a single cell, by scanning the sample. The step size was 8 m and the aperture was set to 7 m, the diffraction-limited spatial resolution allowed a detailed mapping of a single cell with a size between ten and a few tens of a micrometer. Flat, well-spread cells were chosen by optical microscopy ensuring that the observed variations in intensity arose mostly from local concentration changes rather than from local thickness changes. Different distributions of the chemical functional groups are presented in Figure 4 
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cm -1 area. The protein distribution (C) for both, treated and non-treated cells exhibited a relatively homogenous distribution and high intensity at the cell center. This corresponded to the thickest part of the cell where the nucleus was also present, and in which a high protein density is found [35]. In contrast, the lipid distribution (B) was more spread, confirming that lipids are well distributed among the intracellular compartments, like the endoplasmic reticulum, the Golgi apparatus, the nuclear and cell membrane. No significant changes in either distribution were visible between the control and the treated cell, except that the treated cell was thicker and gave a stronger signal.

In order to normalize such thickness differences in cells, and detect relative changes in lipid peroxidation and protein phosphorylation from a non-treated to a treated cell (panels D and E in Figure 4), we also represented the peak ratios: 1730-1760 cm -1 (C=O) over 2995-2800 cm -1 (lipids) and 1280-1180 cm -1 (PO 2 -) over 1710-1600 cm -1 (Amide I). Both signatures were significantly enhanced upon ROS treatment (see Figure 5 panel D and E respectively), as it was already observed in single cell spectra (Figure 2, bottom).

DISCUSSION AND CONCLUSION

We have shown that 1 g is generated within the timeframe of fullerol illumination (Figure 1b).

This allowed us to conclude that the detected spectrum anomalies arising in the cells are largely due to the effect of 1 g . The most significant spectrum anomaly observed in cells exposed to OS was an increase of the peak around 1740 cm -1 , after 20 min of exposure to OS (Figure 3a). This 
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peak increase was referred to an IR fingerprint of necrotic cells [16,35]. In our case, it can be explained by the generation and accumulation of lipid peroxidation end products, known as Reactive Carbonyl Compound (RCC) such as e.g. malondialdehyde (MDA) [37] or acrolein [38].

Moreover, according to the chemical map of the cell in Figure 4 and 5 panel D, such increases are predominantly located in the cell periphery, distant from the nucleus (highlighted by a white dashed circle). Hence this pattern can be ascribed to the increase of oxidized lipids present in the membrane of dying cells. This feature, localized around the nucleus, is in excellent agreement with the study performed on necrotic cells by Dumas et al. [16].

On the other hand, the ratio between the peak partially associated with phosphorylated proteins (asymmetric phosphate stretching band, 1280-1180cm -1 ) and the protein peak (Amide I, 1710-1600 cm -1 ) integrated intensities started to increase earlier: after only 10 min of exposure to OS (as shown in Figure 3b). Specific protein-phosphorylation events are known to occur during apoptosis and also play an important role in the regulation of programmed cell death [39,40].

Cell mapping in Panels E (Figure 4 and 5) shows an increase in the phosphate contribution, spread over the whole cell, possibly indicating that cytoskeletal proteins were targeted during this apoptotic process. In summary, exposure to oxidative stress, and in particular 1 g , induces a cascade of lipid peroxidation and phosphorylation reactions within the observed cells. First, protein phosphorylation occurs within the cytoplasm and nucleus and later lipid phosphorylation of membrane structures. However, attributing this OS-induced phosphorylation to an apoptotic or necrotic reaction remains still open. It is very likely that a combination of both pathways exists.
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Concerning the distribution in the value obtained in our statistical sampling, it is worth noting that the cells studied after exposure to oxidative stress, might have been those which better resisted the photo-mediated action. Considering the experimental procedure, those cells with more damage had a higher likelihood to detach from the surface and were then washed away during the multiple rinsing steps. Therefore, they were not considered in this study, which compromised the statistics. In conclusion, we successfully used FTIRM to detect small OSmediated biochemical changes in cells. Especially, lipid peroxidation and protein phosphorylation have been identified as OS fingerprint. These features were characterized by an increase of the ester (1740 cm -1 ) and phosphate asymmetric stretching (1240 cm -1 ) related peaks respectively.

A C C E P T E D M A N U S C R I P T between the phosphorylated protein peak area (asymmetric phosphate stretching band, 1280-1180 cm -1 ) and the protein peak area (Amide I, 1710-1600 cm -1 ). Controls were the following:

( 

Figure 1b .

 1b Figure 1b. As shown in the inset, the observed EPR spectra are 1:1:1 triplets, indicative of TEMPOL, the paramagnetic product of the 1 g attack on TMP-OH. The amplitude of the

Figure 2 (

 2 Figure 2 (bottom spectrum) shows a typical IR spectrum of a single fibroblast after 30 min of

  and 5, for a non-treated fibroblast and for a fibroblast cell after a maximal exposure to photo-mediated OS (30 min / 500 M PS in oxygenated PBS solution): (A) optical image of the cell, (B) distribution map of lipids computed from the integration of the aliphatic C-H stretching band area (2995-2800 cm -1 ), (C) distribution map of proteins represented by the integration of the Amide I band area (1710-1600cm -1 ), (D) ester distribution mapped by integration of the carbonyl ester group stretching band (1730-1760 cm -1 ) and (E) asymmetric phosphate stretching represented by the 1280-1180 A C C E P T E D M A N U S C R I P T

  was already observed by Holman et al. in dying fibroblasts, and attributed to the non-hydrogenbonded ester carbonyl stretching mode in phospholipids [36]. Moreover, in previous studies this A C C E P T E D M A N U S C R I P T

Figure 1 :

 1 FIGURE CAPTIONS

Figure 2 :

 2 Figure 2: Infrared spectra of dried single monkey fibroblasts for: (top) a non-treated cell (ctrl)

Figure 3 :

 3 Figure 3: Histograms of the integrated area ratio between (a) the ester carbonyl stretching mode (1760-1730 cm -1 region) and the aliphatic C-H stretch region (2995-2800 cm -1 region) and (b)

Figure 4 :

 4 Figure 4: Single cell mapping of the functional group distribution for a non-treated (CTRL)

Figure 5 :

 5 Figure 5: Single cell mapping of the functional group distribution for a non-treated (CTRL)

of ROS-generation by C 60 (OH) 19 (ONa) 17 .

  

		The EPR measurements confirmed the
	photosensitization of 1	g in PBS buffered H 2 O solutions in the presence of fullerol
	C 60 (OH) 19 (ONa) 17 ,18 H 2 O. The typical EPR results on reactive scavenging of 1	g are shown in
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