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Abstract

:

Radiotherapy (RT) with accelerated beams of charged particles (protons and carbon ions), also known as hadrontherapy, is a treatment modality that is increasingly being adopted thanks to the several benefits that it grants compared to conventional radiotherapy (CRT) treatments performed by means of high-energy photons/electrons. Hence, information about the biomolecular effects in exposed cells caused by such particles is needed to better realize the underlying radiobiological mechanisms and to improve this therapeutic strategy. To this end, Fourier transform infrared microspectroscopy (μ-FT-IR) can be usefully employed, in addition to long-established radiobiological techniques, since it is currently considered a helpful tool for examining radiation-induced cellular changes. In the present study, MCF-10A breast cells were chosen to evaluate the effects of proton exposure using μ-FT-IR. They were exposed to different proton doses and fixed at various times after exposure to evaluate direct effects due to proton exposure and the kinetics of DNA damage repair. Irradiated and control cells were examined in transflection mode using low-e substrates that have been recently demonstrated to offer a fast and direct way to examine proton-exposed cells. The acquired spectra were analyzed using a deconvolution procedure and a ratiometric approach, both of which showed the different contributions of DNA, protein, lipid, and carbohydrate cell components. These changes were particularly significant for cells fixed 48 and 72 h after exposure. Lipid changes were related to variations in membrane fluidity, and evidence of DNA damage was highlighted. The analysis of the Amide III band also indicated changes that could be related to different enzyme contributions in DNA repair.
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1. Introduction


The MCF-10A cell line has been largely used as a model to investigate human normal breast cells [1]. These cells were obtained from benign proliferative breast tissue and spontaneously immortalized without defined factors. They show a lack of anchorage-independent growth and dependence on growth factors and hormones for their proliferation and survival [2], and they can form acinar structures in 3D culture [3]. These characteristics make MCF10A cells particularly suitable for studying the effects of external agents [4,5]. They are largely used to study breast cell function and behavior, mammary gland morphogenesis, and the function of normal and malignant cells [1,6,7].



The MCF-10A line has also been used to test more effective radiotherapy approaches [8,9,10] and the effects of different radiation qualities [11]. They have also been recently employed to validate new approaches to make proton therapy more effective [12]. In fact, radiotherapy (RT) with charged particles (protons and carbon ions), known as hadrontherapy, has been rapidly establishing itself as a profitable alternative to conventional radiotherapy (CRT) because of several advantages compared to photon/electron-based CRT. These advantages are both physical and radiobiological in nature. Charged particles deposit their energy in matter following the Bragg curve. Then, charged particles release the largest part of their energy at the end of the penetration path. In this way, much better localization of the released energy inside the tumor volume is obtained compared, for example, to X-rays. This inverse dose–depth profile, in principle, permits the delivery of very high-dose gradients close to organs at risk. In this way, the high-dose area is confined to the tumor volume. Carbon ions, on the other hand, have a much higher biological effectiveness compared to the relatively low efficiency at cell killing exhibited by protons, thereby being radiobiologically eligible for radioresistant cancer treatment, but they do present a series of issues in terms of both long-term risks to normal tissue and cost-effectiveness [12,13]. Therefore, proton therapy is a hadrontherapy approach that is rapidly expanding, totaling over 100,000 treated patients worldwide to date [14,15].



Irrespective of the radiation used, to improve RT effectiveness strategies, it is important to take into account the wide heterogeneity in individual radiosensitivity exhibited by both cancer and healthy cells among patients [16]. To overcome such inter-individual variability, the rapid and accurate prediction of cellular radioresponse is necessary for RT tailoring. The identification of predictive markers of cancer radioresistance and normal tissue radiosensitivity is, at the moment, a fundamental task in radiobiology. The clonogenic assay is the gold standard for in vitro measurement of cellular radioresponse, having provided the most extensive database of normal and cancer tissue mean radiosensitivity values by using the alpha/beta ratios of the linear-quadratic model to interpret clonogenic dose–response curves, but it cannot be adopted routinely on an individual basis [17].



Since 2000, vibrational techniques, such as infrared and Raman spectroscopies, have been used in the study of various radiobiological endpoints [18,19,20]. In particular, Fourier transform infrared microspectroscopy (μ-FT-IR) has been employed to investigate proton-irradiated cells [21,22,23,24]. Using synchrotron μ-FT-IR spectroscopy, it has been shown that the measurement of DNA and lipid modification in various proton-exposed cell lines can be used to monitor biochemical changes induced by particle beams in detail [21,22,23,24].



To better define the role of μ-FT-IR in radiobiology and, hence, to fully exploit its potential in the study of the effects related to proton beam exposure, MCF10A cells can represent a significant model since molecular changes induced in MCF10A cells by proton irradiation have also been investigated by monitoring the production of immunological molecules and gene expression profiles [10,25,26].



Kim et al. [25] focused their attention on radiation-induced global methylation changes in MCF-10A cells following exposure to a proton beam of 45 MeV and an 8 Gy dose. This aspect plays an important role since ionizing radiation is known to influence the methylation status changes in many tumor suppressor genes and oncogenes. In this study, MCF-10A cells showed more hypermethylation than the MCF-7 cancerous cell line. This means that the normal cell is more resistant to the proton beam with respect to genomic instability. These results support the hypothesis that proton beam irradiation induces cellular activity changes through genes related to cell-to-cell signaling or DNA repair. In addition, proton beam exposure inhibits the proliferation of the MCF10A cell line.



Bravatà et al. [10] investigated the effects of proton beam irradiation on MCF-10A in terms of loss of reproductive capacity using 0.5, 2, 4, 6, and 9 Gy. Dose–response effects were tested using a clonogenic assay and showed that survival curves were affected by these treatments. They also evaluated the relative expression of cytokines, chemokines, and growth factors produced by MCF-10A cells after proton irradiation with the above-mentioned doses when assayed 24, 48, and 72 h after radiation exposure. The cited immunological factors were chosen according to their involvement in the cell radiation responses, and they showed significant dose-dependent alterations after proton exposure.



Du Plessis evaluated the MCF-10A cell radioresponse features following exposure to a clinically relevant 200 MeV proton beam using the micronucleus assay. These studies evidenced the relevant sensitivity of MCF-10A cells, and the ratio of the parameters obtained by fitting the dose–response curve was proposed as a measure of the impact of dose fractionation to determine the biologically effective dose [26].



In a recent study, viability, survival fraction, senescence, apoptosis, and necrosis were investigated in MCF-10A cells treated with 0, 0.5, 2, and 4 Gy doses and fixed at 24, 48, and 72 h after proton irradiation [27]. Cell growth behavior was strongly affected by the radiation dose and the viability of the exposed MCF-10A cells at the three examined time points showed a dose-dependent trend. A linear-quadratic model describing the variation in cell survival at low and high doses successfully fit the survival data. The results of the assay for radiation-induced apoptosis and necrosis demonstrated that these processes were strongly dependent on the dose. The induction of apoptosis and necrosis cell death pathways is not the most relevant effect due to proton exposure. In fact, the exposed cells are also forced to undergo premature senescence. In particular, a small increase in senescence with time was found in unexposed cells: such a senescence increase is due to aging. On the contrary, a strong time- and dose-dependent increase in senescence is caused by proton irradiation, particularly 48 and 72 h after exposure. The same authors [27] also reported the results of a detailed analysis obtained using Raman microspectroscopy (μ-RS) for monitoring two distinct subcellular compartments: the nucleolus and nucleoplasm, at different times after exposure to different proton doses. μ-RS investigation showed the occurrence of modifications to the phosphate groups in DNA and RNA and changes in protein and lipid components. In addition, a ratiometric approach indicated that nucleic acid components are more damaged than proteins and lipids. A high sensitivity of MCF-10A cells to proton exposure, even at a relatively low dose (0.5 Gy), was found, confirming the results obtained by others [26].



In this work, we investigated proton-irradiated MCF-10A cells by means of μ-FT-IR using an approach recently proposed in our previous work [24], in which we studied the same kind of cells exposed to different proton doses (from 0 to 4 Gy) and fixed immediately after exposure using low-e microscope slides, which simplified the experimental procedures and minimized the loss of information from irradiated cells. The biomolecular changes induced by a clinically used proton beam were evaluated with a band deconvolution procedure and a ratiometric approach already adopted in several cases for infrared spectra analysis [24,28,29,30,31,32].



In the present study, we still considered MCF-10A cells exposed to the same proton doses, but we extended our investigation by examining cell samples fixed at different times after exposure in order to evaluate both the direct effects of the irradiation and the cellular repair processes by monitoring the time evolution of the biochemical alterations due to proton beam exposure.




2. Materials and Methods


2.1. Cell Culture


Human normal MCF-10A breast cells (American Type Culture Collection, Manassas, VA, USA) were cultured as reported in Ref. [24]. Twenty-four hours before proton irradiation, cells were seeded in polylysine-coated MirrIR slides (25 × 25 mm2) (Kevley Technologies, Chesterland, OH, USA) at densities equal to (5.00 ± 0.15) × 104 cells and incubated for a further 24 h. The slides were placed inside six-well plates during cell growth.




2.2. Cell Irradiation and Fixation


MCF10A cells were exposed to proton beams at different doses at the “Laboratori Nazionali del Sud—Istituto Nazionale di Fisica Nucleare (LNS-INFN) in Catania (Italy) [33]. All details on the exposure procedures were described in Ref. [24]. The uncertainty of the dose measurements was within 3%. Immediately after the exposure, three slides accommodating the exposed cells were fixed by using 3.7% PFA in PBS solution. The other plates containing the exposed MCF10A cells were incubated, and three MirrIR slides for each dose were fixed at 24, 48, and 72 h after exposure using the same procedure. After the fixation procedure, samples were air-dried at room temperature and kept in a desiccator until analysis.




2.3. FT-IR Spectra Measurements


FT-IR spectra of the MCF10A cells were collected using a Spectrum One (Perkin Elmer, Shelton, CT, USA) spectrometer provided with a Perkin Elmer Multiscope system infrared microscope and a liquid nitrogen MCT (mercury–cadmium–telluride) detector. The spectra were obtained from cells grown on MirrIR slides by operating in transflection mode at room temperature. Three different experiments were carried out for each exposure dose. Spectral measurements were carried out for cells included within a 100 × 100 μm2 area. On each slide, different regions were examined, and three spectra were acquired for each position. The background signal was obtained from a slide area without cells. Each spectrum was measured at room temperature in the 3600–900 cm−1 range, using 64 scans, 4 cm−1 resolution, and 5 s acquisition time.




2.4. Data Analysis


All details of data analysis are reported in Ref. [24]. Briefly, the measured spectra were first processed by subtracting the background signal measured in sample regions free of cells. The Resonant Mie Scattering–Extended Multiplicative Signal Correction (RMieS-EMSC) was used to correct Mie scattering and dispersion artifacts due to scattering by cell nuclei and organelles [34,35]. A piecewise baseline correction was also performed, and the Standard Normal Variate (SNV) method was adopted for normalizing the spectra [36]. For the different sample types, average spectra with standard deviations were evaluated. These pre-processing procedures were carried out by means of home-made algorithms. Pseudo-Voigt-shaped vibrational modes, which treat each peak as a sum of fractional contributions of a Gaussian and a Lorentzian curve, were used to analyze the spectra [37] by using a best-fit routine from the GRAMS–AI software (Version 9.3, Thermo Fischer Scientific, Waltham, MA, USA) (see Ref. [24] for further details).



The Amide I and Amide III bands were further investigated because modifications in protein configuration can produce relevant alterations in spectral features [38,39,40,41]. To investigate protein secondary structure, pseudo-Voigt functions, obtained as described above, were adopted to deconvolute the Amide I (1740–1580 cm−1) and Amide III (1350–1200 cm−1) bands. Proportionality between the area of each subcomponent of the band and the relative amount of the structure was assumed in spectra. The Amide III (1350–1200 cm−1) band was also examined because it can provide useful information about secondary protein structures [39] without artifacts due to the presence of residual water content.



The ratios between the area of properly chosen peaks were used to quantitatively evaluate the spectral changes related to different experimental conditions [24,28,29,30,31,32]. The examined ratios related to protein content, rearrangement, and phosphorylation, DNA content and modification, and lipid content and saturation are listed in Table 1. The ratio values estimated from the spectra of different samples were compared by means of one-way ANOVA test with a 0.05% significance level.





3. Results and Discussion


In Figure 1, the average FT-IR spectra in the high-wavenumber range (HWR, from 3600 to 2600 cm−1) and fingerprint range (1800–900 cm−1) of unexposed and proton-beam-exposed cells are reported for several doses and for different fixation times. The spectra are characterized by a few overlapping peaks caused by the contribution of vibrational modes of the main cellular biomolecular constituents (lipids, proteins, DNA, and carbohydrates). The spectra show similar contributions from these components, with some differences related to the different doses and fixation times. It can be noticed that spectra collected for t48 and t72 samples are noisier than the spectra from cells fixed at shorter times. This behavior could be ascribed to effects due to delayed fixation times [42,43] and to the presence of unrepaired cells, as discussed in Ref. [27], where a similar situation is described for Raman spectra obtained for proton-exposed MCF-10A cells.



In Figure S1, the details of the deconvolution procedure in the different spectral ranges of interest are shown, and, in Figure 2, these results are summarized for control samples fixed immediately after the exposure for the HWR and fingerprint regions. In the two panels, the assignments of the main peaks are also reported [18,19,21,24].



In Table S1, the spectral position of absorption peaks for exposed samples are reported, as well as their spectral shifts compared to those obtained for the control samples fixed at different times. Shifts larger than the spectral resolution of our apparatus are indicated in red bold character. In the HWR, some shifts in the OH stretching region (at 3492 and 3401 cm−1) are shown for the different doses and fixation times. In addition, the peak around 2880 cm−1 due to CH3 symmetric stretching and related to membrane lipids and proteins shows a shift larger than the spectral resolution, at 4 Gy for t0 samples and at 0.5 Gy for t72 samples. These changes in peak position are usually associated with changes in membrane fluidity [44]. Similar shifts have also been previously observed for X-ray-irradiated neuroblastoma cells [32] and in a previous paper on proton-exposed MCF-10A cells fixed just after exposure [24].



In the fingerprint region, numerous wavenumber shifts are visible, especially for cells fixed at 48 h and 72 h after exposure. In this region, the observed shifts are related to changes in DNA contributions (around 1300–1000 cm−1). In particular, the shift in the PO2− DNA stretching modes (located around 1226 and 1285 cm−1) can be due to modifications in the DNA conformation from the B-DNA to the A-DNA form, as indicated by Sailer et al. [45] by means of Raman spectroscopy. These variations in the DNA region were further investigated using the previously mentioned ratiometric approach.



Amide I band analysis is generally adopted in order to obtain detailed information about protein secondary structures and their conformational modifications due to external agents [38,39,40,46] and to different doses of ionizing radiation [18,24,32,47,48]. Various secondary structures can contribute to the Amide I signal; the contributions between 1620–1640 cm−1 and ≈1690 cm−1 are generally attributed to β-sheet structures, with the ≈1620 and 1690 cm−1 bands characteristic of anti-parallel β-sheet structures. The band at ≈1660 cm−1 is due to α-helix secondary structures, while the random structures and β-turns contribute to the bands at ≈1650 and in the 1670–1685 cm−1 range, respectively



Ten subcomponents related to parallel β-sheet (1629, 1637 cm−1), anti-parallel β-sheet (1609, 1619 cm−1), α-helix (1653, 1660 cm−1), β-turn (1665, 1675, 1689 cm−1), and unordered structure (1644 cm−1) were used to analyze the Amide I band of control and irradiated samples of MCF-10A cells exposed to different proton doses and fixed at different times (see panel III in Figure S1 for details). The main components of the Amide I band are related to the β-sheet and α-helix. The area ratios between the areas of the different components of the Amide I band compared to that of the whole Amide I band do not point to statistically significant changes for the different radiation doses and different fixation times here examined, apart from a change in the α-helix component for t48 samples exposed to higher doses (see Table S2 and Figure S1). Similar behavior has already been observed in our previous work using the same cells exposed to the same proton doses: in that case, only cells fixed immediately after exposure were considered [24]. This behavior differs from that observed for X-ray-exposed neuroblastoma cells when examined by μ-FT and Raman spectroscopy [32,49].



As already reported in the previously mentioned paper, since Amide I band analysis did not indicate any significant difference in the secondary structures of cell proteins, additional information was obtained by deconvolving the Amide III spectral range (see panel IV in Figure S1 for details). In fact, the Amide III region can also be used to characterize the secondary protein structure [38,39]. The absorption signal in the 1290–1330 cm−1 range is generally attributed to the α-helix structure, whereas random coils and β-sheets are related to signals around 1240–1270 cm−1 and 1180–1240 cm−1, respectively [32,39,50]. In Figure 3 and in Table S3, the results of the deconvolution procedure are reported. It is evident that the main contribution to the Amide III band can be related to the β-sheet component, which shows significant changes for some doses at different fixation times. The other relevant component is represented by the random coil, which also demonstrates some significant variations. The behavior of the different Amide III components is analogous to what was observed in the previous work, which considered only cell samples fixed immediately after exposure. The modifications in Amide III subcomponents are probably related to changes in the contributions of enzymes involved in DNA repair (see [23,51] and references therein), as already reported for the Amide I band [32]. However, the interpretation of changes present in the Amide III region should be considered with caution since contributions from other cellular components could be present in a different manner compared to the cases reported in Refs. [38,39,50] in regard to protein samples.



As said before, additional information about the changes occurring in μ-FT-IR spectra of cells exposed to different doses and fixed at different times can be obtained by using the previously described ratiometric approach (see Table 1 for a complete list of the evaluated ratios with the indication of the biomolecular origin). In Figure 4, Figure 5, Figure 6 and Figure 7, the ratios measured between the areas of some of the different contributions present in the MCF-10A cell FT-IR spectra following different doses of protons and fixed at different times are reported (see panels I and II in Figure S1 for details). As previously observed [24], a limited number of significant changes are present for t0 samples, and significant changes are detected for the samples fixed after 48 and 72 h, that is, after an appreciable time in which the various cellular repair processes have acted. This is in agreement with the results reported in Table S1, in which a large part of significant wavenumber shifts is present for t48 and t72 samples.



The DNA1, DNA2, and DM ratios (Figure 4) indicate significant modifications in DNA for t48 and t72 samples, but some changes are also present in all cases. Even though it is not possible to demonstrate a well-defined trend, these modifications are indicative of the occurrence of changes in the nucleic acid structure related to DSBs [22,24,52], and they agree with the results obtained for other cell samples exposed to ionizing radiation that indicate the occurrence of damage in the primary, secondary, and tertiary structures of nucleic acid [51]. The observed changes are also in agreement with Raman spectroscopy measurements of exposed MCF10A cells [27]. It is worthwhile to note that particular attention is required in analyzing DNA-related structures in infrared spectra, considering the dehydration process in our samples [53,54].



The PD1, PD2, and PR1 ratios (Figure 5), which are assumed to be indicative of the relative contents of protein and DNA and of protein rearrangement, respectively, also show significant changes only for t48 and t72 samples.



A similar trend is also evidenced in Figure 6 by the LS (related to the ratio between CH3 and CH2 asymmetric stretching band areas and lipid saturation) and PP1 and PP2 (indicative of protein phosphorylation) ratios, and in Figure 7 by the PL2 and PL3 ratios (related to relative contents of proteins and lipids). As far as LS ratio changes are concerned, they can be associated with cell apoptosis processes [24,32,47,53,55,56,57] and with the results of biochemical assays reported by Lasalvia et al. [27]. The changes in the PP1 and PP2 ratios confirm the modifications occurring in DNA [45,55]. PL1, always related to the ratio between protein and lipid contents, shows significant changes for all fixation times with a general increasing trend with dose. These diffuse changes in PL1 and the more contained ones in PL2 and PL3 ratios can corroborate the presence of changes in membrane fluidity already indicated by the shifts in the position of CH2 symmetric stretching [24,32,41].




4. Conclusions


A μ-FT-IR investigation was carried out in human MCF-10A breast cells to examine the biochemical changes induced by exposure to different doses of a clinically relevant proton beam using transflection geometry for spectra acquisition. The analysis of the spectra collected immediately after and 24, 48, and 72 h after exposure was performed using a deconvolution procedure, which revealed different shifts in vibrational features related to lipid and DNA components. The results of this analysis highlight a few significant changes for samples fixed at shorter times, contrary to the greater occurrence of variations for samples fixed at longer times. The deconvolution procedure applied in a more detailed manner to the Amide I and Amide III ranges showed that no significant changes occurred in the Amide I band depending on doses and fixation times. Conversely, the Amide III analysis indicated significant changes in β-sheets and random coil components at different fixation times, especially for the higher doses. As said before, it is important to keep in mind that particular attention must be paid in the interpretation of these changes due to the probable presence of contributions from other cell components in the examined wavenumber range. However, these changes can be ascribed to variations in enzymes involved in DNA damage and repair processes.



The ratiometric approach revealed significant variations in all of the considered ratios when longer fixation times are considered. DNA-related ratios (DNA1, DNA2, and DM) increase for higher doses when t72 samples are considered, but a well-defined trend is not evident. In addition, for ratios concerning the relative contents of proteins and DNA (PD1 and PD2) and protein rearrangement (PR1), the major changes are present for t72 samples. The LS ratio concerning lipid saturation effects indicates significant variations for t48 and t72 samples, with the highest values occurring for 0.5 and 2 Gy doses. Ratios indicating the occurrence of protein phosphorylation effects (PP1 and PP2) significantly change for t48 and t72 samples. As far as the ratios associated with the relative contents of proteins and lipids (PL1, PL2, and PL3) are concerned, it is possible to note that the PL1 ratio shows significant changes for all the fixation times, but a monotonous trend is not present.



The results of both deconvolution and ratiometric analysis indicate the presence of more changes related to recovery processes compared to those due to the direct effects of proton beam exposure.



Many of the changes highlighted by the present analysis corroborate most of the results obtained by biochemical assays and other spectroscopic techniques in MCF-10A cells, confirming the validity of μ-FT-IR spectroscopy for the evaluation of radiobiologically meaningful biomolecular changes and providing a complementary method for the non-invasive monitoring of radiation effects in (pre)-clinical applications.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/app12105074/s1, Figure S1. Deconvolution of average control spectra (I) in the high wavenumber region (3600–2600 cm−1), (II) in the fingerprint region (1800–900 cm−1), (III) in the Amide I band region (1760–1580 cm−1) and (IV) in the Amide III band region (1320–1180 cm−1); for the analysis of the Amide I and Amide III peaks a further piece-wise baseline subtraction within the spectral range of interest was performed before deconvolution. Figure S2. Variations of secondary protein structure contributions to Amide I band (1740–1550 cm−1) with dose, for cells fixed immediately and 24 h, 48 h and 72 h after irradiation; the ratios between the secondary structure peak areas and the area of the entire Amide I peak are reported as Mean ± SD. Asterisks indicate when a significant difference with respect to the corresponding control value occurred at p ≤ 0.05. Table S1. Average FTIR peaks position for control and samples treated with different doses fixed at different times after irradiation; in the first column peak assignments in accordance with Figure 2 are reported. The shifts with respect to the non-irradiated sample for every fixation time, in terms of units of wavenumber are indicated in brackets (red bold values stand for shifts greater than the spectral resolution of the instrument 4 cm−1. Table S2. Amide I deconvolution results for control and irradiated sample fixed at different times after irradiation, with assignments in accordance with the data reported in the literature [58,59]. The ratios between the area of the different subcomponents and the area of the entire Amide III band are reported as a mean value of percentage (A%) ± SD. Table S3. Amide III deconvolution results for control and irradiated sample fixed at different times after irradiation, with assignments in accordance with the data reported in the literature [39]. The ratios between the area of the different subcomponents and the area of the entire Amide III band are reported as a mean value of percentage (A%) ± SD.
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Figure 1. Comparison of the average spectra for unexposed and proton-exposed MCF-10A cells in the 3600–2600 cm−1 and 1800–900 cm-1 ranges at different proton doses (0.5, 2, and 4 Gy) for different fixation times. Data are reported as Mean ± SD. For each dose, three slides were tested. On each slide, at least three regions were investigated, and three spectra were obtained for each position. 
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Figure 2. Results of the deconvolution of the average control spectra (a) in the 3600–2600 cm−1 and (b) in the 1800–900 cm−1 ranges. In the panels, the attributions of the main peaks are also reported. 
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Figure 3. Changes in secondary protein structure contributions to Amide III band (1350–1180 cm−1) with dose for cells fixed immediately and 24 h, 48 h, and 72 h after irradiation; the ratios between the secondary structure peak areas and the area of the whole Amide III peak are reported as Mean ± SD. Asterisks indicate when a significant difference from the corresponding control value occurred at p ≤ 0.05. 
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Figure 4. Comparison of the DNA1, DNA2, and DM absorbance area ratios for MCF-10A human breast epithelial cells for different proton doses and different fixation times. See Table 1 for details about the reported ratios (Mean ± SD), which are normalized to the corresponding ratio value of the non-exposed sample. Asterisks indicate significant differences (p < 0.05). 
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Figure 5. Comparison of the PD1, PD2, and PR1 absorbance area ratios for MCF-10A human breast epithelial cells for different proton doses and different fixation times. See Table 1 for details on the reported ratios (Mean ± SD), which are normalized to the corresponding ratio value of the non-irradiated sample. Asterisks indicate significant differences (p < 0.05). 
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[image: Applsci 12 05074 g005a][image: Applsci 12 05074 g005b]







[image: Applsci 12 05074 g006a 550][image: Applsci 12 05074 g006b 550] 





Figure 6. Comparison of the LS, PP1, and PP2 absorbance area ratios for MCF-10A human breast epithelial cells for different proton doses and different fixation times. See Table 1 for details on the reported ratios (Mean ± SD), which are normalized to the corresponding ratio value of the non-irradiated sample. Asterisks indicate significant differences (p < 0.05). 
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Figure 7. Comparison of the PL1, PL2, and PL3 absorbance area ratios for MCF-10A human breast epithelial cells for different proton doses and different fixation times. See Table 1 for details on the reported ratios (Mean ± SD), which are normalized to the corresponding ratio value of the non-irradiated sample. Asterisks indicate significant differences (p < 0.05). 
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Table 1. Ax/Ay indicates the ratio between the areas of selected bands ([28] and references therein); abbreviations: as = asymmetric; s = symmetric; ν = stretching; δ = bending; sc = scissoring.
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Ratio

	
Biomolecular Origin

	
Indication




	
Ax/Ay






	
A1226/A1450

	
PO2− as. ν/CH3 as. δ, CH2 sc.

	
DNA modification (DNA1)




	
A1085/A1450

	
PO2− s. ν/CH3 as. δ, CH2 sc.

	
DNA modification (DNA2)




	
A1226/A1085

	
PO2− as. ν, C-O-P ν/PO2− s. ν, C-O-P ν

	
DNA modification (DM)




	
A1643/A1226

	
Amide I/PO2− as. ν

	
Protein/DNA content (PD1)




	
A1643/A1085

	
Amide I/PO2− s. ν

	
Protein/DNA content (PD2)




	
A1643/A1533

	
Amide I/Amide II

	
Protein rearrangement (PR1)




	
A1226/A2959

	
PO2− as. ν, C-O-P ν/CH3 as. ν

	
Protein phosphorylation (PP1)




	
A1085/A2959

	
PO2− s. ν, C-O-P ν/CH3 as. ν

	
Protein phosphorylation (PP2)




	
A2924/A2959

	
CH2 as. ν/CH3 as. ν

	
Lipid saturation (LS)




	
A1533/A2959

	
Amide II/CH3 as. ν

	
Protein/Lipid content (PL1)




	
A1394/A2959

	
COO- s. ν/CH3 as. ν

	
Protein/Lipid content (PL2)




	
A1643/A2959

	
Amide I/CH3 as. ν

	
Protein/Lipid content (PL3)
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