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Abstract 

Background 

The use of ionizing radiations in radiotherapy is an effective and very common cancer treatment after 

surgery. Although ionizing-radiation DNA damages are extensively investigated, little is known 

about their effects on the other nuclear components, since their variations when studied in whole cells 

can be difficult to decouple from those of the cytoplasmatic structures. The organization of nuclear 

components plays a functional role since they are directly involved in some of the nuclear response 

to chemical or physical stimuli. For this reason, studying the X-ray effects on nuclear components is 

a crucial step in radiobiology. 

Materials and methods 

We have used Atomic Force Microscopy (AFM) and micro-FTIR to examine the biomechanical and 

biochemical properties of hydrated fixed nuclei isolated from neuroblastoma (SH-SY5Y) cells 

irradiated by 2, 4, 6 and 8 Gy X-ray doses.  

Results 

The experimental results have shown that, already at 2 Gy irradiation dose, the nuclei exhibit not only 

a DNA damage, but also relevant alterations of lipid saturation, protein secondary structure 

arrangement and a significant decrease in nuclear stiffness, which indicate a remarkable chromatin 

decondensation. 

Conclusions and General significance 

The present work demonstrates that a multi-technique approach, able to disclose multiple features, 

can be helpful to achieve a comprehensive picture of the X-ray irradiation effects of the nuclear 

components and distinguish them from those occurring at the level of cytoplasm.  

 

Keywords: Isolated nuclei; nuclear mechanical properties; vibrational fingerprints; X-ray exposure; 

chromatin decondensation; FTIR and indentation-AFM investigation 
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Introduction 

Radiotherapy is an effective cancer treatment after surgery, which can destroy cancer cells using 

ionizing radiation (photons, electrons, protons, and heavier particles, such as carbon ions), while 

trying to minimize damage to healthy tissues by generating energy deposition spurs directly damaging 

DNA as well as bursts of reactive oxygen species (ROS) mediating radiation effects at microscale 

level [1,2]. Ionizing radiation is thus both a formidable ally and a hazardous foe to human health. 

Given this two-fold nature of ionizing radiation, its use as cancer treatment method requires a 

continuous investigation about the interactions of radiation with cells and tissues to improve 

selectivity and specificity of the treatment. 

The X-ray radiation induced injuries affect genome integrity and cell components [3,4]. As main 

direct effects, it induces DNA breaks, as single and double strand breaks (SSBs and DSBs), while 

among secondary effects there are the generation of ROS that oxidize proteins and lipids, and induce 

several damages to DNA, too [2,5]. Collectively, all these changes lead to cell death and/or mitotic 

failure. Although all these features are extensively investigated, little is known about the X-ray 

radiation effects on the other nuclear components, since their modifications can be difficult to 

decouple from those of the cytoplasmatic structures when studied in whole cell.  

The nucleus is the largest organelle in cells, which, beyond housing the genome and serving as the 

site of DNA and RNA synthesis, transcription, and processing, has a fundamental role in coordinating 

cellular architecture and function. Within the nucleoplasm, DNA is wrapped around histones, forming 

higher-order structures that occupy distinct locations, which can be categorized as either open and 

transcriptionally active euchromatin or tightly packed and inactive heterochromatin [6]. Inside the 

nucleus we can also find spherical bodies called nucleoli, where ribosomes are assembled. The 

nucleus is enclosed by the nuclear envelope, a dual lipid bilayer that is connected by nuclear pore 

complexes that mediate nuclear-cytoplasmic transport. The nuclear lamina is a dense protein network 

consisting of integral membrane proteins and type V nuclear intermediate filaments (i.e., lamins A, 

B, and C) that provide mechanical support to the inner nuclear membrane [6]. Some of these nuclear 



4 
 

components are known to be active elements of mechanotrasduction process. The deformation of the 

nucleus itself is emerging as a critical mechanosensory system, suggesting that the nuclear stiffness 

is essential to modulate cellular responses to intracellular and extracellular mechanical stimulation 

[7]. In this sense, the investigation of the isolated nuclei after irradiation can aid distinguishing the 

alterations strictly related to nuclear structures.  

To examine the biomechanical and biochemical alterations of isolated nuclei from neuroblastoma 

cancer cells we used Atomic Force Microscopy (AFM) and micro-Fourier Transform InfraRed 

(FTIR) spectroscopy. We analysed fixed hydrated nuclei isolated from neuroblastoma (SH-SY5Y) 

cells after X-ray irradiation with 2, 4, 6 and 8 Gy doses, which are of medical interest for radiotherapy 

and radiobiology. In fact, cancer treatment by ionizing radiation typically occurs by administering 

daily fractions of doses on the order of 2 Gy. The overall treatment may last several weeks with the 

total dose necessary for local tumor control ranging between 50 and 60 Gy.  

For the biomechanical analysis, AFM offers unrivaled versatility and sensitivity in measuring 

mechanical properties of various bio-systems. The technique was extensively used to describe the 

mechanical features of cancer cells with different degree of aggressiveness [8-11], also when exposed 

to low-LET proton beam [12] or to X-ray radiation [13-15]. AFM was also applied to characterize 

the mechanical features of isolated nuclei or intact nuclei within cells [16-17]. For instance, it was 

shown that isolated nuclei of leukaemia cells exhibit relevant mechanical differences as compared to 

normal lymphocytes: isolated nuclei from high-risk leukaemia cells show higher viscosity than their 

counterparts from normal lymphocytes, while nuclei from relapsed-patient's cells presented higher 

density than those from normal lymphocytes or standard- and high-risk leukaemia cells [18]. Non-

invasive label-free vibrational spectroscopy, including FTIR and Raman spectroscopy, exploits the 

interaction between light and molecules to probe their vibrational modes and to obtain a “chemical 

fingerprint” of a sample. These techniques contributed to shed light on the effect of ionizing radiations 

on cells, especially on biochemical changes occurring in cell components, also at the level of sub-

cellular regions [19-25]. They have provided important information about the radiation-induced 
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apoptosis in human lymphocytes [26] and the temporal evolution of the apoptotic process induced by 

gamma rays [27]. Likewise, the effects of different radiation doses on human keratinocytes, at 

different times after irradiation, was described by IR spectroscopy [28]. Micro-FTIR was used to 

study the radiation damage of biological samples as a limiting factor when X-ray microscopy is 

performed [29,30]. Always by micro-FTIR, X-ray irradiation induced modifications of membranes 

fluidity and secondary structure of proteins in neuroblastoma cells were described [24]. Nano- and 

micro-IR spectroscopy were used to study glioblastoma cells exposed to proton irradiation [31]. The 

DNA damage induced in prostate cancer cells by proton beam exposure was outlined by FTIR, also 

at the level of sub-cellular regions [19]. However, beyond DNA alterations, many inherent features 

of the nucleus are hidden by biochemical alterations occurring at the level of cytoplasmatic structures 

when whole cells are investigated. For this reason, UV radiation induced damages in single 

melanocytes and isolated nuclei were analysed by SR-FTIR microspectroscopy and 3D confocal 

Raman imaging. The vibrational technique findings showed similar spectra profile for both isolated 

nuclei and living cells [32]. 

The analysis of injury induced by radiation exposure can benefit from a multitechnique approach in 

which different features of nuclei (or cells) are detected. Combining mechanical and spectroscopic 

measurements provides the advantage both to study radiation induced effects and to correlate the 

altered mechanical properties of nuclei damage of specific nuclear components (e.g., DNA/RNA, 

proteins, lipids), identified by the biochemical fingerprints detected by FTIR, or to their organization, 

without using any labeling procedure. Such an approach could be helpful to make a step forward in 

the understanding of processes occurring in cells after X-ray exposition.  

The results demonstrate that the combination of nanoindentation measurements by atomic force 

microscopy (AFM) with FTIR spectroscopy enable the access to multiple information about 

alterations occurring in nuclear components upon irradiation. In particular, we observe that upon 2 

Gy irradiation the isolated nuclei exhibit a considerable nuclear softening accompanied by DNA 
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damage and chromatin decondensation, with significant alterations of nuclear proteins secondary 

structures and nuclear membrane lipid saturation. 

 

Materials and methods 

Cell culture, X-ray irradiation and nuclei isolation  

Cells of the SH-SY5Y line (American Type Culture Collection, Manassas, VA, USA), a human cell 

line subcloned from a bone marrow biopsy taken from a four-year-old female with neuroblastoma, 

were used in this study. This cell line is a thrice-cloned subline of the neuroblastoma cell line SK-N-

SH which was established in 1970 from a metastatic bone tumor that is often used as in vitro models 

of neuronal function and differentiation. 

Cells were grown at 37 °C and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 15% fetal bovine serum, 1% penicillin, 1% streptomycin, and 1% L-glutamine. 

DMEM medium, fetal bovine serum, penicillin, L-glutamine, polylysine and formaldehyde were 

purchase from Sigma-Aldrich (Milano, Italia).  

For each sample 5 x105 cells were seeded onto 90 mm petri dishes and grown for 48 h before 

treatment. X-ray irradiation was performed, on ice, using a Gilardoni MGL 200/8D machine 

operating at 250 kVp and 6 mA (dose rate 60 cGy/min). Cells were exposed to various doses of X-

rays (2, 4, 6, 8 Gy) and then investigated together with unexposed cells (0 Gy; control sample).  

Immediately after X-ray exposure, nuclei were extracted and washed in 5 mM Tris-HCl and 0.5% 

Triton X-100. Afterward a homogenization through 1 ml syringe and centrifugation at 15.000 rpm 

for 5 minutes at 4 °C were performed. Extracted nuclei were fixed in 3.7% paraformaldehyde (PFA) 

in PBS solution for 20 min, transferred in NaCl 0.9% solution and then stored at 4°C. 

 

Nuclear staining and fluorescence microscopy 

Control and irradiated samples were stained with DAPI solution. Fluorescence images were acquired 

by an inverted microscope (Axiovert 200, Carl Zeiss, Germany), a 40X objective and 100X objective 
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(Zeiss, Switzerland), using an Olympus XM10 camera and X-Cite fluorescence lamp illuminator 

(Excelitas Technologies, Massachusetts, USA).  

 

Atomic Force Microscopy measurements 

A drop of 0.5% NaCl containing isolated nuclei was placed on a petri dish and allowed to deposit for 

2 minutes. Afterward the petri dish was slowly filled with 0.5% NaCl solution. 

Force spectroscopy measurements were performed by using a NanoWizard II Atomic Force 

Microscope (JPK Instruments, Berlin, Germany) equipped with an inverted optical microscope 

(Axiovert 200, Carl Zeiss, Germany). Silicon AFM cantilevers (CSG10 NT-MDT with Au back side 

coating) of nominal spring constant 0.11 N/m were used as indenter. Before each measurement the 

spring constant of cantilever was calibrated on glass cover slip by using the thermal noise method 

[33].  

Individual nuclei were identified by using the optical microscope, and the size of the nucleus was 

evaluated by performing force mapping on individual nuclei with a grid of 32 pixel × 32 pixel or 16 

pixel × 16 pixel, speed of 5 μm/sec and load of 0.5 nN. Afterward the cantilever was moved over the 

centre of the nucleus and pressed down to indent it. The motion of the z-piezo and the force were 

recorded. Several force-distance curves were acquired for each nucleus (approximately 10 curves) 

with a force load of 0.5-1 nN at a rate of 5 μm/sec in z closed loop feed-back mode. Measurements 

were performed on N= 44 for control nuclei, N=38 for 2Gy, N= 43 for 4Gy, N=35 for 6Gy, and N=38 

for 8Gy irradiated samples. 

 

Evaluation of Young’s modulus 

The elastic properties of isolated nuclei were assessed by evaluating the Young’s modulus. This value 

can be extracted by fitting the force-indentation curve with the Hertz-Sneddon model [34], which 

describes the relation between the applied force F and the indentation depth δ in a soft sample.  Hence, 

the approaching force-distance curves were converted into force-indentation curves by subtracting 
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the cantilever bending from the signal height to calculate indentation. The resulting curves were fitted 

with the following relation: 

𝐹𝐹 =
𝐸𝐸

1 − 𝜈𝜈2
�
2 tan𝛼𝛼
𝜋𝜋

𝛿𝛿2 � 

where F is the applied force, E is the Young’s modulus, α is the half cone angle of the AFM probe 

used as indenter, ν is the sample’s Poisson ratio (assumed to be 0.5 for biological materials) [35] and 

δ is the indentation depth. Fitting was performed setting a maximum value of 500 nm for the 

indentation depth. Examples of the obtained fitting curves for control and all irradiation doses are 

shown in Fig. S1. Those fitting curves featuring a R2 lower than 0.9 were not considered in the present 

analysis. The entire procedure was performed with the routine of the JPK Data Processing software. 

 

FTIR spectrum acquisition  

FTIR measurements were performed at the Chemical and Life Sciences branch of the Infrared 

Beamline SISSI (Synchrotron Infrared Source for Spectroscopic and Imaging), Elettra Sincrotrone 

Trieste, Trieste, Italy (Proposal N. 20195090). A Hyperion 3000 VIS-IR microscope coupled with a 

Vertex 70 V interferometer and equipped with a HgCdTe (MCT_A) detector was used (Bruker 

Optics, Ettlingen, Germany). A drop of solutions containing fixed nuclei were placed, without any 

further treatment, into a specific in-house device available at SISSI beamline. It comprises two 

CaF2 optical windows (1 mm thick, 13-mm diameter). For each sample, various microareas 

(50 × 50 μm2) containing densely packed nuclei were selected by optical microscopy. On these 

areas, spectra were collected in transmission mode in the MIR region (4000–800 cm−1), averaging 

256 scans (spectral resolution 4 cm−1, zero-filling factor 2, scanner velocity 40 kHz). Before each 

sample acquisition, a background spectrum was acquired on a clean CaF2 window, while a 0.9 % 

NaCl physiological solution spectrum was collected each 10 spectra: in both cases, the same 

parameters for cell acquisition were used.  
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For each sample at least 35 spectra from nuclei were acquired. Triplicate of each sample were 

considered. A total of 600 FTIR spectra from nucleus were processed. 

 

Analysis of FTIR spectra  

All the acquired spectra were corrected for the contribution of atmospheric carbon dioxide with the 

Atmospheric Compensation routine of OPUS 7.5 software (Bruker Optics GmbH, Ettlingen, 

Germany). Hence, the spectral contributions of the aqueous medium were subtracted by running an 

in-house built Matlab algorithm, based on the optimization of the baseline flatness in the 2500–

1850 cm−1 range containing the water combination band [36,37]. 

All the resulting spectra were processed via Standard Normal Variate (SNV) normalization procedure 

consisting in subtracting each spectrum by its own mean and dividing it by its own standard deviation. 

After SNV, each spectrum has a mean of 0 and a standard deviation of 1. These pre-treated spectra 

were considered and used for further analysis.  

The spectra were then fitted by using a superposition of pseudo-Voigt shaped vibrational modes. For 

each spectrum, the starting conditions of fitting parameters were manually defined by inspecting the 

spectrum and its second derivative. At this aim, second derivative spectra were calculated for all the 

spectra, using a Savitsky-Golay smoothing algorithm (13 smoothing points) and a 3rd order 

polynomial approximation. After the manual selection of the starting conditions, a best-fit routine 

based on the Levenberg-Marquardt nonlinear least-square method was used to determine the 

optimized intensity, position, and width of the peaks. After the completion of the deconvolution 

procedure, 600 sets (one for each analysed spectrum) of fitted parameters were obtained and 

considered for further analysis. 

The Amide I band was further examined since changes in protein configuration can induce 

meaningful variations in its characteristics. To investigate protein secondary structure, pseudo-Voigt 

shaped components were used to deconvolve the Amide I band. After the completion of the 



10 
 

deconvolution procedure of the Amide I band, 600 sets (one for each analysed spectrum) of the fitted 

parameters were obtained and considered for further analysis. 

The relative intensity of each absorption band with respect to the overall intensity of the Amide I 

band was proportional to the relative amount of the structure in infrared spectra.  

Afterwards, to obtain information from the intensity of the observed bands, a ratiometric approach 

was employed [24,38,39]: the ratios between the intensity of selected bands were calculated and 

analysed for each obtained set of fitting parameters. This approach offers the possibility to obtain 

quantitative information on the relative contributes of single bands and to get rid of eventual intensity 

changes related to different experimental conditions (i.e., sample thickness). 

Average spectra here reported were obtained for the single irradiation treatment (not irradiated, 

irradiated by using 2, 4, 6, and 8 Gy X-ray dose), by averaging all the spectra taken from samples 

(about 100 for each irradiation treatment) characterized by the same irradiation treatment. 

Second derivative calculation, spectra averaging, fitting procedure and ratios calculations were 

performed by using Orange-Quasar v. 1.4 software [40]. 

 

Statistical analysis 

To detect statistically significant differences between FTIR-derived data obtained for control and 

irradiated sample groups (0 Gy vs 2 Gy, 0 Gy vs 4 Gy, 0 Gy vs 6 Gy, 0 Gy vs 8 Gy doses) a t-Student 

test (pairwise comparison between datasets comprising almost 100 statistical units each) was used. 

The same approach was employed to compare FTIR-derived data obtained for samples treated with 

increasing irradiation doses (2 Gy vs 4 Gy, 4 Gy vs 6 Gy, 6 Gy vs 8 Gy). t-tests were performed by 

using Orange-Quasar v. 1.4 software [40].  

The Young’s modulus data distributions did not pass the D’Agostino Pearson normality test. As 

result, the statistical difference between the Young’s modulus values of control group and each 

irradiated samples, and for increasing irradiation doses (i.e. 2Gy vs 4Gy, 4Gy vs 6Gy, 6Gy vs 8Gy), 
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was evaluated by the non-parametric Mann–Whitney test (two-tailed distribution) with GraphPad 

Prism 5.0. 

 

Results and Discussion 

Morphology of individual nuclei 

Before proceeding with the mechanical and spectroscopic measurements, the integrity of the isolated 

nuclei was analysed by bright field (Fig. 1A) and fluorescence images (Fig. 1B and C) acquired with 

different magnifications. The nuclei of control (0 Gy) and irradiated samples (for all considered 

doses) show an ovoidal shape with a well definite contour. The size of the nuclei was evaluated by 

the AFM height images acquired in force mapping mode (Fig. 1D). This modality enabled us the 

estimation of the nuclei size, without performing AFM scanning, which could distort the nuclei 

simply deposited on the surface of the petri dish.  

  

Figure 1. Morphology of isolated nuclei control (0 Gy) and irradiated (doses 2, 4, 6, 8 Gy): (A) bright 
field images (scale bar 5 μm); (B) epifluorescence microscopy images obtained with 40X objective 
(scale bar 5 μm); (C) higher resolution epifluorescence images obtained with 100X objective (scale 
bar 10 μm); (D) topography images as obtained by AFM force mapping (scale bar 5 μm).  
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We observed that for both control and irradiated samples the nuclei have height values from 4 to 7 

μm. This height appears to be comparable with what reported in literature for nuclei inside the cell 

[6,16]. Of course, the nuclear shape and size within a cell depend on the cell type and can also vary 

with cell morphology, while for the isolated nuclei, which have no interactions with the cytoplasmatic 

organization, the nuclear size can be found even larger than that inside the cell [41]. These features, 

together with fluorescence images confirm the integrity of the extracted nuclei.  

 

Mechanical properties of the nuclei  

To evaluate the nucleus deformability isolated nuclei were selected, as shown in Fig. 2A, and indented 

by AFM tip. No displacement of the nuclei is observed under the indenting tip, as constantly 

monitored by bright field microscope. A representative example of force-indentation curves obtained 

is shown in Fig. 2B. The analysis of these curves according to the described fitting procedure provides 

the Young’s modulus (E) values. A comparison of the evaluated E values for all irradiation doses 

samples and control samples is shown in Fig. 2C. The E values for the control samples (median value 

2.2 kPa) are in general agreement with those observed in literature for isolated nuclei [42]. The 

comparison of the E values obtained for the control with those obtained for irradiated samples 

demonstrates a significant softening of the nuclei already at low irradiation dose (2 Gy) (1 kPa median 

value). Significant differences between increasing irradiation doses (2Gy vs 4Gy, 4Gy vs 6Gy, 6Gy 

vs 8Gy) were not observed. Accordingly, irradiation doses higher than 2Gy do not lead to a further 

decrement of the stiffness of the nuclei.  

The stiffness values of isolated nuclei can vary as respect to the ones of the nucleus in living cells, 

where nucleus has numerous interactions with cytoskeleton and other cytoplasmatic organelles [41]. 

Moreover, it must be considered that the measured nuclei are in an artificial condition with respect to 

in vivo conditions. The PFA fixation modifies the membrane proteins and forms a matrix in which 

the membrane and lipids are trapped, and a natural clustering state is stabilized. In the case of cells, 
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this treatment is observed to induce hardening of cell surface as compared to live cells [43]. However, 

although the fixation process stiffens the cell surface, some experimental data demonstrate that the 

elasticity of fixed cells is still preserved up to 4% PFA [43, 44]. Likewise, we can expect that the 

elasticity of the nucleus can be preserved upon the fixation procedure here employed.  

 

 
Figure 2. (A) Bright field image of isolated nuclei selected for indentation measurements; (B) 
example of the force-indentation curves obtained for control and at the different irradiation doses; (C) 
comparison of the E values obtained for the control (N= 44;  2Gy N=38, 4Gy N= 43, 6Gy N=35, and 
8Gy N=38) are reported as box plot: the values inside the box represent the first (25%) and third 
quartile (75%), the (-) indicate the maximum and minimum values;  the line within the box represents 
the median value (50%); while the mean value is indicated in the plot as (+). Significance is reported 
according to (**) p< 0.01, (***) p< 0.001.  

 

In addition, in our case, the same procedure for extracting and fixing the isolated nuclei is used for 

both control and irradiated samples. Hence, it is reasonable to think that the fixed nuclei are still 

elastic and that the effects of extraction and fixation are the same for all the samples and that this 

factor equally contributes to the features of the control and the irradiated samples. As result the 

differences we observe are related to damage and alteration of nuclear organization determined by X-

ray radiation. 
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Studies of nuclear deformations under applied stress have revealed that the overall mechanical 

behavior of the nucleus is determined by the nuclear lamina and the nuclear interior; the lipid nuclear 

membranes are considered to play only a minimal role in nuclear stiffness [45]. The alteration of 

nuclear organization and nuclear lamina interferes not only with the physical properties of the nucleus 

but also with its mechanotrasduction mechanism [6]. As observed in some pathologies, for instance 

laminopathies, the mutation or content variation of lamin, a main constituent of the nuclear envelope, 

strongly affects the mechanical properties of the nuclei. The lamin A/C gene knockout in mouse 

embryonic fibroblasts lead to a loss of nuclear stiffness, along with a loss of the physical interactions 

between nuclear structures and the cytoskeleton. This determines a general cellular softening, which 

emphasizes the key role of lamins in maintaining cellular tensegrity [46]. Experiments with Xenopus 

oocytes highlight that the expression of lamin A affects nuclear stiffness, which increases in a 

concentration-dependent manner [47].  

Within the nucleus, the DNA associates to histone cores to form nucleosomes, the building blocks of 

chromatin. A softening of nuclei is observed in correlation with chromatin decondensation [48]. 

Studies on isolated nuclei have shown that histone tail-tail interactions counter the outward entropic 

pressure of the DNA, and enzymatic disruption of these interactions can lead to chromatin 

decondensation and nuclear softening [49]. In addition, it has been shown that chromatin 

decondensation, due to trichostatin A treatment, induces a significant nuclear softening [50]. 

Hence, in line with the literature data reported and discussed above, the nuclear softening we observe 

suggests that the X-ray irradiation doses we have used can induce a relevant variation at the level of 

chromatin organization and/or nuclear lamina. 

 

Spectroscopic features of the isolated nuclei 

The spectra obtained by averaging the standard variate normalized FTIR spectra of the nuclei exposed 

to the different doses of X-rays are shown in Figure 3 separately for the high wavenumber region 
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(HWR: 3100 - 2800 cm-1; Fig. 3A), and for the low wavenumber region (LWR: 1750 - 950 cm-1; Fig. 

3B).  

 

 

Figure 3. Average FTIR Absorbance spectra obtained for nuclei exposed to different irradiation 
doses. (A) High Wavenumber Range (HWR: 3100-2800 cm-1 region) and (B) Low Wavenumber 
Range (LWR: 1750-950 cm-1 region). 0Gy-fitted spectra are shown along with the single peaks 
contributing to the fitted curves. Main single peaks obtained by performing the deconvolution are 
labelled by indicating their positions. 

 

To obtain information about the single peak characteristics, the deconvolution analysis was performed 

on the FTIR absorbance spectra, while the second derivative spectra (Fig. S2) was used to define the 

(B) 

(A) 
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starting conditions of the fitting procedure. Representative results of the deconvolution procedure for 

the 0Gy (control) spectra for both spectral regions are reported in Figure 3 where the single peaks 

contributing to signal and of overall fitted curves are shown. The positions of the most significant 

features are also reported in the same figure (they are referred to average spectrum of control 

samples). 

The most relevant peaks are reported in Table 1 along with their assignments according to literature.  

Contributing bands related to the DNA and RNA (d), lipids and carbohydrates (l) and proteins (p) are 

observed as expected. In the HWR contributes mainly due to lipids are observed, while in the 

fingerprint region several DNA/RNA related bands are disclosed along with proteins-related Amide 

(I, II, III) bands and other proteins- and lipids-related signals. Most of the features was also found in 

the FTIR spectra of whole dehydrated fixed neuroblastoma cells [55], even if the relative intensities 

are different. This would be related to the role that the dehydration process can play in the contribution 

of the DNA in FTIR spectra at the cellular level, as widely discussed in ref. 57. Whereas some peaks 

mainly related to DNA/RNA are observed only when isolated nuclei are investigated. This is the case 

of the features at 1715 (d; base stacking mode, C=O stretching in purines and pyrimidines rings), 

1293 (p; Amide III), 1172 (d; O–P–O stretching mode with a contribution from C–O–P stretching of 

protein and lipids), 1118 (d; skeletal structure around the C2 single bond and ribose), 1056  (d; PO2
- 

νsym A form RNA) and 1019 cm-1 (d; furanose vibration). 

Some of the peaks highlight changes in the position and/or intensity upon X-ray irradiation. To 

quantify these effects, the peak position and intensity were grouped according to the irradiation 

treatment and compared. The components featuring statistically significant changes with respect to 

control sample in position and/or intensity upon irradiation are listed in Table 2.  

Relevant changes in positions are mainly observed for peaks related to proteins and DNA/RNA; shifts 

are also observed in the position of features related to lipids (l). The most significant position changes 

are observed for the peaks at 1605 (p; COO− νasym) and 1086  cm-1 (d; O–P–O stretching mode), which 

show shift towards higher wavenumbers with respect to control at all doses while the peaks at around 
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3073 (assigned to –NH3 asymmetric stretching of free amino acids) and 1056 cm-1 (present only in 

the nuclei FTIR spectra), which show a shift towards lower wavenumber for only the three highest 

doses. 

 

Table 1. FT-IR peaks observed in the spectrum of control cells, with assignments in accordance with the data reported in 
the literature [26,28,51-56]; abbreviation: as = asymmetric, s = symmetric, ν = stretching, δ = bending, sc = scissoring, 
vbr = vibration, a. a. = free amino acids. The indicated position of every peak is the position of the average peak positions 
obtained by averaging the values obtained by deconvolution of control (Ctrl-not irradiated)-nuclei spectra.  

Peak position 
(cm−1) DNA/RNA Proteins Lipids/Carbohydrates 

3073  Amide B (-N-H ν,δ)  

2961  CH3 as. ν CH3 as. ν 

2926   CH2 as. ν 

2872  CH3 s. ν CH3 s. ν 

2851   CH2 s. ν 

1715 
base stacking mode: C=O 
stretching in purines and 

pyrimidines rings 
  

1617-1698 
C=O, C=N, N-H of A, T, G, C 

 Amide I (C=O ν, C-N ν)  

1605  COO− as. ν  

1549  Amide II (C-N ν, C-NH δ)  

1517  Amide II  

1453  CH3 as. δ, CH2 sc. CH3 as. δ, CH2 sc. 

1422 
ribose deformational 
vibration shoulders   COO− s. ν polysaccharides  

1400  COO− s. ν  

1293  

Amide III (-N-H δ, -C-N ν) and 
δ(CH2) 

sensitive to secondary 
structure folding 

 

1225 
νasym(O–P–O) DNA 

backbone, sensitive to 
conformational changes 

C-O-P ν  

1172 
Sugar -phosphate 

backbone vibration 
νasym(O–P–O) A form RNA; 

  

1118 

Ribose 
Stretching vibration of the 
skeletal structure around 

the C2 single bond; OH 
group of RNA and NTPs  

  

1086 
νsym(P-O-C)    

νsym(O–P–O), DNA 
backbone,  

 
C-O-P ν 

 

1056 
ν(C–O) DNA backbone, 

νasym (O–P–O) A form RNA   

1019 Furanose vibration   

967 C–O stretching; PO4− s. ν C-O ν, C=C ν (a. a.)  
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Among the other features observed only in FTIR spectra of isolated nuclei, the 1715-, 1172-, and 

1118-cm-1 bands experience a shift towards higher wavenumbers at two doses (6 and 8 Gy for the 

first two peaks). The box plot representations of the discussed positions and amplitudes are reported 

in Figures S3 and S4. 

 

Table 2. Information on modifications of intensity and/or position peak occurring upon X-ray irradiation. Peaks featuring 
statistically significant changes of the mean obtained for irradiated samples (considered separately according to the 
dose) as compared with the corresponding one obtained for Ctrl (not irradiated) -related samples. Comparison between 
Ctrl-related mean and 2Gy-, 4Gy. 6Gy and 8Gy-dose irradiate samples were performed by t-Student test with significance 
level=0.05. Positions and/or amplitude means featuring p<0.05 upon comparison with mean obtained from 0Gy-related 
spectra are reported. Legend for changes: ↓ - decrease in intensity with respect to control, ↑ - increase in intensity with 
respect to control, ← - shift towards higher wavenumber as compared to control, → - shift towards lower wavenumber 
as compared to control.  Legend for assignment: p - protein, l - lipids&carbohydrates, d – DNA/RNA. 

0Gy  
Peak Position 

(cm−1) 
2Gy  4Gy  6Gy  8Gy  Assignment 

3081  → → → P 

2961 ←↓    p,l 

2926 ← ↑ ↑ ↑ L 

2872 ↑ → →↑ ↑ p,l 

2851    ↑ L 

1715 ↓ ↓ ↓ ←↓ D 

1698 ↑  ↑  P 

1661  ↓ ↓ ↓ P 

1647 ↓  ↓ ↓ P 

1635   → →↑ P 

1617 ←    P 

1605 ← ← ← ← P 

1549 ← ↑ → → P 

1517 ←    P 

1453  →   L 

1422  ←   L 

1293 ↓ →↓ ↓ ↓ P 

1225 ↓ ↓ ↓ ↓ d,p 

1172 ← ←↓ ↓ ↓ D 

1118 ←↓ ↓ ←↓ ↓ D 

1086 ← ←↑ ← ← d,p 

1056  → → → D 

1019 ↓  ↓ ↓ D 

967  ↓  ↓ d,p 

 

The changes observed in position and intensity of the feature at 1715 cm-1 agree with what found in 

studies about cells irradiated with various ionizing radiation (protons, UVC, X- and γ-rays). Such 
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evidence was associated with base–pair damage including purine, pyrimidine dimer formation and 

6–4 lesions and local rupture of base-paired structures [56]. 

Regarding peak intensity variations, the most significant ones are observed for the features located at 

1019 (d), 1118 (d,), 1225 (d,p; νasym O–P–O DNA backbone and ν C-O-P ), along with features located 

at 1635, 1647, 1661, and 1697 cm-1 that are all related to Amide I (p). The intensity of an infrared 

band is assumed to be proportional to the concentration of the species that are associated with the 

band [58-60]. However, the use of band absorbance values themselves for quantitative analysis can 

be dependent on experimental artefacts, such as variations in sample thickness. For this reason, 

specific intensity ratios, related to protein content, rearrangement, and phosphorylation, DNA content 

and modification, and lipid content and saturation, has been used [24,38,39]. All the ratios here 

considered are reported in Table 3. 

 

Table 3. Ax/Ay indicate the ratio between the value of the intensity (as obtained by fitting procedure) of selected band 
[24 and references therein,38,39,53], located at x and y position, respectively). Abbreviation: as = asymmetric, s = 
symmetric, ν = stretching, δ = bending, sc = scissoring. 

Ratio 
Biomolecular Origin Indication 

AX /AY 
A1652/A1549 Amide I/Amide II Protein rearrangement (PR) 

A1086/A2961 PO2− s. ν, C-O-P ν/CH3 as. ν Protein phosphorylation (PP) 

A1652/A1225 Amide I/PO2− as. ν Protein/DNA content (PD1) 
A1652/A1086 Amide I/PO2− s. ν Protein/DNA content (PD2) 
A1400/A2961 COO− s. ν/CH3 as. ν Protein/Lipid content (PL) 

A2926/A2961 CH2 as. ν/CH3 as. ν Lipid saturation (LS) 

A1225/A1086 PO2− as. ν, C-O-P ν/ PO2−s. ν, C-O-P ν DNA modification (DM) 
A1019/A1086 Furanose vib. /PO2− s. ν, C-O-P ν DNA modification (D1) 
A1056/A1118 DNA C–O ν, RNA PO2− as. ν /Ribose vib. DNA modification (D2) 
A1118/A1225 Ribose vib./ PO2− as. ν DNA modification (D3) 

A1056/A1225 DNA C–O ν, RNA PO2− as. ν /  
DNA PO2− as. ν 

DNA modification (D4) 

A1715/A1086 C=O ν / DNA PO2− s. ν DNA modification (D5) 
A1715/A1225 C=O ν / DNA PO2− as. ν DNA modification (D6) 
A1715/A1019 C=O ν / Furanose vib. DNA modification (D7) 

 

 

Figures 4 and 5 show the box plot representations of the ratio values obtained for control and 

irradiated samples along with information about the results of the pairwise comparison of single 
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irradiated groups with the corresponding control ones, showing that there are significant differences 

in various cases. Figure 4 shows the ratios involving only DNA-related features (DM and D1-D7), 

while in Figure 5 the results regarding protein-related (PR, PP, PD1, PD2, PL) and lipid-related (PL, 

LS) ratios are reported. At all radiation doses the DM ratio, related to DNA structure modifications, 

shows values significantly lower than the one observed for the control sample. This behaviour of DM 

vs dose is opposite to what observed when whole neuroblastoma cells were analysed by FTIR. This 

would be related to the effect of extra nucleus components, such as extra nucleus RNA and 

mitochondrial DNA. The same behaviour is observed for D7 ratio, i.e., D7 values obtained for 

irradiated samples are lower, for all the doses, than the corresponding value obtained for the control 

samples, suggesting that the relative intensity of the signal due to base stacking mode with respect to 

that of furanose ring vibration is lower in irradiated nuclei than in control ones. It is worth noting that 

this behaviour can be due to the decreased intensity of the 1715-cm-1 band, observed in Table 2, which 

is known to be a marker of DNA damage also in cells [56]. D1, D5 and D6 ratios have similar 

behaviour as a function of the dose: they all show a decrease with respect to control at all the doses, 

being statistically significant only at the highest doses (6, 8 Gy). This can indicate that, at these doses, 

the relative contribute of the furanose vibration decreases with respect to DNA O–P–O symmetric 

mode (D1) ad that 1715-cm-1 mode (C=O base stacking mode) decreases with respect to DNA O–P–

O symmetric and asymmetric mode (D5 and D6, respectively) and the relative contribute of decreases 

with respect to DNA O–P–O symmetric and asymmetric vibration (D6). D2 (giving information about 

the relative contribute of DNA C-O vibration with respect to that coming from ribose signal and RNA 

skeletal structure C2-OH group) and D4 (contribute of ribose signal and RNA skeletal structure C2-

OH group with respect to contribute coming from to DNA O–P–O asymmetric and asymmetric 

vibration) ratios show a value significantly higher than the control one only at 4Gy. At the same dose 

D3 ratio shows the only value  
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Figure 4. Box-plot representation (including standard errors) of the ratios reported in Table 3 involving 
DNA-related features; data are grouped according to the irradiation treatment, error bars representing 
the standard errors. The asterisks indicate the sub-datasets featuring a mean which statistically significant 
different from the corresponding control mean (𝑝𝑝 ≤ 0.05).  
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which is significantly different from the control one: a contribution of ribose lower than the one 

coming from the RNA skeletal structure C2-OH group is observed.  

 

Figure 5. Box-plot representation (including standard errors) of the ratios indicated in Table 3 involving 
proteins- and lipids-related features; data are grouped according to the irradiation treatment; the error 
bars represent the standard errors. The asterisks indicate the sub-datasets featuring a mean which 
statistically significant different from the corresponding control mean (𝑝𝑝 ≤ 0.05). 
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Since changes in the conformation and dynamics of the sugar moiety alter the local and potentially 

global structure and plasticity of nucleic acids [61], the discussed results can be related to such kinds 

of processes occurring upon irradiation with 4Gy X-ray.  

PD1 and PD2 ratios show changes upon doses (Fig. 5): PD1 is significantly decreased at 6 Gy while 

PD2 is decreased at 4, 6 and 8 Gy. The overall panel of modifications evidenced by PD1, PD2, and 

DM agrees with the results obtained in other cell systems exposed to ionizing radiation and it is 

thought to indicate the occurrence of damage in the primary, secondary, and tertiary structure of 

nucleic acid [62]. 

Regarding the other evaluated ratios, protein phosphorylation ratio (PP) seems to be increased at all 

doses with respect to the value obtained for untreated (0 Gy) nuclei, even if the change is statistically 

significant only at 2 Gy. PL ratio, related to protein/lipid contribute, is higher than the control value 

at all the doses (changes are significant at the three highest doses). Similar results are obtained for the 

LS ratio, related to lipid saturation, which is higher than the value obtained for 0Gy-samples at all 

doses even if the difference is statistically significant only at 2, 6 and 8 Gy. The same results were 

observed for PL and LS ratio calculated from FTIR spectra of whole dehydrated SH-SY5Y cells [24]. 

In the case of cells, these findings were discussed in terms of possible cell apoptosis process that can 

occur together with several membrane changes, such as phosphatidylserine exposure, membrane 

blebbing, and vesicle formation. An increase of lipid saturation is thought to lead to membrane 

stiffening [63]. 

Opposite to the case of PL and LS ratios, when FTIR spectra of whole neuroblastoma cells were 

considered, PP ratio remained unchanged upon X-ray irradiation (same doses as those of the present 

study) [24]. This suggests that the phosphorylation-related processes involve nucleus-embedded 

proteins in a different way with respect to other proteins in cells. This result is of interest given the 

crucial role played by phosphorylation processes in DNA damage and in DNA response processes, 

as witnessed by studies focused on nuclear protein phosphorylation, that evidenced 

hyperphosphorylation of Xenopus homologue of 53BP1 (XL53BP1) after X-ray irradiation [64]. This 
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further confirms that the FTIR study of the isolated nuclei can shed some light also in the radiation-

induced phosphorylation which is a crucial point in understanding radiation-induced damage and 

related DNA repairing processes.  

PR ratio obtained for nuclei (Fig. 5), associated with protein rearrangement, has a lower value with 

respect to the 0Gy-value at 6 Gy- and 8 Gy-values, thus suggesting significant changes in nuclear 

protein secondary structure at the two highest irradiation doses.  

To further examine protein rearrangement, the analysis of the different peaks constituting the Amide 

I band can offer precise information about the secondary structure of proteins and their 

conformational changes occurring upon irradiation at different ionizing radiation doses. In the present 

case, the Amide I band of control and irradiated samples was analysed using subcomponents related 

to parallel 𝛽𝛽-sheets, anti-parallel 𝛽𝛽-sheets, 𝛼𝛼-helix, and 𝛽𝛽-turn and unordered structures. An example 

of the deconvolution procedure for the Amide I is shown in Figure S5. The relative contributes, 

obtained as ratios of the intensity of the selected peaks and the overall Amide I signal, are shown in 

Figure 6.  

The results confirm the occurrence of a protein rearrangement, which, in turn, does not seem to have 

a simple behaviour depending on the dose. The most significant effect is observed for β-sheets (a 

decreased contribution is seen at 2 and 4 Gy) and β-turn (increased contribution at 4, 6 and 8 Gy, 

although the change at 6 Gy is not statistically significant). Contribute due to α-helix is decreased at 

all doses with respect to control sample, significant difference having been observed only at 4 Gy. 

These results are in quite good agreement with those obtained for neuroblastoma cells [24]. In fact, 

PR (called PR1 in ref. 24) of irradiated cells is significantly lower than the control one at all the doses, 

thus suggesting a change in the relative contribution of the secondary structures, which is different 

from those observed for isolated nuclei. 
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Figure 6. Bar-plot representation of secondary protein structure contributions to Amide I band (1600–
1700 cm−1) with dose; the error bars represent the standard errors; asterisks of different colours 
indicate a significant difference in respect to the corresponding control mean of the specific 
component (𝑝𝑝 ≤ 0.05). Legend abbreviations: β-sh par:  parallel β-sheet; β-sh a-par:  anti-parallel β-
sheet. 

 

The complex behaviour in relative protein secondary structure contributions observed for nuclei 

agrees with literature reports showing that it is not possible to find a common behaviour of nuclear 

proteins in response to ionizing radiation. It is known, for instance, that histones undergo secondary 

structure changes upon X-ray irradiation, and that the specific changes can depend on the single 

histones. Upon 40Gy-X-ray irradiation, a change from in turn and β-strand to α-helix is observed in 

histone H2A-H2B induced by DNA damage response [66], while histone H3-H4 shows an increase 

in turn, β-strand and unordered structures and a decrease in α-helix contribution [67]. 

Interestingly, similar effects in DNA and protein related FTIR features were observed in in situ 

infrared spectroscopic study of spermatozoa by Oldenhof and coworkers [68]. In particular, it 

revealed that characteristic bands arising from the DNA backbone (modes at 1225, 1086, 1056 cm−1) 
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changed in response to induced oxidative damage and chromatin decondensation. Specifically, a 

decreased value of the asymmetric to symmetric phosphate band intensity (i.e., the here labelled DM 

ratio) was observed as chromatin condensation degree decreases, suggesting that this band ratio is 

sensitive to the degree of chromatin condensation. It is worth to note that changes in the amide-I 

region denoting concomitant changes in protein secondary structure were found. According to these 

findings, the decreased DM value observed for nuclei (opposite to DM values for whole 

neuroblastoma cells) suggests that chromatin decondensation, and changes related to nuclear protein 

structure, occurs upon X-ray irradiation at all doses.  

Standard geno/cytotoxicity assays, such as Comet assay and micronuclei analysis of control and 

irradiated samples at all considered doses (2, 4, 6, 8 Gy), demonstrate a dose-dependent DNA damage, 

in agreement with data reported in literature [69, 70], continuously increasing as the irradiation dose 

increases (see Supplementary Materials).  

The biochemical and mechanical characterisation of the nuclei highlights that, beside DNA damage, 

further alterations of other nuclear components can be revealed.  

The stiffness of the nuclei does not follow the same dose-dependent trend of bioassays, but rather a 

significant softening already at 2 Gy, that does not decrease any further when increasing the 

irradiation dose up to 8 Gy. This trend suggests that notable alterations of nuclear components occur 

already at the lowest irradiation dose used. At the same irradiation dose, the spectroscopic analysis 

highlights the presence of remarkable variations in biochemical features, not only related to DNA 

damage but even to proteins and lipids. Indeed, DM, LS, and D7 ratios show a change at 2 Gy, thus 

behaving like the nuclear stiffness. For almost all discussed FTIR-derived ratios there is no 

statistically significant differences when pairwise comparison between data regarding increasing 

irradiation doses are considered (2Gy vs 4Gy, 4Gy vs 6Gy, 6Gy vs 8Gy). This confirms a significant 

modification of the nuclei already at 2Gy irradiation dose and suggests that minor changes, eventually 

due to increasing irradiation doses, cannot be detected in our spectra obtained on microareas 

containing densely packed nuclei. By using Comet assay, we evaluate the relative number of damaged 
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nuclei (Table S1). Interestingly, we observed that, already at 2Gy, 78% of nuclei appears to be 

damaged, while between 4Gy and 8Gy the number of damaged nuclei increases only of 20%. These 

data further confirm the results of mechanical and spectroscopical analysis, where a remarkable 

alteration of the nuclei at 2Gy irradiation dose is observed.  

These results are consistent with previous studies, in which it was observed that chromatin 

decondensation and DNA damage are strictly associated with an increased nuclei deformability. The 

knock down of heterochromatin protein 1a (HP1a) highlighted that there is a significant decrease in 

the apparent Young’s modulus of the MCF7-HP1a knock down cells as compared with control nuclei, 

reflecting the altered organization of the peripheral heterochromatin and changes to Lamin A/C 

dynamics observed in these nuclei [17]. Likewise, DNA damage induced by cisplatinum treatment 

was observed to lead to a significant softening of nuclei [42]. 

Hence, our findings, in agreement with data reported in literature, demonstrate that an irradiation of 

2Gy induces a considerable alteration of the nuclei that involves DNA damage along with a notable 

chromatin decondensation, and an increase in membrane lipid saturation.   

 

Conclusions  

We have demonstrated that the combination of AFM and FTIR measurements of hydrated fixed 

isolated nuclei can be very useful to detect relevant alterations associated with the nuclear 

organization. The comparison of these findings with that obtained on whole cells can help to 

disentangle X-ray irradiation effects related to nucleus from those related to cytoplasmatic structures.  

We have observed that upon irradiation with 2 Gy-X-rays the nuclei isolated from neuroblastoma 

cells exhibit a considerable nuclear softening accompanied by DNA damage, with significant 

alterations of nuclear proteins secondary structures and nuclear membrane lipid saturation. Increasing 

the irradiation dose up to 8Gy seems to not significantly change the overall effect.  

The analysis of these features might be of relevance since, after irradiation, cells can recover and 

repair the DNA, but the recovery process could not involve lipid arrangement and/or protein 
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structures, which could interfere with the cell behaviour within the tissue with respect to the non-

irradiated cells. Therefore, in future works, the proposed approach will be extended to investigate 

how the mechanics and biochemical features of nuclei and whole cells change after the recovery 

process, and how they can be related to altered cell behaviour such as organization and growth. 
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