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Abstract: Even several thousands of DNA lesions are induced in one cell within one day. DNA damage
may lead to mutations, formation of chromosomal aberrations, or cellular death. A particularly
cytotoxic type of DNA damage is single- and double-strand breaks (SSBs and DSBs, respectively). In
this work, we followed DNA conformational transitions induced by the disruption of DNA backbone.
Conformational changes of chromatin in living cells were induced by a bleomycin (BLM), an anticancer
drug, which generates SSBs and DSBs. Raman micro-spectroscopy enabled to observe chemical changes
at the level of single cell and to collect hyperspectral images of molecular structure and composition with
sub-micrometer resolution. We applied multivariate data analysis methods to extract key information
from registered data, particularly to probe DNA conformational changes. Applied methodology
enabled to track conformational transition from B-DNA to A-DNA upon cellular response to BLM
treatment. Additionally, increased expression of proteins within the cell nucleus resulting from the
activation of repair processes was demonstrated. The ongoing DNA repair process under the BLM
action was also confirmed with confocal laser scanning fluorescent microscopy.

Keywords: Raman spectroscopy; hyperspectral mapping; bleomycin; cell; HeLa; DNA damage; DNA
repair; fluorescence microscopy; multivariate data analysis; PCA; HCA; NMF

1. Introduction

In every single cell, even several tens of thousands of DNA lesions occur each day [1].
Several specific types of DNA damage may be distinguished: point mutations, spontaneous
deaminations, missing bases, formation of pyrimidine dimers, single-strand breaks (SSBs)
and double-strand breaks (DSBs). Both types of strand breaks are cytotoxic. However, DSBs
are the most dangerous type of DNA damage, leading to genetic instability [2]. Numerous
DSBs can stop the processes of replication and transcription, thereby causing mutations
and genomic aberrations [3,4]. If left unresponsive, such changes may compromise cell
function and even lead to apoptosis [1]. To prevent consequences of serious DNA damage,
cells have developed specific defense processes called DNA damage response (DDR). DSBs
can be repaired mainly through two mechanisms: non-homologous end-joining (NHEJ)
and homologous recombination (HR) [5,6].

DNA lesions may appear spontaneously or can be induced by various physicochemical
factors including ionizing radiation [4,7,8], free radicals [9], chemicals [4], and drugs such
as chemotherapeutic agents [10,11]. An example of chemotherapeutic drug, which causes
DNA backbone disruptions is bleomycin (BLM) [11]. BLM binds to DNA minor groove
in a sequence-dependent manner (recognizing dinucleotides, mainly GC and GT) and
causes the strand rupture [10,12,13]. Both single- and double- strand breaks are induced via
BLM. The mechanism of DNA cleavage is not fully understood, and several models have
been proposed [10]. SSBs can be caused by the reaction of the bleomycin molecule with a
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pyrimidine nucleotide in the DNA chain, after which bleomycin becomes inactive. SSBs
may occur randomly in the close region at the opposite strands of double-stranded DNA,
eventually leading to DSBs. It was also reported that one individual bleomycin molecule
may lead to complete DNA cleavage. In this case, after the first cutting event the inactive
bleomycin molecule must be restored to its active state before the induction of the second
cutting event of the complementary strand [10].

DNA conformation plays a crucial role in DNA susceptibility to damage formation and
repair [14]. Under physiological conditions, DNA occurs in its native conformation known
as the B-DNA. Another biologically significant DNA conformation is A-like form. Both are
right-handed helices. A-DNA has a larger diameter and is shorter of about 20% comparing
to the B-like DNA form. Different dimensions of these DNA forms determine different
size of major and minor grooves. Since DNA interacts with various macromolecules
via groves, these two DNA forms differ in the ability to bind biomolecules (e.g., repair
proteins) because of the different geometry of these two structures. It was demonstrated
that damaged DNA changes its conformation from B-DNA form to A-DNA [14–16], which
is known to promote the activation of repair processes and expression of proteins involved
in these mechanisms [17,18]. The B-to-A-DNA conformational transition is postulated to
be a local effect [14]. The research on the local nature of structural modifications of the
DNA molecules are prevented or largely prohibited due to the methodological limitations
and insufficient sensitivity of conventional spectroscopic methods. The development of a
combination of highly sensitive spectroscopic techniques with multivariate data analysis
can become an efficient tool to investigate molecular modifications of DNA structure
exposed to damaging factors.

In this article we report on conformational transition of DNA in living cells resulting
from pharmacologically induced strand breaks. DNA damage was induced in HeLa cells
treated with various concentrations of bleomycin. Chemical changes occurring in the
cell in response to drug treatment were detected with the Raman micro-spectroscopy. To
reduce dimensionality of spectroscopic data and extract the most important information,
we applied multivariate data analysis. Raman maps of individual HeLa cells were analyzed
with Hierarchical Cluster Analysis (HCA), Non-negative Matrix Factorization (NMF), and
Principal Components Analysis (PCA) algorithms. Additionally, for spectra attributed
to cellular nuclei (after HCA clustering of Raman maps) we performed PCA to follow
concentration-dependent and incubation time-dependent spectral changes induced via
BLM. The ongoing repair processes in response to chemical treatment were confirmed
with fluorescence imaging. Specific fluorescent markers were used to visualize the pres-
ence of H2A.X histone phosphorylation, which is a hallmark of genetic material repair
(see Section 4) [19,20]. The applied experimental, analytical and statistical approach is
presented schematically in Figure 1.
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Figure 1. Schematic representation of experimental, analytical and statistical approach in the re-
ported research. Bleomycin-induced DNA damage (SSBs and DSBs) leads to synthesis of repair pro-
teins and DNA conformational change from B-DNA to A-DNA. Biochemical response to DNA dam-
age induction can be observed as characteristic markers in Raman spectra or foci in fluorescence 
images. Raman images of individual cells were analyzed via HCA, NMF and PCA. As a result, false 
color maps were obtained. Spectra extracted using HCA algorithm from nucleus area of several 
control and BLM-treated cells were also analyzed with PCA. 

2. Results 
2.1. Raman Imaging and Multivariate Data Analysis of Individual HeLa Cells 

In the presented paper, we follow the response of HeLa cells to bleomycin treatment. 
Detection of molecular changes of DNA in living cells require high chemical selectivity, 
which is provided by Raman spectroscopy. This approach allows to carry out experiments 
with samples immersed in liquid, and thus, to study of living cells in their native environ-
ment [21]. Raman mapping was applied to observe concentration-dependent chemical 
changes under three concentrations of DSBs inducing drug: 50 µM, 150 µM and 500 µM 
of bleomycin (Figures 2 and 3). The control involved the population of untreated cells. 
Moreover, we tested two different incubation times: 24- and 48-h treatment. Arrays of 
Raman spectra were collected from individual HeLa cells, creating hyperspectral Raman 
maps [21–26] (see Section 4). 

Figure 1. Schematic representation of experimental, analytical and statistical approach in the reported
research. Bleomycin-induced DNA damage (SSBs and DSBs) leads to synthesis of repair proteins
and DNA conformational change from B-DNA to A-DNA. Biochemical response to DNA damage
induction can be observed as characteristic markers in Raman spectra or foci in fluorescence images.
Raman images of individual cells were analyzed via HCA, NMF and PCA. As a result, false color
maps were obtained. Spectra extracted using HCA algorithm from nucleus area of several control
and BLM-treated cells were also analyzed with PCA.

2. Results
2.1. Raman Imaging and Multivariate Data Analysis of Individual HeLa Cells

In the presented paper, we follow the response of HeLa cells to bleomycin treatment.
Detection of molecular changes of DNA in living cells require high chemical selectivity,
which is provided by Raman spectroscopy. This approach allows to carry out experi-
ments with samples immersed in liquid, and thus, to study of living cells in their native
environment [21]. Raman mapping was applied to observe concentration-dependent chem-
ical changes under three concentrations of DSBs inducing drug: 50 µM, 150 µM and
500 µM of bleomycin (Figures 2 and 3). The control involved the population of untreated
cells. Moreover, we tested two different incubation times: 24- and 48-h treatment. Arrays
of Raman spectra were collected from individual HeLa cells, creating hyperspectral Raman
maps [21–26] (see Section 4).
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Figure 2. Raman imaging of control (untreated) HeLa cell: (a) The cell optical image; (b) HCA map; 
(c) HCA mean Raman spectra (color of each spectrum corresponds to color of the cluster in (b)); (d) 
distribution of NMF components; (e) corresponding plots of NMF components. 

Figure 2. Raman imaging of control (untreated) HeLa cell: (a) The cell optical image; (b) HCA map;
(c) HCA mean Raman spectra (color of each spectrum corresponds to color of the cluster in (b));
(d) distribution of NMF components; (e) corresponding plots of NMF components.
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Figure 3. Raman imaging of HeLa cell incubated with 150 µM for 24 h: (a) optical image; (b) HCA 
map; (c) HCA mean Raman spectra (color of each spectrum corresponds to color of the cluster in 
(b)); (d) distribution of NMF components; (e) corresponding plots of NMF components. 

Methods of vibrational spectroscopy, in particular Raman hyperspectral imaging, 
provide multidimensional data. Appropriate interpretation of the obtained data requires 
reduction of its dimensionality. Application of a multivariate data analysis ensures reduc-
tion of data dimensionality and what is more allows extraction of useful information re-
garding the structure of data set, spectral similarity and variability. 

Sub-micrometric spatial resolution of acquired Raman maps enabled to distinguish 
cellular organelles such as nucleus and nucleolus and to separately analyze DNA damage 
occurring in these structures. HCA was applied in order to divide spectra acquired from 
the cell into groups, that could be classified as separate organelles. HCA [27] is a method 
of clustering based on the spectral similarity and variability determined in a greedy 

Figure 3. Raman imaging of HeLa cell incubated with 150 µM for 24 h: (a) optical image; (b) HCA
map; (c) HCA mean Raman spectra (color of each spectrum corresponds to color of the cluster in (b));
(d) distribution of NMF components; (e) corresponding plots of NMF components.
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Methods of vibrational spectroscopy, in particular Raman hyperspectral imaging,
provide multidimensional data. Appropriate interpretation of the obtained data requires re-
duction of its dimensionality. Application of a multivariate data analysis ensures reduction
of data dimensionality and what is more allows extraction of useful information regarding
the structure of data set, spectral similarity and variability.

Sub-micrometric spatial resolution of acquired Raman maps enabled to distinguish
cellular organelles such as nucleus and nucleolus and to separately analyze DNA dam-
age occurring in these structures. HCA was applied in order to divide spectra acquired
from the cell into groups, that could be classified as separate organelles. HCA [27] is
a method of clustering based on the spectral similarity and variability determined in a
greedy manner. The major advantage of using HCA is producing the false-color maps
established by the dendrograms, that illustrate the arrangement of the clusters determined
during the analysis [23,27]. HCA compares acquired spectra directly. Therefore, a spectral
signal of each voxel indicates the presence of various functional groups, from different bio-
components for example phosphates from DNA backbone and phospholipids. Therefore,
the application of HCA to follow molecular changes separately in nucleic acids, proteins
or lipids is limited and this is the main disadvantage of this approach. HCA analysis
of acquired hyperspectral maps divided spectra of each cell into four or five clusters,
corresponding to various cellular organelles: nucleus (red), nucleolus (yellow), cellular
membrane (green), cytoplasmic areas (blue, and cyan) (see example in Figure 2).

Hyperspectral maps of HeLa cells were independently analyzed with NMF [28] and
PCA [29–31] algorithms. In the NMF, the input data matrix is decomposed into two lower
rank non-negative matrices W and H [23]. The first mentioned consists of scores related to
the individual chemical bases presented in the matrix of H factors. The overall mathematical
approach as well as the purpose of reducing the dataset dimensionality behind this method
is similar to PCA. However, the main benefit of using the NMF analysis is the possibility to
identify and differentiate biochemical compounds in the spectra with reasonable confidence
based on the H matrix. It also allows producing the maps based on the scores (W matrix)
that present the occurrence region of the component [26,28].

In this study, NMF analysis was applied to discover the sparse and meaningful
features from the data, characteristic for each map component, including nucleic acids,
lipids, proteins, and water. In comparison to HCA, NMF demonstrates main components
of the Raman spectra from collected maps. Each of the presented components corresponds
to different chemical composition present in particular regions of the cell (for example
nucleic acids, water, proteins, etc... or sometimes their combinations). In contrast to HCA,
NMF allows following spectral changes easier, for example in DNA, by direct comparison
of DNA-related components of Raman maps acquired from various cellular samples. We
presented three main components of spectra acquired from each individual HeLa cell, and
visualized as NMF maps. The first component corresponds to cellular nucleus, while the
second one is related to lipid-rich cytoplasmic structure. The last component visualized the
distribution of O-H bending at 1643 cm−1, which corresponds to water distribution.

HCA and NMF results are presented in Figures 2–4. Specifically, the results for
a control group are presented in Figure 2. Bleomycin-treated cells undergoing repair
processes and in an early apoptotic stage are shown in Figures 3 and 4, respectively.
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Figure 4. Raman imaging of apoptotic HeLa cell incubated with 500 µM for 24 h. (a) Cell optical 
image; (b) HCA map; (c) HCA mean Raman spectra (color of each spectrum corresponds to color of 
the cluster in (a)); (d) false-color image NMF maps of three components distribution; (e) correspond-
ing plots of NMF components. 

The analysis of spectral maps was additionally performed with PCA. The PCA is a 
linear transformation method that outlines the data into a new orthogonal space described 
by the axes of Principal Components (PCs) [23,29–31]. In order to obtain the predictive 
model (PCA model), the PCs, scores, and loadings values are computed. The aforemen-
tioned are the most significant for further conclusions. The scores represent the data in 
multidimensional space of the new variables called PCs. Loadings identify the variables 
that caused the separation noticeable in the scores matrix. These variables are recognized 
based on the position of extrema (both minima and maxima) in the loadings plot and 
compared with the scores. This method enables to determine the percentage of the total 
variance explained by each PCs of the original data set, which is useful for assessing the 
ability to reduce the dimensionality of data during this exploratory analysis [23,29–31]. 

PCA enabled highlighting spectral differences between various regions of individual 
cells. PCA focuses on variables with strong correlation allow grouping both positively 

Figure 4. Raman imaging of apoptotic HeLa cell incubated with 500 µM for 24 h. (a) Cell optical image;
(b) HCA map; (c) HCA mean Raman spectra (color of each spectrum corresponds to color of the
cluster in (a)); (d) false-color image NMF maps of three components distribution; (e) corresponding
plots of NMF components.
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The analysis of spectral maps was additionally performed with PCA. The PCA is a
linear transformation method that outlines the data into a new orthogonal space described
by the axes of Principal Components (PCs) [23,29–31]. In order to obtain the predictive
model (PCA model), the PCs, scores, and loadings values are computed. The aforemen-
tioned are the most significant for further conclusions. The scores represent the data in
multidimensional space of the new variables called PCs. Loadings identify the variables
that caused the separation noticeable in the scores matrix. These variables are recognized
based on the position of extrema (both minima and maxima) in the loadings plot and
compared with the scores. This method enables to determine the percentage of the total
variance explained by each PCs of the original data set, which is useful for assessing the
ability to reduce the dimensionality of data during this exploratory analysis [23,29–31].

PCA enabled highlighting spectral differences between various regions of individual
cells. PCA focuses on variables with strong correlation allow grouping both positively
correlated and negatively correlated components together. On the other hand, NMF finds
patterns with the same direction of correlation. Therefore, NMF allows efficient extraction
of components associated to individual biomolecules while PCA visualizes rather their
combinations by distributions of positively and negatively correlated loadings [32].

For each cell we decided to present three main PCA components of the acquired Raman
images. The results are presented in the Supplementary Materials (Figure S4). For each
analyzed map, first principal component was related to intensities of bands corresponding
to proteins and nucleic acids. Therefore, the false color map of the distribution of the first
PC visualizes cytoplasmatic and nuclear region of the cell (Figure S4). The second (control
group) and the third (cells treated with bleomycin) PCs are positively correlated with bands
attributed to water. The positive correlation with the methyl and methylene bending at
1445 cm−1, is visible in the 3rd loading plot for control and 2nd loading plot for bleomycin
treated cells (Figure S4). These loadings indicate negative correlation with bands attributed
to nucleic acids.

2.2. The Analysis of Bleomycin-Induced Changes in the DNA Backbone

A detailed analysis of bleomycin-induced changes in the DNA backbone was also
performed. To avoid baseline influence and clearly demonstrate bleomycin-induced confor-
mational changes, second derivatives of the averaged Raman spectra from HCA clusters
attributed to cell nuclei were calculated and compared. A comparison of the second deriva-
tives of averaged spectra acquired from control group and cells treated with various concen-
trations of BLM is presented in Figure 5a. The zoomed area of the νs(PO2

−) is demonstrated
since the spectral position of this band is one of the main spectral markers of the DNA
conformation. Moreover, second derivatives of NMF loadings are presented in Figure 5b.
The zoomed area demonstrates the spectral position of phosphate symmetric stretching.
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ages of stained fixed HeLa cells are presented in Figure 6. 

  

Figure 5. Monitoring of DNA conformational transitions in selected cell nuclei: (a) Second derivatives
of Raman spectra extracted via HCA from nuclei region of HeLa cells. Zoomed spectral region
attributed to νs(PO2

−) is demonstrating shifts resulting from the conformational change from B-DNA
to A-DNA. (b) Second derivatives of NMF components corresponding to signal from the nuclei area
of HeLa cells. Zoomed spectral region attributed to νs(PO2

−) is demonstrating shifts resulting from
the partial conformational changes from B-DNA to A-DNA.
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2.3. Fluorescence Imaging of Fixed HeLa Cells

Fluorescence imaging was performed to confirm repairing processes of chromatin
in cell nucleus after the induction of DSBs with bleomycin. To visualize chromatin (in
the whole areas of cellular nuclei) DAPI staining was applied. The applied fluorescence
dye binds to phosphorylated H2A.X histone, which allows a direct visualization of DNA
repair focal points [19,20]. Cells were incubated with bleomycin under analogue conditions,
therefore, three bleomycin concentrations and the control group were involved, as well as
measurements for two different incubation times were performed.

To achieve the highest possible spatial resolution, the experiment was performed using
the confocal laser scanning microscopy (CLSM) system. Examples of fluorescent images of
stained fixed HeLa cells are presented in Figure 6.
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24 h of incubation; bottom: 48 h of incubation. 
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Figure 6. Fluoresce images of nuclei of individual fixed HeLa cells incubated with various bleomycin
concentrations. From left to right side: control group, 50 µM of bleomycin, 150 µM, 500 µM.
Top: 24 h of incubation; bottom: 48 h of incubation.

2.4. Multivariate Data Analysis of HeLa Cell Population Incubated with a Bleomycin

In this part of the work, the Principal Component Analysis (PCA) was performed
as well to determine the effect of bleomycin on the cellular genetic material. In order to
investigate effect of bleomycin on cellular chromatin, several models of PCA were per-
formed on Raman spectra from the nuclei of at least three cells from different samples.
These spectra were separated from the hyperspectral images through the previously used
hierarchical cluster analysis (HCA). To visualize spectral changes resulting from the appli-
cation of various bleomycin concentrations and different incubation times, several models
of PCA were applied. For monitoring a concentration-dependent effect of BLM on cells,
we analyzed spectra acquired from the cells treated with various concentrations of BLM
with a single selected incubation time: 24 or 48 h. Additionally, to follow incubation
time-dependent effect, we applied three other PCA models, each one for the selected BLM
concentration. The results demonstrating the dose-dependent analysis (3D scores plot and
loading plots) are shown in Figure 7. The incubation time-dependent effect is presented for
each BLM concentration: Figure 8—50 µM of bleomycin, Figure 9—150 µM of bleomycin,
Figure 10—500 µM of bleomycin. In general, for each calculated PCA model, three princi-
pal components are presented. For the sake of clarity all 2D projections of the score plots
are presented in Supplementary Materials (Figures S5–S9).
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50 µM, 150 µM and 500 µM) for 24 (left 3D image) and 48 h (right 3D image). For each incubation
time, three first most significant loadings are presented.
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nuclei of control cells and cells treated with. 150 µM of BLM for 24 and 48 h. Loading plots of three
first principal components are presented.
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Figure 10. Time-dependent effect of BLM incubation. PCA results of Raman spectra acquired from
nuclei of control cells and cells treated with. 500 µM of BLM for 24 and 48 h. Loading plots of three
first principal components are presented.

3. Discussion

The applied data analysis, specifically HCA, allowed to demonstrate the spatial loca-
tion of main cellular compounds including nucleus, nucleolus, cytoplasm, and membrane
edge (see Figure 2b,c). The mean Raman spectra of each cluster were calculated to provide
information about chemical composition of the cellular components. Spectra acquired from
the cellular membrane (green cluster) and part of the cytoplasm (blue cluster) indicated
relatively week signal from characteristic bands of proteins such as the ring breathing
modes from phenylalanine rings at 1008 cm−1 [33,34], amide III in the spectral range from
1220 cm−1 to 1350 cm−1 [35,36], or δ(CH2, CH3) at 1450 cm−1 [33,35,37] due to lower
concentration of these biomolecules than in central part of the cell. Raman spectra acquired
from the remaining part of the cytoplasm (cyan cluster) are characterized by relatively high
intensity of the δ(CH2, CH3) band, in comparing to the spectra extracted from the nucleus
region. In addition, the Phe band had similar intensity in the spectra of cellular nuclei and
some cytoplasmic areas (cyan). This observation indicates high concentration of lipids and
proteins suggesting the presence of lipid droplets [38] or some cellular organelles such as
Golgi apparatus and endoplasmic reticulum [39] that are present there. Relatively high
intensity of nucleic acid bands such as the phosphate symmetric stretching νs(PO2

−) at
1098 cm−1 [33] and the vibration of guanine at 1343 cm−1 [40] were observed in the spectra
acquired from cellular nuclei (red). The protein bands including the amide III and the
Phe ring breathing mode are also well resolved in the spectra of nuclei areas. Distribution
of intensities of selected characteristic Raman bands within HeLa cell are presented in
Supplementary Materials (Figures S1–S3).

HCA performed on the Raman hyperspectral map of the cell treated with 150 µM BLM
allowed nucleolus (yellow cluster) to be spatially localized. The reason of that may be the
cell was stopped at G1 phase, due to G1/S DNA damage checkpoint [41]. High protein
expression and genetic material duplication characteristic for cells being in G1/S phase of
cell cycle may affect spectra improving signal-to-noise ratio (see Figure 3a). The Raman
spectra of nucleolus and nucleus are similar, however intensities of some bands including
the amide III, Phe, νs(PO2

−) vibrations are higher in the spectra acquired from nucleoli.
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In case of bleomycin-treated cell, intensities of Phe and amide III bands from the whole
nuclei region are enhanced in comparison to the bands from cytoplasm. This indicates high
protein expression in nuclei of cells treated with BLM. The high protein content is likely
related to synthesis of enzymes, participating in the ongoing repair of DNA damage [16].

The separation of cellular organelles is not clearly visible at the typical map acquired
from the early apoptotic, spheroidal cell, which was incubated with 500 µM bleomycin
for 24 h (Figure 4). This is due to the loss of the adhesion, water-loss, and shrinkage—a
hallmarks of cells undergoing apoptosis [42,43]. The high intensity of the DNA backbone
bands in the spectra collected from the central area of the cell is worth noticing. This can be
explained by relatively high density of cellular material in this area, due to the mentioned
cell size reduction and its dehydration. Moreover, for an apoptotic cell, relatively high
intensity of the CH2, CH3 bands in the central region was observed. This might indicate
condensation of lipid droplets and formation of apoptotic bodies [16,44].

The second statistical approach to spectral maps consists of NMF analysis. The
first NMF component, which corresponds to nucleus demonstrates relatively high (in
comparison to other components) intensity of the bands from nucleic acids such as the
symmetric stretching of phosphate at 1098 cm−1 [33,34]. The second component was related
to cytoplasmic regions of cells with higher intensity of bands from lipids including CH2
and CH3 deformation at 1450 cm−1 [33,35,37]. Therefore, we assumed that this component
corresponds to some lipid-rich cellular organelles. In contrast to HCA, NMF demonstrates
the spectral difference between nucleus and cytoplasmic components, also for apoptotic
cells. The last demonstrated NMF component was related to liquid medium. Therefore,
only the wide band from the OH bending motion in water at 1643 cm−1 was dominant [45].

The analysis of bleomycin-induced changes in the DNA backbone (Figure 5) enabled
to observe the phosphate band at 1099 cm−1 in the spectra of control cells. This spectral
position indicates B-DNA conformation [46]. In the spectra collected from 150 µM BLM-
treated cells a slight shift of this band to 1101 cm−1 was observed, indicating the partial
conformational change from B-DNA to A-DNA. This conformational change is a hallmark
of DNA repair processes [14–16,46,47]. However, in the averaged spectra the observed
peaks from phosphate groups are derived not only from DNA but also other biomolecules
such as phospholipids. Therefore, detection of the DNA conformational change through
the shift of phosphate bands in such spectra is difficult.

A comparison of second derivatives of NMF loadings corresponding to nucleic acids
is presented in Figure 5b. Here, shifts related to conformational transitions of DNA are
resolved better than bands in the spectra extracted from HCA analysis. In particular, a
continuous shift from 1098 cm−1 for control cells to 1100 cm−1 for 150 µM BLM-treated cell
and 1102 cm−1 for apoptotic cell were observed. This result indicates the conformational
change from B-DNA to A-DNA, due to cellular repair processes [14–16,46,47]. NMF loading
comparison is presented in Figure 5b.

Fluorescence microscopy imaging confirmed activation of DNA repair process induced
by BLM treatment, which was not detected in control cells. Imaging of cells incubated with
the lowest studied concentration of bleomycin (50 µM) enabled to observe a fluorescence
from phosphorylated histones, visible as foci (Figure 6). Similar results were observed
for cells treated with 150 µM of bleomycin. However, for this BLM concentration more
foci were observed. For the highest applied bleomycin concentration (500 µM), the signal
from histone phosphorylation was observed in the entire volume of cellular nuclei. It is
worth noting, that for this concentration numerous cells were in the apoptotic stage. In
consequence, apoptotic cells in the late-stage were removed from the sample surface due to
multiple washing required by the applied protocol of fluorescence staining (see Section 4).
Therefore, we observed cells in early apoptotic stage confirmed by morphological changes
(shrinkage without evident cellular fragmentation). However, traces of DAPI blue fluo-
rescence were observed outside the nuclei area, which might be the effect of membrane
blebbing—a hallmark of early apoptosis [48–50].
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3.1. Concentration-Dependent Effect of Bleomycin

PCA was performed on the population of Raman spectra acquired from cellular
nuclei area to provide chemical changes related to bleomycin-induced DNA damage.
Figure 7 demonstrates a comparison of two PCA models visualizing the spectra variability
depending on the BLM concentration, separately for 24 and 48 h. The clear separation
along PC1 of spectra incubated for 24 h can be observed. Spectra extracted from control
cells and treated with the 50 and 150 µM of bleomycin are located mainly on the negative
site of PC1 in contrast to spectra acquired from cells incubated with 500 µM of BLM, that
are localized on the positive site of the PC1. The corresponding loading plot indicates that
for the separation along the PC1 results mainly from protein bands, including the bending
of CH2, CH3 at 1450 cm−1 [33,35,37], as well as the amide III at 1315 cm−1 [35,36] and
the phenylalanine at 1008 cm−1 [33,34]. The high intensity of these bands is characteristic
for the spectra located at the positive site of PC1. This might indicate changes in proteins
expression resulting from induced DNA damage and repair. Overexpression of protein
with a predominance of one conformation was also reported in study of response of
prostate cancer cells exposed to X-ray radiation [51]. However, in that research increasing
concentration of α-helix proteins was observed.

PC1 also indicates a change of the spectral shape in the range of the amide I as
presented in Figure 7. Minimum of PC1 loading is observed at 1632 cm−1, which we
attribute to random coils [52]. This band is characteristic for the control group and spectra
acquired for cells incubated with 50 and 150 µM of BLM. While the band at 1678 cm−1

attributed to β-sheets and β-turns [52] is more intense in the spectra acquired from cells
incubated with the highest applied BLM concentration. These spectral changes confirm
modifications of the secondary structure of proteins. Similar observation was reported for
cholangiocarcinoma cells during induced apoptosis [53].

It is worth noting, that the spectral region from 1550 cm−1 to 1750 cm−1 corresponded
to vibrations of water molecules [45]. Therefore, a negative of the band at 1632 cm−1 may
indicate a loss of water within the cell nuclei due to ongoing apoptosis [42,43].

The first principal component distinguished the recorded spectra mainly due to the
changes in protein concentration within the nucleus. The separation along PC2 was also
observed. Significant part of the entire population of spectra from bleomycin-treated cells
are located on the negative side of the PC2 as can be seen in Figure 7. Only all spectra
acquired from the control group are located on the positive value part of PC2. Other bands
attributed to guanine deformational motions at 1494 cm−1 and 1344 cm−1, as well the
band at 1445 cm−1 related to deformation of thymine, are dominative in loadings of the
second principal component [54]. This suggests changes in the DNA molecular structure
induced by bleomycin treatment. A minimum of the PC2 loading was observed for 1104
cm−1, which corresponds to νs(PO2

−) in A-DNA [15,16,46]. Therefore, we assumed that
the spectra displaying negative value of PC2 were acquired from chromatin subjected to
conformational transitions caused by ongoing repair processes. The νs(PO2

−) band was
observed in control group at 1085 cm−1 indicating B conformation of DNA, as expected,
please see loading plot corresponding to PC2 presented in Figure 7.

Clustering along PC3 was less evident for spectra acquires from cells after 24-h
bleomycin-treatment. Only spectra from the control group were well separated. The
loading plot of PC3, similarly to PC1, indicated the separation of spectra due to differ-
ences in bands from proteins, including amide III band at 1340 and 1270 cm−1, amide I
at 1661 cm−1, and Phe at 1004 cm−1 [36].

Similar PCA results as those obtained for the spectra acquired from cells incubated
with BLM for 24 h were also obtained for the second applied incubation time—48 h. The
shape of all three loading plots displays a relatively high level of similarity confirming
that the same bands are responsible for the clustering visible on the score plots. However,
score plots obtained for these two models are slightly different. In both models, the cluster
of control spectra is well separated. However, no clear separation along PC1 for spectra
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acquired from bleomycin-treated cells was observed. The increase of incubation time
to 48 h did not result in additional biochemical changes of proteins upon BLM treatment.

The loading plot of PC2, which explains that the separation along PC2 is mainly
related to spectral position of phosphate bands from DNA backbone and also vibrations of
DNA bases including guanine and thymine. In the spectra of BLM-treated cells, that are
located at the negative side of PC2 the νs(PO2

−) band is at 1104 cm−1 indicating A-DNA
conformation [15,16,46]. All the spectra acquired from the control group of cells and part
of population of spectra from BLM-treated cells are at the positive side of PC2. The band
νs(PO2

−) in these spectra is observed at 1085 cm−1 confirming B-DNA conformation.
The observed shift of the phosphate bands indicated partial conformational transition
from B- to A-DNA in the cells treated with all of the applied doses of BLM.

3.2. Time-Dependent Effect of Bleomycin

The three other models of PCA were applied to follow time-dependent molecular
changes for each applied BLM concentrations separately (Figures 8–10). A clear separation
of spectra along PC1 is observed in score plot presented in Figure 8, showing the time-
depended influence of 50 µM of BLM. The loading plot of PC1 proves that the observed
separation is related to protein bands (bending of CH2, CH3 at 1450 cm−1 [33,35,37],
amide III at 1315 cm−1 [35,36] and Phe at 1008 cm−1 [33,34]), confirming high protein
expression in cells treated with BLM due to the DNA repair. Similar spectral changes were
described by Roman et al. for prostate cancer cells exposed to X-ray radiation [51]. Again,
a part of the spectra population acquired from bleomycin-treated cells is located at the
negative side of PC2. The corresponding loading plot of this main component indicates
a conformational change from B-DNA to A-DNA as observed before. Additionally, clear
separation between the spectra from the 50 µM group after 48 h and the rest (control group
and 50 µM group after 24 h) was observed along the PC3. Loadings of this component
indicate the influence of the protein bands.

PCA calculated for the control group and the concentration of 150 µM gave very
similar results as the previous model investigating an influence of 50 µM BLM on HeLa
cells. However, looking at the separation along PC1 and PC3, one may notice that the
spectra acquired from cells incubated for 24 h are partially clustered with the control spectra
and partially with the spectra of cells incubated for 48 h. This suggests that the DNA repair
process does not take place in all cells simultaneously. According to the literature, several
factors may influence the time scale of DNA repair process, including phase of cell cycle [55]
and level of chromatin condensation [56]. All the control spectra and a part of spectra
acquired from cells incubated with both applied concentrations of BLM are clustered on
the positive site of PC2, in contrast to some spectra from treated cells, that are located
opposite. As in previous models PC2 is related to DNA molecular structure, in particular
its conformation. The separation of spectra along PC2 confirm the already mentioned
partial conformational transition from B- to A-DNA form. This transition which is more
pronounced after 48 h incubation with BLM than after 24 h—more spectra from the cells
incubated for 48 h with BLM have negative values of PC2.

The last PCA model was performed for control spectra and spectra acquired from
the nuclei area of cells treated with 500 mM of BLM. The separation along each PCs was
more evident. This suggests significant time-dependent biochemical changes induced
upon cellular response to the applied concentration of the drug. Similar to the results
of previous models loading plots of PC1 and PC3 indicate that separation along these
components is related to changes of the molecular structure of protein and peptides and
their expression. PC2 loading plot indicates that the observed clustering of spectra is also
associated with differences in DNA conformation, that is expected due to apoptosis, as
observed elsewhere [16,51].
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4. Materials and Methods
4.1. Cell Culture

In this study the immortalized cell line HeLa (American Type Culture Collection
company, Manassas, VA, USA) was used. Cells were cultured in Dulbecco’s Modified
Eagle’s Medium–high glucose (11965-084, Gibco, Waltham, MA, USA) buffer with addition
of 5% BSA and 1% antibiotics (penicillin and streptomycin). Incubation was carried out at
37 ◦C with 5% CO2.

Cells were subcultured using the following procedure. In the first step, cultured cells
were washed with DMEM buffer (without FBS and antibiotics), and next cells were treated
with 0.25% trypsin with EDTA for 3 to 5 min until all cells were detached. Then, trypsin in
a cell solution was deactivated with adding full DMEM HG medium (with additions).

Samples for Raman micro-spectroscopy experiment were prepared by seeding cells
on silicon substrate with metallic coating (gold and titanium), previously covered by
poly-L-lysine. Cells were incubated with bleomycin for 24 or 48 h. At least 3 cells were
measured for each parameter set (BLM concentration, incubation time).

Prior to the fluorescence imaging experiment, cells were plated in a 35 mm glass
bottom dishes with thickness 0.16–0.19 mm designed for high resolution imaging (Cellvis)
and incubated with a bleomycin under analogous conditions (bleomycin concentration
and incubation time) as in experiments involving Raman imaging. Cells were fixed with
4% formaldehyde solutions (47608, Sigma Aldrich, Saint Louis, MO, USA) for 10 min, per-
meabilized for 10 min in 0.5% Triton X-100 (T9284, Sigma). Fixed cells were incubated in a
PBS buffer with 3% BSA (84065-M, Sigma) for 45 min, then stained for anti-phospho Histone
H2A.X (1:100 in 3% BSA PBS buffer; 05-636-AF488, Sigma) for 35 min. For nucleus stain-
ing, cells were additionally incubated with DAPI (1:50 in deionized water; D9542, Sigma)
for 5 min.

4.2. Raman Micro-Spectroscopy

Measurements were performed using a Horiba LabRam confocal micro-spectroscopy
system (Horiba France SAS Ltd., Palaiseau, France) equipped with a green laser (λ = 532 nm),
electron-multiplying charge-coupled device (EM-CCD) cooled to −70 ◦C, and water immer-
sion 60× 1.0 NA objective (Nikon Instruments Inc., Tokyo, Japan). During spectra acquisition,
the cell culture was immersed in physiological saline solution. Spectra were acquired in
the fingerprint spectral region (1900–800 cm−1) with the spectral resolution of 2 cm−1. An
exposure time for each pixel was 6 s (2 accumulations with 3 s acquisition). Mapping step
size in x-y directions was between 0.5–0.7 µm (dependent from cell size). Raman mapping
with the confocal system allowed registration of spectra from well-defined volume at each
pixel of the acquired maps. This allowed to create a hyperspectral images of cells [21,22].
Measurements were controlled by LabSpec 6 software. Each map consists of ~7000 spectra.
From each individual cell ca 2000 spectra were extracted via HCA including ~500 from the
cellular nucleus.

4.3. Confocal Fluorescent Microscopy

Fluorescent confocal images were acquired using Zeiss LSM 710 confocal module set on
Zeiss Axio Observer.Z1 inverted microscope (Carl Zeiss Microscopy GmbH, Jena, Germany)
using an oil immersion 40× 1.4 NA Plan-Apochromat objective. The microscope was driven
by Zen Black software (ver. 8,1,0,484, ZEN 2012 SP1). DAPI and Alexa Fluor 488 dyes were
excited with 405 nm diode laser and 488 Ar laser, respectively.

4.4. Bleomycin

The preparation protocol of bleomycin solution was adapted from [50].
To initiate cleavage events of DNA backbone, bleomycin needs to be transferred into

so called “activated” bleomycin, which requires the presence of ion metal, usually Fe(II) or
Cu(I), and oxygen. In our work, bleomycin sulfate (B3972, TCI Europe N.V., Zwijndrecht,
Belgium) was activated by adding ammonium iron (III) sulfate dodecahydrate (F3629,
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Sigma Aldrich, Saint Louis, MO, USA). The mass ratio of bleomycin to iron salt was 1:1.1.
The resulting solution was neutralized by adding 0.1 M NaOH. The concentration of the
obtained bleomycin solution was 10 mM. For incubation with the cell culture, the prepared
BLM solution was further diluted in DMEM to obtain the following BLM concentrations:
50 µM, 150 µM and 500 µM.

4.5. Data Analysis and Processing

Prior to multivariate statistical analysis, specifically Hierarchical Cluster Analysis (HCA),
Principal Component Analysis (PCA) and Non-negative Matrix Factorization (NMF), the
Raman spectra were baseline corrected (5th order of polynomial), smoothed (Savitzky-Golay
Filter, 7 smoothing points, 3rd polynomial order) and normalized (Standard Normal Variate)
using MATLAB R2019b software (MathWorks, Inc., Natick, MA, USA). When necessary, a
cosmic ray removal procedure was applied. The analysis was performed in the spectral range
of 1800–900 cm−1, unique for biological molecules.

Microscopic images analysis was performed using Fiji ImageJ environment [57,58].

5. Summary and Conclusions

In the presented paper, the cellular response to bleomycin-induced DNA strand breaks
in living HeLa cells was investigated. Raman micro-spectroscopic mapping of individual
cells was applied to follow molecular changes induced upon the cellular response to
bleomycin treatment (three different concentrations, 24- and 48-h incubation). This enabled
us to identify spectral markers of DNA damage repair and apoptosis. The dimensionality of
the obtained hyperspectral maps was reduced using several methods of multivariate data
analysis. An application the two independent experimental approaches such as molecular
spectroscopic mapping and fluorescent microscopy supported with multivariate data
analysis enabled to achieve a complementary overview of molecular modifications in cells
responding to bleomycin treatment. The applied comprehensive approach was confirmed
to be an efficient tool in research on molecular modifications of the DNA structure exposed
to the influence of damaging factor. This approach could be applied in further studies on
structural modifications of DNA or other cellular components under the action of various
external factors.

HCA allowed to extract spectra from cellular organelles including nuclei and analyze
molecular changes, induced in chromatin upon DNA repair and apoptosis. For the each
acquired spectral map we demonstrated three main components of NMF and PCA: related
to the area of the nucleus, cytoplasm and surrounding medium. Comparison of the NMF
components plots corresponding to cell nucleus showed blueshift of the νs(PO2

−), which
indicates the change in DNA conformation.

To observe systematic changes caused by bleomycin treatment, PCA was performed
on the population of Raman spectra distinguished by HCA. Several groups of spectra were
selected and compared to separately follow spectral changes dependent on bleomycin
concentration and incubation time.

The application of the three various statistical approaches allowed to compare and
discuss their advantages and limitations in analysis of hyperspectral Raman maps. NMF
provided the most straightforward visualization of conformational transition induced by
bleomycin. On the other hand, PCA classified spectra extracted by HCA and pointed
marker bands of cellular response to bleomycin treatment.

A strong correlation was observed between the increasing concentration of bleomycin
and protein expression in the nucleus area. This observation may be related to the acti-
vation of DNA repair processes. The conformational transition from B-DNA to A-DNA
resulting from strand breaks (SSBs and DSBs) of DNA induced by bleomycin was ob-
served after 24 and 48 h of treatment with 50, 150 and 500 µM of BLM. Moreover, the
process of DNA restoration to its native form after extended incubation (48 h, 50 and
150 µM BLM) was demonstrated. The activation of repair processes was additionally con-
firmed by fluorescence microscopy. DNA repair foci were observed as histone gammaH2AX
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phosphorylation—a hallmark of DNA repair process. The number of DSBs being under
repair increased significantly with bleomycin concentration.

Bleomycin treatment with the highest applied concentration led to cell apoptosis,
which was detected as characteristic spectral changes indicating water loss, increase of
cellular material density and formation of apoptotic bodies. Additionally, a hallmark of cell
death, specifically chromatin fragmentation was observed with fluorescence imaging.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23073524/s1.
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26. Szymańska-Chargot, M.; Pieczywek, P.M.; Chylińska, M.; Zdunek, A. Hyperspectral image analysis of Raman maps of plant
cell walls for blind spectra characterization by nonnegative matrix factorization algorithm. Chemom. Intell. Lab. Syst. 2016,
151, 136–145. [CrossRef]

27. Kniggendorf, A.K.; Gaul, T.W.; Meinhardtwollweber, M. Hierarchical cluster analysis (HCA) of microorganisms: An assessment
of algorithms for resonance Raman spectra. Appl. Spectrosc. 2011, 65, 165–173. [CrossRef]

28. Luce, R.; Hildebrandt, P.; Kuhlmann, U.; Liesen, J. Using separable nonnegative matrix factorization techniques for the analysis of
time-resolved Raman spectra. Appl. Spectrosc. 2016, 70, 1464–1475. [CrossRef] [PubMed]

29. Graham, D.J.; Castner, D.G. Multivariate analysis of ToF-SIMS data from multicomponent systems: The why, when, and how.
Biointerphases 2012, 7, 49. [CrossRef] [PubMed]

30. Holzweber, M.; Heinrich, T.; Kunz, V.; Richter, S.; Traulsen, C.H.-H.; Schalley, C.A.; Unger, W.E.S. Principal component analysis
(PCA)-assisted time-of-flight secondary-ion mass spectrometry (ToF-SIMS): A versatile method for the investigation of self-
assembled monolayers and multilayers as precursors for the bottom-up approach of nanoscaled devices. Anal. Chem. 2014,
86, 5740–5748. [CrossRef] [PubMed]

31. Muramoto, S.; Graham, D.J.; Wagner, M.S.; Lee, T.G.; Moon, D.W.; Castner, D.G. ToF-SIMS analysis of adsorbed proteins:
Principal component analysis of the primary ion species effect on the protein fragmentation patterns. J. Phys. Chem. C 2011, 115,
24247–24255. [CrossRef] [PubMed]

32. Milligan, K.; Deng, X.; Shreeves, P.; Ali-Adeeb, R.; Matthews, Q.; Brolo, A.; Lum, J.J.; Andrews, J.L.; Jirasek, A. Raman spectroscopy
and group and basis-restricted non negative matrix factorisation identifies radiation induced metabolic changes in human cancer
cells. Sci. Rep. 2021, 11, 3853. [CrossRef] [PubMed]

33. Naumann, D. Infrared and NIR Raman spectroscopy in medical microbiology. In Infrared Spectroscopy: New Tool in Medicine; SPIE:
Philadelphia, PA, USA, 1998; Volume 3257, pp. 245–257.

34. Shetty, G.; Kendall, C.; Shepherd, N.; Stone, N.; Barr, H. Raman spectroscopy: Elucidation of biochemical changes in carcinogenesis
of oesophagus. Br. J. Cancer 2006, 94, 1460–1464. [CrossRef] [PubMed]

35. Lakshmi, R.J.; Kartha, V.B.; Krishna, C.M.; Solomon, J.G.R.; Ullas, G.; Devi, P.U. Tissue Raman spectroscopy for the study of
radiation damage: Brain irradiation of mice. Radiat. Res. 2002, 157, 175–182. [CrossRef]

36. Rygula, A.; Majzner, K.; Marzec, K.M.; Kaczor, A.; Pilarczyk, M.; Baranska, M. Raman spectroscopy of proteins: A review. J.
Raman Spectrosc. 2013, 44, 1061–1076. [CrossRef]

37. Czamara, K.; Majzner, K.; Pacia, M.Z.; Kochan, K.; Kaczor, A.; Baranska, M. Raman spectroscopy of lipids: A review. J. Raman
Spectrosc. 2015, 46, 4–20. [CrossRef]

38. El-Mashtoly, S.F.; Niedieker, D.; Petersen, D.; Krauss, S.D.; Freier, E.; Maghnouj, A.; Mosig, A.; Hahn, S.; Kötting, C.; Gerwert, K.
Automated identification of subcellular organelles by coherent anti-stokes raman scattering. Biophys. J. 2014, 106, 1910–1920.
[CrossRef] [PubMed]

39. Kuzmin, A.N.; Pliss, A.; Rzhevskii, A.; Lita, A.; Larion, M. BCAbox algorithm expands capabilities of Raman microscope for
single organelles assessment. Biosensors 2018, 8, 106. [CrossRef] [PubMed]

40. Notingher, I.; Green, C.; Dyer, C.; Perkins, E.; Hopkins, N.; Lindsay, C.; Hench, L.L. Discrimination between ricin and sulphur
mustard toxicity in vitro using Raman spectroscopy. J. R. Soc. Interface 2004, 1, 79–90. [CrossRef]

41. Weitzman, M.D.; Wang, J.Y.J. Cell Cycle: DNA Damage Checkpoints. In Encyclopedia of Biological Chemistry, 2nd ed.; Academic
Press: Cambridge, MA, USA, 2013; pp. 410–416, ISBN 9780123786319.

http://doi.org/10.1093/nar/gky865
http://www.ncbi.nlm.nih.gov/pubmed/30272207
http://doi.org/10.1093/nar/gkm115
http://www.ncbi.nlm.nih.gov/pubmed/17439963
http://doi.org/10.1083/jcb.146.5.905
http://www.ncbi.nlm.nih.gov/pubmed/10477747
http://doi.org/10.1093/jrr/rru091
http://www.ncbi.nlm.nih.gov/pubmed/25324538
http://doi.org/10.1039/C6AN00152A
http://www.ncbi.nlm.nih.gov/pubmed/27072718
http://doi.org/10.1016/j.cbpa.2013.05.021
http://www.ncbi.nlm.nih.gov/pubmed/23773582
http://doi.org/10.3390/app11083409
http://doi.org/10.1177/0003702817715042
http://www.ncbi.nlm.nih.gov/pubmed/28828895
http://doi.org/10.1016/j.chemolab.2015.12.015
http://doi.org/10.1366/10-06064
http://doi.org/10.1177/0003702816662600
http://www.ncbi.nlm.nih.gov/pubmed/27635022
http://doi.org/10.1007/s13758-012-0049-3
http://www.ncbi.nlm.nih.gov/pubmed/22893234
http://doi.org/10.1021/ac500059a
http://www.ncbi.nlm.nih.gov/pubmed/24831785
http://doi.org/10.1021/jp208035x
http://www.ncbi.nlm.nih.gov/pubmed/22308191
http://doi.org/10.1038/s41598-021-83343-5
http://www.ncbi.nlm.nih.gov/pubmed/33594122
http://doi.org/10.1038/sj.bjc.6603102
http://www.ncbi.nlm.nih.gov/pubmed/16622450
http://doi.org/10.1667/0033-7587(2002)157[0175:TRSFTS]2.0.CO;2
http://doi.org/10.1002/jrs.4335
http://doi.org/10.1002/jrs.4607
http://doi.org/10.1016/j.bpj.2014.03.025
http://www.ncbi.nlm.nih.gov/pubmed/24806923
http://doi.org/10.3390/bios8040106
http://www.ncbi.nlm.nih.gov/pubmed/30423849
http://doi.org/10.1098/rsif.2004.0008


Int. J. Mol. Sci. 2022, 23, 3524 21 of 21

42. Bortner, C.D.; Cidlowski, J.A. Ions, the Movement of Water and the Apoptotic Volume Decrease. Front. Cell Dev. Biol. 2020,
8, 1415. [CrossRef]

43. Bortner, C.D.; Cidlowski, J.A. Apoptotic volume decrease and the incredible shrinking cell. Cell Death Differ. 2002, 9, 1307–1310.
[CrossRef]

44. Wang, L.; Wang, Y.; Liang, Y.; Li, J.; Liu, Y.; Zhang, J.; Zhang, A.; Fu, J.; Jiang, G. Specific accumulation of lipid droplets in
hepatocyte nuclei of PFOA-exposed BALB/c mice. Sci. Rep. 2013, 3, 2174. [CrossRef] [PubMed]

45. Carey, D.M. Measurement of the Raman spectrum of liquid water. J. Chem. Phys. 1998, 108, 2669–2675. [CrossRef]
46. Thomas, G.J.; Benevides, J.M.; Overman, S.A.; Ueda, T.; Ushizawa, K.; Saitoh, M.; Tsuboi, M. Polarized Raman spectra of oriented

fibers of A DNA and B DNA: Anisotropic and isotropic local Raman tensors of base and backbone vibrations. Biophys. J. 1995,
68, 1073–1088. [CrossRef]

47. Benevides, J.M.; Thomas, G.J. Characterization of DNA structures by Raman spectroscopy: High-salt and low-salt forms of
double helical poly(dG-dC) in H2O and D2O solutions and application to B, Z and A-DNA. Nucleic Acids Res. 1983, 11, 5747–5761.
[CrossRef] [PubMed]

48. Majtnerová, P.; Roušar, T. An overview of apoptosis assays detecting DNA fragmentation. Mol. Biol. Rep. 2018, 45, 1469–1478.
[CrossRef] [PubMed]

49. Robertson, J.D.; Orrenius, S.; Zhivotovsky, B. Review: Nuclear events in apoptosis. J. Struct. Biol. 2000, 129, 346–358. [CrossRef]
[PubMed]

50. Piétrement, O.; Pastré, D.; Landousy, F.; David, M.O.; Fusil, S.; Hamon, L.; Zozime, A.; Le Cam, E. Studying the effect of a charged
surface on the interaction of bleomycin with DNA using an atomic force microscope. Eur. Biophys. J. 2005, 34, 200–207. [CrossRef]
[PubMed]

51. Roman, M.; Wrobel, T.P.; Panek, A.; Paluszkiewicz, C.; Kwiatek, W.M. Physicochemical damage and early-stage biological response
to X-ray radiation studied in prostate cancer cells by Raman spectroscopy. J. Biophotonics 2020, 13, e202000252. [CrossRef]

52. Wilkosz, N.; Czaja, M.; Seweryn, S.; Skirlinska-Nosek, K.; Szymonski, M.; Lipiec, E.; Sofinska, K. Molecular spectroscopic markers
of abnormal protein aggregation. Molecules 2020, 25, 2498. [CrossRef] [PubMed]

53. Maphanao, P.; Thanan, R.; Loilome, W.; Chio-Srichan, S.; Wongwattanakul, M.; Sakonsinsiri, C. Synchrotron FTIR microspec-
troscopy revealed apoptosis-induced biomolecular changes of cholangiocarcinoma cells treated with ursolic acid. Biochim. Biophys.
Acta-Gen. Subj. 2020, 1864, 129708. [CrossRef]

54. Ponkumar, S.; Duraisamy, P.; Iyandurai, N. Structural Analysis of DNA Interactions with Magnesium Ion Studied by Raman
Spectroscopy. Am. J. Biochem. Biotechnol. 2011, 7, 135–140.

55. Martin, O.A.; Ivashkevich, A.; Choo, S.; Woodbine, L.; Jeggo, P.A.; Martin, R.F.; Lobachevsky, P. Statistical analysis of kinetics,
distribution and co-localisation of DNA repair foci in irradiated cells: Cell cycle effect and implications for prediction of
radiosensitivity. DNA Repair 2013, 12, 844–855. [CrossRef] [PubMed]

56. Dinant, C.; Houtsmuller, A.B.; Vermeulen, W. Chromatin structure and DNA damage repair. Epigenetics Chromatin 2008, 1, 9.
[CrossRef] [PubMed]

57. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]

58. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; DeZonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ for the next
generation of scientific image data. BMC Bioinform. 2017, 18, 529. [CrossRef] [PubMed]

http://doi.org/10.3389/fcell.2020.611211
http://doi.org/10.1038/sj.cdd.4401126
http://doi.org/10.1038/srep02174
http://www.ncbi.nlm.nih.gov/pubmed/23846197
http://doi.org/10.1063/1.475659
http://doi.org/10.1016/S0006-3495(95)80282-1
http://doi.org/10.1093/nar/11.16.5747
http://www.ncbi.nlm.nih.gov/pubmed/6889135
http://doi.org/10.1007/s11033-018-4258-9
http://www.ncbi.nlm.nih.gov/pubmed/30022463
http://doi.org/10.1006/jsbi.2000.4254
http://www.ncbi.nlm.nih.gov/pubmed/10806085
http://doi.org/10.1007/s00249-004-0443-y
http://www.ncbi.nlm.nih.gov/pubmed/15536564
http://doi.org/10.1002/jbio.202000252
http://doi.org/10.3390/molecules25112498
http://www.ncbi.nlm.nih.gov/pubmed/32471300
http://doi.org/10.1016/j.bbagen.2020.129708
http://doi.org/10.1016/j.dnarep.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23891250
http://doi.org/10.1186/1756-8935-1-9
http://www.ncbi.nlm.nih.gov/pubmed/19014481
http://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://doi.org/10.1186/s12859-017-1934-z
http://www.ncbi.nlm.nih.gov/pubmed/29187165

	Introduction 
	Results 
	Raman Imaging and Multivariate Data Analysis of Individual HeLa Cells 
	The Analysis of Bleomycin-Induced Changes in the DNA Backbone 
	Fluorescence Imaging of Fixed HeLa Cells 
	Multivariate Data Analysis of HeLa Cell Population Incubated with a Bleomycin 

	Discussion 
	Concentration-Dependent Effect of Bleomycin 
	Time-Dependent Effect of Bleomycin 

	Materials and Methods 
	Cell Culture 
	Raman Micro-Spectroscopy 
	Confocal Fluorescent Microscopy 
	Bleomycin 
	Data Analysis and Processing 

	Summary and Conclusions 
	References

