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Abstract. A micro-Raman spectroscopy investigation has been performed in vitro on single human mammary
epithelial cells after irradiation by graded x-ray doses. The analysis by principal component analysis (PCA) and
interval-PCA (i-PCA) methods has allowed us to point out the small differences in the Raman spectra induced by
irradiation. This experimental approach has enabled us to delineate radiation-induced changes in protein,
nucleic acid, lipid, and carbohydrate content. In particular, the dose dependence of PCA and i-PCA components
has been analyzed. Our results have confirmed that micro-Raman spectroscopy coupled to properly chosen
data analysis methods is a very sensitive technique to detect early molecular changes at the single-cell
level following exposure to ionizing radiation. This would help in developing innovative approaches to monitor
radiation cancer radiotherapy outcome so as to reduce the overall radiation dose and minimize damage to the
surrounding healthy cells, both aspects being of great importance in the field of radiation therapy. © 2015 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.3.035003]
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1 Introduction
Radiotherapy is one of the most common methods for the treat-
ment of cancer. It is able to destroy the cancer cells using
ionizing radiation (photons, electrons, protons, and heavier
particles, such as carbon ions). Its use requires a continuous
investigation about the interactions of radiation with cells and
tissues to shed light on outstanding radiobiological issues,
such as the variation in patient radiosensitivity, the inability
to monitor patient’s radioresponse during the course of an
extended treatment, and the failure of current models to predict
cell survival or tumor control at single high doses. In recent
years, optical methods have gained attention in medicine and
biology because of their potentialities. Among these methods,
Raman spectroscopy1 has shown to be a very promising tool
for specific molecular fingerprinting in medical and biological
applications. Its success has been strongly boosted by the pos-
sibility to couple Raman spectrometers with microscopes2 and
to use nano-objects for enhancing the signal or targeting parts of
complex systems.3,4 In particular, micro-Raman spectroscopy is
a promising technique in the field of radiobiology and radiation
oncology for its ability to assess the cellular damage at the
molecular level.5–9 Raman spectroscopy technique may be
used to monitor the minimum doses required to lethally damage
tumor cells, reducing the risk of excess dose being delivered to
healthy surrounding cells. The recent development of specific

data analysis methods enabling the extraction of information
embedded in the Raman spectra of complex samples, such as
human tissues, fluids, and humors,10,11 has contributed to
enhance the potentials of Raman spectroscopy. Among the
others, the principal component analysis (PCA) method has
proven to be particularly suitable for analyzing Raman spectra
from cells and tissues. The PCA method performs a mathemati-
cal decomposition of the spectral data, which reduces the data
dimensions to a smaller number of scores and principal compo-
nents (PCs) or loadings that effectively carry most of the impor-
tant information of the spectra.12 Classification of spectral data
can be easily done by choosing different combinations of PCs to
build a new coordinate system. PCA is widely used in Raman
spectroscopy studies for pathological classification, such as to
discriminate between Barrett’s and normal epithelium,13 to dif-
ferentiate adenomatous from hyperplastic polyps of the colon,14

and to classify T and B lymphocytes of normal and leukemic
patients.15 In a cell death study, Yao et al. have demonstrated
the ability of the PCA method used for Raman spectra analysis
to distinguish between live and apoptotic human gastric
cancer cells.16 Ong et al. have used the PCA method for dis-
criminating apoptosis and necrosis in K562 leukemia cells.17

Recently, the PCA analysis has been performed on selected
wavenumber ranges of Raman spectra in order to get informa-
tion embedded in those specific ranges. This method, which is
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gaining popularity for biomedical applications of Raman spec-
troscopy, is known as the interval-PCA (iPCA) method.18,19

In the present paper, biochemical and structural changes in
the cell biological molecules due to exposition of cells to graded
doses of x-ray have been investigated by confocal micro-Raman
spectroscopy. In particular, Raman investigation on single nor-
mal mammary epithelial M-10 cells fixed6,20,21 immediately
after irradiation (t0-cells) and fixed 24 h after irradiation
(t24h-cells) has been carried out in order to study both the
effects of the irradiation and the efficacy of the recovery process
of the cells. The analysis of Raman spectra by simple regression
analysis and by the PCA method on the whole spectra and on
selected ranges of the spectra (iPCA) has allowed us to outline
the subtle variations in the Raman fingerprints of proteins, lip-
ids, and nucleic acids due to x-ray radiation expositions.
Particular attention has been paid to the comparison of results
from t0-cells and t24h-cells, also with the aid of the dose
dependence of PCA and iPCA components.

Interestingly, the employed experimental conditions (laser
wavelength and power), together with a data collection geom-
etry are compatible with an in vivo study, which would further
contribute to clarify interaction processes between cells and
ionizing radiation.

2 Materials and Methods

2.1 Samples Preparation and Treatments

Human mammary epithelial cells from H184B5F5-1 M/10
line22 were grown on polylysine-coated glass coverslips (22 ×
22 × 0.17 mm3) in α-MEM medium at 37°C, 5% CO2.
Polylysine improves the adhesion of cells on the glass cover-
slips. The concentration of cells was ∼2 × 105 cells∕cm2

such that the cells were not confluent but intercellular spaces
were left for measuring the background signal (see Fig. 1).
A STABILIPLAN machine (Siemens, Munich, Germany) was
used for x-ray irradiation. X-rays (250 kVp) were produced by
a Thomson tube (TR 300F) and filtered by 1-mm-thick Cu foil.
Cellular samples derived from one single batch, in order to avoid
interbatch variation, were exposed to various doses of x-rays at
a dose rate of 0.95 Gy∕min. In particular, cells exposed to

2.5 Gy (exposure time: 2 min 40 s), 5 Gy (exposure time:
5 min 20 s), 7.5 Gy (exposure time: 8 min), and 10 Gy (exposure
time: 10 min 30 s) were investigated together with nonexposed
cells (0 Gy). These dose values are in the range of ionizing
radiation doses involved in the treatment of breast cancer.23

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.
In addition, these doses are those typically used to construct a
clonogenic dose-response curve.24 After the exposure, a set of
cells was immediately fixed in paraformaldehyde 3.7%. Another
set (maintained in α-MEM medium at 37°C, 5% CO2) was
allowed to recover for 24 h after the end of the exposure process
and was then fixed in paraformaldehyde 3.7%. The fixation pro-
cedure is important to store the cells before, during, and after the
measurement and to significantly reduce the damage induced by
the laser photo-linked to the photochemical processes of oxida-
tion. Since 2004, several investigations have been performed to
study the fixation effects on the Raman spectra of cells,20,21 all
agreeing on the importance of choosing the appropriate fixative
to avoid artifacts in the spectra. In particular, Meade et al. have
recently shown that a fixation procedure with a low concentra-
tion of paraformaldehyde (3.7%) provides the best results.21

Accordingly, all the measurements were performed on cells
fixed by using this concentration of paraformaldehyde and then
kept in phosphate buffered saline (PBS) until Raman measure-
ments were performed.

2.2 Micro-Raman Spectroscopy

Raman spectra were recorded at room temperature by means of
a micro-Raman spectrometer (LabRam, Jobin-Yvon Horiba), by
using a He-Ne laser operating at λ ¼ 632.8 nm. The laser beam
was focused on samples by an Olympus optical microscope with
a 100× oil immersion objective (with numerical aperture,
NA ¼ 1.4). The light spot had a diameter of ∼4 μm, consistent
with the calculated value of Airy disc diameter, and small
enough to allow the investigation of a single cell.25 A laser
power of 2 mWwas measured at the sample. The glass coverslip
with the cells was placed on a microscopy slide provided with a
well filled with PBS solution. The laser beam crossing the glass
coverslip probed the fixed single cells (see Fig. 2). The used
glass is almost transparent to the visible region of light, and
the λ ¼ 632.8 nm excitation light could reach the sample
with a minimum intensity loss. In order to limit the contribution
of the glass substrate to the Raman signal, the excitation laser
beam was carefully focused inside the sample. The residual sig-
nal from the glass was almost smooth in the region of interest
and was removed by a suitable numerical data treatment
described below in Sec. 2.3.

Fig. 1 Optical picture (10×magnification) of living M10 cells adherent
to the glass coverslip.

Fig. 2 Schematic representation of the setup used for the acquisition
of Raman signal from M10 fixed cells adherent to the glass coverslip.
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It is worth noting that the laser power level and the collection
data geometry adopted here are also suited to be applied for
studying in vivo cell samples without any further manipulation.
The acquisition time was fixed at 30 s for each spectrum acquis-
ition and the signal was averaged after four acquisitions. The
background signal (from the glass coverslip and PBS solution)
was recorded for each coverslip from a region where no cells
were present. Scattered light was collected in backscattering
geometry and a notch filter was used to suppress the elastic com-
ponent of the scattered radiation. The collected light beam was
dispersed into a spectrometer equipped with a 600 grooves∕mm

grating. The spectral resolution was ∼5.5 cm−1 in the investi-
gated spectral range (500 to 3250 cm−1). A cooled charge
coupled device (CCD) system detected the Raman spectrum,
and a separate CCD camera collected white light microscope
images of the cells being probed. For each coverslip sample,
different points were randomly selected and investigated, for
a total of ∼20 spectra for each dose. For the set of cells
fixed immediately after irradiation (t0-cells), a total of 108 spec-
tra was recorded and analyzed. For the set of cells fixed 24 h
after irradiation (t24h-cells), 98 spectra were recorded and
analyzed.

2.3 Data Analysis

2.3.1 Preliminary analysis

The whole data set was preliminarily processed to remove the
fluorescence background and excess noise by a numerical
procedure based on wavelet algorithms.26,27 Basically, the
Raman signal was represented in terms of the sum of elemen-
tary functions (wavelets) at different frequency scales in a
hierarchical representation known as discrete wavelet trans-
form (DWT). Starting from the decomposed parts, the signal
can be reconstructed by an inverted process (IDWT). If the
last approximation component is not included in the IDWT
process, the smoother part of the signal is removed. In the
case of a Raman spectrum, this smooth signal component
is mainly caused by light diffusion and fluorescent processes.
Similarly, by removing the fast frequency components, it is
possible to eliminate noncorrelated noise signals. In our
case, bi-orthogonal wavelets based on the B-spline function
were employed for an eight-level decomposition of the signal.
The signal was recalculated from detail components up to the
sixth level. In order to discriminate the Raman signal of cells
from the background signal due both to PBS and, minimally,
to the glass substrate, spectra from cells in PBS solution were
compared to spectra from bare PBS by using a linear regres-
sion procedure. Finally, the PBS+glass signal was subtracted
from the cell+PBS+glass spectra and scaled by the slope coef-
ficient determined by the linear regression. The cell complex
spectra obtained by the above-described procedure were ana-
lyzed in terms of convoluted Lorentzian shaped vibrational
modes. A best-fit procedure was used in order to determine
optimized intensity, position, and line-width of Lorentzian
peaks, starting from an initial manually set configuration.
The fitting performance was evaluated by means of the χ2

parameter. All spectral processing steps were performed with
MATLAB® (Version 7.6, MathWorks, Natick, Massachusetts)
software package by employing purposely written programs
using MATLAB® Wavelet Toolbox.

2.3.2 Linear regression analysis

After the wavelet procedure, we adopted a univariate analy-
sis27,28 to emphasize the similarities between spectra obtained
from cells in the same experimental conditions and to highlight
the differences between spectra relative to cells exposed to dif-
ferent doses of irradiation. In particular, for each wavenumber
point, the intensity of the spectrum (yi variable) was compared
to the corresponding value of another spectrum variable (xi var-
iable) referring to a different sample, by performing a linear
regression or univariate analysis of data. The basic assumption
is that the spectrum Y (containing the n data yi) is a linear func-
tion of another spectrum X (containing the n data xi), that is
yi ¼ ðmxi þ pþ εiÞ. If no structural change occurs in the sam-
ple, the perturbation terms εi depend only on the experimental
conditions and follow a Gaussian distribution, with mean 0.
Regression analysis allows us to determine the parameters m
and p. To evaluate the similarity between data sets, we calcu-
lated the sample coefficient of determination R2, defined as

R2 ¼ 1 −
P ½yi − ðmxi þ pÞ�2

P ½yi − ȳ�2 ;

where ȳ is the average value of vector Y. R2 ranges from 0 for
uncorrelated data to 1 for perfect linear dependence. The linear
regression was evaluated on a number of points ranging between
500 and 700, implying a high level of significance of the
procedure.28

2.3.3 Principal component analysis and interval-PCA

After these preliminary steps, the fully processed data set was
then analyzed by PCA and iPCA algorithms16,17,29,30 in order to
reduce the dimension of the data while accounting for most of
the variance in the original data. PCA-based analysis was per-
formed by analyzing the covariance matrix after subtracting the
mean of the variables. The number of components to be consid-
ered was defined as the number of components required to
explain at least 80% of the total variance. All procedures of
multivariate analysis were performed on the complete data
set. PCA analysis was performed first on the full spectral win-
dow (500 to 3250 cm−1); then the spectral window was divided
into 20 intervals and the PCA was performed on each interval
(i-PCA). The intervals were properly chosen to separately give
access to features assigned to DNA/RNA, lipids, and proteins. In
particular, the i-PCA results of four intervals were considered
for the analysis: the 2910 to 3030 cm−1 interval, mainly includ-
ing lipids-related features, the 1590 to 1700 cm−1 interval,
where features due to amide I can be observed, the 930 to
1090 cm−1 spectral range, mainly including DNA/RNA-related
features, and the 1250 to 1400 cm−1 interval, where the finger-
prints of protein, lipids, and DNA/RNA are all observed. Due to
the complexity of human cell samples, it is necessary to take into
account that in some spectral regions, contributions from pro-
teins, lipids, and nucleic acids can overlap due to the experimen-
tal spectral resolution.31,32

Comparison among means of PCA scores obtained for spec-
tra grouped by radiation dose was performed by one-way analy-
sis of variance, with a significance level of 5%. In the case in
which the test casts doubt on the null hypothesis (probability
<5%), the Tukey-Kramer test with a significance level of 5%
was carried out to make a pairwise comparison in order to
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extract which groups have means significantly different from
the others.

All spectral processing steps were performed with
MATLAB® (version 7.6) software package by employing prop-
erly written programs using MATLAB® Statistical Toolboxes
and i-PCA toolboxes.29

3 Results and Discussion

3.1 Features of Raman spectra from control cells

The Raman spectrum obtained by averaging all the spectra from
control cells (0-Gy cells) is shown in Fig. 3 together with the
results of the deconvolution procedure of the whole spectrum.
The iterative fitting algorithm converged for a reduced χ2 ¼ 1.0
value to a convolution of Lorentzian peaks whose positions are
labeled. A great number of peaks are observed, as expected,
since the Raman spectrum of a cell is known to contain contri-
butions from proteins, lipids, and nucleic acids. In particular,
spectral features due to proteins arise from ring vibrational
modes of aromatic amino acids, amide groups of secondary
protein structures, and stretching or deformation of carbon
atoms bonded with nitrogen, hydrogen, or other carbon atoms.
Nucleic acid features include contributions from vibrational
modes due to RNA and DNA bases, as well as from the
sugar-phosphate backbone of DNA. A number of different
stretching and deformation modes of lipid functional groups
are responsible for features that are also detectable throughout
the spectral window. However, it is well known1,16,30 that the
region from 1800 to 2700 cm−1 does not give any useful infor-
mation on cells and thus will be neglected in any further analy-
sis. Details about the tentative assignment of peaks, which are in
agreement with Refs. 7, 16, 17, 31, and 32, are reported in
Table 1, also considering the well-known overlap of some
features. In particular, the deconvolution procedure indicates
contributions located at 639 cm−1 (phenylanine), 722 cm−1

(adenine), 762 cm−1 (tryptophan), 840 cm−1 (tyrosine and
backbone O-P-O), 977 cm−1 (phenylalanine), 1030 cm−1 (C-H
bending phenylalanine), 1076 cm−1 (C-N stretching of proteins,
C-C stretching of lipids, and O═P═O stretching of DNA/RNA),

1125 cm−1 (C-N and C-C stretching of proteins and lipids,
respectively), 1234 cm−1 (various configurations of amide
III), 1304 cm−1 (amide III, adenine, and CH2 twisting of lipids),
1348 cm−1 (adenine, guanine, C-H deformations of proteins,
and CH2 twisting of lipids), 1452 cm−1 (CH2∕CH3 bending
of proteins and CH2 scissoring of lipids), 1564 cm−1 (adenine
and guanine), 1662 cm−1 (various configurations of amide I),
1742 cm−1 (C═O contribution stretching of lipids), 2933 cm−1

(related to CH3 symmetric stretching of proteins and lipids), and
at 3049 cm−1 (C-H stretching of proteins and lipids).

The spectra obtained by averaging all the wavelet-treated
spectra acquired from t0-cells exposed at an identical dose of
x-ray radiation feature similar characteristics for each of the
five investigated doses. They show features similar to those
discussed above for unirradiated control cells, and only subtle
differences occur among spectra from cells irradiated with dif-
ferent doses. This also occurs for spectra recorded from t24h-
cells. For this reason, univariate approach can assist in further
analysis of our results.

3.2 Univariate Analysis Results

When spectral modifications are relatively weak and they are not
characterized by the appearance of new peaks, a global analysis
of the spectrum can provide some advantages in the evaluation
of spectral changes.28,33 The R2 parameter has been calculated
for evaluating the correlation between spectra from cell samples
that underwent the same treatment (cells fixed at the same time
after irradiation and exposed to the same x-ray dose). Its value
ranges between 0.99 and 0.97, thus suggesting a high overall
correlation. Conversely, the R2 values obtained from the com-
parison of spectra from samples that have undergone different
treatments (different time of fixation, different x-ray dose) are
significantly lower, ranging from 0.75 to 0.80. These values sug-
gest a low overall correlation as a result of subtle differences
between the considered spectra.

3.3 Multivariate Analysis of Raman Spectra from
Cells Fixed Immediately After Irradiation
(t0-Cells)

PCA and i-PCA analysis on the complete data set of spectra
recorded from t0-cells (108 spectra) have been performed to
acquire information on the differences among control and irra-
diated cells. In particular, the first step of the analysis has been
carried out for the whole spectral window (500 to 3250 cm−1) in
order to describe the variability of the data set. For all cases, a
number of components enabling us to describe at least 80% of
the total variance have been considered.

The first PCA (PC1) component (eigenvector) obtained on
the complete data set of full spectra [shown in Fig. 4(a)]
describes the most significant source of spectral variability,
which in this case is 42% of the total variance in the data set.
Many of the positive and negative features observed in the PC1
eigenvector can be assigned by comparison with the described
spectrum of the cell before irradiation (Fig. 3) and by using
Table 1. The features that are observed for the first time in
Fig. 4 can be assigned using Table 1. They are reported in
Table 2. In particular [see Fig. 4(a)], the positive features located
at 669, 731, and 1374 cm−1 can be assigned to DNA/RNA bases
(adenine, guanine, and thymine), the ones at 762 and 1040 cm−1

exclusively to proteins, and that at 1140 cm−1 to proteins and
lipids. Regarding the negative features of PC1, two observed

Fig. 3 Deconvolution analysis of the averaged Raman spectrum of
control cells. The average Raman signal is fitted to the sum of con-
voluted Lorentzian bands, each one shown with a thin line. The spec-
tral position of each Lorentzian band is also reported. The attributions
of the Raman peaks are reported in Table 1.
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peaks are exclusively due to proteins (at 1442 and 1659 cm−1),
one due to lipids (at 3013 cm−1), and two (at 2889 and
2932 cm−1) due to proteins and lipids.

Any spectrum with a higher (i.e., more positive) PCA score
for a given PCA component will have a proportionately higher
amount of the positive features and lower amount of the negative
features from that component. Therefore, the PCA scores
can identify changes in the relative biomolecule composition
between samples, where the molecular groups responsible for
the spectral changes are identified by the features of the corre-
sponding component. For PC1, positive scores are correlated
with increased contribution to the variability from nucleic
acid, while negative scores are correlated with increased contri-
bution from lipids and proteins. The PCA scores for the 108
spectra, grouped by the irradiated dose, are shown in Fig. 4(b).
The statistical analysis of the scores shows that PC1 is not able
to discriminate between irradiated and control cells. This sug-
gests that the variability expressed by the first PCA component
is mainly due to intrinsic variability within and among cells and
spectra. This result is in agreement with findings reported in pre-
vious studies about applications of PCA on Raman spectra from
single cells.7–9

The eigenvector of PC2 is shown in Fig. 4(c). It describes the
second most significant source of spectral variability in the data
set, which is 35% of total variance and should not include the
existing inherent variability between spectra that we suppose to
be described by the first component. Many of the positive and
negative features in the components have been previously dis-
cussed. In Table 2, all the resolved spectral features of PC2 com-
ponent are reported with their assignments according to Table 1.
The positive features are due to DNA/RNA, lipids, and proteins,
while negative features do not include contributions coming
from DNA/RNA. In particular, the features located in the
1610 to 1680 cm−1 range (three sharp peaks at 1618, 1652,
and 1678 cm−1) can be read as an amide I–related negative fea-
ture. Interestingly, some features appear both in PC1 and PC2.
Since the inherent variability within and among cells is sup-
posed to be described by PC1, we suppose that a specific vari-
ability, probably due to irradiation, is described by PC2. This
hypothesis is confirmed by the plot of PC2 scores shown in
Fig. 4(d) for all the 108 spectra. The score values have a
lower variability within each group of spectra (data are grouped
according to the radiation dose) with respect to the variability
observed for PC1 scores. Control cell spectra have negative
score values (∼ − 500), suggesting a high contribution from
negative features (coming from proteins and lipids with a sig-
nificant contribution from proteins amide I–related features)
before irradiation. The PC2 scores increase abruptly to a high
positive value (∼1000) for 2.5-Gy irradiated cells and decrease
with increasing dose: they are ∼500 for a 5-Gy dose and become
negative for higher doses (−500 and −700 for 10- and 7.5-Gy
doses, respectively). Statistical analysis of the PC2 scores shows
a clear separation among all the groups. This indicates that the
changes in Raman spectra described by PC2 are correlated with
the dose, thus suggesting that the radiation-induced spectral
variability explains a high percentage of the total variance. In
fact, the percentage of the total variance explained by PC2 is
only slightly lower than the inherent spectral variability
explained by PC1 (35% for radiation versus 42% for inherent
variability). Since the first two components account for 77%
of the total variance, the third component has to be considered
in order to explain at least 80% of the total variance (the first

Table 1 Main peaks observed in Raman spectra of fixed cells and
corresponding assignments according to Refs. 7, 16, 17, 31, and 32.
In some cases, a wavenumber range is given for the various contri-
butions in order to take into account results from principal component
analysis (PCA) and interval-PCA (i-PCA) analysis. Abbreviations: p,
proteins; d, DNA/RNA; l, lipids.

Peak position (cm−1) Assignment

639 phenylalanine (p)

669 guanine, thymine (d)

719 to 728 choline (l); adenine (d)

762 tryptophan (p)

825 to 840 tyrosine (p); backbone O-P-O (d)

852 tyrosine (p)

977 and 1003 phenylalanine (p)

1030 to 1040 C-H bending phenylalanine (p)

1052 C-N stretching (p); C-C stretching (l);
C-O stretching (d)

1070 to 1090 C-N stretching (p); C-C stretching (l);
O═P═O stretching (d)

1103 PO2
− (d)

1125 C-N stretching (p); C-C stretching (l)

1171 phenylalanine, tyrosine (p)

1202 phenylalanine, tryptophan, tyrosine (p)

1230 to 1248 amide III α-helix, β-sheet, random (p)

1264 amide III α-helix (p); CH2 deformation (l)

1304 amide III (p); adenine (d); CH2 twist (l)

1326 guanine (d); CH deformations (p)

1336 to 1345 adenine, guanine (d); C-H deformations (p);
CH2 twist (l)

1360 to 1369 adenine, guanine, thymine (d)

1400 CO2
− (d)

1452 CH2∕CH3 bending (p); CH2 scissoring (l);
CH deform. (p,l)

1564 adenine, guanine (d)

1618 amide I, tyrosine, phenylalanine (p)

1650 random coil of amide I (p); C═C stretching (l)

1658 to 1665 amide I α-helix, β-sheet, random (p)

1678 amide I β-sheet (p)

1742 C═O (l)

2854, 2860 to 2896,
and 2933

CH2 symmetric stretching (p, l)

3003 to 3018 CH stretching (l)

3049 CH3 (l)
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Fig. 4 Results of the principal component analysis (PCA) for the full spectral window for spectra from
cells fixed immediately after x-ray exposure (t0-cells); 87% of the total variance is explained by using the
first three PCA components: (a) first PCA component (42% of total variance) with labels of assigned
features (see text and Table 1), (b) PCA scores for the first PCA component (spectrum number versus
PC1 scores); different markers categorize all 108 spectra by irradiation dose, (c) second PCA component
(35% of total variance) with labels of assigned features, (d) spectrum number versus PC2 scores, (e) third
PCA component (10% of total variance) with labels of assigned features, (f) spectrum number versus
PC3 scores.
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three components explain 87% of the total variance). In fact,
the PC3 component [shown in Fig. 4(e)] describes 10% of the
total variance. Besides the discussed features due to an over-
lapping of contributions from proteins and lipids (negative fea-
tures at 2848 and 2930 cm−1 and at 1647 cm−1), and DNA/
RNA (positive feature at 1372 cm−1), there are some negative
features not yet discussed. They can be assigned with the aid of
Table 1 exclusively to protein tyrosine (852 cm−1), and to pro-
teins and DNA/RNA (feature at 823 cm−1). The third PC
scores [Fig. 4(f)] display a variation within a single group
higher than that observed for PC2 scores. Statistical analysis
shows that they enable us to distinguish all the spectra from

5- and 7.5-Gy irradiated cells and those recorded for control
and 10-Gy irradiated cells. This suggests that the variation
explained by this component partly arises from variations
induced by irradiation. All the results of this analysis are
reported in Table 2 for further comparison. Overall, PC2
and PC3 components show a dependence on the dose confirm-
ing the preliminary results obtained from the linear regression
analysis, which indicated a difference between spectra from
samples in different conditions. PCA analysis suggested that
the changes are due to different x-ray doses. In fact, the
PC1 component that is related to cellular variability7 does not
show any dose dependence.

Table 2 Summary of PCA and iPCA results from t ¼ 0 fixed cells. The spectral positions of all the features outlined by multivariate analysis are
listed; negative features are marked using bold characters. In “Dose dep.” line, the dependence of PCA and i-PCA scores on x-ray dose is reported.
Abbreviations: prt, partial; exp var., explained variability.

t ¼ 0 fixed cells
PCA full spectrum
500 to 3250 cm−1

iPCA range
2910 to

3030 cm−1

iPCA range
1590 to

1700 cm−1

iPCA range
1250 to

1400 cm−1
iPCA range 930
to 1090 cm−1

Component PC1 PC2 PC3 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

Exp. var. (%) 42 35 10 68 30 79 11 69 19 73 12

DNA/RNA features 669 1300 1299 1003

731 669 823 1337 1349 1053 1078

1068 1050 1372 1397 1373 1078

1374

Protein features 762 762 722 2931 2935 1620 1609 1264 1264 1000 1003

983 1050 764 1656 1629 1300 1299 1053 1041

1040 1264 852 1678 1644 1337 1349 1078 1078

1068 1445 1647 1678

1140 1618 2848

1442 1652 2930

1618 1678

1659 2852

2889 2883

2932

Lipid features 1068 1050 722 2931 2935 1656 1264 1264 1053 1041

1140 1264 1647 3010 3003 1300 1299 1078 1078

1442 1445 2848 1337 1349

2889 1652 2930

2928 2852

3013 2883

3003

Dose dep. No Yes Yes No Yes Yes Prt Prt Prt Prt No
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In order to get information on the dependence of specific fea-
tures on the radiation dose, the i-PCA analysis has been carried
out on selected spectral ranges. In particular, four ranges have
been considered for the i-PCA analysis: 2910 to 3030 cm−1,
mainly including lipids-related features, 1590 to 1700 cm−1,
including amide I–related features, 930 to 1090 cm−1, which
is related to DNA/RNA features, and the 1250 to 1400 cm−1

range, where the fingerprints of protein, lipids, and DNA/
RNA are all observed. For each considered range, two i-PCA
components are required to describe at least 80% of the total
variance. The results are summarized in Table 2. The 1590 to
1700 cm−1 interval is selected as the representative interval,
and the corresponding results are shown and discussed in
more detail. For this spectral range, the first two components
are shown in Fig. 5(a), and the corresponding scores are
shown in Fig. 5(b) as a score plot (i.e., PC2 scores versus
PC1 scores). In particular, it can be observed that the PC1 com-
ponent, accounting for 79% of the variability, displays three
negative features, located at 1620, 1656, and 1678 cm−1,

assigned to proteins and lipids. The corresponding PC1 scores
depend on the dose and the differences between groups are sta-
tistically significant. In particular, an increase of the score is
observed from the negative scores for the unirradiated cells
spectra to positive values for doses of 2.5 and 5.0 Gy. PC1 scores
become negative for spectra from 7.5- and 10-Gy irradiated
cells. PC2 components explain 11% of the variance with pos-
itive and negative features reported in Table 2. The correspond-
ing PC2 scores partially depend on the dose, as confirmed by
statistical analysis.

Details about i-PCA results for the 2910 to 3030 cm−1 inter-
val are reported in Table 2. Briefly, PC1 accounts for 68% and
PC2 for 30%. PC1 scores show no dependence on the dose, and
the differences among groups are not statistically significant.
PC2 scores show a dependence on the dose: a decrease of
the scores is observed from the positive mean of unirradiated
cells spectra to negative values for doses of 2.5 and 5.0 Gy.
A highly positive mean value is observed for 7.5-Gy irradiated
cells and a value consistent (within the standard deviation) with
that of the unirradiated cell spectra is observed. Statistical analy-
sis shows that PC2 is able to discriminate all the groups with the
exception of spectra from 0 and 10 Gy. The described depend-
ence of PC1 and PC2 scores on the dose suggests that the inher-
ent variability in the Raman fingerprints of the CH3 symmetric
stretching in proteins and lipids and of CH stretching in lipids is
described by the first component, while the variability induced
by irradiation is explained by the second component.

Regarding the 1250 to 1400 cm−1 interval, the first compo-
nent accounts for 69% of the total variance and the second com-
ponent for 19%, as reported in Table 2. PC1 displays four
negative features (see Table 2). The corresponding PC1 scores
depend on the dose and the differences between groups are
statistically significant for all the couples except when the
spectra from unirradiated cells are compared to those from
10-Gy irradiated cells. The scores display a positive mean value
at 0-Gy doses. The mean becomes negative for spectra from
2.5- and 5-Gy irradiated cells and positive for higher doses.
PC2 displays two positive features and a negative one. The
corresponding scores allow discriminating between only
some groups, as obtained by statistical analysis.

As for the i-PCA analysis performed on the 930 to
1090 cm−1 spectral window, PC1 (accounting for 73% of the
total variance) shows a negative feature at 1003 cm−1 (due to
stretching mode of phenylalanine) and a positive feature at
1050 cm−1, resulting from the superposition of contributions
from proteins (C-N stretching), lipids (C-C stretching), and
DNA/RNA (C-O stretching). PC2 displays a positive feature
at 1044 cm−1, which has been assigned to the C-H bending
of proteins phenylalanine. Statistical analysis shows that neither
the scores of PC1 nor those of PC2 enable us to discriminate
between the groups of spectra. However, PC1 scores enable
to differentiate spectra from irradiated and unirradiated cells
(whatever the dose is) and to separate spectra from cells irradi-
ated with intermediate values of dose (2.5 and 5 Gy) from those
from cells irradiated with high doses (7.5 and 10 Gy). Also, in
this case, the last line of Table 2 regarding dose dependence can
give further information.

Summarizing the results of the i-PCA analysis, we can say
that for cells fixed immediately after the irradiation for the 2910
to 2930 cm−1 interval, typical of lipid contribution, some dose
dependence is outlined for the PC2 component. These results are
in agreement with the changes observed on membrane samples

Fig. 5 Results of the interval-PCA (iPCA) analysis performed in the
1590 to 1700 cm−1 interval for Raman spectra of cells fixed at t ¼ 0.
By using the first two components, 90% of the total variance is
explained: (a) first two PCA components with labels of assigned fea-
tures (see text and Table 1) and (b) PC2 scores versus PC1 scores.

Journal of Biomedical Optics 035003-8 March 2015 • Vol. 20(3)

Delfino et al.: Visible micro-Raman spectroscopy of single human mammary. . .



from irradiated Chinese hamster V79 cells.32 Also, the dose
dependence shown by PC1 and PC2 components in the
amide I region (1590 to 1700 cm−1) is compatible with the
changes reported in the literature.6,7,34 This can be ascribed to
protein biochemical changes causing protein unfolding with
the consequent loss of functional properties.

3.4 Multivariate Analysis of Raman Spectra from
Cells Fixed 24 h After Irradiation (t24h-cells)

To get information on the changes that occur in spectra detected
for t24h-cells, PCA and i-PCA analysis have been performed on
the complete data set from a cell, which is constituted by 98

Table 3 Summary of PCA and iPCA results from t ¼ 24 h fixed cells. The spectral positions of all the features outlined by multivariate analysis are
listed; negative features are marked by bold characters. In “Dose dep.” line, the dependence of PCA and i-PCA scores on x-ray dose is reported.
Abbreviations: prt, partial; exp var., explained variability.

t ¼ 24 h fixed
cells

PCA full spectrum
500 to 3250 cm−1

iPCA range
2910 to

3030 cm−1

iPCA range
1590 to

1700 cm−1

iPCA range
1250 to

1400 cm−1
iPCA range 930
to 1090 cm−1

Component PC1 PC2 PC3 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC3

Exp. var. (%) 59 19 6 86 13 49 32 68 15 60 10 10

DNA/RNA features 666 719 666 719 1300 1300 1078 1047

712 823 719 1361 1373 1361

1078 1084 823

1300 1354 1078

1333 1563 1300

1378 1348

1560 1375

1559

Protein features 852 633 758 2931 2935 1621 1609 1300 1264 1003 1003 1006

983 823 823 1656 1644 1300 1041 1028 1028

1003 1003 1003 1679 1659 1078 1047 1047

1025 1040 1027 1679

1044 1084 1078

1078 1168 1118

1140 1266 1131

1262 1453 1168

1300 1618 1239

1333 1652 1263

1444 2856 1300

1621 2887 1348

1659 1453

1676 1621

2851 1656

2892 1679

2928 2930
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spectra. According to the procedure described in Sec. 2, as a first
step, the analysis has been carried out on the full spectral win-
dow (500 to 3250 cm−1) and then i-PCAwas performed. For all
the cases, a number of components enabling us to describe at
least 80% of the total variance have been considered. Results
are reported in Table 3.

Regarding the PCA analysis of the full spectra, three com-
ponents are required in order to describe 84% of the variance.
The first PCA component [shown in Fig. 6(a)] describes 59% of
the total variance in the data set. This component shows both
negative and positive features that have been assigned and dis-
cussed (see Table 1). In this section, assignments are briefly
reported between brackets (p for proteins, d for DNA/RNA,
l for lipids) since almost all have been already discussed. In
PC1 component, positive features are observed at 712 cm−1

(l,d), 852 cm−1 (p), 1003 cm−1 (p), 1300 cm−1 (p,l,d),
1444 cm−1 (p,l,d), 1560 cm−1 (d), 1659 cm−1 (p), 2851 cm−1

(p,l), 2892 cm−1 (p,l), 2928 cm−1 (p,l), and at 3058 cm−1 (l).
Negative features are observed at 1025 cm−1 (p), 1115 cm−1

(p,l), 1140 cm−1 (p,l), 1378 cm−1 (d), and at 1618 cm−1 (p).
According to the assignment, both positive and negative features
mainly arise from proteins and lipids. As previously remarked,
it cannot be determined whether the variability described by
these overlapping negative features is uniquely lipid or protein
in origin. By performing the statistical analysis, it comes out
that the PC1 score values [Fig. 6(b)] show neither a clear sep-
aration between spectra from the irradiated and control cells nor
a dependence on the dose. This can be read once again as a clue
that the variability expressed by the first PCA component is
mainly due to inherent variability within and among cells,
which is in agreement with what was observed for spectra
from t0-cells.

The second PCA component [Fig. 6(c)] accounts for 19% of
the total variance in the data set. It shows positive assigned fea-
tures located at 1040 cm−1 (p), 1168 cm−1 (p), 1266 cm−1 (p,l),
and at 1563 cm−1 (d), and negative assigned features located at
633 cm−1 (p), 719 cm−1 (l,d), 823 cm−1 (p,d), 1003 cm−1 (p),
1084 cm−1 (p,l,d), 1354 cm−1 (d), 1618 cm−1 (p), 1652 cm−1

(p,l), 2856 cm−1 (p,l), and at 2887 cm−1 (p,l). Also, in this
case, the majority of the observed features arise from proteins
and lipids. The PC2 scores [shown in Fig. 6(d)] are not able to
discriminate among all the groups, but are only able to discrimi-
nate among spectra from 2.5-Gy dose irradiated cells and those
from cells irradiated by higher doses, as inferred by the statis-
tical analysis.

The third PCA component [Fig. 6(e)] accounts for only 6%
of the total variance in the data set, but is required to describe at
least 80% of the total variance. The spectral positions of positive
and negative features are summarized in Table 3. Among
others, assigned positive features are observed at 666 cm−1 (d),
719 cm−1 (l,d), 758 cm−1 (p), 823 cm−1 (p,d), 1003 cm−1 (p),
1027 cm−1 (p), 1131 cm−1 (p,l), 1300 cm−1 (p,d,l), 1348 cm−1

(p,d,l), 1453 cm−1 (probably due to p,l), 1559 cm−1 (d),
1621 cm−1 (p), 1656 cm−1 (p), and at 2930 cm−1 (p,l), and neg-
ative features at 1078 cm−1 (p,l,d), 1118 cm−1 (p,l), 1375 cm−1

(d), 3003 cm−1 (l), and at 3058 cm−1 (d). Differences among
PC3 scores [Fig. 6(f)] are not statistically significant, and
they do not allow a clear separation between spectra, thus sug-
gesting that the variability expressed by this component is not
dependent on the dose. After 24 h of x-ray exposure, the dose
dependence of PCA components (see last line in Table 3) is
almost entirely lost. This is in agreement with published studies
suggesting that after x-ray exposure, some mechanisms are
activated to minimize damages.35

Table 3 (Continued).

t ¼ 24 h fixed
cells

PCA full spectrum
500 to 3250 cm−1

iPCA range
2910 to

3030 cm−1

iPCA range
1590 to

1700 cm−1

iPCA range
1250 to

1400 cm−1
iPCA range 930
to 1090 cm−1

Component PC1 PC2 PC3 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC3

Lipid features 712 719 719 2931 2935 1644 1300 1264 1078 1047

1078 1084 1078 3014 2997 1656 1300

1140 1266 1118

1262 1453 1131

1300 1652 1263

1333 2856 1300

1444 2887 1453

1747 2930

2851 3003

2892 3058

2928

3058

Dose dep. No Prt No No No Prt Prt No No No No No
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Fig. 6 Results of the PCA analysis for the full spectral window for cells fixed 24 h after x-ray expo-
sure (t24h-cells); 84% of the total variance is explained by using the first three PCA components:
(a) first PCA component (59% of total variance) with labels of assigned features (see text and
Table 1), (b) PCA scores for the first PCA component (spectrum number versus PC1 scores); differ-
ent markers categorize all 98 spectra by irradiation dose, (c) second PCA component (19% of total
variance) with labels of assigned features, (d) spectrum number versus PC2 scores, (e) third PCA
component (6% of total variance) with labels of assigned features, (f) spectrum number versus PC3
scores.
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The i-PCA analysis has also been employed for analyzing
spectra from t24h-cells, by considering the same intervals dis-
cussed for spectra from t0-cells. Also, in this case, the results
obtained for the 1590 to 1700 cm−1 interval are discussed
with slightly more detail. The first two components observed
in this interval are shown in Fig. 7(a), and the corresponding
scores are reported in Fig. 7(b) as PC2 scores versus PC1 scores.
The first component, accounting for 49% of variability, shows
three negative features at 1621, 1656, and 1679 cm−1, due to
protein components. As for the mean of the scores, statistical
analysis shows that PC1 is able to discriminate spectra from
0-Gy irradiated cells from spectra from cells irradiated with
2.5 and 5.0 Gy. On the contrary, PC1 scores seem not to be
able to distinguish among spectra from 0- and 10-Gy and
between 5- and 7.5-Gy irradiated cells. As for the second com-
ponent, it accounts for 32% of the total variance and shows two
positive features at 1609 cm−1 (arising due to contribution from
proteins) and 1644 cm−1 (due to superposition of contributions
from proteins and lipids), and a negative one at 1659 cm−1 (p).

The statistical analysis of the means shows that PC2 is able to
discriminate spectra from 0- or 2.5-Gy irradiated cells from
spectra of cells exposed to higher radiation doses (5.0, 7.5,
and 10 Gy).

As for the 2910 to 3030 cm−1 spectral window, only one
component is required to explain at least 80% of the total vari-
ance (PC1 accounts for 86%). This component features a neg-
ative peak at ∼2931 cm−1, which can be assigned to proteins
and lipids. The second component, which explains only 13%
of the total variance, displays a positive feature at 2935 cm−1

that, considering the spectral resolution of the experiment,
can be assigned to CH2 symmetric stretching in proteins and
lipids and a negative feature at 2987 cm−1 (l). Differences in
PC1 and PC2 scores are not statistically significant.

In the 1250 to 1400 cm−1 range, the first component
accounts for 68% of the total variability and shows two negative
features located at 1300 cm−1 (p,l,d) and 1361 cm−1 (d). The
second component, accounting for 15% of the total variance,
shows two positive features at 1264 cm−1 (p,l) and 1300 cm−1

(p,l,d), and a negative one at 1373 cm−1 (due to contributions
from DNA/RNA). Neither PC1 score values nor PC2 score val-
ues show statistically significant differences between groups.

The first component accounts for 60% of variance and the
second component for 10% in the 930 to 1060 cm−1 range.
Hence, the third component is required for accounting for
80% of the total variance (PC3 accounts exactly for 10%).
Despite this, the first two components are discussed here.
The PC1 component shows a negative feature at 1003 cm−1

and a positive one at 1041 cm−1, both related to proteins.
A negative nucleic acid–related feature (at 1361 cm−1) is also
observed. The second component shows two positive features
at 1003 and 1028 cm−1 (both related to proteins), and a negative
one at 1047 cm−1 (p,l,d). As for the mean of the scores, neither
PC1 values nor PC2 values show statistically significant
differences.

For cells fixed 24 h after the irradiation (see Table 3), it is
possible to note that for almost all i-PCA components, the pos-
sibility to discriminate among spectra related to cells exposed to
various levels of x-ray dose is quite lost. The only component
that still maintains significant differences related to the dose is
the PC1 component of the 1590 to 1700 cm−1 amide I region.

4 Conclusions
The herein presented analysis of Raman spectra from irradiated
human mammary epithelial cells confirmed that they show
significant differences compared to the spectra of control
cells. The measurements were performed by using experimental
conditions well suited to record spectra from intact cells.
Univariate and multivariate analysis have been used to identify
significant parameters for the study of changes induced by vari-
ous levels of irradiation dose. Moreover, the comparison
between analysis performed on cells fixed immediately after
the exposure and the ones fixed after 24 h has enabled us to
observe the effects of the recovery processes enacted by the
cells, thanks to the use of the PCA analysis method. Our inves-
tigation confirms a good sensitivity of the micro-Raman
technique to detect the chemical changes induced by x-ray
radiation on fixed cells. Hence, this technique could be of
use in the field of radiotherapy to monitor the minimal doses
sufficient to lethally damage the cancer cells, thus reducing
the risk of providing the patient with an excess of dose that
could lead to damage of surrounding healthy cells.

Fig. 7 Results of the iPCA analysis performed in the 1590 to
1700 cm−1 interval for Raman spectra of cells fixed at t ¼ 24 h. By
using the first two components, 81% of the total variance is explained:
(a) first two PCA components with labels of assigned features (see
text and Table 1) and (b) PC2 scores versus PC1 scores.
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