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Abstract: Fourier transform infrared microspectroscopy using a synchrotron radiation source (SR-
µFTIR) has great potential in the study of the ionizing radiation effects of human cells by analyzing
the biochemical changes occurring in cell components. SR-µFTIR spectroscopy has been usefully
employed in recent years in some seminal work devoted to shedding light on processes occurring in
cells treated by hadron therapy, that is, radiotherapy with charged heavy particles (mainly protons
and carbon ions), which is gaining popularity as a cancer treatment modality. These studies are
particularly useful for increasing the effectiveness of radiotherapy cancer treatments with charged
particles that can offer significant progress in the treatment of deep-seated and/or radioresistant
tumors. In this paper, we present a concise revision of these studies together with the basic principles
of µFTIR spectroscopy and a brief presentation of the main characteristics of infrared SR sources.
From the analysis of the literature regarding the SR-µFTIR spectroscopy investigation on human cells
exposed to proton beams, it is clearly shown that changes in DNA, protein, and lipid cell components
are evident. In addition, this review points out that the potential offered by SR-µFTIR in investigating
the effects induced by charged particle irradiation have not been completely explored. This is a
crucial point for the continued improvement of hadron therapy strategies.

Keywords: Fourier transform infrared microspectroscopy; infrared synchrotron radiation; human
cells; proton irradiation; hadron therapy

1. Introduction

Fourier transform infrared (FTIR) spectroscopy measures vibrational energy levels
related to chemical bonds. This technique allows one to acquire spectra that are considered
as a fingerprint of the investigated samples. In particular, FTIR spectroscopy measures the
light absorption by specific molecules using a broadband light source. FTIR spectrometers
equipped with microscope stages (µFTIR spectroscopy) have been used in an extremely
large number of fundamental and applied biomedical research fields due to the high
sensitivity of revealing detailed information on molecular composition, structure, and
interactions with non-destructive sampling and reduced analysis time in comparison to
other conventional methodologies [1–3].

The performances of µFTIR spectroscopy are substantially improved using syn-
chrotron infrared radiation sources. Since the 1980s, there has been a growing interest in the
use of these sources due to the fact of their high brilliance, which allows for the improve-
ment of the spatial resolution up to the diffraction limit. This enables the acquisition of
high-quality single cell spectra even in an aqueous environment [4–6]. These characteristics
have been largely exploited for investigating cellular systems in different experimental
conditions [7–12].
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µFTIR spectroscopy has also been demonstrated to be a useful tool in radiobiology,
since it can rapidly and non-invasively investigate the complex biological processes occur-
ring in cells exposed to ionizing radiation, such as proliferation and cell death processes,
and it has attracted a growing interest in the field of radiation-induced cyto- and genotoxic-
ity [13–19]. In addition, in this field, µFTIR spectroscopy has benefited from the use of SR
sources managing to study single cells in an aqueous environment [16,20–23].

Over the last years, hadron therapy that uses charged particles, as protons and carbon
ions, has acquired a noticeable importance in radiotherapy treatment due to the several
advantages that charged particles give in comparison to photons [24,25]. Charged particles
release most of their energy at the end of their range; thus, they offer a much better
localization of the dose distribution within the tumor volume in comparison to X-rays. In
this way, the transfer of very high-dose gradients close to organs at risk is allowed, and
the high-dose area is confined to the tumor volume. However, significant improvement in
hadron therapy outcomes is strictly related to the possibility of obtaining fast and accurate
information on cell response. For this purpose, some researchers recognized the potential
of SR sources and µFTIR spectroscopy for enlightening the complex processes occurring
after cell exposure to proton beams.

In this paper, we aimed at presenting a concise review of these studies together
with the basic principles of µFTIR spectroscopy and a brief presentation of the principal
characteristics of infrared radiation synchrotron sources.

2. FTIR Microspectroscopy

FTIR spectroscopy is based on the spectral analysis of the IR radiation absorbed by a
sample. The energy of radiation absorbed is equal to the energy to be provided for inducing
a transition between two vibrational states of a specific functional group present in the
sample. This means that the contributions from different biochemical bonds present in
a sample originate the IR absorption spectrum, which comprises several peaks or bands,
each referred to a particular mode of vibration characteristic of functional groups in the
sample [1,2]. FTIR is an advanced and powerful optical technique for obtaining absorption
spectra in the infrared region from various kinds of samples and thus getting qualitative
information on the structure of the analyzed substances. Quantitative data about the com-
pounds can be obtained, too, also thanks to the use of modern computational algorithms.

In FTIR spectroscopy, high-resolution spectra are collected simultaneously over a
wide spectral range. This confers a significant advantage over traditional IR absorption
spectroscopy, which enables the detection of spectral data over a narrow range of energies
at a time. On the contrary, using FTIR spectroscopy, all the frequencies are simultane-
ously analyzed and registered by the detector. FTIR spectroscopy offers other practical
advantages compared to traditional IR, such as a lower energy dispersion, high precision,
and accuracy, in the discrimination of wavelengths with the possibility to superimpose
the monochromatic radiation of a laser source as an internal standard and the possibility
to obtain spectra from a very wide range of samples at any temperature (the source is
sufficiently far from the sample and, therefore, there is no heating effect) and pressure with
appropriate devices and accessories.

The main component of an FTIR system is Michelson’s interferometer (Figure 1), which
replaces the monochromator usually employed in traditional IR spectrometers. Thanks to
the use of the interferometer, each wavelength of the light beam is periodically blocked
and transmitted due to the fact of wave interference. The interferometer consists of three
mirrors: A fixed mirror and a moving one forming an angle of 90◦ with the first mirror. The
third mirror (called a “beam splitter” mirror) is placed at an angle of 45◦ with respect to the
incident light. The beam coming from the source arrives on this splitter, which collimates
and divides it into two perpendicular rays of equal intensity (see Figure 1).
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for controlling deconvolution procedure performances [19]. This procedure can also be 
used for monitoring the changes in the peak position due to the interaction with ionizing 
radiation [19]. 

Figure 1. Scheme of a Fourier transform infrared spectrometer.

One of these two rays is reflected along a path directed to the fixed mirror, and the
other goes through the splitter and is then transmitted to the moving mirror. The first ray is
reflected by the fixed mirror and arrives again on the splitter. From the splitter, the light is
partially sent back to the source and partially transmitted and focused on the detector. The
third mirror moved forward parallel to itself along the other branch of the interferometer
path and reflects the other ray on the splitter from different distances. This ray is then
partially returned to the source and partly reflected towards the detector, where an intensity
given by the algebraic sum of the intensities of the two rays is detected and represented as
an interferogram. These data are treated by the instrument through the Fourier transform
algorithm to obtain the traditional absorption spectrum.

The sample to be investigated is placed between the two arms of the interferome-
ter. The FTIR spectroscopy apparatus can be equipped with a microscope to allow the
microscopic analysis of samples or parts of samples up to one micron in size.

In Figure 2 of Reference [26], typical SR-µFTIR spectra of cells exposed to proton beams
are reported. It was obtained for living prostate cancer PC-3 cells. The spectral features
are reported in dependence of the wavenumber (defined as the number of wavelengths
per unit distance) expressed in cm−1. This is the way the information about the energy is
usually given in IR absorption spectroscopy instead of using frequencies or wavelengths
(see Figure 2 in the present paper). In the spectra, different contributions from lipids,
proteins, and nucleic acids are clearly visible. For identifying these different contributions,
deconvolution procedures are usually performed. This analysis consists in writing the
complex spectra as a sum of Gaussian–Lorentzian-shaped vibrational modes. Detailed
information about the modes was obtained by a nonlinear fitting procedure which had
starting conditions (i.e., the starting values of the parameters of the single modes) that were
obtained by manual selection. The procedure allows for the determination of the optimized
intensity, position, and width of the peaks by using the χ2 parameter for controlling decon-
volution procedure performances [19]. This procedure can also be used for monitoring the
changes in the peak position due to the interaction with ionizing radiation [19].

In Figure 2, the results of this analysis performed on IR spectra from normal human
MCF-10A breast cells are shown, and in Table 1, the assignments for the different functional
groups are reported. The region at approximately 2950–2850 cm−1 is related to the lipid and
protein contributions, the absorption bands in the range at approximately 1750–1500 cm−1

and in the region 1490–1250 cm−1 are attributed to protein components, while the features
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in the 1230–1000 cm−1 range are ascribed to DNA/RNA contributions. From Table 1, it
can be noticed that the region at longer wavenumbers (i.e., 3000–3400 cm−1) can also offer
information on proteins [27].
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Figure 2. Deconvolution of a µFTIR spectrum acquired from normal human MCF-10A breast cells
in the different spectral regions. In the (A panel) the high wavenumber region (3600–2600 cm−1) is
shown, in the (B panel) the same is shown for the fingerprint region (1800–900 cm−1), in the (C panel)
the same is shown for the Amide I band region (1740–1580 cm−1), and in (D panel) the same is
shown for the Amide III band region (1350–1180 cm−1). Reprinted from Reference [19] under open
access conditions.

Table 1. FTIR peaks observed in the spectrum of MCF-10A breast cells, with assignments in agreement
with the data reported in the literature (see Reference [19] and references therein); as = asymmetric,
s = symmetric, ν = stretching, δ = bending, sc = scissoring, vbr = vibration, a. a. = free amino acids.
The indicated position of every peak is the center of the relative Gauss-cross-Lorentzian function
obtained from the deconvolution fit.

Peak (cm−1)
Assignment

DNA/RNA Protein Lipid Carbohydrate

3500–3300 O–H ν

3291 Amide A (–N–H ν)

3173 –NH3
+ as. N (a. a.)

3071 Amide B (–N–H ν, δ) O–H ν

2959 CH3 as. ν CH3 as. ν

2924 CH2 as. ν

2889 CH3 s. ν CH3 s. ν

2852 CH2 s. ν

1643 Amide I (C=O ν, C–N ν)

1534 Amide II (C–N ν, C–NH δ)

1448 CH3 as. δ, CH2 sc. CH3 as. δ, CH2 sc.

1394 COO− s. ν

1304 Amide III (–N–H δ, C–N ν)
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Table 1. Cont.

Peak (cm−1)
Assignment

DNA/RNA Protein Lipid Carbohydrate

1291 Amide III (–N–H δ, C–N ν)

1227 PO2
− as. ν C–O–P ν

1207 C–H ring δ

1171 Sugar-phosphate
backbone vbr.

1166 CO–O–C s. as. ν

1143 Ribose C–O ν

1124 C–O ν

1100 P–O–C s. ν

1086 PO2
− s. ν C–O–P ν

1058 C–O ν

965 PO4
− s. ν C–O ν, C=C ν (a. a.)

3. IR Synchrotron Radiation Sources and FTIR Spectroscopy Techniques

The first X-ray experiments with synchrotron radiation were performed in the 1960s,
while the first developments of the synchrotron radiation in the IR region were obtained in
the 1970s, and the first facility for the use of infrared synchrotron radiation (IR-SR) was
established at Daresbury at the beginning of the 1980s [2]. Later, many other beamlines
dedicated to infrared SR were established, and SR-µFTIR applications nowadays span
from solid-state physics, gas-phase studies, surface science, earth and planetary science,
archaeology to life sciences, biomedicine, biophysics, nano spectroscopy, and imaging [5,6].

Bending magnets are generally adopted for developing an IR-SR source that exploits
the emission from the dipole magnets that curve the electron beam into a closed trajectory.
Since SR in the infrared wavelength range is characterized by a large size and intrinsic
divergence of the beam, it is necessary to use suitably sized optics for transferring and
focusing the infrared beam from the large exit port of the storage ring to the entrance of
the associated spectrometer. The first optical component of an infrared beamline is a flat
mirror that is adopted for deviating the emitted photon out of the bending magnet region
to another flat or focusing mirror. The first mirror is named the extraction mirror, which
constitutes a very important element of the beamline. Particular care is required for its
positioning and shaping. In Reference [6], details on the optical setups used for infrared
beam propagation control are reported. The principal advantage in using an IR-SR for
spectroscopy is related to its very high brilliance. This physical parameter is defined as the
number of photons per unit of time(s) per 0.1% of bandwidth and the results of at least two
orders of magnitude greater than a thermal source. In Figure 3, the comparison between the
calculated IR-SR brilliance of a 3 GeV SR source and a Globar thermal source is reported.

The high brilliance is extremely useful for obtaining high-quality spectra from het-
erogeneous and complex samples. In addition, IR-SR is strongly polarized, pulsed, and
characterized by a broadband emission. It is important to note that some laser sources have
similar characteristics as far as concerns brightness, but the IR-SR source is the only one
with a broadband emission covering the entire infrared wavelength range (from far-IR (i.e.,
250–300 µm) to near-IR (i.e., 0.7–1 µm)) [28].

As said before, FTIR experiments require the use of a spectrometer system. Commercial
Fourier transform infrared microspectrometers can be used with IR-SR sources, and the
operation modalities are the same as for thermal sources. Array detectors, known as focal
plane arrays (FPAs), are generally used, since they offer the advantage of reducing the
acquisition time [29].
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Microspectrometer systems benefit from the high brilliance of the IR-SR sources that
allow for the reduction in the aperture slits of an IR microscope and for the collection
of data in the mid-IR region with a good signal-to-noise ratio from geometrical areas of
a few microns (at the diffraction limit [30]). Consequently, the main advantage of FTIR
microscopy when using an IR-SR source is the possibility to achieve the highest spatial
resolution at the sample location, i.e., at the micron scale. This allows for a true single-cell
analysis that is of paramount importance in many biomedical applications. The high
brilliance of IR-SR sources not only allows for the study of single cells but also permits to
have them in an aqueous environment, i.e., in living conditions [31]. In fact, the strong
absorption of water in the mid-infrared region has for a long time required the dehydration
of samples as a necessary step to acquire high-quality spectra, but the use of IR-SR sources
together with properly designed sample holders and efficient subtraction algorithms has
made it possible to adopt infrared spectroscopy for investigating samples in an aqueous
environment [11,20–23].

4. Rationale of Proton Beam Therapy

Although at the time of diagnosis, about 50% of cancers have not yet metastasized,
cancer remains a major cause of death nowadays [32,33]. In cases where it is possible
to intervene clinically, tumours can be treated with therapies as surgery, chemotherapy,
and radiotherapy, often used in combination; despite this, in only 80% of cases, medical
treatments are successful in completely removing the tumours or inactivating them [34].
Hadron therapy is an increasingly diffused radiation treatment modality that uses beams
of accelerated charged particles as a tool for tumours treatments [35]. Conventional radio-
therapy, which uses high-energy photons, is mainly useful for the treatment of superficial
tumours due to the release of energy in matter with an exponentially decreasing trend
with depth [36]. Furthermore, at equal doses, photons are radiobiologically less effective
than particle beams, especially those heavy as carbon ones. The greater ballistic accuracy
in the dose delivered to the tumour volume and the higher radiobiological effectiveness,
considering the carbon ions, are the main clinically relevant advantages of hadron therapy
in respect of the conventional radiotherapy. The first property is directly related to the type
of energy deposition along and around the path of ion beams in the matter, described by
the well-known Bragg curve. It results in a greater sparing of normal tissue and/or organs
at risk compared to photons. The second propriety, on the other hand, depends on the
different response of the tumour cells to ionizing radiations of different quality; in general
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term, in fact, the biological effectiveness, that is, the ability to suppress more cells at an
equal amount of dose, increases as the number Z of the particles used increase.

Indeed, significant progress in the treatment of deep-seated and/or radioresistant
tumours have been achieved using mainly protons and carbon ions particle therapy. The
possible use of beams with lower or higher atomic number (Z) particles, such as helium,
lithium or oxygen, [37], in the clinic, is currently a main subject of study.

When charged particles interact with matter, the continuum of the ionization events
produced by ions (the track structure) is related to the particles’ energy, and for a given
energy, to Z. It is important to evidence that even at equal/similar linear energy transfer
(LET) values (a parameter used to describe the local energy deposition from particles in
the matter), particles with different Z can cause qualitatively and quantitatively different
biological effects owing to secondary ionization events, consequently to their track structure.
For these reasons, it would be useful to evaluate the damage level along the whole path
of the charged particle beam in order to determine the relative biological effectiveness
(RBE) changes along the entire Bragg curve. Obviously, experimental studies are mainly
concentrated into the spread-out Bragg peak (SOBP) region (Figure 4), which can be seen
as a “broadened” peak that is obtained, during therapies, as a convolution of multiple
mono-energetic Bragg curves, modulating the particle beam energy to uniformly contour
the tumoral region. The main physical motivation of the use of hadrons in tumour therapy
is the high value obtainable for the ratio between the energy deposited in the SOBP and
the one delivered at the beam entrance/plateau region, which can reach the order of two
or even three for carbon ions. A criticality is represented by the fact that most of the
existing data focus on the radiobiological effects only in the SOBP region, and therefore
in the tumour area, while there is still relatively little knowledge on the sub-lethal effects
on healthy tissue related to the remaining areas of the Bragg profile, such as the plateau
region and the region immediately behind the SOBP, with the second being of particular
relevance for carbon ion hadron therapy due to beam fragmentation process occurring after
the passage in the tumoral region [38]. The dose released to healthy tissues is a source of
sub-lethal damage that, if poorly repaired and inherited by the progeny, can lead to the
formation of chromosomal alterations which are, in turn, potentially carcinogenic [36,39–42].
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of a particle beam (red line). The SOBP dose distribution is the result of the convolution of different
mono-energetic Bragg peaks (blue lines). The depth–dose distributions of a 10 MV photon beam
(black line) is reported for confrontation.

More detailed biophysical models on the effects of high LET radiation along the entire
widened Bragg curve are therefore necessary.
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The few studies conducted for this purpose show that there is a relevant change in the
radiation-induced damage along the Bragg curve, depending on the choice of the ion, on
the dose and the examined endpoint (aberrations, micronuclei, senescence, etc.) [43]. As
said before, it is decisive to know what biological effects are induced, in the region behind
the SOBP, especially for heavy ions, for which a “tail” in the dose delivered exists, which
is due to the fragmentation of the projectiles in the incident beam. Secondary ions with
a lower Z value and less energy (hence with a higher LET) will be produced, and they
will stop in the healthy tissue, contributing to the total dose released from the primary
beam itself.

5. The Contribution of the SR-µFTIR Spectroscopy to the Characterization of Proton
Irradiated Cells

The enormous potentialities of SR-µFTIR spectroscopy in examining cell samples
exposed to different external agents have been largely exploited in various experimental
conditions [6–12].

As said before, a limited number of researchers has adopted SR-µFTIR spectroscopy
for characterizing the effects of proton beam exposure on different human cell lines. A pre-
liminary characterization of proton-induced effects by means of µFTIR spectroscopy was
reported for single PC-3 cells using a commercial system with a conventional infrared
source [44]. For proton treatment, cells were seeded on 35 mm diameter Petri dishes with
10 mm round holes. The bottom of the Petri dish was capped with a 1.5 µm thick Mylar
foil. About 10,000 cells in 10 µL medium were seeded in the central part of the Mylar foil
16–18 h before the experiments. When cells had adhered to the foil (4 h after the seeding),
2 mL of medium was added. A 2 MeV focused proton microbeam extracted from the
Van de Graaff accelerator was used for irradiating cells with four doses of protons in the
range of 1000–8000 protons per cell and next incubated with the medium at 37 ◦C and
an atmosphere of 5% CO2 for up to 24 h. After, all cells were washed with PBS and fixed
in 70% ethanol at 4 ◦C. The experimental control group consisted of non-irradiated cells,
processed in the same way.

Spectra were collected in transmission mode with a resolution of 4 cm−1, in the spectral
range of 600–4000 cm−1 for all groups of cells. After pre-processing analysis (see Refer-
ence [45] for details), the spectra were analyzed using the abovementioned deconvolution
procedure by fitting the spectra with a sum of Gaussian–Lorentzian curves (see Figure 2 of
Reference [44]). Band fitting was performed in the spectral region of 800–1800 cm−1, be-
cause the authors were interested in the detection of changes in the DNA backbone spectral
range (950–1240 cm−1). The results of the band fitting procedure were similar to the ones
reported in Table 1 of the present paper (see Table 2 of Reference [44] for further details).
All modifications observed in the spectra of cells irradiated by 1000 and 2000 protons per
cell were not statistically significant. Instead, changes observed when higher doses were
used were significant, with those observed after 8000 protons-per-cell irradiation being
higher than those observed after 4000 protons-per-cell irradiation. The area of the O–P–O
symmetric stretching band increased with the number of protons, while the area of the
P–O–C symmetric stretching band decreased with the number of protons. It could mean
that the probability of DNA strand breaks by destroying the C–O bond is higher than the
O–P one. An increase with the number of protons in the area under the band corresponding
to the motion bond in phosphate–DNA backbones may be ascribed to the destroyed chro-
mosomal structure. Fragmentation of chromosomes could cause an increase in the number
of molecule freedom degrees. The emergence of a new peak at approximately 830 cm−1 in
the spectra of cells irradiated with 8000 protons per cell was observed. Simulations show
that this peak could be correlated with single-stranded breaks [44].

The PC3 cells exposed to proton beams were also investigated using SR-µFTIR spec-
troscopy, and the spectral region related to nucleic acids, proteins, and lipids were analyzed
separately [46]. In this case, cells were irradiated with protons and examined with µFTIR
spectroscopy using the same support for minimizing the loss of treated cells. The substrate
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had to be transparent for both protons and infrared radiation. To this purpose, silicon
nitride membranes were used, and cells were irradiated with 50–4000 protons (correspond-
ing to energy ranging from 3.2 to 260 MeV). Treated and untreated cells were washed in
PBS and then fixed in 3.7% paraformaldehyde (20 ◦C, 10 min) immediately or 24 h after
irradiation. The early fixed cell can allow for the study of DNA damage, while the later
fixed cells enable for the investigation of the cellular response and repairing mechanisms.

The SR-µFTIR spectra were acquired in the transmission mode at the IRENI beamline
(SRC, University of Wisconsin-Madison) [47]. An FTIR Vertex 70 spectrometer equipped
with a Hyperion FTIR microscope with a focal plane array 64 × 64 element detector was
used. The SR-FTIR images were collected using a 74× objective (Ealing Inc., Rocklin,
CA, USA). One hundred and twenty-eight scans were co-added for obtaining a good
signal-to-noise ratio.

In order to detect DNA damage, infrared spectra from cells fixed immediately after
proton irradiation were examined using a second derivative and principal component
analysis (PCA).

Derivative analysis and PCA are two approaches largely used in the analysis of in-
frared spectra. By inspecting first or higher derivatives of absorbance with respect to
wavelength, qualitative and quantitative information are obtained from infrared spectra.
The technique was first introduced in the 1950s, and it is useful for more specific identi-
fication of small and nearby lying absorption peaks which are not well-resolved in the
original spectrum, thus improving the specificity of absorption peaks. Another important
advantage in the use of the second derivatives is that constant and linear components
of baseline errors are removed. In the beginning, this technique did not receive much
attention due to the complexity of generating derivative spectra. The availability of modern
calculation tools allows for the use of mathematical methods to generate derivative spectra
quickly, easily, and reproducibly. This significantly increased the use of the derivative
technique (see [48,49] for further details).

PCA has been proven to be especially effective for analyzing infrared spectra, too. It
is based on a mathematical decomposition of the spectral data with the aim of reducing
data set dimensions by using only some new principal components (PCs) or loadings that
explain most data set variance and then are thought to carry the most important information
of the spectra [50]. Spectral data can be inspected by using different combinations of PCs
to obtain a new system of coordinates. PCA is based on the analysis of the correlation or
covariance matrix. The number of components necessary to explain at least 80% of the
total variance is usually considered. Recently, selected regions of Raman spectra have been
separately analyzed by PCA to extract information hidden in those specific ranges. This
kind of approach is called the interval-PCA (iPCA) method [51].

An example of the results that can be obtained by PCA in this framework is reported
in Reference [46]. In this case, the second derivatives analysis reported in Figure 2B of
Reference [46] indicated an intensity change of the O–P–O symmetric stretching mode at
1083 cm−1. The decrease in intensity shows a dose-dependent behavior that can indicate the
occurrence of strand cleavage and chromatin fragmentation [52,53]. This last effect is due to
the high number of DSBs. The small shift of the O–P–O asymmetric stretching band at ap-
proximately 1234 cm−1 was probably caused by local conformational changes in the DNA.

PCA was applied to different groups of infrared spectra collected from cells fixed
immediately after irradiation. In the first case, four groups of cells were considered:
(a) irradiated by 4000 protons; (b) irradiated by 200 and 400 protons; (c) irradiated by
50 protons; (d) the untreated ones. PCA showed that PC-1 (corresponding to 73% of the
total variance) was positively correlated with features attributed to vibrations of DNA base-
sugar bonds C–O–P furanose–DNA backbone stretching vibrations and O–P–O symmetric
and asymmetric stretching in DNA. In the second case, PCA was applied to two groups of
spectra acquired from control cells and cells irradiated with 4000 protons per cell and fixed
just after irradiation. In this case, a very good separation of controls versus irradiated cells



Appl. Sci. 2022, 12, 336 10 of 14

on the PC1 versus PC2 scores plot was evidenced for the two groups (see Reference [46]
and Figure 4a,b therein for further details).

To study the cellular response and the repairing processes after exposure to ionizing
radiation, the spectra acquired from cells fixed 24 h after irradiation were examined. In
this case, lipid accumulation was evidenced by an increase in the lipid ester carbonyl
mode and other CH lipid bands. These variations were discussed as related to an increase
in lipid metabolism during apoptosis and the inclusion of lipid droplets involved in the
formation of apoptotic bodies. The lipid peroxidation effect was considered as the cause of
the observed decreased intensity of the CH3 stretching mode and the increased intensity of
the CH2 stretching mode [46].

The same group of researchers also investigated prostate cancer cells derived from
brain metastasis (DU-145 cell line) using two experimental setups for µFTIR spectroscopy.
The former uses a Globar source with a focal plane array (FPA) detector and the latter a
synchrotron radiation source with a mercury–cadmium–telluride (MCT) detector [54]. The
high brightness of the SR source allowed for the acquisition of spectra from individual cells
and permitted them to study the contribution of DNA in the spectral region 1300–900 cm−1,
which is usually difficult for conventional µFTIR spectroscopy due to the high density of
the nucleus.

For proton irradiation, DU-145 cells were treated as previously described for the PC-3
cells. In this case, cells were irradiated using a 1 MeV focused proton microbeam from the
van de Graaff accelerator, which available at the Institute of Nuclear Physics PAN, Krakow,
Poland. The DU-145 cells were placed on Mylar foil, as were the PC3-cells, approximately
16–18 h before the irradiation treatment and were irradiated with the counted number of
protons (50, 200, 400, 2000, and 4000 protons per cell). In addition, in this case, cells were
fixed in 70% ethanol at 4 ◦C.

Spectra were collected using the two abovementioned µFTIR spectroscopic setups. All
measurements were performed at the SISSI beamline, ELETTRA Laboratory, Trieste, Italy.
A Bruker Vertex 70 coupled with the Vis/IR HYPERION 3000 microscope. The SR-FTIR
spectra were acquired in the transmission mode with a spectral resolution of 4 cm−1 in the
4000–600 cm−1 wavenumber region. For each spectrum, 512 scans were co-added to reach
a good signal-to-noise ratio. An aperture of 12 × 12 µm was used for collecting single-cell
spectra. The FTIR images were also obtained using a Globar and FPA detector with 15×
Cassegrain objective in the transmission mode in the 4000–950 cm−1 wavenumber region.
For each spectrum, 64 scans were added with the same spectral resolution of SR-FTIR.

In Reference [54], the authors focused their attention on the spectral ranges related
to the contributions of various cell components. Preliminarily, they examined the phos-
phodiester symmetric stretching region (i.e., 1130–900 cm−1) and the CH2/CH3 stretching
spectral range (i.e., 3000–2800 cm−1) using both FTIR apparatus. The two apparatus gave
similar results, but the absorption of the Mylar foil on which the cells were seeded altered
the spectral trend in the phosphodiester asymmetric stretching region. A dose dependence
was observed for all the spectra as evidenced by the second derivatives’ approach (see
Figures 2 and 3 in Reference [54]).

Changes in DNA were evidenced at 970 cm−1 due to the deoxyribose–phosphate
skeletal motions (C–C) especially for the 2000 and 4000 proton doses. The authors at-
tributed this effect to SSB, DSB, crosslinks, and deoxyribose damage in agreement with
References [53,55]. Differences were also present for the O–P–O symmetric stretching mode
at 1090–1080 cm−1 and the C–O furanose stretching vibrations at 1020 and 1060 cm−1.
Since furanose is a relevant biomarker for base-pairing and base-stacking in RNA, the
authors suggest that changes in RNA molecules due to the proton exposure could cause the
occurrence of improper translation processes. The analysis of the 3000–2800 cm−1 spectral
region, in which CH2 and CH3 symmetric and asymmetric stretching modes features were
present, indicated changes in intensity that can be related to phospholipid membrane
compaction following peroxidation [54].
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The phosphodiester (i.e., 1130–950 cm−1) and the phospholipid (i.e., 3000–2800 cm−1)
regions were also examined by using PCA of the second derivatives. The resulting scores
and loading plots for the SR-FTIR and Globar IR source were quite similar. This analysis
indicated that the modifications induced in the cellular spectra by proton irradiation were
reproducible, and for both experimental approaches, PCA could individuate six cell groups
(i.e., the control and the five irradiated groups of cells). In Reference [54], a detailed
description of the results of the PCA can be found. The most relevant result is related to the
dose-dependent changes in the relative intensities of the DNA peak at 970 cm−1 and the
shift of O–P–O that can be correlated to DNA damage (single- or double-stranded breaks).

The effects of proton exposure were also investigated in A-172 glioblastoma cells [56].
In this study, the authors focused their attention on the spectral changes occurring in single
cellular nuclei isolated from cells treated with protons. In this paper, AFM-IR (atomic force
microscopy-IR) measurements were also performed for taking advantage of the increased
spatial resolution offered by this approach. Cells were treated with 1 and 10 Gy of protons
at the Institute of Nuclear Physics PAN in Krakow (Poland) after an incubation time of
24 and 48 h cellular nuclei were extracted.

A drop of nuclei in saline solution was placed between two CaF2 windows. Infrared
spectra of single cellular nuclei in saline solution were acquired at the infrared microspec-
troscopy beamline at the ANSTO Australian Synchrotron in Clayton (Australia) using a
Bruker V80 FTIR and HYPERION microscope equipped with a narrow band MCT detector.
An aperture of 10 × 10 µm was set. Spectra acquisition was performed in the transmission
mode in the 4000−750 cm−1 wavenumber range with a spectral resolution of 4 cm−1.

Second derivative analysis and PCA were used for analyzing the acquired spectra.
The spectral features of isolated nuclei and cells were analogous, but the DNA bands
were more evident in nuclei spectra. This result could be due to the higher sensitivity
of cell nuclei to radiation exposure than that of cytoplasm. The authors focused their
attention on the peak located at 1230 cm−1 due to the O−P−O asymmetric stretching mode
from the DNA, the band at 1660 cm−1 attributed to the Amide I band, and the features
observed at 2952 cm−1 resulting from asymmetric stretching of methyl groups from lipid
contribution. The analysis of SR-µFTIR spectra evidenced that exposure to 10 Gy of protons
causes a strong increase in the lipid content with the presence of principally cholesterol and
cholesteryl esters. Spectral modifications related to DNA damage and repairing processes
were also evident. The decrease in the intensity of the 1713 cm−1 feature can be attributed
to the base-pair damage including purine, pyrimidine dimer formation, and lesions, and
it was observed in the spectra from nuclei isolated from cells treated by 1 and 10 Gy of
protons. Radiation exposure also caused a shift in the O−P−O asymmetric stretching band
towards a lower wavenumber value, indicating the occurrence of DNA conformational
changes. This shift from 1220 to 1240 cm−1 was present in the SR-µFTIR spectra of nuclei
exposed to 10 Gy of protons and extracted after 48 h of incubation. The decrease in the
intensity of this peak can be related to the experimental evidence that after radiation
exposure, the cells were stopped in the G1 phase during DNA repairing processes. Cells
in the G1 phase are characterized by a smaller band related to phosphodiester bonds.
Exposure to 10 Gy of protons can be also associated with an increase in the intensity of the
Amide II band at 1550 cm−1 in SR-µFTIR spectra collected from nuclei extracted from cells
24 and 48 h after irradiation. This change can be related to the enzymes involved in DNA
repair (see Figures S2–S4 in the Supplementary Materials of Reference [56], freely available,
and Reference [19]) and to sterol synthesis processes in cells irradiated with protons.

PCA was performed in two wavenumber regions (i.e., 1800–1030 and 3000–2750 cm−1),
and the Amide I spectral range was not included in the analysis because of the presence of
water contribution due to the saline solution used during the spectra acquisition. Results
confirmed the lipid accumulation (mainly cholesterol and cholesteryl esters) in cancer cells.
This represents a biomarker for aggressive cancer cells that produce membranes for rapid
cell proliferation. In addition, lipids play an important role in cancer cell migration and
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invasion processes that are of relevant importance in the distribution of tumor cells and the
formation of metastases [56].

6. Conclusions

In this short review, we briefly described µFTIR principles of operation and the advan-
tages offered by IR-SR to this vibrational spectroscopic technique. We focused our attention
on a certain number of investigations that used SR-µFTIR and advanced data analysis
procedures for studying the changes induced by proton irradiation on various human cell
lines. The use of IR-SR sources allows for the conduction of single-cell investigations to
study DNA damage and repair mechanisms occurring after proton exposure. Measure-
ments evidenced changes not only in DNA but also in protein and lipid cell components.
Modifications in DNA have been correlated to single- or double-stranded breaks, while
changes in proteins have been associated to the enzymes involved in DNA repair. In addi-
tion, alterations in lipid features have been proved to take place in tumor cells. The results
revised here suggest that the use of SR-µFTIR spectroscopy together with sophisticated
analysis procedures can offer a valid tool to improve knowledge of the effects induced by
proton beam exposure, opening the possibility of personalized hadron therapy treatment.
For this reason, it would be desirable to extend SR-µFTIR spectroscopy to a greater number
of cell systems treated under well-controlled conditions and examined at single-cell levels
also in an aqueous environment to expand our knowledge on cell–proton interaction in
conditions closer to physiological ones.
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