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X-ray induced modifications in U87 glioma cells
probed by Raman- and infrared-based
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A combination of spontaneous Raman, stimulated Raman, and photothermal expansion (AFM-IR) spectro-
microscopy is reported for probing the impact of different radiation doses (2—-10 Gy) on U87 glioma cells
ex vivo. Most significant are alterations in spectral profiles caused by radiation-induced changes, while
keeping the cell fixation delay constant at 24 h. The changes in delay of the fixation ranging up to 5 d at a
dose of 2 Gy were also investigated for probing cellular recovery processes of exposed cells. Both, the
Raman-based and AFM-IR spectral analyses identified statistically significant spectral changes and radi-
ation-induced alterations in cellular proteins, nucleic acids, and lipids. Specifically, these label-free
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approaches revealed a 3-fold and 2-fold decrease in nucleic acid and lipid content, respectively, for cells
treated with 10 Gy compared to untreated control samples. This study unravels the potential of a combi-
nation of Raman-based approaches and AFM-IR that is of use for therapeutics and offers a novel way to

rsc.li/analyst monitor and localize radiotherapy-induced changes in tumor cells.
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1. Introduction

Gliomas consist of a group of central nervous system (CNS)
tumors with characteristics of neuroglial cells, such as astro-
cytes and oligodendrocytes with an incidence rate of 3.19 per
100 000 population.” Specifically, glioblastoma defined as iso-
citrate dehydrogenase 1 or 2 (IDH) wildtype is the most malig-
nant and aggressive type of glioma according to the World
Health Organization (WHO) and the median survival time
post-diagnosis is only 10-15 months, with a five-year survival
rate of approximately 5%.>° In this context, radiotherapy and
temozolomide (TMZ) chemotherapy are the most widely used
treatment strategies owing to their effectiveness in reducing
tumor size, progression, alleviating symptoms, and enhancing
the patient’s quality of life.* Nearly 50% of all cancer patients
undergo radiotherapy at some stage of their treatment,” high-
lighting the importance of research in the field. There exist
different techniques including diffusion tensor imaging (DTI),
diffusion-weighted imaging (DWI), magnetic resonance spec-
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troscopy (MRS) and perfusion-weighted imaging (PWI) for
imaging and mapping of post-treatment changes in gliomas.®
However, these techniques lack chemical specificity needed to
understand X-ray-induced cellular changes on the molecular
level following radiotherapy that would be beneficial for opti-
mizing treatment strategies.

Biological matter has been successfully probed by a variety
of different spectromicroscopy techniques.” Often used were
fluorescence labels, as these provide sensitive detection reach-
ing even the single molecule detection limit.® Spatial resolu-
tion can significantly exceed the diffraction limit of optical
microscopy, if such super-resolution techniques are
employed.® However, this limits the probing to fluorescent
species, which does not include biological species of interest
that might be of importance to be probed following radiother-
apy. Therefore, label-free spectromicroscopy is an elegant and
sensitive approach for probing the species of interest by
vibrational or electronic transitions at high spatial resolution.”
Specific techniques of label-free spectromicroscopy include,
eg, Raman-based techniques,'®™? photothermal
expansion,'*'* and X-ray absorption.”*™”

Modern spectroscopic techniques, such as spontaneous
Raman spectroscopy, stimulated Raman spectroscopy (SRS),
and atomic force microscopy-based infrared spectroscopy
relying on photothermal expansion (AFM-IR) are powerful
approaches for analyzing biological matter on the molecular-
level as well as for observing therapeutically induced

This journal is © The Royal Society of Chemistry 2025
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changes.'®?° Raman spectroscopy, in particular, enables the
identification of proteins, lipids, and nucleic acids without
adding any labels. SRS enhances sensitivity, enabling rapid,
spectral mapping of cellular components with an improved
signal-to-noise ratio compared to spontaneous Raman scatter-
ing. AFM-IR, in contrast, directly measures infrared absorption
at the nanoscale by photothermal expansion, overcoming the
diffraction-limited resolution of conventional IR spec-
troscopy.'® Additionally, AFM-IR provides information on
complementary mechanical properties of the sample, which
may also reflect radiation-induced cellular damage. Regarding
studies based on Raman and infrared spectromicroscopy, e.g.,
Qiu et al. developed a laser tweezer Raman spectroscopy tech-
nique to detect radiation therapy-induced changes in naso-
pharyngeal carcinoma cells.”* Similarly, earlier work focused
on developing an infrared microspectroscopy-based strategy
for monitoring nanoparticle radiotherapy-treated F98 and U87-
MG glioma cells.”” Raman-based techniques were also used to
study the classification and progression of other types of
cancers, e.g. affecting skin, bladder or breast,'®** and to probe
complex processes, such as cell cycle variations in brain cancer
cells by combining Raman data acquisition with principal
component-based data analysis.>* AFM-IR was used to study
the effect of different types of radiation on gliablastoma cells>*
and how X-rays induce biological responses in prostate cancer
cells.”® However, a comprehensive multimodal approach inte-
grating Raman-based- and AFM-IR-based spectromicroscopy
for probing spatially and spectrally resolved X-ray-induced
molecular and structural changes of sub-cellular compart-
ments in glioma cells remains largely unexplored.

In this work, we report on an experimental and data-analysis
based approach using a combination of AFM-IR as well as spon-
taneous and stimulated Raman spectromicroscopy,>® for detect-
ing radiation-induced changes in U87 brain tumor cells. These
cells were exposed to different doses of X-rays ranging from 2 Gy
to 10 Gy. Furthermore, variations in delay times of cell fixation
after exposure are reported ranging from immediate fixation (0
d) to 5 d. Specific spectral signature changes in exposed cells in
comparison to control cells are probed. Furthermore, we gained
from label-free spectromicroscopy approaches insights on X-ray-
induced changes in tumor cells on a molecular level that are
promising for determining the mechanisms of radiotherapy and
their impact on a cellular level.

2. Experimental
2.1 Cell cultures

U87 tumor cells (Delft, The Netherlands) were thawed from a
frozen stock (—196 °C) and seeded in a cell culture medium con-
taining high glucose (4.5 g L") Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum
(South American origin) and 1% combined 6 mg L™ penicillin
and 10 mg L streptomycin antibiotics (Biowest). The cells were
subcultured every 5 to 7 d (at approximately 80% cell confluency),
using 1 mL (Biowest) trypsin to resuspend the cells. The concen-
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tration of cells per mL was determined using an automated
Luna2 cell counter (Westburg). Cells were kept in a humidified
incubator at 37 °C and 5% CO,. U87 cells were then seeded on a
2D surface. The cell density was adjusted on different substrates
to match the experimental requirements. 1 mL cell culture was
used to cover the area of each Kevley slide with approximately
90% in a 9 cm Petri dish (100000 cells per mL) for Raman
spectromicroscopy measurements and 30 pL containing 3000
cells was used to cover ca. 90% of each silicon wafer/Si substrate
in a 6-well culture plate (100000 cells per mL) for AFM-IR
measurements. The cells were allowed to grow for 48 h until a
monolayer of cells was clearly visible by optical microscopy.

2.2 Treatment of U87 tumor cells by X-rays

A XYLON X-ray tube with a tungsten anode was used for the
radiation treatment to generate X-rays (Xylon International
GmbH, Y.TU 320-D03 equipped with a 3 mm Be-filter). The
instrument setup was as follows: 312 kV, 5 mA, a 4 mm Cu-
filter was used to harden the X-ray beam, and the distance
from the radiation source to the samples was 30 cm. Samples
from groups 2, 3, and 4 were exposed to radiation doses of 2
Gy, 6 Gy, and 10 Gy in 10 min, respectively. The entire area of
slides and wafers was irradiated with X-rays. After X-ray
exposure, control (group 1) and the other samples were placed
in an incubator at 37 °C for 24 h post-incubation. The samples
were subsequently gently washed twice with PBS before pro-
ceeding with the fixation and staining protocols. After fixation,
the cells were washed again gently and slowly with PBS. 4%
para-formaldehyde was slowly added to the glass slide or
silicon wafer until the whole section of cells was immersed in
4% PFA for 10 min. Post-fixation of the samples was accom-
plished by drying in open air and then they were sealed in a
Falcon tube. NucBlue™ Live ReadyProbes™ reagent was used
to stain the cell nuclei of the fixed samples by adding some
drops of the reagent and leaving the samples for 10 min at
ambient conditions. The above treatment group was further
subdivided into stained and not stained ones to determine the
influence of staining on the spectroscopic measurements.

2.3 Sample preparation for spectromicroscopy studies

The cells were prepared using two different protocols. In the first
set of samples, U87 cells were exposed to doses ranging between
0 Gy and 10 Gy and were fixed after an incubation period, corres-
ponding to a fixation delay, of 24 h. The second set of samples
involved cells exposed to a 2 Gy dose, while varying the delays of
fixation, ranging from immediate fixation after irradiation (0 d),
1 day (1 d), up to five days (5 d). For the Raman-based studies 10
cells were investigated for each dose. For the fixation delay
studies 5 cells per time point were used. For the AFM-IR studies,
20 cells were measured for both dose-dependent and fixation
delay studies.

2.4 AFM-IR spectromicroscopy

AFM-IR investigations of U87 cells employed a nano-IR2-s
spectrometer (Anasys, Anaheim, CA, U.S.A./Bruker, Karlsruhe,
Germany).'**” The AFM was equipped with a 450 ym long
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gold-coated silicon AFM tip with a nominal radius of 500 nm
(Nanotec, model: LRCH-500), operating at a resonance fre-
quency of 15 + 4 kHz and a spring constant of 0.2 N m™". Such
large tip was chosen to enhance sensitivity and to facilitate
experiments with full spectral coverage of entire cells within a
reasonable data acquisition time. AFM-IR-spectra were col-
lected at a sweep speed of 100 cm™" per second and with a
spectral step width of 1 em™. The infrared laser power of the
quantum cascade laser (MIRcat Daylight Solutions) applied to
the sample was averaged of the order of ~1 mW. The repetition
rate of the laser was adjusted automatically between 150 kHz
and 220 kHz to match the contact resonance frequency of the
cantilever. All spectra were background-corrected by the power
spectrum of the laser. Spectral data were recorded with a
spatial resolution of 1 um in x- and y-directions, acquiring a
full AFM-IR spectrum at each point. Considering the nominal
tip radius of 500 nm, corresponding to a spatial resolution of
~500 nm, this step size was chosen to balance reasonably fast
data acquisition with an acceptable level of cell coverage. We
have recently proposed a low-rank matrix reconstruction tech-
nique that would allow large cell coverage within reasonable
acquisition time for which the AFM-IR instrument needs to be
modified accordingly.”” AFM-IR spectra were recorded from
1300 cm™" to 1900 cm ™" for ~50 to 150 spectra per cell consist-
ing of 20 cells per sample. All spectra were normalized to their
minima and maxima and smoothed by a Savitzky-Golay filter
order of 2 with a window length of 13. We note that compared
to conventional FTIR, this approach delivers sub-micron-
resolved infrared spectra from individual cells using a simple
setup and reasonably short data acquisition times.

2.5 Raman-based spectromicroscopy

2.5.1 Spontaneous Raman spectromicroscopy. Raman
spectra of U87 tumor cells were collected in the wavenumber
range from 600 cm™" to 1900 cm™" using a modified optical
microscope (BX41, Olympus) with a 100x objective lens
(MPLN, Olympus)."> A continuous-wave 532 nm laser
(Millennia, 5 W, Spectra Physics) was used as a photon source
and the scattered light was collected by fiber-optics that are
coupled to a triple 80 cm spectrometer (Dilor XY 800, Horiba)
equipped with a Peltier-cooled Synapse CCD detector (Horiba).
To prevent thermal damage to the samples, the laser power
was limited to approximately 5 mW. Raman spectra were
recorded at each point within the selected region by taking
two measurements per point and an integration time of 200 s
at a spatial step size of 0.25 um. The wavenumber resolution of
the 1024-point Raman spectra was around 2.5 cm™" using an
entrance slit of 200 pm. Interferences from the glass slide
beneath the biological samples were avoided by carefully
adjusting the focus of the laser beam. To ensure the robust-
ness of the results as well as to account for the natural varia-
bility of the exposed cells a ratiometric statistical analysis was
performed, which covered 10 cells.?®

2.5.2 Stimulated Raman spectromicroscopy. We employed
stimulated Raman spectromicroscopy (SRS) for the experiments,
with the experimental setup described previously.'>*° Briefly,
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the samples were placed on an Olympus IX83 inverted micro-
scope using a 100x near-infrared objective. The photon source
was a PicoEmerald (APE) laser system, which emits on the same
axis two correlated pulses: (i) a fixed-wavelength Stokes pulse at
1064.2 nm and (ii) a variable-wavelength pump pulse generated
by an optical parametric oscillator.">*® SRS detection was
achieved by measuring the stimulated Raman loss, with the
Stokes beam modulated at 20 MHz using an electro-optical
modulator. Modulations in the transmitted pump beam were
captured by a fast photodiode and processed by a lock-in ampli-
fier (Zurich Instruments). To prevent sample damage, the laser
power was limited to 10 mW for the pump beam and 25 mW for
the Stokes beam. Stimulated Raman maps were created by scan-
ning the microscope stage (Merzhauser, Wetzlar, Germany) with
a dwell time of 160 ms per location. Background signals were
taken at 1900 cm™' (885.2 nm), where no Raman signal from
tumor samples occurs.

The pump wavelength (Apump) Was fine-tuned to match the
energy difference between the pump- and Stokes-beams with the
vibrational wavenumber () of interest, according to eqn (1):

1
ﬂpump = 1 ) (1)
————— 4107 (emnm™ %) - 7
1064 nm

where 7 is given in cm™". Biological components, such as

nucleic acids, lipids, tyrosine/tryptophan, amide I and amide
II vibrations were mapped at the following wavenumbers:
1097 cm™*, 1730 em ™}, 1615 cm ™, 1662 cm ™, and 1578 cm™?,
respectively. The background signal was mapped at 1900 cm™"
and subtracted from other maps. The dimensions of the maps
were 25 X 25 pm for each cell. In all spectroscopic methods
employed in this study we focused on the fingerprint region,
including the spectral range encompassing the amide I and
amide II peaks along with the CO stretching mode of lipids.
This regime provides a compact overview of nucleic acids, pro-
teins, lipids, and their modifications.

2.6 Data analysis

AFM-IR and spontaneous Raman spectra were evaluated using
Python and Origin Lab. AFM-IR spectra were baseline cor-
rected using a line, smoothed using a Savitzky-Golay filter
(window length 13, polynomal order 2) and were subsequently
normalized to their minima and maxima, respectively. A peak
analysis between 1500 em™" and 1700 em™" was conducted by
fitting Gaussians to the spectral regimes 1530 cm -
1560 cm ™, 1630 cm™'-1700 cm ™!, and 1710 cm™*-1730 cm ™!
for investigating amide II, amide I, and lipid bands, respect-
ively. The area of each Gaussian was considered for the calcu-
lation of the peak ratios. Maps and optical images were pro-
cessed by Image] and Origin Lab.

3. Results and discussion
3.1 AFM-IR spectral analysis on X-ray-exposed U87 cells

The workflow of the experiments is illustrated in Fig. 1A. The
effect of irradiation by X-rays on U87 tumor cells was investi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Schematic illustration of the experimental approach. The effect of the exposure of U87 cancer cells to X-rays is studied by a combination

of label-free spectroscopic approaches (here: AFM-IR and Raman-based approaches). The average AFM-IR spectra for each sample are shown
together with their standard deviations ¢ (shaded areas: +o) as a function of dose in B(i) and as a function of delay in fixation in C(i) (see Fig. S27} for
individual spectra). B(ii) and Bfiii) show box whisker plots of the lipid-to-amide I-ratio (1750 cm™/1670 cm™) and the amide I-to-amide Il-ratio
(1670 cm~1/1550 cm™) based on peak areas, respectively, measured in cells treated with radiation doses of 2 Gy, 5 Gy, and 10 Gy (fixed after 24 h).
C(ii) and Cfiii) show box whisker plots of the lipid-to-amide I-ratio (1750 cm™'/1670 cm™) and the amide I-to-amide ll-ratio (1670 cm~/1550 cm™)
for cells exposed to a dose of 2 Gy cells and were fixed with different delays. Ratios were calculated from peak areas obtained from Gaussians
deconvolutions (see section 2.6). The red stars indicate a significant difference obtained from a two-sample independent t-test (p < 0.01) between
the means of the irradiated samples with respect to the unexposed control.

gated by photothermal expansion (AFM-IR), spontaneous
Raman spectroscopy, and stimulated Raman spectroscopy
(SRS) as label-free approaches. Samples exposed to different
radiation doses and delays in fixation were analyzed for moni-
toring alterations in cellular markers and components, such
as nucleic acids, lipids, and proteins that are spectroscopically
identified.

First, we utilized AFM-IR to investigate spectral changes in
X-ray-exposed U87 tumor cells compared to unexposed cells.*®
The cells were prepared using two different protocols, as
described in section 2.1 and the spectral data were collected
from entire cells (¢f Fig. S11).>' Averaged AFM-IR spectra of
cells exposed to different radiation doses and fixation delays
(see section 2.3) are presented in Fig. 1B(i) and C(i), respect-
ively. The average AFM-IR spectra remain almost identical
except for some vibrations within the weak C=O-stretching

This journal is © The Royal Society of Chemistry 2025

band of lipids at 1750 cm™'. A plot of the lipid-to-amide

I-ratio®” versus radiation dose was derived from the integrated
peak areas of lipid and amide I bands. This intensity ratio
decreases in irradiated cells due to a reduction in lipid inten-
sity, with no apparent dose dependence (see Fig. 1B(ii)). This
suggests possible disruptions of lipids within the cells upon
irradiation with X-rays, which is rationalized by the fact that
ionizing radiation can generate reactive oxygen radicals and
H,O0, that are known to damage lipids and nucleic acids.’® The
amide I-to-amide Il-ratio (1670 cm™'/1550 cm™"), does not
show any significant changes for different X-ray doses (Fig. 1B
(iii)). The 2 Gy sample appears lower, likely reflecting sample
variability since the data were taken from the fixation-time
dependent data series.

Further, the delay in fixation was varied while keeping the
X-ray irradiation constant at 2 Gy to probe how the cellular

Analyst, 2025, 150, 3860-3870 | 3863
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components evolve as a function of time. Previously, studies
on the glycogen accumulation in tumor cells and its effect on
fixation delay of post-irradiated cells were reported.*® This
revealed that the glycogen level is reduced immediately after
treatment and subsequently recovered on day 3. In a similar
context, to understand the effect of the cellular response over
time in U87 cells, we investigated them at different fixation
delays. When post-irradiation fixation delays were varied, the
corresponding IR spectra (Fig. 1C(i)) reveal that the lipid-to-
amide I-ratio clearly decreased for all fixation delays (Fig. 1C
(if)). This pattern suggests a significant impact of irradiation
on the integrity of lipids already immediately after exposure.
Variations in fixation delays lead to subtle changes that may
contain indications for possible repair mechanisms. The
amide I-to-amide II-ratio appears largely independent of
irradiation and applied dose (Fig. 1C(iii)). This suggests a sig-
nificant impact of radiation on the integrity of lipids immedi-
ately after exposure, followed by a possible cellular recovery
starting around 1 d after irradiation. In contrast, the amide
I-to-amide II-ratio remains almost unchanged for different fix-
ation delays (Fig. 1C(iii)). These results indicate that AFM-IR
monitors chemical changes in lipid components in U87 tumor
cells by probing spectral changes that correlate both with the
X-ray dose and fixation delay.
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3.2 Spontaneous Raman spectral analysis of X-ray-exposed
U87 cells

Spontaneous Raman spectroscopy was used to investigate
spectral changes of the X-ray-treated cell populations and
untreated reference samples. We used the same samples dis-
cussed in section 3.1, i.e., probing U87 cells which were irra-
diated by X-ray doses of 2 Gy, 6 Gy, and 10 Gy, respectively, fol-
lowed by a fixation delay of 24 h (1 d), and the samples in
which a dose of 2 Gy was fixed but the fixation delay times
varied. Spectral data of entire cells obtained from spontaneous
Raman microscopy provide spatially resolved spectral infor-
mation, as shown in Fig. S37 for each cell population. Average
Raman spectra of these cells subjected to different radiation
doses are shown in Fig. 2A(i) including standard deviations.
Fig. S4A and S5AT show Raman spectra of single cells as well
as the average of 10 cells. These results underscore the repro-
ducibility of the results and evidence radiation-induced spec-
tral changes. A dose-dependent variation in the lipid-to-amide
I-ratio is observed, occurring at 1730 cm™ and 1662 cm™,
respectively. Evidently, the lipid intensity decreases with an
increase in X-ray dose (Fig. 2A(ii)). The lipid intensity for 2 Gy-
treated cells was reduced by ~20% with respect to the control
cells, whereas 10 Gy-exposed cells show a ratio that is
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Fig. 2 Average Raman spectra (solid lines) with standard deviations ¢ (shaded areas: +o) in the range of 1200-1800 cm™. A(i) Spectral changes of
samples exposed to increasing radiation doses (2 Gy, 6 Gy, and 10 Gy) compared to an unexposed control sample; B(i) spectral changes at different
fixation delays after initial 2 Gy irradiation (0, 1, and 5 days) compared to an unexposed control sample. Characteristic Raman peaks associated with
molecular vibrations are indicated by vertical dashed lines at 1578, 1615, 1662, and 1730 cm™; A(ii) and B(ii) show the lipid-to-protein-ratio
(1730 cm~1/1662 cm™) obtained from A(i) and B(i), respectively; Aliii) and B(iii) show the amide I-to-amide lI-ratio (1662 cm~/1578 cm™) obtained
from A(i) and B(i), respectively. The p-value <0.05 is represented by (*) and p < 0.01 by (**).
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decreased by ~40%. This result indicates that there are
changes in vibrations resulting from structural modifications
within the ester carbonyl groups of diacylglycerol lipids as a
result of X-ray exposure,® which is in agreement with the
AFM-IR results (see Fig. 1B(ii)). Additionally, we observed sig-
nificant spectral differences at 1662 cm™" and 1578 cm™ ", the
characteristic Raman bands of amide I and amide II, respect-
ively. Examining the amide I-to-II-ratio (Fig. 2A(iii)) revealed a
decrease in intensity with increasing X-ray doses. This indi-
cates changes in protein secondary structure, which are due to
alterations in C=0 and C-N stretching vibrations in amide I
(1662 cm ™) followed by C-N and N-H vibrations in the amide
II band. As a result, the amide I-to-amide II-intensity-ratio was
reduced to 60% of that of the untreated cells if a dose of 2 Gy
was applied. Higher doses of 6 and 10 Gy led to a larger
decrease of this intensity ratio. This observation agrees with
previous reports indicating that X-rays induce the formation of
reactive oxygen species (ROS), causing damage to proteins,
lipids, and nucleic acids, and possibly resulting in cell
death.*®?® This gradual increase in dose revealed detailed
changes in cellular components due to varying levels of
irradiation.”” We note that the changes related to protein
modifications are not observed in the AFM-IR data shown in
Fig. 1B(iii) and C(iii), which underscores the need to employ
different spectromicroscopy techniques.

The second set of experiments involved defined fixation
delays ranging from immediately after exposure (0 d) to 5 d at
a constant 2 Gy dose, as shown in Fig. 2B(i) including standard

>
SNy
=
=
=

Nucleic Acids
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deviations. Fig. S4Bf shows the data for all analyzed cells
including average spectra. The lipid-to-amide I-ratio
(1730 cm /1662 cm™') initially decreased in the case of
immediate fixation (0 d) and then gradually increased for
longer fixation delays. This indicates immediate radiation
damage followed by a gradual cellular recovery beginning after
1 d (see Fig. 2B(ii)) continuing to 5 d and agrees with the
results obtained from AFM-IR measurements. The amide I-to-
amide Il-ratio (1662 cm /1578 cm™ ') is reduced by up to
~60% if the fixation is delayed by 1 d after exposure to a 2 Gy
dose (Fig. 2B(iii)). Notably, after 5 d it is back to almost the
same ratio as for unexposed control cells. This suggests sub-
stantial recovery of protein secondary structures between 1 d
and 5 d after dose application. These observations demon-
strate that lipid and protein structures in U87 tumor cells
show immediate and progressive damage after exposure to
high doses of X-rays. Fixation delay variations show cell recov-
ery within days, offering valuable insights into the timeline of
cellular repair mechanisms following radiation therapy. This
technique was employed before to study breast cancer cells for
early detection and diagnosis.>®

Alongside the changes in the overall lipid and protein
content, we also observed alterations in the nucleic acids
profile in X-ray treated cell populations. Fig. 3A(i) illustrates
the fingerprint Raman spectra showing the nucleic acids
Raman-active band at 1097 cm™ for samples exposed to
varying X-ray doses. Fig. S5At shows the data for all analyzed
cells including average spectra. To highlight and quantify
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Fig. 3 Average Raman spectra (solid lines) with standard deviations & (shaded areas: +o) in the range of 1020-1200 cm™ as a function of dose A(i)
and fixation delay (B(i)) (cf. Fig. 1). A statistical analysis of the nucleic acid profile in response to the X-ray dose is shown in A(ii) and fixation delay B(ii).
The p-value <0.05 is represented by (*) and p < 0.01 by (**). The Raman intensity comparison at 1615 cm™/1662 cm™ (tyrosine and tryptophan) as a

function of dose (Afiii)) and fixation delay (B(iii)) is also shown.
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these spectral changes, a statistical analysis of the nucleic
acids-to-amide I-ratio was performed. The box-whisker plot
shown in Fig. 3A(ii) revealed a reduction in intensity of nucleic
acids by factors of 1.5, 1.8, and 3 with increasing radiation
doses of 2 Gy, 6 Gy, and 10 Gy, respectively. This observation
can be attributed to both, radiation-induced bond cleavages
and ROS-induced changes due to DNA/RNA strand breaks or
cross-linking.***°

Furthermore, significant changes of the Raman band
around 1615 cm™" are observed, which are primarily due to
the amino acids tyrosine and tryptophan. The dose-dependent
changes indicate an increase in intensity ratio from 10% to
60% as the dose is increased from 2 Gy to 10 Gy (Fig. 3A(iii)).
The C=C stretching in tyrosine and tryptophan is affected by
X-rays, demonstrating that the relative content of these amino
acids probed by the ratio of Raman bands at 1615 cm™'/
1662 cm™ ' was different in the case of irradiated cells com-
pared to control cells, similar to earlier results reported by Qiu
et al.*!

For the second set of samples, where the fixation delay was
varied while keeping the dose constant at 2 Gy, a decrease in
intensity in the Raman spectrum around the 1097 cm™" is
observed, which is associated with the phosphate backbone of
nucleic acids, as the fixation delay is increased (Fig. 3B(i), see
also Fig. S5Bt) for individual spectra of different cells. To
strengthen this finding, a ratiometric statistical analysis of the
nucleic acid-to-amide I-ratio was performed on multiple cells
indicating a reduction in intensity by a factor of ~2 for fixation
delays up to 1 d, and there is a ~15% increase after a delay of 5
d (Fig. 3B(ii)). This indicates cellular recovery with increasing
fixation delays. For the time-dependent tyrosine- and trypto-
phan-to-amide I-ratios we identified an increasing trend for up
to 1 d fixation delay, followed by a complete recovery to the
level of control cells (Fig. 3B(iii)). This reflects the dynamic
response of tumor cells to radiation doses, with early damage
to nucleic acids and amino acids, followed by indications of
subsequent repair and recovery.

3.3 Stimulated Raman mapping analysis on U87 cells

Stimulated Raman scattering (SRS) mapping is used as a
complementary approach to spontaneous Raman scattering by
employing its strength in spatially resolved mapping of Raman
bands with increased sensitivity."' SRS maps of individual
cells were taken by using wavenumber specific maps of the key
cellular components. For this, we focused on the sample set
exposed to varying X-ray doses to investigate radiation-induced
alterations in chemical composition. Optical micrographs of
these samples are presented in Fig. 4A(i)-D(i), where the
nucleus was stained by NucBlue. SRS microscopy was used to
examine the spatial distribution of nucleic acids at 1097 cm™"
(Fig. 4A(ii)-D(ii)). In the unexposed control cells the intensity
of nucleic acids near the nuclear region is higher with respect
to the X-ray treated samples, indicating intact structures of
nucleic acids. Reduced intensity in this spectral region indi-
cates damage to nucleic acids, which is mostly due to the
phosphate bonds of DNA.>"**! The alteration in this stretching
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vibration may also lead to a partial loss of the B-form geometry
of DNA inside the tumor cell population followed by DNA
fragmentation.*

Lipids are probed at 1730 cm™" (Fig. 4A(iii)-D(iii)). These
show well-defined patterns which likely correspond to the cell
membranes and organelles. The X-ray-exposed cells exhibit a
noticeable reduction in lipid intensity within the cells, indicat-
ing a degradation of lipid structures and lipid peroxidation,
which are commonly associated with oxidative stress as a
result of irradiation by X-rays.** These results agree with the
spontaneous Raman and AFM-IR data, see Fig. S6-S9,1 where
other data sets revealing similar results are shown. Note that
the enhanced signal strength outside the cells is not due to
the bare substrate, rather this signal corresponds to intercellu-
lar regions, which are rich in extracellular vesicles, secreted
lipids, or membrane debris. In addition, the amino acids,
such as tyrosine and tryptophan, were probed at 1615 cm™,
see Fig. 4A(iv)-D(iv). The overall intensity of these amino acids
shows a homogeneous distribution in the entire cell regions
for control cells, whereas X-ray exposed cells show a hetero-
geneous pattern with increased intensity in some areas and
depletion in others. This indicates structural protein modifi-
cations and aggregation due to the dose-dependent impact of
X-rays. Finally, we examined the amide I-to-amide II-ratio
(Fig. 4A(v)-D(v)) revealing a decrease with irradiation dose that
agrees with the data obtained from spontaneous Raman
spectromicroscopy. This suggests protein misfolding or degra-
dation, which is an indication for cellular stress responses to
X-rays.**

Cell heterogeneity needs to be considered, as cells may be
probed in different states of the cell cycle. Therefore, we per-
formed a statistical ratiometric analysis involving multiple
cells for each sample, as shown in Fig. 4E(i)-(iv). This includes
specific changes in nucleic acid, lipids, tyrosine and trypto-
phan, as well as the amide I-to-amide II-ratio and comp-
lements single cell SRS maps. For example, the reduction of
nucleic acids in cells treated with doses between 2 Gy and 10
Gy is indicated by increasingly blue-colored maps (see Fig. 4B
(ii)-D(ii)) that are evaluated in greater detail in Fig. 4E(i).
Specifically, a ~60% reduction in Raman signal that is due to
nucleic acids is observed. Also, the lipid intensity shows a
similar decrease as a function of dose, which is in accordance
with the spontaneous Raman spectra discussed above.

Next, we analyzed the SRS maps for single cells in more
detail, by focusing on the cellular regions where the nucleus is
located, as indicated by staining. Since the nucleus is the main
region of radiation-induced DNA damage, which is crucial for
cell viability, apoptosis, and the response to cancer therapy, it is
of special interest when investigating X-ray-induced alterations
by stimulated Raman mapping.”® Here, X-ray dose-dependent
modifications in the nucleus were investigated by Raman
mapping, rather than single-point measurements from this
region, which provides a limited view on the overall dose
response of cells. For each molecular component, cf. Fig. 4, we
extracted the intensity values of each pixel within the nucleus
regions and represented them as ridgeline plots demonstrating

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Optical micrographs of the analyzed tumor cells. The A(i) control cell and cells treated with doses of B(i) 2 Gy, C(i) 6 Gy, and D(i) 10 Gy,
respectively, are shown. The nuclei stained by NucBlue are visualized by optical microscopy. Alii)—D(ii) corresponds to normalized SRS maps of
nucleic acids recorded at 1097 cm™. A(iii)—D(iii) show normalized SRS maps of the lipid distribution of a control cell and cells exposed to 2 Gy, 6 Gy,
and 10 Gy, respectively. A(iv)—D(iv) show normalized SRS maps of tyrosine and tryptophan. A(v)-D(v) show normalized maps of the amide I-to-
amide ll-ratio (1662 cm™/1578 cm™). E(i)—(iv) show statistical analyses of changes in (i) nucleic acids, (ii) lipids, (iii) the tyrosine-to-tryptophan-ratio,
and (iv) the amide I-to-amide ll-ratio for entire cells exposed to different X-ray doses. The box plots highlight significant intensity changes in the
case of cellular components [p-value <0.05 (*), p < 0.01 (**), and p < 0.001 (***)]. Scale bars: 5 um.

key features within this cellular compartment (Fig. 5A-D). For
nucleic acids (Fig. 5A), X-ray irradiated samples showed curve
shifts towards lower intensity, suggesting DNA fragmentation or
chromatin relaxation.*® Fig. 5B shows well-defined lipid intensity
for the control sample, whereas events associated with lower
lipid intensity become more frequent with increasing X-ray dose
highlighting lipid degradation and oxidative damage. Tyrosine

This journal is © The Royal Society of Chemistry 2025

and tryptophan intensity also shows a shift in mean intensity
reflecting structural alterations in nuclear proteins (Fig. 5C). The
amide I-to-amide II-ratio (Fig. 5D) highlights that control cells
exhibit a higher frequency of events having intensity greater
than the mean intensity, whereas X-ray treated samples show a
shift towards lower intensity implying unfolding or confor-
mational rearrangements in nuclear proteins.
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the amide I-to-amide ll-ratio. The abscissa represents intensity and the ordinate represents frequency. The distributions reveal dose-dependent
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Notably, the observed changes in the nucleus closely mirror
those observed in the entire cells by SRS maps (Fig. 4E(i)-(iv)),
further indicating the consistency of radiation-induced
changes in different cellular regions. Significant shifts in the
distribution of all components (nucleic acids, lipids, and pro-
teins) within the region of the nucleus occur at any dose, with
the most significant changes occurring when exposing the
cells to the highest dose of 10 Gy. We note that further investi-
gations are required to detail micro-structural changes for
specific cancer/tumor cell types in greater detail.

4. Conclusions

In summary, U87 cells were exposed to X-rays and dose-depen-
dent changes were investigated by label-free spectromicroscopy
including AFM-IR, spontaneous Raman spectroscopy, and
stimulated Raman scattering. These techniques yield largely
consistent results and complement each other, providing
insights into radiation-induced chemical changes deduced
from spectroscopic patterns by label-free spectromicroscopy.
The tumor cells were studied by varying the X-ray doses (2 Gy,
6 Gy, and 10 Gy), and fixation delays of 0 d, 1 d, and 5 d after
irradiation with 2 Gy. The sensitivity of these techniques for
the detection of subtle spectroscopic changes within the cells
allowed us to evaluate changes in proteins, lipids, and nucleic
acids as a function of dose and repair mechanisms probed by
delayed fixation. Specifically, a decrease in nucleic acids and

3868 | Analyst, 2025, 150, 3860-3870

lipids was observed with increasing dose. Raman spectra could
retrieve the fine heterogeneity of the samples, while AFM-IR
provides details on the local chemical composition of cells.
Stimulated Raman maps of single cells provide spatial distri-
butions and dose-dependent changes of proteins, lipids, and
nucleic acids. The region of the cell nucleus was studied in
detail providing a comprehensive view of the response to X-ray
doses of this sub-cellular compartment. The results from this
research can be useful for an improved understanding of radi-
ation therapy for treating tumor diseases.
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