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Single-cell in situ mapping of glioblastoma
and astrocyte cell lines treated with a carbon
dot-mediated riluzole nanotherapeutic agent:
a live-cell uFTIR and soft X-ray tomography
approach
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Abstract

Nanoparticle-based drug carriers offer a promising alternative to conventional cancer therapies by enabling
targeted delivery and reducing off-target toxicity. Here, we used synthesised and characterised carbon-

based nanoparticles derived from 2-acrylamido-2-methylpropanesulfonic acid (AMPS-CDs), demonstrating
biocompatibility with both human astrocytes and glioblastoma cells. We assessed their potential to enhance
riluzole's efficacy through synergistic interaction (AMPS-CDs@RZ) using live-cell synchrotron-based FTIR
spectroscopy and cryo-soft X-ray tomography to monitor biochemical and structural changes at the single-cell
level. While AMPS-CDs nanoparticles alone were non-toxic, the combination with riluzole significantly enhanced
cell death in glioblastoma cells, with a significantly lower impact in non-cancerous astrocytes. Treatment with
AMPS-CDs@RZ induced significant changes in bio-macromolecules, including DNA, protein conformation, and
lipid metabolism. Notably, the treatment triggered nuclear envelope (NE) blebbing in glioblastoma cells, likely due
to the interaction of the nanoparticle formulation with the nuclear membrane. This initiated stress signals that
disrupted the cell’s inner intracellular membrane system, including the endoplasmic reticulum and mitochondria.
To our knowledge, this is the first report linking NE blebbing to this mechanism involving membrane disassembly
and nuclear envelope blebbing in riluzole-induced toxicity in glioblastoma is novel, providing a new therapeutic
strategy and insights into cellular stress responses. These findings suggest that AMPS-CDs nanoparticles are a
promising carrier for riluzole, potentially enhancing the specificity and efficacy of glioblastoma treatments while
minimising damage to healthy tissues.
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Introduction

Glioblastoma multiforme (GBM) is a highly aggressive
brain tumor originating from transformed astrocytes [1]
and classified as grade IV glioma by the World Health
Organisation (WHO) [2]. Despite its high tumor-related
mortality rate, advancements in chemotherapy and can-
cer genomics provide hope for improving survival rates
[3, 4]. While the genetic makeup of cells dictates their
potential for uncontrolled proliferation, the actual occur-
rence of proliferation depends on the availability of
organic compounds and trace elements within the cells
[5]. Recent progress in nanoscience offers promising
opportunities for developing new drug delivery systems
that enhance the efficiency of therapeutic agents.

Nanochemistry is currently playing a critical role in
this effort by developing various nanoparticles as a car-
rier for drug compositions [6]. These nano-delivery
systems are designed to selectively deliver drugs to differ-
ent types of cancer cells, minimising damage to healthy
cells and increasing treatment efficacy. Previously, we
synthesised and characterised carbon dot nanopar-
ticles based on 2-acrylamido-2-methylpropanesulfonic
acid (AMPS-CDs), which demonstrated biocompatibil-
ity with glioblastoma tissue [7]. Furthermore, we tested
this nanoparticle as a nanocarrier system for the drug
riluzole (RZ) [7]a drug approved by the Food and Drug
Administration (FDA) for the treatment of amyotrophic
lateral sclerosis (ALS) [8]. Riluzole [2-amino-6 (trifluoro-
methoxy)benzothiazole] inhibits glutamate release into
the synaptic cleft and exhibits antineoplastic properties
against various cancers, including melanoma, glioma,
breast, and prostate cancer, by reducing glutamate levels
[9]. Additionally, riluzole has been shown to enhance the
response of cancer cells to chemotherapy and radiother-
apy [10-12]. In our previous work, the AMPS-CDs@RZ
nanoparticle demonstrated effectiveness in promoting
cell death in a GBM patient-derived cell line [7].

In this study, we conducted a comparative analysis of
GBM cells and a healthy human astrocyte cell Line to
explore subtle differences in biologically relevant mol-
ecules in live cells. Considering that astrocyte cells make
up approximately 50% of the brain’s total cell population
and play a key role in GBM through direct interaction
with tumor cells [13]human astrocytes were used as the
control system in our evaluation of the AMPS-CD@RZ
system. Synchrotron radiation (SR)-based Fourier trans-
form infrared microspectroscopy (FTIR or pFTIR) was
employed to examine glioblastoma and healthy astrocyte
cells. SR-FTIR has been previously utilised to character-
ise glioma blood vessels and glioblastoma, identifying
biomolecular markers of these tumors [14, 15]. Chemo-
metric analyses, such as Principal Component Analysis
(PCA) and Hierarchical Cluster Analysis (HCA), have
shown that the brightness of synchrotron light provides
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a superior signal quality compared to conventional
sources, enabling the detection of subtle glioma-specific
molecular markers [15]. It has also been applied to detect
hypoxia-induced metabolic changes in glioblastoma
cell lines and short-term primary cultures derived from
patient samples, revealing increased levels of glycogen
and lipids [16]. Similar findings have been observed in gli-
oma stem cells, where alterations in cellular membranes,
elevated phosphorylated protein levels, and increased
glycogen were reported [17]. Using synchrotron light as
an infrared (IR) source, we analysed bio-macromolecular
signatures of individual living cells in situ. Infrared spec-
troscopy offers highly specific molecular information
by probing vibrational transitions characteristic of dis-
tinct classes of biomolecules [18]. The uFTIR technique
enabled the detection of metabolic changes induced by
treatment with AMPS-CDs@ RZ nanoparticle treat-
ment in intact living cells. In this study, we evaluated the
effects of AMPS-CDs NP as a potential nanotherapeutic
agent for RZ and its effect on biomolecular profiles in a
patient-derived glioblastoma cell line and non-cancer-
ous astrocyte controls using SR-uFTIR on live cells. We
investigated biochemical signatures in cells treated with
riluzole alone, AMPS-CDs alone, and the AMPS-CDs@
RZ combination, comparing them to untreated controls.
Statistical methods, including PCA and t-distributed sto-
chastic neighbour embedding method (t-SNE) analysis,
were used to analyse the data. To the best of our knowl-
edge, this is the first study to apply uFTIR spectroscopy
to analyse live GBM cells treated with AMPS-CDs and
RZ simultaneously. The synchrotron-based IR source
allowed us to assess bio-macromolecular signatures of
single cells in situ, enabling the discrimination of the
metabolic changes in patient-derived GBM alive cells
compared to astrocytes. SR-uFTIR spectroscopy provides
a vigorous approach to detecting specific metabolic alter-
ations induced by the AMPS-CDs@RZ nanotherapeutic
agent. Statistical analysis further facilitated the interpre-
tation of spectral variability among cells, highlighting fine
molecular differences caused by the treatment of brain
tumor cells.

In parallel, cryo-soft X-ray tomography (SXT) was
employed to observe structural changes in situ in cells
treated with AMPS-CDs@RZ. SXT is an imperative tech-
nique that enables the imaging of intact cellular struc-
tures in their natural state without sectioning or staining,
standing out from cryo-electron tomography, with a res-
olution of 25-40 nm. We used SXT to investigate organ-
elle localisation and ultrastructural changes in GBM and
astrocytes after NPs treatments.

This study revealed significant changes in biomolecu-
lar profiles following treatment with the nanotherapeutic
agent of carbon dots and riluzole, suggesting a tumor-
specific mechanism of action. These findings provide
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novel insights into the biomolecular changes induced
in cancer cells and offer an appealing avenue for under-
standing the therapeutic potential of AMPS-CDs@RZ in
glioblastoma treatment.

Experimental

Preparation of glioblastoma and astrocyte cell samples in
culture

This study utilised the glioblastoma cell Line 11ST,
derived from a patient and cultured exclusively for these
experiments. The cell line was originally cultivated at the
University of Medicine in Goéttingen, Germany, cryopre-
served and transported to the ALBA facility in a cryo-
container. It was rigorously grown for the experiments at
the ALBA Biology Laboratory. Ethical approval for this
study was unwaveringly obtained from the Ethics Com-
mittee of the esteemed University Medical Center Got-
tingen (approval number 11/8/13). Primary cells isolated
from the patient were cultured in complete medium
comprising MEM (500 mL, Gibco), 10% heat-inactivated
fetal calf serum (Gibco), 2 mM L-Glutamine (Gibco), 1
mM sodium-Pyruvate (Gibco, 11360-039), and PenStrep
(Thermo Fisher).

Cells were seeded at a density of 4 x 10* cells per 25 cm
[2] flask with 5 mL of complete medium and incubated
at 37 °C with 5%CO,. Prior to data collection, cells were
briefly rinsed with Ca**/Mg**-free Dulbecco’s phos-
phate-buffered saline (D-PBS) and trypsinised. They were
then seeded onto 0.5 mm-thick CaF, glass coverslips and
cultured in complete medium for 24 h. Subsequently,
they were treated with 50 uM of riluzole, 0.1 mg mL-1
AMPS-CDs nanoparticles, or a combination (AMPS-
CDs@RZ) for an additional 24 h. Untreated cells served
as controls. Concentrations were optimised to avoid pre-
cipitation and ensure cell viability. Cell morphology was
inspected to exclude non-viable cells (rounded morphol-
ogy) before Fourier-transform infrared (FTIR) analysis.
Live-cell devices were assembled, and spectra were col-
lected within 2 h while maintaining cells at 37 °C. Com-
plete profiling of organic compounds at the single-cell
level in each case was evaluated.

AMPS-based carbon nanoparticles (AMPS-CDs)
with a size of ~5 nm was synthesised using the method
described previously [7]. Briefly, AMPS (Sigma-Aldrich.
Barcelona, Spain) underwent hydrothermal processing
at 200 °C for 4 h, in the presence of trifluoracetic acid.
The cooled product was filtered to remove carbonised
material, lyophilised to yield a bright white powder, and
labelled as AMPS-CDs NPs.

Human astrocytes, isolated from healthy cerebral cor-
tex tissue, were purchased from Innoprot (Derio, Bil-
bao, Spain (# P10251) and were cultured in complete
astrocyte medium containing high-glucose DMEM
(GIBCO), 10% fetal bovine serum (GIBCO), 100 UmL™*
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penicillin-streptomycin (GIBCO), 2 mM L-Glutamine
(GIBCO), 1xnon-essential amino acids (GIBCO) and
1xN2 supplement (GIBCO). Astrocytes were prepared
and treated under the same conditions as glioblas-
toma cells, and FTIR measurements were conducted as
described.

Cell viability assay

Cellular metabolic activity was evaluated using the MTT
assay as an indirect mark of cell viability that will be the
term used in the text onwards. Cells were seeded at a
density of 1x 10* cells per well in 96-well plates with 200
uL of medium per a well, and incubated at 37 °C with 5%
CO, for 24 h (5 replicates per condition). After replac-
ing the medium with 200 pL fresh medium containing
0.5 mg/mL 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT), cells were incubated for
an additional 2 h. The medium was then removed, and
formazan crystals were solubilized by adding 200 uL of
DMSO and thoroughly mixing the solution to dissolve
the dye. Absorbance at 550 nm was measured using a
microplate reader (Dynatech MR7000).

Relative cell viability (%) was calculated based on the
absorbance readings, with error values derived from the
following equations. Negative control wells contained cell
culture medium without nanoparticles nor riluzole, and
positive control wells included Triton X-100 to induce
complete cell lysis:

RCV(%) = (([AbS]ieq -
[ADS]pos. cir)) x100.

Error (%)=RCV, X SQRT [(Opq/[AbS]ies)® + (Orest/
[Abs]eq)’]

where o is the standard deviation.

[Abs]Pos.Ctrl)/([AbS]Neg. Ctrl —

Synchrotron radiation-based (SR)-FTIR measurements
SR-FTIR measurements were conducted using the 3000
Hyperion microscope coupled to a Vertex 70v spectrom-
eter, equipped with a liquid N,-cooled mercury cadmium
telluride (MCT) detector, at the MIRAS beamline of the
ALBA Synchrotron in Barcelona, Spain. Spectra were
collected in transmission mode with a 36x Schwarzschild
objective and 10 um x 10 pum aperture. A total of 44 to
105 spectra per treatment were systematically recorded
in the mid-infrared range of 4000-900 cm™, with a
spectral resolution of 4 cm™ averaging 256 scans per
spectrum.

The live-cell device, once assembled with the cells and
medium, was carefully maintained at 37 °C throughout
the measurements. Spectra were collected under pre-
cise conditions, with the sample monitored using the
VIS microscope. A maximum of 2 h was allowed for
data acquisition. For every ten proximal cells measured,
a buffer point spectrum was acquired under identical
acquisition parameters to facilitate subsequent water
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subtraction. The background spectrum was recorded
at the beginning of each measurement session using
a 0.5 mm-thick CaF, substrate. Synchrotron radiation
served as the infrared light source, and data acquisition
was controlled using the OPUS 8.0 software package
(Bruker, Germany).

Rigorous spectral analysis was performed, which
included water subtraction for each individual cell,
followed by a second derivative transformation (3rd
polynomial order, 29 smoothing points, and vector nor-
malisation). Principal Component Analysis (PCA) was
then applied to each dataset after water subtraction, sec-
ond derivative calculation, and spectral normalisation.
t-SNE analysis was also conducted to further interpret
the data. Both PCA and t-SNE analyses were carried out
using the Quasar software (Bioinformatics Laboratory,
University of Ljubljana, v. 1.7.0) [19, 20].

Water Subtraction procedure

Water contribution in live-cell spectra was subtracted
using a script previously developed by Vaccari and col-
leagues [21]along with a modified version created at
the ALBA Synchrotron. Briefly, the water signal from
the medium surrounding the cells was subtracted from
each spectrum using a subtraction factor that ranged
from 0.8 to 0.95 for each individual cell. This process was
facilitated by a graphical user interface (GUI) developed
using the Taurus software [22]with the subtraction factor
adjusted based on the Amide I and Amide II peak height
ratio of 1:0.6 (£ 0.1).

The Amide I/II ratio of 1:0.6 (+0.1) was determined by
measuring the peak heights for both Amide I and Amide
II in the dry cell spectra. Using this ratio, the GUI was
applied to fine-tune the water subtraction factor by visu-
alizing the spectra and ensuring the Amide I/II ratio was
maintained for each cell. The developed GUI optimizes
both the Amide I/II peak ratio and the water subtraction
procedure, which was applied to spectra acquired in the
SR-FTIR transmission configuration.

Synchrotron radiation-based soft X-ray tomography (SXT)
GBM and astrocyte cells were cultured on gold grids
coated with carbon mesh foil (R2/2), which had been
glow-discharged for electron microscopy. The cells were
then treated with riluzole and carbon dots for 24 h. Fol-
lowing treatment, the samples were blotted for 3 s and
vitrified in liquid ethane using an EM GP vitrification
unit (Leica Microsystems, Wetzlar, Germany). Vitrified
samples were subsequently transferred to the cryo-stage
of a full-field transmission X-ray tomography microscope
maintained at liquid nitrogen temperature.

Tomograms of the vitrified samples were recorded at
the Mistral beamline of the ALBA Light Source (Spain),
using soft X-rays with an energy of 520 eV [23]. Imaging
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was performed with a zone plate objective that has an
outermost zone width of 40 nm. Since zone plate objec-
tives use diffraction rather than refraction to focus
X-rays, the resolution is limited to about 40 nm. Tilt
series were collected with 1° increments over typically
a+70° angular range, with a single image acquisition time
of 1 s. The tilt series were aligned using cross-correla-
tion, and reconstruction was carried out with the itera-
tive SIRT method in TOMO3D. Manual segmentation of
the tomograms was performed by tracing membranous
structures with the Amira segmentation software (FEI
Visualization Sciences Group).

Quantification and statistical analysis
Statistical analyses for the MTT test were performed in
GraphPad Prism 7 using Student’s t-test. Significance is
indicated in each figure legend *p<0.05; **p<0.01. The
data are presented as the mean + SD.

For the FTIR analysis, the area under peaks was cal-
culated and statistical tests were performed using the
One-way ANOVA Tukey test in OriginPro 9.1 software
(Northampton, MA, USA). Differences were considered
significant with *p <0.05,**p < 0.01, *** p < 0.001.

Results

AMPS-CDs and riluzole drug (AMPS-CDs@RZ) as a
nanotherapeutic agent: cytotoxic effects on glioblastoma
and astrocyte cells

To investigate the potential effects of riluzole (RZ), both
alone and in combination with the AMPS-CDs nanopar-
ticle (NP), we first assessed the cytotoxicity of various
concentrations of NPs and riluzole on primary glioblas-
toma 11ST cells and healthy non-tumor human astro-
cytes (Fig. 1A, B, respectively). Notably, AMPS-CDs
NPs, at relatively high concentrations, were found to
slightly enhance cell viability without inducing harmful
effects on either cell type (Fig. 1, “No RZ” group).

To determine the optimal concentrations of AMPS-
CDs NPs and riluzole, we tested a range of concentra-
tions: AMPS-CDs from 0.01 to 1 mg/mL and riluzole
from 5 to 500 pM. For glioblastoma multiforme (GBM)
cell culture experiments, we focused on the lowest con-
centration of riluzole near its IC50, corresponding to
doses that induce approximately 50% cell death. IC50 val-
ues are widely used to estimate a substance’s efficacy [24].
Previous studies indicated that 50 uM riluzole approxi-
mates the IC50 for GBM cells, demonstrating significant
molecular and survival effects on these cells [14, 25].

Our results showed that combining 50 puM riluzole
with 0.1 mg/mL AMPS-CDs significantly reduced GBM
cell viability (%RCV) from 62.7 £2.4% to 55.2 + 3.1%. This
combination mimicked the cell death effect observed
with 100 pM riluzole, which resulted in 52.3+1.7%
RCV (red arrow in Fig. 1A). Interestingly, increasing the
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Fig. 1 Relative cell viability + SD after treatment with different concentrations of riluzole (RZ), carbon dots AMPS-CDs NPs (No RZ group) and carbon dots
and riluzole (AMPS-CDs@RZ) on GBM 11ST cell line (A) and human astrocyte cell line P10251 (B). Red and green arrows indicate the chosen concentra-
tion of riluzole and carbon dots. Student’s t-test p-value indicating significant differences when compared with cells treated with RZ solely are shown (*
p<0,05,* p<0.01). The red and green arrows point to selected riluzole and AMPS-CDs concentration for further analysis
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AMPS-CD concentration to 1 mg/mL alongside 50 uM
riluzole improved cell viability to 58.1 +4.6%, suggesting
a potential protective effect of higher AMPS-CD concen-
trations on GBM cells.

In parallel, we evaluated these concentrations in the
astrocyte cell line (green arrow in Fig. 1B). Riluzole had
a significantly reduced effect on astrocyte cell death at
all tested concentrations, indicating a more pronounced
cytotoxic effect on rapidly proliferating tumor cells than
on non-tumor astrocytes (Figure S1). This trend was con-
sistent when combining 50 pM riluzole with different
AMPS-CD concentrations on astrocytes (Figure S1).

Remarkably, combining 50 pM riluzole with 0.1 mg/
mL AMPS-CDs increased astrocyte cell viability
(%RCV =76 +7%), contrasting with the decreased viabil-
ity observed in GBM cells (Fig. 1A and B). This indicates
that the riluzole and AMPS-CDs combination may selec-
tively enhance GBM cell death while promoting survival
in non-tumor astrocytes.

Based on these findings, we selected the combination
of riluzole (50 uM) and AMPS-CDs (0.1 mg/mL) for fur-
ther analysis to explore its effects on biomacromolecular
in both GBM and non-tumor astrocyte cells.

In previous studies, this GBM cell line was analysed
using synchrotron light-based X-ray microscopy tech-
niques [26]providing elemental and structural imaging
of the cells. Here, we investigated the effects of AMPS-
CDs@RZ treatment on key bio-macromolecules in both
GBM and healthy astrocytes using synchrotron-based
live cell Fourier-transform infrared (FTIR) spectroscopy.
Additionally, we assessed subcellular structural changes
using soft X-ray tomography (SXT) to examine treat-
ment-induced morphological changes.

Live cell uFTIR analysis of GBM and astrocytes treated with
AMPS-CDs and riluzole (AMPS-CDs@RZ)

We further analysed the effect of novel carbon dots and
riluzole as a potential nanotherapeutic agent in cells. The
AMPS-CDs were previously characterised in detail, and
initial assays confirmed the efficacy of AMPS-CDs@RZ
on the GBM cell line [7]. In this study, we focused on a
comparative analysis of GBM and human astrocyte cell
line, serving as non-cancerous control cells, to thor-
oughly investigate changes in key biomacromolecules,
including lipids, proteins, esters, carbohydrates, and
nucleic acids.

Fingerprint area
Figure 2 provides detailed spectra of the main biomac-
romolecules in the fingerprint region (1800-900 cm™)
of GBM 11ST and astrocyte cell lines AMPS-CDs@RZ
treatment under live conditions.

Following water correction, baseline correction,
and vector normalisation of individual cell spectra
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(N=18-105), we used average spectra to compare key
spectral bands corresponding to esters, proteins, cho-
lesterol, carbohydrates, and nucleic acids (Fig. 2). The
t-distributed Stochastic Neighbour Embedding (t-SNE)
analysis of single-cell IR signatures revealed distinct
group separations, more pronounced in GBM cells than
astrocytes Figs. 2B, F, and SFig.2. This separation was
confirmed with PCA scatter plots (Figs. 2 D, G). PCA
loading plots for GBM and astrocytes (Figs. 2 C and H),
indicated that separation along PC1 was primarily due
to differences in protein structure and DNA between the
two cell types. PC3 loadings showed maximum contribu-
tions from carbonyl groups (mainly lipids: this band will
be evaluated further in the text) and minimum from the
Amide I region in GMB RZ-treated cells, while astrocytes
exhibited opposite trends—minimum for esters and max-
imum for proteins, as indicated by arrows in the scatter
plots (Figs. 2D, G). Given that protein bands were the
primary drivers of differences across PCs, Amide I and
Amide II bands were deconvoluted and analysed in detail
(Figs. 3 and 4).

Amide regions analysis
FTIR spectra of Amide I and Amide II regions in GBM
cells are shown in Fig. 3. Following the deconvolution of
the two main protein peaks, the areas under sub-peaks
corresponding to secondary structures were analysed and
displayed in box plots.

Key peaks included 1655 cm™ (a-helix), 1635 cm™(B-
sheet), 1610 c¢cm™ (free amino acids side-chains),
1572 cm™(glutamine), 1545 cm™ (a-helix in Amide II)
and 1515 cm™ (tyrosine). The assignment of peaks was
done using previously described spectral components
associated with different secondary structures [27, 28].
Significant differences were observed in the Amide I
region at ~ 1682, ~1655, ~1635, and ~1610 cm™’, rep-
resenting changes in turn and loops, a-helix and -sheet
structure, and side chains conformations respectively (as
assigned in Fig. 3). In the Amide II area, the most pro-
nounced changes were at 1572 cm™ (glutamine) and
1545 cm™! (a-helix), followed by peaks at 1655 cm™
and 1635 cm™ in the Amide I region. Both treatments,
AMPS-CDs@RZ and RZ, reduced B-sheet and «-helix
structures, with a more marked effect from AMPS-CDs@
RZ. The area of peaks associated with two amino acids,
glutamine and tyrosine, was also analysed and showed
significant differences.

Astrocyte protein conformations were analysed
similarly (Fig. 4). AMPS-CDs@RZ increased [-sheet
structures compared to RZ alone, returning to control
levels. Conversely, a-helix levels in Amide II decreased
significantly in AMPS-CDs@RZ-treated astrocytes.
Interestingly, deconvoluted the Amide I peak showed
AMPS-CDs@RZ and AMPS alone resulted in the highest
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Fig.2 The FTIR averaged spectra of live cells 11ST GBM cells (A) and human astrocytes (E) grown in cell medium (blue), after treatment with RZ (red), after
treatment with AMPS-CDs NPs (green) and AMPS-CDs@RZ (orange) in the spectral region of the fingerprint 900-1800 cm — 1. The t-SNE analysis of GBM
(B) and astrocytes (F). PCA scatter plot of PC1 and PC3 for GBM (D) and astrocytes (G). The PCAs (loading values) of the first three principal components,
PC1 (blue), PC2 (red) and PC3 (green) of GBM (C) and astrocytes (H) show the contribution of individual absorbance. N=18-105

a-helix peak areas in the Amide I region, suggesting that
AMPS-CDs stabilise a-helices in non-tumor cells while
exerting contrasting effects on GBM cells. Significant
effects were also observed in amino acids (1610 cm™),
Tyr (1515 cm™), and Gln (1572 ¢cm™); however, these
effects were less pronounced than in GBM cells. Nota-
bly, glutamate levels increased significantly in GBM
after AMPS-CDs@RZ treatment but decreased in astro-
cytes, further highlighting differential responses between
tumor and non-tumor cells.

The PCA analyses confirm these findings (in supple-
mental material Figures S4, S5).

Glutamate, a central excitatory neurotransmitter syn-
thesised in the central nervous system from glutamine
via the glutamate-glutamine cycle, plays a dual role in
supporting neuronal communication and acting as a
precursor for GABA synthesis [29]. However, elevated
glutamate concentrations can lead to cell death through
necrosis or apoptosis in cultures of neurons or cerebel-
lar granule cells [30]. This highlights the importance of

regulating glutamate levels for proper neural cell behav-
iour, underscoring the potential of FTIR spectroscopy
to detect glutamate as a target for AMPS-CDs@RZ
treatment.

Lipid analysis

Comparative analysis of lipid regions across all cell cul-
tures revealed distinct responses to AMPS-CDs as shown
in Figs. 5a and 6a. t-SNE analysis highlighted the segrega-
tion of GBM cells after RZ treatment and astrocytes after
AMPS-CDs@RZ treatment (Fig. 5B).

PCA analysis indicated significant separation along
PC1 following AMPS-CDs@RZ treatment, and along
PC2 following riluzole treatment, in GBM cells (Fig. 5D).

In GBM cells, PC1 primarily reflected changes in
asymmetric and symmetric CH, stretching bands (2922
and 2855 cm™!), which were most pronounced follow-
ing AMPS treatment (Fig. 5C). PC2 indicated a decrease
in the asymmetric CH, band (2922 cm™) after riluzole
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treatment, while symmetric CH, groups (2855 cm™)
increased in AMPS and control conditions.

Analysis of lipid-associated peaks—including the car-
bonyl group band (~1740 cm™), CH,/CHj; band ratios,
and C=0 vs. CH, and CH, bands—revealed a signifi-
cant decrease in carbonyl groups after AMPS-CDs@

RZ treatment in GBM cells compared to controls (Fig. 5

E-G). These carbonyl groups, originating from lipid ester

bonds, represent fatty acid and glycerol components of
lipids. The CH,/CH; ratio—a reliable indicator of lipid
saturation [31, 32]decreased after AMPS treatment
(Fig. 5E). A higher CH,/CHj ratio indicates increased
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lipid acyl chain unsaturation [26]often associated with
lipid peroxidation [33]. To evaluate lipid peroxidation,
the carbonyl group absorption was normalised to total
lipid content (C =0 to CH,&CH; ratio [34]), revealing an

. side chains of amino acids (maximum at 1610 cm™"), free amino acids side-chains as glutamine at 1572 ¢cm-1, Tyrosine

increase following riluzole and AMPS-CDs@RZ treat-
ments, confirming the role of riluzole in promoting lipid
peroxidation Fig. 5G. The ratios of the IR bands CH,/
CH; and C=0O to Amide I were shown to be reliable
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Fig.5 (A) The FTIR averaged spectra of live cells 11ST GBM cells grown in cells medium (blue), after treatment with riluzole (red), cell culture treated with
the AMPS-CDs (green), and cells treated with AMPS-CDs@RZ (orange)in the spectral region of the lipids, 3100-2800 cmn™" and the t-SNE analysis of lipids
(B). The PCA loadings values of the first three principal components, PC1 (blue), PC2 (red), and PC3 (green) (C) and PCA scatter plot (D). The integrated
ratio of asymmetric CH, vs. CH; bands (E), carbonyl groups band (F), C=0 vs. asymmetric lipids bands (G), and C=0 vs. Amide | (H). *p <0.05, **p <0.01,

*¥*¥p<0.001, N=44-105

scales of the lipidic character of cells [34]. The ratio C=0O
to Amide I showed a significant increase after RZ and
AMPS-CDs@RZ treatment in GBM cells (Fig. 5H).

In astrocytes, lipid analysis revealed distinct responses
to AMPS-CDs@RZ (Fig. 6 A). The t-SNE analysis showed
clear segregation for this treatment group (Fig. 6B), while
PCA indicated separation along PC1 (AMPS-CDs@RZ
and RZ) and PC2 (AMPS-CDs@RZ treatment) (Fig. 6D).
PC1 predominantly reflected changes in asymmetric and
symmetric CH, stretching bands (2922 and 2855 cm™)
observed across all astrocyte treatments (Fig. 6C). PC2
demonstrated an increase in CH, bands (2922 and
2855 cm™) following AMPS-CDs@RZ treatment.

Notably, carbonyl group bands increased after RZ
treatment but decreased with AMPS-CDs (Fig. 6E). The
CH,/CHj; ratio significantly increased following AMPS-
CDs@RZ treatment compared to controls, while the
C=0 vs. CH, and CH; ratio decreased compared to rilu-
zole-only treatment (Fig. 6F, G). The ratio C=O to Amide
I did not show a significant increase after RZ and AMPS-
CDs@RZ treatment in comparison to control cells, but
only in comparison to AMPS treatment (Fig. 6H).

These results suggest that AMPS-CDs@RZ mitigates
riluzole-induced lipid peroxidation specifically in non-
tumor astrocytes but not in GBM cells. This effect dem-
onstrates the potential of AMPS-CDs@RZ to selectively
target glioblastoma, offering a promising mechanism for
improved drug delivery and efficacy.

Structural changes detected by cryo-SXT in intact cells
Cryo-soft X-ray tomography (cryo-SXT) is a powerful
microscopy technique that provides detailed inner struc-
tural information about intact single cells by utilising
energy within the so-called “water window.” This method
was employed to investigate structural changes in situ in
treated and untreated cells.

Figure 7 A illustrates a high-resolution mosaic of par-
tially overlapping soft X-ray images that were seamlessly
stitched together to provide a comprehensive overview of
an entire GBM cell. The cells displayed a typical stellate
morphology with an approximate length of 50 um. Nota-
bly, key cellular components—including the nucleus,
nucleolus, nuclear membrane (NM), mitochondria (M),
endoplasmic reticulum (ER), vesicles, and the Golgi
apparatus (G)—were discernible in the virtual slide pre-
sented in Fig. 7B.

Figure 7 C depicts a segmented image that highlights
the proximity of mitochondria (red) to the nucleus

(green). In addition, in GBM cells treated with AMPS@
RZ, nuclear membrane blebbing was observed (light
orange arrow, Fig. 7B C). These blebs appeared to be
surrounded by numerous mitochondria (red), suggest-
ing possible communication between these organelles.
Furthermore, the ER showed a markedly open, reor-
ganised structure, while numerous vesicles (light green)
were distributed throughout the cytoplasm. A round
dark structure in the tomogram (blue) likely represents a
nanoparticle encapsulated with riluzole, potentially inter-
acting with other cellular components.

Our investigation focused on the perinuclear region,
where tomograms revealed significant alterations in the
nuclear membrane following AMPS-CD@RZ treatment
(Fig. 8). Strategically guided by mosaic images, 5-10
tomograms were recorded for each treated cell, targeting
this area.

Figure 8 compares SXT images of control cells, rilu-
zole-treated cells, AMPS-CDs@RZ-treated GBM cells,
and healthy astrocytes. The most pronounced effects
were seen in GBM cells treated with AMPS-CDs@RZ,
particularly on the nuclear envelope (yellow arrow). This
treatment induced specific intracellular changes, includ-
ing the formation of nuclear envelope blebbing (orange
arrow, Fig. 8). Additionally, an increase in mitochondrial
volume and mitochondrial fusion was observed (red
arrow). A notable number of intracellular vesicles also
formed (black arrow, Fig. 8), with pleomorphic vesicles
ranging in size from 90 to 800 nm and exhibiting dark or
light lumens after AMPS-CDs@RZ treatment.

Along with these nuclear changes, lipid membrane
reorganisation of the ER was markedly enhanced fol-
lowing AMPS-CDs@RZ treatment. In contrast, rilu-
zole treatment caused minimal subcellular alterations.
Although a few dark vesicles were present around the
nucleus, the nuclear membrane (NM) remained unaf-
fected. Astrocytes exhibited fewer changes after treat-
ment, with lipid droplets observed in all conditions.,
Lipid droplets, which are normal components of cellular
metabolism, store neutral lipids as triacylglycerols and
cholesterol esters. This can be mobilised as an energy
source during metabolic stress or when energy demands
exceed immediate cellular resources. While AMPS-
CDs@RZ treatment induced dramatic changes in GBM
cells, the impact on astrocytes was comparatively limited,
underscoring the selective effects of this treatment.
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Fig. 6 (A) The FTIR averaged spectra of live human astrocyte cell line grown in cells medium (blue), after treatment of riluzole (red), human astrocyte
cell culture treated with the AMPS-CDs (green), and astrocyte treated with AMPS-CDs@RZ (orange) in the spectral region of the lipids, 3100-2800 cm™'
and the t-SNE analysis (B). The PCA loadings values of the first three principal components, PC1 (blue), PC2 (red) and PC3 (green) (C) and PCA scatter plot
(D). The integrated ratio of asymmetric CH, vs. CH; bands (E), carbonyl groups band (F), C=0 vs. asymmetric lipids bands (G), and C=0 vs. Amide | (H)

*5< 005, **¥*p<0.001. N=18-35

Discussion

Riluzole, a benzothiazole derivative, is known to inhibit
the proliferation of diverse cancer cell types, includ-
ing skin, breast, pancreas, colon, liver, bone, lung, naso-
pharynx, and brain [9, 35, 36] and it is also effective with
GBM cell lines [14, 25, 37, 38]. Riluzole disrupts mul-
tiple cellular mechanisms such as glutamate secretion,
growth signalling pathways, calcium homeostasis, gluta-
thione synthesis, and DNA integrity, while also influenc-
ing autophagy and apoptosis pathways [36]. Intriguingly,
while cancer cells expressing glutamate receptors often
respond to riluzole, some cancer cells lacking these
receptors also exhibit sensitivity to the drug [36].

Glutamate, the principal excitatory neurotransmit-
ter in the mammalian brain, functions via two recep-
tor classes: ionotropic glutamate receptors (iGluRs) and
metabotropic glutamate receptors (mGluRs) [39]. iGluRs
regulate ion intake, while mGluRs, as G protein-coupled
receptors (GPCRs), mediate stress responses and cellu-
lar survival. Despite their diversity, both receptor types
share structural similarities, including transmembrane
a-helices [40]. The cystine-glutamate antiporter (xCT),
composed of 12 transmembrane helices [41]regulates
intracellular antioxidant systems and plays a critical role
in cancer growth and invasion [42]. Excessive glutamate
secretion by glioma causes neurotoxicity, facilitating
tumor progression [43]. Riluzole mitigates this effect by
downregulating xCT, reducing glutamate secretion, and
impairing cancer cell survival [36, 44].

The transmembrane regions of many integral mem-
brane proteins, primarily formed by a-helices, undergo
conformational changes during functional activation
[45]. We may speculate that these structural rearrange-
ments underlie riluzole effects on a-helix-enriched
proteins within the glutamate pathway, as previously sug-
gested [46]. Such mechanisms highlight the potential of
advanced imaging and spectroscopy tools to investigate
molecular alterations induced by riluzole under physi-
ological conditions.

In earlier work, we demonstrated that GBM cells from
different patients exhibit distinct cytoskeletal and ele-
mental profiles under cryogenic conditions [26]. Using
Fourier-transform infrared spectroscopy (FTIR), we also
identified specific bio-macromolecular changes in GBM
cells following riluzole treatment [14]. Building on these
findings, we employed multifunctionalized carbon dots
(AMPS-CDs) as nano-deliveries for riluzole, demonstrat-
ing their ability to enhance drug efficacy in GBM cells [7].

Our study reveals several advantages of using AMPS-
CDs to deliver riluzole: (i) improved cytotoxicity against
GBM cells, (ii) reduced drug concentration require-
ments to be effective, and (iif) minimised adverse effects
on healthy astrocytes. Nano-deliveries are an advanced
approach to drug delivery, offering a promising solution
to overcome challenges associated with conventional
drug delivery systems. By targeting glioblastoma cells
specifically, nano-deliveries like AMPS-CDs reduce oft-
target effects, enhance therapeutic precision, and miti-
gate systemic side effects.

Lipid peroxidation and oxidative stress

One of the most prominent outcomes of AMPS-CDs@
RZ treatment was its effect on lipid peroxidation. This
treatment increased lipid peroxidation in GBM cells, as
evidenced by the higher ratio of C=0O absorbance rela-
tive to CH, and CH; asymmetric bands. Conversely, in
healthy astrocytes, the treatment normalised lipid per-
oxidation levels. Excessive lipid oxidation disrupts mem-
brane integrity, modifies proteins and nucleic acids, and
may culminate in cell death [47]. While the mechanism
of riluzole on cell death is not fully understood, recent
studies show that RZ inhibits glutathione levels and ele-
vates reactive oxygen species in pancreatic tumour cells
[48]. Although multiple oxidant compounds, such as
hydrogen peroxide, are widely recognised as mediators
and inducers of oxidative stress, increasing attention is
being paid to the role of lipid hydroperoxides as critical
mediators of cell death. Lipid peroxides have long been
appreciated as critical for the progression and regulation
of inflammation [49, 50]. Lipid hydroperoxides are piv-
otal in inflammation and cell death pathways, particularly
in the brain, where high oxygen levels and free fatty acid
metabolism create an environment conducive to peroxi-
dation [51]. Interestingly, AMPS-CDs alone reduced lipid
peroxidation in astrocytes, indicating their potential util-
ity in mitigating oxidative stress modulators in diseases
characterized by excessive ROS production as neurogen-
erative diseases [52].

Our results may provide a therapeutic alternative to
current chemotherapeutic options for cancers that have
evolved mechanisms to evade apoptotic signals, induc-
tion of lipid peroxidation and ferroptosis.

Structural insights from soft X-ray tomography
Soft X-ray tomography (SXT) provided valuable insights
into cellular alterations following AMPS-CDs@RZ
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Fig. 7 Soft X-ray tomography overview of AMPS@RZ treated GBM cells after 24 h: cryo-visible light microscopy of a vitrified single cell on carbon foil (A).
The red square represents a field of view of one tomogram. A typical virtual slice of a tomogram is shown in B. Organelles as the nucleus and nucleolus,
are marked. The red arrow represents mitochondria (M), the blue one the vesicle, the orange one represents the endoplasmic reticulum (ER), and the light
blue arrow points to the Golgi apparatus (G). The nuclear membrane is shown, and the yellow arrow points out the nuclear envelope blebbing (b) in GBM
cells. The segmented tomogram (C), with organelles color as described previously

Fig. 8 Soft X-ray microscopy of control, riluzole and AMPS-CDs@RZ treated GBM cells and healthy astrocytes. The red arrow points to the mitochondria,
the yellow nuclear membrane, the orange one the blebs and the black vesicles in the GBM cell. The blue arrow indicates lipid droplets in astrocyte cells.
Insert (in black) and black arrow highlight intact nucleus membrane in astrocytes after AMPS-CD@RZ treatment
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treatment. This imaging technique allowed us to visual-
ise the endoplasmic reticulum (ER), mitochondria, and
nuclear envelope (NE) in near-native conditions, high-
lighting significant structural changes in GBM cells.

The most important observation was the induction of
NE blebbing in GBM cells treated with AMPS-CDs@
RZ. NE blebbing, a hallmark of mechanical stress, often
results in lamina disassembly and NE rupture. This phe-
nomenon is linked to nuclear fragility, as nuclear enve-
lope blebs typically arise from significant mechanical
stress, leading to the disassembly of the nuclear lamina
[53]. This phenomenon can lead to the uncontrolled mix-
ing of nuclear and cytoplasmic contents, DNA damage,
and activation of apoptotic pathways. Nuclear blebbing
involves the formation of membrane-bound, spheri-
cal protrusions or bulges from the nuclear envelope, a
process driven by the breakdown of the nuclear lamina
[54]. While NE stress is a feature of several health issues,
including cancer and premature ageing disorders, where
the progressive enlargement of blebs underscores the
pathological significance of NE stress, its precise mecha-
nisms remain poorly understood [55]. Several proteins
involved in NE reassembly after mitosis have been iden-
tified as repair factors, but the regulatory mechanisms
controlling NE repair efficiency are not yet fully under-
stood. Rapidly proliferating cancer cells often exhibit
heightened NE stress responses, potentially linked to
dysregulated cell cycle progression [55].

Our findings suggest that AMPS-CDs@RZ amplifies
riluzole-induced toxicity in GBM cells by exacerbating
NE stress, causing apoptosis and necroptosis. The molec-
ular mechanism of the nuclear membrane disassembly
and blebbing is the main way in apoptosis and necrop-
tosis (reviewed in [54]). The observed changes in protein
conformation, coupled with nuclear deformation, point
to a possible mechanism involving protein misfolding
stress signals that activate apoptosis. To the best of our
knowledge, the involvement of this pathway in glioblas-
toma drug toxicity is undescribed and warrants further
exploration not only as a potential target for glioblas-
toma therapy but also as a key cell biology matter to be
addressed.

AMPS-CDs@RZ treatment also altered mitochondrial
dynamics specifically in GBM cells but not in astrocytes,
causing mitochondrial swelling and increased network
fusion. Stress-induced mitochondrial hyper-fusion
(SIMH) has been reported in response to diverse stress-
ors, including ultraviolet radiation, nutrient deprivation
and reactive oxygen species (ROS) (reviewed in [56]).
These changes may reflect an adaptive response to main-
tain mitochondrial function under duress or a precursor
to apoptotic signalling.

The ER also underwent significant remodel-
ling in GBM- but not in astrocyte cells treated with
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AMPS-CDs@RZ, underscoring the interconnectedness
of organelle function in stress responses to treatment
of GBM. Mitochondrial-ER and mitochondrial-nuclear
interactions are critical for maintaining cellular homeo-
stasis and mediating apoptotic signals. It is known that
mitochondria are often associated with other mem-
branes, which are associations between the mitochon-
dria and other organelles, such as ER, lysosomes, and
peroxisomes (reviewed in [57, 58]). Mitochondria release
pro-apoptotic factors, such as cytochrome c, in stress
response, which can trigger caspase activation and sub-
sequent apoptosis by influencing the nucleus or initiating
autophagic processes[58—60]. Apoptosis and necroptosis
are two major forms of regulated cell death, both involv-
ing significant changes to the nuclear and cellular mem-
branes. In apoptosis, internal organelles are enclosed in
membrane-bound vesicles to prevent inflammation. In
necroptosis, large pores form in the cell membrane [54].

Furthermore, the increased vesicle formation observed
in GBM cells suggests a mechanism of cellular response
to toxicity. Vesicles may export cytotoxic compounds as
a mechanism to resist toxicity [61-66] while simultane-
ously spreading cytotoxic agents to neighbouring cells
via exosome-like structure molecules. These processes
underscore the complex interplay between cellular
defence mechanisms and drug-induced stress, which can
be leveraged to enhance therapeutic outcomes.

Implications for cancer therapy

Our findings provide valuable insights into the cellular
pathways mediating the cytotoxic effects of AMPS-CD@
RZ in glioblastoma cells. While riluzole’s anti-cancer
effects—such as modulation of protein translation, oxi-
dative stress induction, and DNA damage—are well-
documented [36], its precise molecular mechanisms in
glioblastoma remain unclear. The structural changes
observed in glioblastoma cells following AMPS-CDs@RZ
treatment, particularly nuclear envelope (NE) blebbing,
altered mitochondrial dynamics, and increased vesicular
trafficking, suggest these processes play key roles in its
cytotoxicity.

Our data highlight the improved effects of riluzole
combined with AMPS-CDs in targeting glioblastoma
cells. The intracellular alterations point to a multifaceted
mechanism of action that enhances the cytotoxicity of
riluzole. These findings underscore the potential of the
combined effect of AMPS-CDs and riluzole as a nano-
therapeutic agent for glioblastoma therapy, particularly
in tumors resistant to conventional treatments.

The results show that the AMPS-CD nanoparticles
markedly enhance riluzole’s biological activity in patient-
derived primary glioblastoma cultures, likely through a
synergistic interaction. While these findings are promis-
ing, further validation in physiologically relevant systems
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is needed. As a next step, ongoing experiments using
3D glioblastoma cell culture are underway to evaluate
therapeutic efficacy in a more complex tumor microenvi-
ronment. Interpreting the activity of polyionic nanocar-
riers presents challenges due to the dynamic equilibrium
between free and nanoparticle-bound drug species.
Under tightly controlled experimental conditions, spe-
cifically temperature, pH, and pressure, the AMPS@
Rz complex appears to be the predominant contributor
to the observed effects, with minimal equilibrium shift,
consistent with Le Chételier’s Principle. Future studies
should focus on elucidating the release kinetics, struc-
tural stability, and molecular interactions of the nano-
carrier system to further refine its therapeutic potential
and inform rational design strategies for glioblastoma
treatment.

Importantly, AMPS-CDs reduced riluzole toxicity in
non-tumor astrocytes, preserving their structural integ-
rity and mitigating lipid peroxidation. This selectivity
suggests that AMPS-CDs can minimise collateral dam-
age to healthy brain tissue, addressing a major limitation
of current glioblastoma therapies.

Supplementary data
Supplementary data to this article can be found online.

» Summarized relative cell viability of healthy after
treatment with different concentrations of riluzole (RZ),
AMPS-CDs NPs (No RZ group), and AMPS-CDs@RZ is
presented in Figure S1).

« The live cell FTIR assay on the GBM and astrocytes
treated with riluzole drug, without the NPs (Figure S2
and S3).

« The PCA analysis of the Amide I and Amide II region
of the FTIR spectra of GBM and astrocyte cells is shown
in Figures S4 and S5, respectively.

+ Reconstructed SXT videos of single cells chartogra-
phy could be found in Supplemental data.

Conclusions

This study demonstrates that AMPS-CDs nanopar-
ticles significantly enhance the therapeutic efficacy of
riluzole in GBM cells, as revealed by SXT advanced in
situ imaging and live-cell uFTIR spectroscopic analy-
ses. The AMPS-CDs@RZ treatment induced profound
structural and biochemical changes, including nuclear
envelope blebbing, mitochondrial hyper-fusion, and
increased vesicle formation, leading to targeted GBM
cell death while sparing non-tumor astrocytes. Syn-
chrotron-based FTIR spectroscopy revealed specific
increased effects of AMPS-CDs@RZ treatment, influ-
encing DNA integrity, protein conformation, and lipid
metabolism. Notably, alterations in protein secondary
structures, including changes in glutamate levels and
a-helix configurations, were observed in glioblastoma
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cells. AMPS-CDs, however, preserved protein stability
in astrocytes, maintaining a-helix and B-sheet structures
akin to untreated controls. Furthermore, AMPS-CDs@
RZ treatment exacerbated lipid peroxidation and dis-
rupted intracellular membranes in glioblastoma cells,
while normalising these parameters in healthy astrocytes.
The novel involvement of nuclear envelope blebbing
in riluzole-induced glioblastoma toxicity provides new
mechanistic insights into cancer cell stress responses.
Our findings underscore the potential of AMPS-CDs to
enhance the selective efficacy of riluzole while mitigat-
ing its effects on healthy tissue. Future in vivo studies will
further explore this promising nanotherapeutic platform
for glioblastoma therapy.
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