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ABSTRACT: Nanoparticle-based nanocarriers represent a viable alternative to conventional
direct administration in cancer cells. This advanced approach employs the use of
nanotechnology to transport therapeutic agents directly to cancer cells, thereby reducing
the risk of damage to healthy cells and enhancing the efficacy of treatment. By approving
nanoparticle-based nanocarriers, the potential for targeted, effective treatment is greatly
increased. The so-called carbon-based nanoparticles, or carbon dots, have been hydro-
thermally prepared and initiated by a polymerization process. We synthesized and
characterized nanoparticles of 2-acrylamido-2-methylpropanesulfonic acid, which showed
biocompatibility with glioblastoma cells, and further, we tested them as a carrier for the drug
riluzole. The obtained nanoparticles have been extensively characterized by techniques to
obtain the exact composition of their surface by using Fourier transform infrared (FTIR), X-
ray photoelectron spectroscopy (XPS), and nuclear magnetic resonance (NMR) spectros-
copy, as well as cryo-transmission electron microscopy. We found that the surface of the
synthesized nanoparticles (NPs) is covered mainly by sulfonated, carboxylic, and substituted amide groups. These functional groups
make them suitable as carriers for drug delivery in cancer cells. Specifically, we have successfully utilized the NPs as a delivery system
for the drug riluzole, which has shown efficacy in treating glioblastoma cancer cells. The effect of nanoparticles as carriers for the
riluzole system on glioblastoma cells was studied using live-cell synchrotron-based FTIR microspectroscopy to monitor in situ
biochemical changes. After applying nanoparticles as nanocarriers, we have observed changes in all biomacromolecules, including the
nucleic acids and protein conformation. These findings provide a strong foundation for further exploration into the development of
targeted treatments for glioblastoma.
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1. INTRODUCTION functionality, and biocompatibility compared to other conven-
tional nanomaterials. These unique properties make them a
promising candidate for a wide range of applications in various

The advancement of nanoscience is centered around the
development of novel drug delivery systems that can effectively

release drugs. This is particularly relevant given the emergence fields, including medicine, electronics, and environmental
of new drug delivery carriers. As such, the primary goal of science. Moreover, carbon nanoparticles have shown excellent
current research in this field is to devise delivery mechanisms stability and durability, making them a reliable and cost-
that can enhance the efficacy and therapeutic potential of effective choice for many applications. The presence of
drugs.' > Different carriers are developed and used because functional groups on the surface of carbon dots (CDs), such
they increase the drug’s power of action and overcome certain as thiol (—SH), carboxyl (O=C—0"), amine/amide (—NH,/
barriers to reach the cellular place of action, which improves O=C-NH,), and hydroxyl (—OH), provides improved
the apphed treatment. The effectiveness of the drugs is linked, Physicochemical and optical properties which promote
in most cases, to their low solubility, in some cases to their bioimaging, sensing, and drug delivery."®™>°

degradation before they act, and in other more common cases, Glioblastoma multiforme (GBM) is the last grade (IV) of
to resistance. Among the systems for assumed pharmaco- glioma brain tumor, characterized by short median survival and
logical function, nanochemistry is currently playing a the highest tumor-related mortality. Despite the increase of

fundamental role, by developing a wide variety of nanoparticles
based on a different composition.” A worldwide range of
different particles is described in the literature for this purpose. -
For example, the application of gold nanoparticles and Rec_e“'ed: October 26, 2023
quantum dots as semiconductors at the nanoscale rangeg_10 Revised:  February 2, 2024
and graphene and carbon nanotubes as an alternative to Accepted: February 8, 2024
inorganic nanoparticles is widely used."'~"” Published: March 13, 2024
Carbon nanoparticles have received significant attention due
to their abundance, eco-friendliness, aqueous solubility, diverse

new chemotherapies, overall survival of patients with gliomas
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Scheme 1. Synthesis and Active Groups Depicted on the Surface of AMPS-CDs

240 °C (7 h)
H,0

has improved only slightly.”® Although the cellular cancer
capacity for limitless proliferation depends on their genetic
predisposition, the result on whether proliferation can take
place depends on organic and/or elemental arrangement in
cells and their environment.”” Our previous study showed the
suppressing effect of riluzole on different live patient-developed
glioblastoma cell lines (GBM). Besides, riluzole directly affects
biomacromolecule changes, namely, carbohydrate metabolism,
DNA structure, lipid structures, and protein secondary
conformation.”® Riluzole is approved by the Food and Drug
Administration (FDA) as an amyotrophic lateral sclerosis
(ALS) drug,” and recent studies showed that treatment with
riluzole suppresses the proliferation of many cancer cells®*~*
and GBM.?”°®37 Besides, we showed that elemental
composition and cytoskeletal structure differ in the same
patient-derived GBM cells, as studied by synchrotron
radiation-based soft-X-ray tomography and hard X-ray
fluorescence.”

Thus, as a step forward, in this study, we first synthesized
characterized and afterward tested a system based on carbon
nanoparticles from the 2-acrylamido-2-methylpropanesulfonic
acid (AMPS), as a possible organic delivery system (AMPS-
CDs NPs), for the drug riluzole in GBM cells. We chose
AMPS as a potential nanocarrier, as it possesses free sulphonyl,
carboxyl, and amide groups. These groups produced the
multifunctionalized surface of AMPS-CDs NPs which was first
characterized. After that, their toxicity was tested on the GBM,
and finally, we used them as drug delivery systems to test if
they improved riluzole drug solubility and entree to cancer
cells. Recently, magnetite nanoparticles grafted with poly-
AMPS have been used as anionic nanoadsorbents for positively
charged antibodies.*®

Infrared (IR) spectroscopy provides highly discriminatory
information due to the excitation of inherently specific
fundamental vibrational transitions characteristic of molecular
species’” including nanoparticles themselves, ligands attached
to the surface of NPS, and finally cellular changes. Here, we
tested the effect of the synthesized AMPS-CDs NPs as a
potential nanocarrier for riluzole and their effect on the
biomolecules in the patient-developed glioblastoma cell line by
using synchrotron radiation-based Fourier transform infrared
microspectroscopy (4FTIR). We compared biochemical
signatures in cells after riluzole treatment alone and after
AMPS-CDs NPs treatment and compared them to control and
cells treated solely with AMPS-CDs NPs. The most significant
differences occurring at the level of cellular biomolecules are
described in detail. Data were evaluated by statistical methods
such as principal component analysis (PCA) and t-distributed
stochastic neighbor embedding method (+-SNE) analysis. The

usage of the synchrotron light as an infrared source allowed us
to check the biomacromolecular signatures of single live cell
levels in situ. The yFTIR allowed the detection of the specific
metabolic changes in the intact live cell triggered by the new
drug candidate nanocarrier with riluzole. To the best of our
knowledge, the GBM patients’ cells were still not used for live
cell analysis by uFTIR spectroscopy after AMPS-CDs and
riluzole simultaneous treatment.

2. MATERIALS AND METHODS

2.1. Chemicals. Carbon nanoparticles were obtained from
2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and
trifluoroacetic acid (TFA). In nuclear magnetic resonance
(NMR), the solvents used were chloroform-d (CDCl;) and
methanol-d, (CD;OD). All these chemicals were purchased
from Sigma-Aldrich (Barcelona, Spain) and used without
further manipulation. Riluzole was supplied from TOCRIS,
Bio-Techne GmbH, Wiesbaden-Nordenstadt, Germany.

2.2. Synthesis of AMPS-CDs NPs. This synthesis was
carried out by a facile one-step hydrothermal reaction. First, a
solution of AMPS (0.131 M) was prepared with deionized
Milli-Q H,O, stirring for 30 min. From this solution, 7 mL was
transferred into a 25 mL capacity Teflon-lined reactor (in-
house-design), adding TFA (2 mL). The reactor was
introduced into a temperature-programmed electric oven at
240 °C/7 h (Scheme 1). The purification process was carried
out by a dialysis tubing cellulose membrane (Sigma-Aldrich
Barcelona, Spain) versus H,O. In the following scheme is
depicted the synthetic hydrothermal process. Ultrapure water,
used throughout all experiments, was purified through a
Millipore system. All reagents were used as received without
further purification.

2.3. Preparation of the Cancer Cell Samples of
Human Glioblastoma in Culture. The patient-developed
glioblastoma cell line (11ST) was used in this study. The cell
line was primarily cultivated at the University of Medicine
Gottingen, Germany, and afterward frozen, transported to the
ALBA facility in a cryo-container, and grown for the
experiments at the ALBA, Biology Laboratory. Ethical approval
for this study was obtained from the Ethics Committee of the
University Medical Center Gottingen (approval number 11/8/
13). The primary cells isolated from the patient were grown in
the medium containing MEM 500 mL (Gibco), 10% heat-
inactivated fetal calf serum, 2 mM L-glutamine (GIBCO), 1
mM Na pyruvate (GIBCO,11360—039), and PenStrep
(Thermo Fisher). Isolated cells, 4 X 10* per flask, were sped
into a 25 cm? flask into 5 mL of medium and incubated at 37
°C and CO, (5%). Before data collection, cells were briefly
rinsed with Ca®'/Mg*" free Dulbecco’s phosphate-buffered

https://doi.org/10.1021/acsomega.3c08459
ACS Omega 2024, 9, 13818—-13830


https://pubs.acs.org/doi/10.1021/acsomega.3c08459?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08459?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

saline (D-PBS) and trypsinized. The cells were then seeded
onto 0.5 mm thick CaF, windows and cultured for 24 h before
measurements and treated with 50 yM riluzole, and 0.1 mg
mL™' AMPS-CDs alone in cell medium as well as in
combination (AMPS-CDs@riluzole) for another 24 h and
compared to control cells without treatment. The concen-
tration of each component was chosen to avoid precipitation
and not affect the GBM (test is shown in Figure 7). Thus, the
concentration of 50 uM riluzole was chosen as the half-
maximal concentration (ICs; S0% of growth inhibition) of
riluzole on the GBM cell lines and it was determined
previously as >100 uM.”” Here, we used the same
concentration of riluzole in combination with AMPS-CDs
(0.1 mg mL™"), after the test, with several concentrations of
AMPS-CDs. Before FTIR analysis, the morphological status of
the cells was inspected to exclude dead cells (round
morphology) from analysis. The fluidic device was then
assembled, and the spectra were collected in the following
maximal 2 h, and cells were kept at 37 °C. The complete
profiling of organic compounds at the single-cell level in each
case was evaluated.

2.3.1. Cell Viability Assay. Cell viability was evaluated in
GBM cells by MTT assay. Briefly, GBM were plated at a
density of 1 X 10* cells/well in a 96-well plate at 37 °C in a 5%
CO, atmosphere (200 L per well, number of replicates = S).
After 24 h, the supernatant was replaced by 200 uL/well of
fresh medium with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) (0.5 mg mL™"'). After 2 h of
incubation at 37 °C and CO, (5%), the medium was removed,
the formazan crystals were solubilized with 200 L of DMSO,
and the solution was vigorously mixed to dissolve the reacted
dye. The absorbance of each well [Abs] well was read on a
microplate reader (Dynatech MR7000 instruments) at S50
nm. The relative cell viability (%) and its error relative to
negative control wells containing cell culture medium without
nanoparticles and positive control wells in which Triton X-100
was added to the cells were calculated by the equations

RCV (%) = (([Abs],,,, — [Abs]

test pos.ctrl.)

/([Abs]neg‘ctrl‘ - [Abs]pos.ctrl.)) x 100

error (%) = RCVq X SQRT[(O-test/[Abs]test)z
+ (O-test/[AbS]test)z]

where o is the standard deviation.

2.4. Characterization of AMPS-CDs. 2.4.1. Cryo TEM.
For cryo-transmission electron microscopy (TEM), the AMPS-
CDs was diluted to a final concentration of 2 mg mL™" and 3
UL of the sample was applied to glow-discharged Lacey carbon
300 mesh, blotted for 3 s (blot force —3), and frozen in liquid
ethane using a Vitrobot Mark IV plunging system (Thermo
Fisher Scientific). Cryo-EM grids were imaged on a Glacios
microscope equipped with a Falcon 4 detector (Thermo Fisher
Scientific).

2.4.2. XPS. For X-ray photoelectron spectroscopy (XPS), a
Physical Electronics PHIS700 spectrometer was used using a
monochromatic Mg Ka radiation of 300 W, 15 kV, and 1253.6
eV with a multichannel detector. The analysis zone was 720
p#m in diameter with a path mode of 29.35 eV. The obtained
spectrum was processed using the Multipak package v.9.3. To
analyze the product sample, a previous dialysis and

lyophilization step was needed to obtain a solid sample that
could be analyzed by the XPS equipment.

2.4.3. Dynamic Light Scattering (DLS) Measurements.
The {-potential and hydrodynamic diameter of the nano-
particles, obtained from AMPS-CDs, were determined using a
Zetasizer Nano ZS (Malvern Instruments, U.K.) equipped with
a 4 mW HeNe laser operating at A = 633 nm. { measurements
were also performed at 25 °C in folded polycarbonate capillary
containers, embedded with Au-plated electrodes (DTS1061)
and deionized H,O as the dispersion medium. The values {
were obtained automatically by applying the software of the
equipment.

2.4.4. NMR Spectroscopy. The 'H NMR spectra were
recorded at 400 MHz, in a Bruker Advance III, and at 500
MHz, Bruker DRX 500 instruments, at the liquid NMR Service
(SCAI-University of Malaga). The working frequencies used
for 3C were 100.6 and 125 MHgz, respectively. The chemical
shift values (5) are expressed in ppm, using as internal
reference the values of the chemical shifts of the solvents
referred to in the TMS. The values of the coupling constants
have been expressed in Hz.

2.4.5. Synchrotron Radiation-Based (SR)-FTIR Measure-
ments. The SR-FTIR measurements were performed using a
3000 Hyperion microscope coupled to a Vertex 70v
spectrometer and by using a liquid N,-cooled mercury
cadmium telluride (MCT) detector at the MIRAS beamline,
at synchrotron ALBA, Barcelona, Spain. The data were
collected in transmission mode using a 36X Schwarzschild
objective/condenser and an aperture size of 10 ym X 10 ym.
Between 44 and 105 cell spectra for each treatment were
collected in the 4000—900 cm™' mid-infrared range at a
spectral resolution of 4 cm™ with 256 coadded scans per
spectrum. The live-cell device once assembled with cells and
the medium was kept at 37 °C, and the spectra were collected
in a period of a maximum of 2 h. For every 10 proximal
individual cells, the spectrum of a buffer point was acquired
with the same acquisition parameters for following water
subtraction. The background was collected at the beginning of
each set of measurements on the CaF, substrate. The
synchrotron was used as the infrared light source and OPUS
8.0 (Bruker, Germany) software package for data acquisition.
Spectral analysis, including the water subtraction for every
single cell and second derivative (3rd polynomial order, 29
windows for smoothing points and vector normalization), was
implemented. The principal component analysis (PCA) for
each data set was performed, ie, after water subtraction,
second derivative calculation and normalization of spectra. The
PCA and +-SNE analysis was accomplished by using the Quasar
software (Bioinformatics Laboratory of the University of
Ljubljana,* v. 1.7.0)."" The removal of water contributions
from live cell spectra was performed by a script previously
developed and described.”” In short, the water signal on the
medium close to cells was subtracted for each spectrum by
using a subtraction factor from 0.8—0.95 for each cell and
followed by a graphical user interface (GUI) by using the
Taurus, based on the Amide I and Amide II peaks height ratio
1:0.6 (+0.1).

2.4.6. Computational Analysis. The interactions of riluzole
with the surface decoration of carbon dots (SO;~, —CO,H,
NH,-CDs —CO,~, NH,CO-CDs) have been studied using
density functional theory (DFT) with the hybrid exchange-
correlation functional CAM-B3LYP** and the def2-SVPP basis
sets*** have been applied to all the atoms which form the
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Scheme 2. Polymerization Process in the Obtention of AMPS-CDs
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Figure 1. Cryo-TEM images of the as-obtained AMPS-CDs nanoparticles in the cell medium. The insets depicted zoom in and the histogram of the
CD size. The scale is 50 nm (A) and 500 nm (B).
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Figure 2. XPS core level spectra of (A) C 1s, (B) O 1s, (C) N 1s, and (D) S 2p of AMPS-CDs-NPs.
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Figure 3. (A) 'H NMR spectra of AMPS-CDs. (B) *C NMR spectra of AMPS-CDs. In 1:1 CD;0D/CDCI, as solvent.

systems under study. In addition, the empirical dispersion Different types of tests were carried out to optimize the
correction of Grimme* has been applied on top of the synthesis process of AMPS-CDs, among which the use of TFA
optimized geometries. The electronic structure calculations instead of mineral acids such as sulfuric or phosphoric stands
were carried out with the program GAUSSIAN16.* out. TFA was difficult to remove from the solution obtained, as
Adsorption energies were determined with the standard it is an acid with moderate strength, which evaporates when
expressions of Thermodynamics statistics. The potential the purification process is carried out; however finally, this was

energy surfaces which lead to the formation of the complexes
between riluzole and AMPS-CDs have been studied using the
linear interpolation method.*”~>> Molecular geometries were
analyzed with the help of the MacMolPIt*®> and MOLDEN"*
graphical programs.

the best option for its preparation and further application in
the cell medium. Figure SL1 (in the Supporting Information)
shows the dissolution obtained before and after irradiation
under ultraviolet (UV) light with methanol and methanol/
chloroform as solvents. The formation of AMPS-CDs starts
with a polymerization process in the acidic media, as it is
depicted in Scheme 2. This transformation is by the presence

3. RESULTS AND DISCUSSION

The basis of the present study was to use the different of sulfonate and -NH- groups on the surface of the AMPS-
methods, first, to characterize the AMPS-CDs and, second, to CDs, as further described by XPS. The initial polymerization
evaluate their effect with and without riluzole on GBM cells. leads to a subsequent conversion into properly functionalized

13822 https://doi.org/10.1021/acsomega.3c08459
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Figure 4. (A) NMR spectra of riluzole and inset (B) a mixture of riluzole and AMPS-CDs in CD;CN.

carbon nanoparticles (Scheme 1), by combined effects of to the sulfonate group (SO3). These results agree with the

temperature and pressure. FTIR analysis shown under in the text. Figure SI.2B depicts the
3.1. Morphology and Size of AMPS-CDs. TEM analysis F 1s core level spectra and shows a small contribution centered

of AMPS-CDs showed that the nanoparticles have a medium at 688.2 €V, which can be assigned to C—F surface bonds.

diameter size of 4.5—5 nm (Figure 1). It is possible to observe 3.2.2. NMR Characterization. For NMR characterization,
the aggregation of the nanoparticles, with a size of ~15 nm an attempt was made to dissolve the product obtained in an
(Figure 1B). NMR tube in a 1:1 CD;0D/CDCl; mixture, but it was not

3.2. Surface Analysis of AMPS-CDs. 3.2.1. XPS Analysis. possible to solubilize most of it and a complex spectrum was
To obtain the most significant functional composition and obtained. The NMR tube was then placed in an ultrasound

concentration, XPS offers the best technique to characterize
the surface of the obtained AMPS-CDs (Figure 2). The surface
chemical concentration (in atom %) of AMPS-CDs was C, O,
N, F, and S as demonstrated in the survey spectra (Figure
SI.2A). The high resolution of C 1s core level spectra (Figure

2A) showed three main components, a dominant peak . . .
assigned to the C—C/C—C bonds at 284.5, at 287.5 eV to spectrum are detailed below (Figure 3A). Several overlapping

. Itiple-like triplets are observed, with signals centered at
C—0O/C-N, and at 289 eV for the carboxylate functional group e ’
(O—C=0) and some contribution due to C—F bonds.§5 4.39, 4.13, 3.60, 3.49, 2.58, 2.46, and 2.22 ppm. The correlated

By the analysis of the contribution to O 1s at 532.3 and spectroscopy (COSY) spectra show t'hat the signals between
$33.3 eV, assigned to C—0/C=O0, at a high binding energy, 2.20 and 2.60 are coupled with the signals between 3.40 and

oxygen from carboxylic groups can be detected. At 533.3 eV, 4.50 (see Figure SL3). . )
some surface water can also be detected. The N 1s core level The coupling constant ] = 6.2 Hz is the same for all triplets.
spectrum is asymmetric due to the existence of two The variation of the typical shifts for these signals could be due

apparatus at 80W power for 20 min. The spectrum was
recorded again, showing that there was a simplification of the
signals concerning the initial '"H NMR. Possibly this change is
due to the destruction of aggregates, which are likely to form in
an acidic medium. The most significant signals of the '"H NMR

contributions at 399.8 and 401.7 eV (Figure 2C).%° The to a possible F-functionalization from TFA, the existence of
high intensity can be associated with the presence of —NH— which is verified by XPS. At 3.12 ppm, the_ signal
groups, in amide and amine groups as well. The latter can have corresponding to the —CH, bonded to the —SO;” is an
been formed by degradation of the amides group. equation compared to the spectrum of the starting product
Moreover, the contribution at high binding energy can be AMPS, singlets corresponding to CH; appear at 1.36, 1.31, and
due to the presence of —NH;" in alkyl ammonium groups. 1.27 ppm, whereas in the original molecule, the two CH; were
Based on the unique signal of the S 2p core energy level equivalent. In addition, the proportion of CHj; has greatly
spectra (Figure 2D), the contribution at 168.7 eV is assigned decreased compared to the rest of the signals. This could be
13823 https://doi.org/10.1021/acsomega.3c08459
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Figure 5. (A) FTIR and (B) fluorescence spectra of the AMPS-CDs NPs.

due to rearrangements on the surface of the nanoparticle upon
heating.

As regards the *C NMR spectra (Figure 3B), the signals at
172.8 and 171.9 ppm correspond to the C=O group of
amides. It is difficult to check by NMR whether additionally,
there has been a partial hydrolysis of the amide group with the
formation of amine and carboxylate groups, as shown by XPS.
The signals at 115.3 and 113.0 ppm can be associated with
quaternary C, as they have no correspondence in heteronuclear
multiple quantum correlation (HMQC) (see Figure SL4).
Between 65.8 and 57.2 ppm and from 36.8 to 33.0 ppm, we
have the —CH,— signals in the spectra. By HMQC, in
addition, the —CH,— linked to —SO;7at 62.81 ppm can be
distinguished, as it correlates with the signal at 3.12 ppm,
already described in '"H NMR. The signal corresponding to the
methyl appears at 25.2 ppm.

To check the interaction with riluzole, we first obtained the
NMR spectra of riluzole in CD;CN and then that of the
mixture with the CDs (Figure 4). It was observed that there
was interaction with NH,, varying the displacements of these
two protons, from a broad signal centered at 6.25 ppm to new
signals at 6.60, 6.17, and 5.61 ppm. The displacement was not
total because there was a higher proportion of riluzole in the
mixture. Moreover, a new signal appears at 7.57 ppm. The
peaks corresponding to the rest of the AMPS-CDs did not
show significant changes in the mixture.

3.2.3. FTIR Characterization of AMPS-CDs. In the FTIR
spectra, (Figure SA), is showed the stretching vibration of N—
H at 3391 cm™. The presence of a strong band at 1649 cm ™,
from the related C=O0O, confirms the existence of amide
groups. The band associated with the asymmetric stretching
mode of the carboxylate groups appears at 1549 cm™’, together
with the N—H band of amide.”” The bands of 1475/1354
cm™' can be assigned to the asymmetric deformation of the
CH; and CH, groups. At 1106 cm™’, the S=0 stretchin%
band is enclosed, confirming the SOJ surface groups.’
Moreover, the clear band at 1152 cm™ is ascribed to the
C—O stretching vibrations.

3.3. Optical Characterization. The fluorescence spectra
(Figure SB) showed a unique band centered at 496 nm and a
small shoulder at 550 nm when excited with 325 nm. This can
indicate that the process is dominated by one excited state,
which corresponds mainly to the n — #* transitions of the

13824

C=0 and N—H groups. To corroborate this assignment, the
obtained value of the parameter { of AMPS-CDs was negative
(-=11.8 mV).

This value can be explained by the presence in the surface of
—COOH groups which can be deprotonated at the measured
pH (pH 7). Moreover, an additional contribution in charge is
due to the presence of sulfonic groups on the CD’s surface.

3.4. Theoretical Analysis. 3.4.1. Structural Model. Given
that carbon dots are synthesized by attaching to the surfaces of
the amorphous carbon frame, different chemical substituents
are present on the surface: sulfonate SO3, amine (—NH,),
carboxylic (—COOH), carboxylate (—COO™), or (—CONH,)
amide groups. The doped CD models with such functionalized
carbon nanoparticles chosen for studying the interaction with
riluzole consist of chemical substituents bonded at one of the
carbon atoms of the central ring of anthracene (Scheme 3).
These structures agree with the models applied for studying
analogous types of materials such as N-doped three-dimen-
sional (3D)-graphene quantum dots.”**°

Scheme 3. CD Scheme and its Functionalized Groups
Annotated with X in Possible Interaction with Riluzole

X

X:
SO, (A1)
CO,H (B1)
F (6] s
F>r NH
F \©: N/>_ 2

NH, (C1)
Riluzole

co, (D1)
CONH, (E1)

3.4.2. Interaction of AMPS-CDs with Riluzole. According to
the structural models proposed in Scheme 3, the most
favorable interaction of riluzole with the functional groups of
AMPS-CDs NPs is calculated. The only type of interaction,
after evaluation of each model, is the formation of noncovalent
bonds (van der Waals bonding) between riluzole and doped
carbon quantum dots whose origins are purely Coulombic and
lead to the formation of AMPS-CDs@riluzole complexes
without alteration of the molecular geometry of the drug,®'
which is important to keep.
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Figure 6. (A) CAM-B3LYP/def2-SVPP optimized geometries of the complexes formed between riluzole and S-CDs, C-CDs, or N-CDs. (a) Al
(=S0O;7); (b) B1 (—COOH); (c) C1 (=NH,); (d) D1 (—=COO7); (e) E1 (—CH,NH,). (B) CAM-B3LYP/def2-TSVPP potential energy surfaces
(relative electronic energy in kcal mol™") of the complexes formed between riluzole and N-CDs or S-CDs. (A) Al (—=SO57); (B) B1 (—~COOH);

(C) C1 (-NH,); (D) D1 (—COO7); (E) E1 (—CONH,).

The minimum energy geometries of such complexes are
represented in Figure 6A, and Table 1 shows their reaction

Table 1. CAM-B3LYP/def2-SVPP(D3)//CAM-B3LYP/
def2-SVPP Reaction Enthalpies and Gibbs Free Energies for
Formation of AMPS-CDs@riluzole Complexes®

(E1) groups in AMPS-CDs, whose functional groups are
charged, respectively. The potential energy surfaces that lead to
the formation of each molecular complex obtained with the
linear interpolation method are presented in Figure 6B.**™>'
Such interpolations indicate that the potential surfaces for the
complex formation are barrierless, i.e., the AMPS-CDs NPs act
as attractors. The —NH-bonding interactions belonging to —
NH, from riluzole can be observed in Figure 6, Al, B1, D1,
and El, verifying the interactions shown in NMR spectra
(Figure 4B).

3.5. AMPS-CDs as a Nanocarrier for Riluzole Drug
(AMPS-CDs@riluzole) Affect the Glioblastoma Cells.

complexb AES AH AG
Al -29.0 —=27.7 -17.6
B1 —25.3 —24.2 -12.7
C1 —8.8 —-7.4 +1.6
D1 -33.9 -32.7 224
E1l -21.0 —194 —8.2

“Temperature: 298.15 K; energies in kcal mol ™. bGeometries given
in Figure 6. “Electronic energy in kcal mol™".

enthalpies (AH) and Gibbs free energies (A,G) computed at
298.15 K, as well as the electronic energies of the reactions.
The most stable complexes correspond to the interaction
between the —NH, group in riluzole and SO3 (A1) or —COO

Previously, we showed that 50 uM riluzole was the optimal
concentration to influence live GBM cells as a concentration
within the scale of the maximum tolerated dose of 100 yM in
medical practice and as it has already shown a promising effect
on cell lines in vitro as well as in vivo CAM assay.”” To examine
the effect of riluzole alone and in combination with AMPS-
CDs NPs, the glioblastoma cell line was incubated with 50 uM
riluzole, and 0.1 mg mL™' AMPS-CDs NPs alone and in
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Figure 7. (A) Relative cell viability after treatment with AMPS-CDs NPs in different concentrations on the GBM 11ST cell line and (B) AMPS-
CDs@riluzole. *p < 0.0, **p < 0.01 when compared with cells treated with 50 M riluzole by the t-test.
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combination for 24 h and after that, submitted for the FTIR
spectrum collection in the live cells setup. The live-cell FTIR
measurement was employed to study the effect of the AMPS-
CDs NPs as a nanocarrier for the riluzole drug on the most
important bioorganic molecules, such as proteins, lipids,
nucleic acids, and carbohydrates. In this study, essential
biomacromolecules were evaluated in the live cells without any
invasive cell preparation.

First, the cytotoxic effect was performed on the primary
glioblastoma cells isolated from patient 11ST for the potential
effect of the riluzole drug alone and with the AMPS-CDs
nanocarrier. The AMPS-CDs NPs did not show a cytotoxic
effect on the cells, even in relatively high concentrations gently
increasing cell viability (Figure 7A). The optimal concentration
of AMPS-CDs NPs and riluzole for treating cells was
evaluated, as the concentration has the greatest impact on
GBM (data not shown). Here, we focused on the effect of 50
UM riluzole as we have previously shown it to be close to the
ICs, concentration and have proven the molecular and survival
impact on live GBM cells.”” It is shown that a combination of
50 uM riluzole and 0.1 mg mL~" AMPS-CD has significantly
lowered cell viability (p < 0.01), while higher concentration of
the CDs showed less effect (Figure 7B).

Besides, we analyze the effect of the AMPS-CDs NPs and
riluzole on the cell viability of nontumor human astrocytes
(provided by Innoprot, Derio, Spain, ref P10251 Human
astrocytes) (Figure 8). As expected, AMPS-CDs did not affect
cell viability with a tendency to increase it (nonsignificant).
However, interestingly, the combination of AMPS-CDs with
riluzole significantly increased cell viability compared to the
treatment with riluzole alone (Figure 8B), showing an opposite
effect to that occurring in GBM tumor cells. This different
effect was specifically evident after the cells were treated with
the 50 uM riluzole and 0.1 mg mL™" AMPS-CD combination
as it causes the highest significant GBM mortality (Figure 7B).
Tumor GBM cells show a S5 + 3% of cell viability, while
survival of nontumor astrocytes increased to 76 + 7% (Figure
8B). The fact that CDs had a positive effect on healthy
astrocyte cells even at low concentrations makes it appealing to
hypothesize that this drug and nanocarrier combination
presents a promising effect on cancer cells, which would
have minimal effect on the healthy cells and deserve further
investigation.

3.6. Live Cell FTIR Assay on the GBM Treated with
AMPS-CDs as a Nanocarrier for Riluzole Drug (AMPS-
CDs@riluzole). As a continuation of our previous study with
different synchrotron light-based X-ray techniques on the same
GBM cells, we explored the changes in most cells’ crucial
biomacromolecules after treatment with riluzole and AMPS-
CDs NPs by using SR-FTIR for GMB live cell analysis.”” The
analysis of various metabolic molecules was conducted within
live cells in a controlled physiological environment and
constant temperature of 37 °C. The results, depicted in Figure
9A, clearly demonstrate the efficacy of this method. Figure 9
presents the main biomacromolecule FTIR signatures of the
11ST cell lines in live conditions. After applying water
correction to each spectrum of individual cell measurements
(N = 44—105) and vector normalization, a second derivative
analysis was carried out. The comparison of main spectral
bands, which represent lipids, proteins, esters, carbohydrates,
and nucleic acids, was performed using the average spectra as
presented in Figure 9A. The analysis of single-cell FTIR
signatures using t-SNE based on their second derivative

average spectra across all spectral ranges resulted in distinct
separation of the measured groups, as demonstrated in the
inset in Figure 9A. To further identify specific differences, we
conducted PCA analysis and plotted the loading of the first
three principal components, as illustrated in Figure 8B. As can
be observed, the first principal component (PC1) displayed the
most differences in the protein’s area (blue arrow in Figure
9C,D shows orientation), while PC2 was prominent in the
lipid’s areas (red arrow in Figure 9C), and PC3 in the nucleic
acids area, mostly DNA (green arrow in Figure 9D). The
plotted PCs, PC1 and PC2, and PC1 and PC3 in Figure 9C,D,
respectively, clearly exhibited the segregation of all measured
groups. The PCA score demonstrated that segregation
occurred mostly over the PCl, which highlighted the
distinctions in the secondary protein structure. Based on the
loading plots, it appears that PC1 (represented by the blue
line) exhibits the most notable discrepancies at approximately
1644 cm™', pointing to the random coil protein structure that
is more prominent in cells treated with riluzole. On the other
hand, a favorable impact on the control and AMPS-CDs cells
can be observed around 1717 cm™ (carboxyl group) and 1620
em™! (associated with B-structure and free amino acid chains).
Regarding the lipid region, the primary differences are
observed in the bands located at roughly 2926 and 2853
cm™', which are assigned to v,,CH, and v,CH,,*%
respectively. These bands associate with log acyl chains in
lipids, which were lower in riluzole and riluzole and AMPS-
CDs NPs treatments when compared to the control and only
AMPS-CDs NPs treatment (PC2). This indicates possible lipid
peroxidation processes which occur in riluzole and CD
treatments.”* In the fingerprint area (1480—1030 cm™), the
phosphate bands predominantly exhibited considerable differ-
ences. The control cells demonstrated higher absorbances at
1087/1235 cm™!, which were related to phosphate symmetric
and asymmetric stretching vibration, respectively.”* These
were higher in the only AMPS-CDs NPs treated cells.
Although the AMPS-CDs nanoparticles themselves were not
toxic, when combined with riluzole, they had a positive impact
on promoting cell death on GBM. These results indicate that
AMPS-CD nanoparticles could potentially serve as a carrier for
riluzole in the treatment of glioblastoma cancer cells. Pairing of
riluzole and AMPS-CDs nanoparticles had a advantageous
effect on changes in nucleic acids and accordingly protein
conformations in GBM. Specifically, the nanoparticles caused a
shift in protein structure, leading to an increase in a-helix
structure (at 1656 cm™) in the cells. Further research on
noncancerous cells may provide a more comprehensive
understanding of the nanoparticles’ overall effects.

4. CONCLUSIONS

Our study aimed to create new safe AMPS-CDs and test them
on live cells isolated from a patient’s glioblastoma cell line. We
used the AMPS-CDs@riluzole system and observed the cell
viability in cancer and noncancerous cells, as well as to follow
the changes in the biomacromolecule profile of GBM cells,
including the emergence of random coil protein structures.
This suggests that the effects of the system are not limited to
DNA, but also extend to protein conformation. This is a
promising finding and indicates that AMPS-CDs could be a
useful nanocarrier for delivering riluzole and targeting proteins
in glioblastoma cancer cells.
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