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S and N-doped carbon dots (S-CDs and N-CDs) and their cisplatin (cis-Pt) derivatives.
(S-CDs@cis-Pt and N-CDs@cis-Pt) were tested on two ovarian cancer cell lines: A2780 and A2780 cells

resistant to cis-Pt (A2780R). Several spectroscopic techniques were employed to check S-CDs@cis-Pt and
N-CDs@cis-Pt: solid- and solution-state nuclear magnetic resonance, matrix-assisted laser desorption,
ionization time-of-flight mass spectrometry, and X-ray photoelectron spectroscopy. In addition,
synchrotron-based Fourier Transformed Infrared spectro-microscopy was used to evaluate the biochem-
ical changes in cells after treatment with cis-Pt, S-CDs, N-CDs, or S-CDs@cis-Pt and N-CDs@cis-Pt, respec-
tively. Computational chemistry was applied to establish the model for the most stable bond between
S-CDs and N-CDs and cis-Pt. The results revealed the successful modification of S-CDs and N-CDs with
cis-Pt and the formation of a stable composite system that can be used for drug delivery to cancer cells
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Cisplatin resistance
Spectroscopy
Drug delivery
and likewise to overcome acquired cis-Pt resistance. Nanoparticle treatment of A2780 and A2780R cells
led to the changes in their structure of lipids, proteins, and nucleic acids depending on the treatment. The
results showed the S-CDs@cis-Pt and N-CDs@cis-Pt might be used in the combination with cis-Pt to treat
the adenocarcinoma, thus having a potential to be further developed as drug delivery systems.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Epithelial ovarian cancer (EOC) is one of the most lethal gyneco-
logical malignancies in Western society [1,2]. Characterized by at
least five distinct histological subtypes [1], this highly heteroge-
neous disease is primarily associated with poor survival prognosis
[3]. Therefore, patients undergo cytoreductive surgery for epithe-
lial ovarian carcinomas (EOC) treatment followed by combination
chemotherapy using Pt-based compounds and Taxol� [1,2]. This
approach is practical as the first line of treatment for many ovarian
cancer patients.

However, up to 75% of patients are reported to relapse, eventu-
ally developing resistance to chemotherapy, and finally succumb-
ing to the disease [4]. Various treatment strategies and new
cytotoxic agents such as doxorubicin, 5-fluorouracil, paclitaxel, or
docetaxel have been developed and tested over the years to over-
come the cisplatin (cis-Pt) resistance. Even so, patient survival
rates have remained relatively unchanged [1,2]. Cis-Pt is a well-
known, effective, broad-spectrum anticancer drug used in therapy
over several decades [4–9]. However, it forms crosslinks with the
purine bases of DNA, which interferes with the DNA repair mech-
anisms, leading to DNA damage and subsequent cancer cell death
[4]. As a result, many patients eventually develop cis-Pt resistance
along with severe side-effects, such as nephropathy or ototoxicity
[4,5]. These side-effects contributed to a marked reduction in cis-
Pt’s clinical applications and are thus one of the significant chal-
lenges in ovarian cancer therapy and a limiting factor in patient
survival [1–5]. The effectiveness of cis-Pt as a chemotherapeutic
agent lies in its capacity to enter cells via different routes [4–9].
Also, it has multiple cell targets, which allow for the formation of
many different DNA-Pt adducts [4,5]. However, these combined
processes initiate a self-defense mechanism in human cells where
various genes are activated or silenced, resulting in dramatic epige-
netic and/or genetic alternations [5]. This cascade of events leads
to the development of cis-Pt resistance.

There is an urgent need to develop a novel therapeutic approach
to overcome cis-Pt resistance in EOC patients. One of the promising
approaches is the coupling of cis-Pt with a carrier, such as nanopar-
ticles. Carbon dots (CDs) have become an attractive group of NPs
used in several fields, including nanomedicine and bio-imaging
[10], because of their high chemical stability, dispersibility in
water, low photo-bleaching, and high biocompatibility [11]. Thus,
they are ideal candidates for drug delivery along with cellular
imaging in the physiological environment [12,13]. Previous studies
have demonstrated that the cellular uptake of CDs in cancer cell
lines was generally efficient resulting in the labeling of the cells
with bright fluorescence emissions from predominantly cell mem-
brane and cytoplasm [14]. In our previous investigation, we syn-
thesized organic CDs for potential bio-imaging applications and
characterized them using various spectroscopic methods [15].
The results obtained with preosteoblasts mouse cells incubated
with CDs demonstrated a precise cellular contour without any
functionalization of CDs [12,16].

In the present work, we characterized S-CDs and N-CDs and
their respectively functionalized with cis-Pt (S-CDs@cis-Pt and
N-CDs@cis-Pt) and test them as a novel agent for adenocarcinoma
treatment, on two EOC cell types. These cell types are
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well-characterized ovarian cancer cell lines, one being sensitive
to cisplatin (i.e. the A2780), and the second is cis-Pt resistant (i.e.
the A2780R). To characterize the intracellular changes triggered
with these S-CDs and N-CDs and S-CDs@cis-Pt and N-CDs@cis-Pt,
we applied the synchrotron-based Fourier Transformed Infrared
(SR-FTIR) micro-spectroscopy and X-ray photoelectron spec-
troscopy (XPS). The presence of the S-CDs@cis-Pt and N-CDs@cis-
Pt in the different cell lines enables efficient, bright fluorescence
emissions predominantly from cell membrane and cytoplasm
and the evaluation of the role of the CDs in the delivery of cisplatin
intracellularly. Techniques applied also allowed to check the differ-
ences in the localization of accumulated S-CDs and N-CDs, S-
CDs@cis-Pt and N-CDs@cis-Pt depending on the cell line’s resis-
tance towards cis-Pt. The position, presence and relative intensity
of bands related to the proteins’, phospholipids’ and nucleic acids’
functional groups were the base for estimation of changes in bio-
logically relevant macromolecules, and thus intracellular struc-
tures in the cytoplasm, membranes, and nucleus, respectively,
induced by the treatments with S-CDs and N-CDs, cis-Pt and their
derivates S-CDs@cis-Pt and N-CDs@cis-Pt respectively.

2. Experimental

2.1. Synthesis of cisplatin derivates (S and N-CDs@cis-Pt)

The structures and synthetic routes for the preparation of the
two CDs linked to cis-diammineplatinum(II) dichloride (99.9 %,
Sigma-Aldrich, Germany) are labelled through the text as S and
N-CDs@cis-Pt. The preparation of the S and N-CDs, was described
in the previous publication [16], in which poly(sodium-4-styrene
sulfonate) and polyvinylpyrrolidone (PVP) were used as S and N
sources respectively. The synthesis of S-CDs@cis-Pt was performed
by dissolving cis-Pt (152.1 mg / 0.5 mmol; 8.3 mM) in H2O (60 mL),
followed by the addition of S-CDs solution in H2O (20 mg/mL). For
the preparation of N-CDs@cis-Pt, cis-Pt (67.5 mg / 0.23 mmol,
8.51 mM) was dissolved in H2O (27 mL) by the addition of 2 mL
of N-CDs (17.75 mg/mL) in ultra-pure water. Both solutions were
left stirred overnight.

2.2. Physicochemical characterization

2.2.1. NMR Experiments.
Solid-(ss-NMR) and solution-state Nuclear Magnetic Resonance

(ls-NMR) experimental data were acquired with a Bruker Avance-
III HD spectrometer (Bremen, Germany) equipped with a 14.1 T
narrow bore magnet operating at Larmor frequencies of
600.09 MHz and 150.91 MHz for 1H and 13C, respectively. Pow-
dered samples were packed into 3.2 or 2.5 mm ZrO2 rotors and
rotated at room temperature at magic angle spinning (MAS) rates
of 15 or 35 kHz, respectively. 13C-CP-MAS (cross-polarization and
magic angle spinning) experiments were done in a 3.2 mm MAS
probe. Glycine was used as an external reference compound to
record the 13C spectra and to set the Hartmann-Hahn matching
condition in the CP-MAS experiments in 13C spectra. The contact
time during CP was 2000 ls. The SPINAL64 sequence (small phase
incremental alternation with 64 steps) was used for heteronuclear
decoupling during acquisition [17]. 1H-MAS ss-NMR spectra were
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recorded in a 2.5 mm MAS probe using single pulse excitation
experiments. Chemical shifts for 1H (in ppm) are relative to
(CH3)4Si.

2.2.2. X-ray photoelectron spectroscopy (XPS).
XPS measurements were carried out on a Physical Electronics

PHI VersaProbe II spectrometer (Feldkirchen, Germany) using
monochromatic Al-Ka radiation (49.1 W, 15 kV and 1486.6 eV). C
1 s, O 1 s and N 1 s core-level spectra were analyzed. Spectra were
recorded with a constant pass energy value of 29.35 eV, using a
100 lm diameter circular analysis area, and analyzed using PHI
SmartSoft software and processed using MultiPak 9.3 package.
Shirley-type background and Gauss-Lorentz curves were used to
determine the binding energies. The binding energy values were
referenced to the adventitious carbon C 1 s signal (284.8 eV).

2.2.3. Synchrotron-based Fourier transform infrared (FTIR) micro-
spectroscopy

The FTIR measurements were carried out at the MIRAS station
at the synchrotron ALBA (Barcelona, Spain). Recently, we showed
that this method is very effective to study intact cancer cells after
different treatments without any staining and chemical or
mechanical changes [18]. The infrared (IR) spectra were collected
in a transmission mode using an infrared microscope coupled to
an FTIR Hyperion 3000 spectrometer (Bruker, Germany) and a liq-
uid nitrogen-cooled mercury cadmium telluride (MCT) detector.
The aperture slits were set to 10 � 10 lm to achieve the single-
cell size, and each spectrum was acquired after 256 scans at
4 cm�1 spectral resolution. The FTIR transmission mode was used
to collect spectra of single cells ranging from 900 to 3100 cm�1.
The FTIR spectra were acquired from N = 55–100 individual
A2780 and A2780R ovarian cancer cells grown on the
10 � 0.5 mm CaF2 window and treated with different CDs (where
control was not submitted to any treatment) and afterward fixed
with 4% formaldehyde prior to analysis.

2.2.4. Pre-processing of spectral data
Baseline correction of the raw spectra and the multiplicative

scatter correction were used as pretreatment to reduce the addi-
tive and multiplicative effects in the spectra. Then, all single spec-
tra were vector normalised, and they were further subjected to the
Principal component analysis (PCA). PCA is a statistical procedure
that allows orthogonal transformation, mostly of highly correlated
variables, such as those found in FTIR spectra, into a set of uncor-
related data called principal components. These components are
arranged so that the first principal component has the most signif-
icant variance; the second is uncorrelated with the first. Finally, it
absorbs the maximum of the remaining variance. Mathematically,
PCA can be represented by the following model: X ¼ TPT þ E,
where is T score matrix, P loading matrix and E is the residual
matrix, so it is PTP ¼ I (I is the identity matrix). The spectral pre-
processing was performed in the OPUS software, while the
Unscrambler and Quasar softwares were was used for PCA.

2.2.5. MALDI TOF/TOF mass spectrometry
Matrix-assisted time of flight mass spectrometry (MALDI TOF/

TOF MS Bruker Autoflex MaX, Bremen, Germany) was used to
determine the binding of cis-Pt to S and N-CDs respectively.
S-CDs and N-CDs were suspended in water at a concentration of
approximately 1 mg/mL. For some measurements, solution of
S-CDs and N-CDs was mixed with organic matrix before applica-
tion on MALDI target. The spectra were also acquired in a
matrix-free LDI mode (1 lL of solution per spot). Samples were
afterwards left at room temperature to crystallize. As
matrices, either 2,5-dihydroxybenzoic acid (DHB) or
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a-cyano-hydroxycinnamic acid (CHCA) (10 mgmL�1 in 50% metha-
nol) were used. MALDI mass spectra were acquired in the positive
ion mode in the reflector mode and 170 ns delay time. Accelerating
voltage was set to 20 kV, laser repetition rate 200 Hz, and laser flu-
ency kept around 10% over the threshold to acquire the optimum
signal-to-noise ratio. Each spectrum represents the average of
2000 individual laser shots.

2.2.6. Cell preparation
The ovarian cancer cells (A2780) and cis-Pt-resistant ovarian

cancer cells (A2780R) were grown in RPMI 1640 medium supple-
mented with 10% (v/v) fetal bovine serum, 1% (v/v) antibiotic–an-
timycotic solution, L-glutamine (2 mM), and 1% (w/v) of cisplatin
(100 mM). In the case of the A2780R cells, cis-Pt was only used
in the subculturing process prior to performing the MTT assay.
The cells were harvested, cultured (10 000 cells/well) and incu-
bated with cisplatin, S-CDs, N-CDs, or S and N-CDs@cis-Pt in a con-
centration range of 0–10 lM (concentration of cis-Pt in
formulations was S-CDs@cis-Pt and N-CDs@cis-Pt) for 48 h. Meta-
bolic activity was determined by the MTT assay, according to the
procedure described earlier [19]. Briefly, the evaluation of cell via-
bility with the MTT assay commenced by replacing the culture
medium with a fresh culture medium containing 10% (v/v) of an
MTT solution (0.5 mg/mL). A 3-h-incubation followed this in the
dark to achieve the formation of the formazan crystals. After the
incubation, generated formazan crystals were dissolved in
dimethyl sulfoxide (DMSO), and the absorbance was measured at
550 nm. The mean value of the blank was subtracted from each
sample. Samples were incubated in a quadruplicate, and the mean
values were calculated. Values obtained for non-treated cells were
set to 100%, and other values were expressed as % of control values.

2.2.7. Computational
The interactions of cisplatin with N-CDs and S-CDs have been

studied using density functional theory (DFT) with the hybrid
exchange–correlation functional CAM-B3LYP [20]. The def2-TZV
basis sets have been applied to all the atoms which form the sys-
tems under study [21,22]. The electronic structure calculations
were carried out with GAUSSIAN16 [23]. Adsorption energies were
determined using the expressions given by Thermodynamics Sta-
tistical with programs implemented by our research group
[24,25]. The potential energy surfaces that lead to the formation
of the complexes formed between cisplatin and (S-CDs and N-
CDs) have been studied using the linear interpolation method
[26–31] with the augmented def2-TZVPP basis sets. Molecular
geometries were analyzed with the help of the MacMolPlt [32]
and MOLDEN [33] graphical programs.
3. Results and discussion

3.1. Morphological analysis of S-CDs@cis-Pt and N-CDs@cis-Pt

The morphology of hydrothermally synthesized and modified S-
CDs@cis-Pt and N-CDs@cis-Pt were studied by TEM (Fig. 1). The
average size of N-CDs@cis-Pt (Fig. 1A) were between13 and
34.5 nm, being a mean sized of 20.6 nm. Most likely, the amine-
and carboxylic acid organic groups on the N-CDs surface promote
the electrostatic interactions, thus explaining the presence of
aggregates in the images (Fig. 1A, inset). However, no agglomera-
tion was observed in the TEM image of S-CDs@cis-Pt, which
showed well dispersed and semi-spherical nanoparticles with a
range size between 33.3 and 83.5 nm, which showed the more
repetitive values comprised between 33 and 50 nm.

Both NPs exhibited high solubility and stability in water due to
the nitrogen/sulfur/oxygen-containing functional groups. The XPS



Fig. 1. TEM images of (A) N-CDs@cis-Pt and (B) S-CDs@cis-Pt (scale bar: 200 nm). Histograms of the as-synthesized nanoparticles.
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and NMR analysis were performed to investigate their surface
chemistry further.

3.2. Spectroscopic characterization of S-CDs@cis-Pt and N-CDs@cis-Pt

3.2.1. Solid and solution state NMR characterization.
Powder formulations containing functionalized cis-Pt samples

with either S-CDs or N-CDs were studied by ss-NMR spectroscopy.
The 1H-MAS spectrum obtained at a MAS rate of 35 kHz for the
pure cis-Pt sample showed the main broadband at 1H chemical
shift (d 1H) of 4.06 ppm with low intensity and broad shoulder at
six ppm, which was assigned to free water molecules and the H
atoms belonging to NH3 ligands of the drug, respectively (Fig. 2).
This broadband implies an amorphous state for pure cis-Pt. Due
to the poor resolution obtained by the 1H-MAS ss-NMR spectrum,
we performed 195Pt NMR experiments for cis-Pt and the S-
CDs@cis-Pt and N-CDs@cis-Pt dissolved in D2O. The most important
finding is that the Pt signal shifts from �2165.8 ppm in the pure
drug to �1677.8 and �1631.3 ppm for the S- and N-CDs@cis-Pt for-
mulations, respectively (Fig. 2). The single 195Pt NMR signal
obtained in S and N-CDs@cis-Pt nanocomposites indicates homo-
geneity in chemical composition (i.e. occupation of all available
places on the CDs surface with cis-Pt). The chemical shift observed
at high frequencies in the 195Pt NMR spectra of S-CDs@cis-Pt and
Fig. 2. (A) 1H-MAS (@35 kHz) ss-NMR (left column) and 195Pt solution-state NMR spect
Legend to individual signal is given in formulae.
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N-CDs@cis-Pt suggests the chemical interaction between the func-
tional groups of CDs with Pt. Moreover, ss-NMR measurements on
the S-CDs@cis-Pt and N-CDs@cis-Pt particles demonstrate that the
drug was well dispersed within the CDs structures. However, the
exact type of bond between Pt and the surface of CDs cannot be
determined [34], by these NMR techniques applied.

The 1H-MAS spectra for S-CDs@cis-Pt and N-CDs@cis-Pt were
different from the spectra of free CDs (Fig. 2, and in Suppl. Informa-
tion Figure S1 and S2). The NMR assignment for the 1H signals has
previously been reported [35]. Notably, the 1H-signals correspond-
ing to adsorbed water molecules (strongly and weakly adsorbed,
SAW and WAW, respectively) [36,37] were only slightly affected
by the incorporation of cis-Pt molecules in the formulation. On
the other hand, the 1H NMR signals of the polymeric content, in
which the S-CDs or N-CDs are dispersed, were highly affected by
the cis-Pt binding. Specifically, the 1H linewidth corresponding to
the hydrogen atoms of the methylene and the pyrrolidine-2-one
cyclic system were the most affected signals in S-CDs and N-CDs
samples, respectively (Figures S1 and S2).

Moreover, the contribution of the NH3 ligands can be observed
at 5–8 ppm for the N-CDs@cis-Pt sample since this sample does not
contain aromatic 1H signals. On the other hand, S-CDs@cis-Pt was
difficult to analyze due to the contribution of the hydrogen atoms
in the aromatic ring of the CDs-polymeric structure (d
ra in D2O (right column) for the pure cis-Pt (B) S-CDs@cis-Pt and (C) N-CDs@cis-Pt.
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1H = 7.2 ppm). However, an increment of the 1H signal can be
clearly observed at a d 1H = 4–6 ppm, which might arise from
NH3 ligands in the cis-Pt (Figure 2 and S1).

In the 13C CP-MAS experiments, the intensity of resonance sig-
nals in the 13C dimension was reduced, and the cis-Pt content
increased in the powder formulations, affecting, to some extent,
the polarization of the 13C nuclei. The latter phenomenon explains
signal intensities in functionalized samples evaluated under the
same experimental conditions (Figures S1 and S2).

When the S-CDs@cis-Pt and N-CDs@cis-Pt formulations were
dissolved in D2O, the chemical shift observed in the 195Pt line in
both samples indicates that the coordination sphere for Pt, which
is changed after binding to CDs, remains unaltered in solution.
Besides, the 1H- and 13C NMR signals arising from the S-CDs and
N-CDs dissolved in D2O were recovered and well-resolved com-
pared to the ss-NMR (Figures 2, S1 and S2). This is, however,
expected, if one considers changes in the chemical environment,
which affect the molecular organization of the solid and reduce
the paramagnetic effects of Pt centers in comparison with the solid
state (Figures S3 and S4). Moreover, the interaction between cis-Pt
and the N-CDs in the 1H ls-NMR spectrum was evidenced through
the shift of the hydrogen atoms from � 3.6 ppm to 4 ppm corre-
sponding to the > CH– group of the PVP structure located next to
the N-atom of the amide group (Figure S4). In this case, the amide
group bound to Pt induced a shift towards high-frequency values
for the proton of the > CH– moiety, which indicates the coordina-
tion of the amide group in the PVP with Pt-ions along with the
coordination with NH3 ligands, as observed in the 1H-MAS spec-
trum (Fig. 2). This NMR shift was also observed in polyethylenei-
mine segments bounded to Au3+ ions in D2O solutions [38].
Likewise, the surface sulfonate functional groups from poly(4-
styrene sulfonate at S-CDs) have the potential to establish a coor-
dinative bond with the Pt already bound to NH3 ligands. Based
on the obtained information from the NMR experiments, the inter-
action of NPs with cis-Pt can be illustrated as presented in Fig. 3.
Cis-Pt is bound to the surface of the CDs nanoparticles, allowing
the possible further delivery in the treatment of cancer cells.
3.3. MALDI TOF MS analysis

MALDI TOF mass spectrometry has been proven to be a suitable
method for analyzing the surface modification of carbon dots
H3N
N

Cl
Pt
Cl

S-CDs

O

OH

SO3

S-CDs

O

OH

Cl
NH3NH3

Pt
S O

O

O

RTH2O,

Fig. 3. Schematic representation of the surface functionali
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nanoparticles, as reported previously [39]. Therefore, we have
applied this method to confirm cis-Pt binding for the surface of
S-CDs, N-CDs. Both were analyzed with the assistance of traditional
organic matrices, such as 2,5-DHB and CHCA, but also without a
matrix, in a so-called LDI mode. The LDI analysis was possible
thanks to the optical properties of CDs, which absorb in the UV
range and can be substrates for LDI TOF mass spectrometric detec-
tion of various species [40]. In the spectra acquired without a
matrix, only the signals arising from the surface modifiers of CDs
are detectable. Among them, there are signals, which arise from
unbound cisplatin (not indicated in the figure) and those, which
arise from the cis-Pt bound to either PVP (Figure S5A) or PSS (Fig-
ure S5B). Each signal represents a group of signals due to a high
number of Pt-isotopes, which form a characteristic pattern. There-
fore, signals are indicated according to their starting and terminal
positions. Cis-Pt-containing ions are generated by binding one cis-
platin molecule to either monomer, dimers, or trimers of PVP or
PSS (Cf. Table 1 for signal position and identity). It is possible that
dimers or trimers of PVP and PSS are formed in the gas phase after
the process of desorption/ionization and that only one cisplatin
molecule is bound per PVP and PSS on the surface of CDs. Also,
for the interaction of cisplatin with PVP or PSS, the loss of labile
chloride ligand is required.

3.4. Computational approach

In Fig. 3, the schematic presentation of the interactions estab-
lished between S-Cs and N-CDs and cis-Pt is given. This model
was based on the results of NMR spectroscopy. However, for the
computational approach, selected and simplified models, consider-
ing only hydrogen bonds was applied to make calculations more
feasible.

3.4.1. Structural model
Given that (i) CDs consist of nanometer-sized carbon core sur-

rounded by amorphous carbon frames, and that (ii) N-CDs and S-
CDs are synthesized by attaching different chemical substituents
to the surfaces. Amide (–CONH2), amine (–CH2NH2) or carboxylate
(–COO�) groups were attached to the surface of N-CDs and sulfonic
(-SO3

� ) groups for S-CDs [16]. The models applied for studying the
interaction of cis-Pt with such functionalized carbon nanoparticles
are given in Scheme 1.
N-CDs

H3

RTH2O, N-CDs

Cl
NH3

H3N
Pt

Polyvinylpyrrolidone

N
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C O

N

R
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O

N
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C O
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R
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O
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zation of S-CDs@cis-Pt (left) and N-CDs@cis-Pt (right).



Table 1
The signal position and identity of signals are indicated in Figure S5A-B. For ease of
interpretation, only the signals arising from cisplatin binding to a polymer, either
polyvinylpyrrolidone (PVP) or polystyrene-sulfonate, are indicated in the spectra and
listed in Table 1.

Position, m/z Identity

361.9–367.9 cis-Pt-Cl + PSS1
377.1–382.1 cis-Pt-2Cl + PVP + H
379.8–385.8 cis-Pt-Cl + PSS1-H + Na
452.1–456.1 cis-Pt-2Cl + PVP2 + H
559.2–572.2 cis-Pt-2Cl + PSS3-H + Na
566.2–576.1 cis-Pt-2Cl + PVP3 + H

Scheme 1. Selected models of CDs and

(A) A1 (N-CDs) (B) A2 (N-

(D) C1 (N-CDs)

1.725 Å1.729 Å 1.965 Å

1.809 Å
2

Fig. 4. CAM-B3LYP/def2-TZV optimized geometries of the complexes formed between cis
(–CH2NH2); (E) D1 (-SO3

- ).
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The studied structures consist of different chemical moieties
bound at one of the carbon atoms of the central ring of anthracene,
respectively, and they agree with the models applied for studying
analogous types of materials such as activated carbon acid cata-
lysts or N doped 3D-graphene quantum dots [24,25,41,42].
3.4.2. Interaction of cisplatin with N-CDs and S-CDs.
According to the structural models proposed in Scheme 1, we

have searched for the possible chemical interactions of cis-Pt with
the functional groups studied in this work. Due to the complexity
of potential interactions and the signal’s weakness in the NMR
functionalized N-CDs and S-CDs.

CDs) (C) B1 (N-CDs)

(E) D1 (S-CDs)

1.992 Å

1.744 Å

.149 Å

1.939 Å

2.026 Å

platin and N-CDs or S-CDs. (A) A1 (–COO-); (B) A2 (–COOH); (C) B1 (–CONH2); (D) C1
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spectra (Fig. 2), the direct interaction of donor atoms from the sur-
face of CDs with Pt was not considered for calculations. However,
after a careful search of each model, the formation of hydrogen
bonds between cis-Pt and the corresponding substituent group of
the CDs was found to stabilize the nanocomposite system (S-
CDs@cis-Pt and.

N-CDs@cis-Pt). This type of interaction is noncovalent. It is
established between cis-Pt and doped carbon dots whose origins
are purely coulombic [43], leading to the formation of cis-Pt-CDs
complexes without alteration of the molecular geometry of the
drug. The binding of cis-Pt via hydrogen bonds, and only scarce
use of the central metal ion, is essential since the drug geometry
is vital for finding the biological target for cis-Pt. The minimum
energy geometries of such complexes are depicted in Fig. 4 and
Table 2 collects their reaction enthalpies (DrH) and Gibbs free
Table 2
CAM-B3LYP/def2-TZVPP// CAM-B3LYP/def2-TZV reaction enthalpies and Gibbs free
energies to form cis-Pt-CDs complexes.a.

Complex DrH D DrEec

A1 �49.2 �38.9 �51.4
A2 �17.1 �5.8 �18.7
B1 �19.2 �7.52 �20.9
C1 �14.4 �2.40 �16.2
D1 �44.5 –32.8 �46.9

a Temperature: 298.15 K; energies in kcal/mol. geometries are given in Figure C1.
electronic energy in kcal/mol.

Fig. 5. Comparative metabolic activity of cis-Pt and the different carbon nanoparticles wi
A2780R. All concentrations are expressed as concentrations of cis-Pt.
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energies (DrG) computed at 298.15 K. The most stable complexes
correspond to those ones in which the functional group (–COO�

and -SO3
� ) is charged, following the big dipole moment of cis-Pt,

which is calculated at � 12 D.
The potential energy surfaces that lead to the formation of each

molecular complex are represented in Figure S6; they are obtained
with the linear interpolation method [26–31]. Such interpolations
indicate that the potential surfaces for the formation of the com-
plexes are barrierless; that is, the CDs act as attractors. Addition-
ally, the model aligns with changes observed in the position of
proton signals in the NMR spectra of S-CDs@cis-Pt and N-
CDs@cis-Pt (Fig. 2).
3.5. Cell characterization: In vitro cell viability

The effect of S-CDs@cis-Pt and N-CDs@cis-Pt on the viability of
A2780 ovarian cancer cells culture was studied, and the results
are shown in Fig. 5. Two well-characterized ovarian cancer cell
lines, namely cells sensitive to cis-Pt (A2780, Fig. 5A) and the same
type of carcinoma cells, but resistant to cis-Pt (A2780R, Fig. 5B)
were investigated. The effect of both cis-Pt formulations was com-
pared to the effect of individual CDs and cis-Pt.

As expected, A2780 cells are sensitive to cis-Pt, and their viabil-
ity decreases with an increasing concentration of cis-Pt. The
achieved IC50 value (the concentration of a drug that leaves 50%
of cells viable) was 0.2 ± 0.002 lM, whereas S-CDs and N-CDs
demonstrated no cytotoxicity in the tested concentration range
th the ovarian cancer cell lines (A) Sensitive to cis-Pt, A2780 and (B) cis-Pt resistant,
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(Fig. 5A). The IC50 values obtained for S-CDs@cis-Pt and N-CDs@cis-
Pt were 0.3 ± 0.002 and 0.5 ± 0.004 lM, respectively.

The second cell line investigated is A2780R, resistant to the
treatment with cis-Pt, which is also confirmed by our experiment
(Fig. 5B). Specifically, the IC50 value for cis-Pt was not achieved
within the tested concentration range. Similarly, none of CDs was
cytotoxic (IC50 > lM), whereas the combination of S-CDs@cis-Pt
overcame cis-Pt resistance (achieved IC50 value of
2.25 ± 0.01 lM). For N-CDs@ cis-Pt, IC50 value was higher than
10 lM. In addition, at the two lowest concentrations of cis-Pt,
namely 0.01, and 0.100 lM (highlighted with a grey bar in
Fig. 5B), the formulation of cis-Pt with S-CDs was efficient in over-
coming cell resistance to cis-Pt (Fig. 5B), whereas N-CDs showed no
activity. Due to the severe side effects of cis-Pt administered
through the circulation [4,5], it is essential to achieve an anti-
tumor effect with lower concentrations of chemotherapeutic.

The formulation of S-CDs@cis-Pt is more efficient in killing ovar-
ian cancer cells than N-CDs@cis-Pt since its IC50 value in A2780
cells was lower, and in A2780R cells, it was the one that overcame
the resistance to cis-Pt. It is speculated that the cis-Pt resistance of
cancer cells arises from the drug accumulation in the cell and sub-
sequent inactivation [40]. Therefore, S-CDs@cis-Pt overcomes the
resistance might be because of the higher stability of the complex
of Pt with S-donor on the surface of S-CDs, which is also obtained
by computational analysis (cf. below), and experimentally demon-
strated in previous work [41]. Compared to N-donors from the sur-
face of N-CDs, the formulation S-CDs@cis-Pt, as more stable, is also
less susceptible to the interaction with intracellular biomolecules
that can cause accumulation of cis-Pt inside the cells and the
Fig. 6. (A) Averaged FTIR spectra of the sensitive and (B) cis-Pt resistant A2780 cells (B) u
or S-CDs and cis-Pt simultaneously. Each treatment is indicated by a different color
contribution of individual absorbance to these components (loading plot).
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neutralization. On the other hand, in A2780 cells, sensitive to cis-
Pt, IC50 values of S-CDs@cis-Pt and N-CDs@cis-Pt are somewhat
higher compared to pure cis-Pt, which can be explained by slower
exchange reactions when cis-Pt is bound already to donor mole-
cules (S- and N- on the surface of CDs).

3.6. SR-FTIR analysis of A2780 and A2780R cells after treatment with
S-CDs, N-CDs, and their functionalized cis-Pt derivates

To follow the mild effect of the nanomaterials on both types of
cells, for the further FTIR estimation of the cellular biomacro-
molecule status, we used a concentration of 0.1 lM. Fig. 6 shows
the FTIR spectra obtained for A2780 (A) and A2780R cells (B):
untreated, N-CDs treated, S-CDs treated, and cells treated with
N-CDs@cis-Pt or S-CDs@cis-Pt and cisplatin simultaneously. The
individual spectra were statistically compared using PCA analysis
(Fig. 6C, D). The shape of the bands corresponding to functional
groups arising from various biomolecules like nucleic acids, carbo-
hydrates, proteins, and lipids is different and dependent on the
treatment and the cell type. In A2780 cells, the most significant
changes in the bio-macromolecules are induced by the treatment
with N-CDs@cis-Pt concerning the fingerprint region of nucleic
acids (mostly DNA).

In contrast, themost significant changes in lipid area are induced
by the treatment with N-CDs, S-CDs, and S-CDs@cis-Pt (Fig. 6A,). In
the case of A2780R cells, the most significant difference, compared
to the control (non-treated cells), was observed after the treatment
with S-CDs and S-CDs@cis-Pt (DNA and protein region) and an
increase in the lipids-related bands after all treatment (Fig. 6B, C).
ntreated, cis-Pt-treated, N-CDs-treated, S-CDs-treated, and cells treated with N-CDs
of spectra (N = 50). (C) The PCA score plot of two first PCA components and (D)
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The PCA, and the corresponding scatter and loadings plots are given
in Fig. 6C, D and represent cell types changes according to the spec-
tral bands’ characteristics for organic compounds. The PCA score
plot showed that a two-component model explains 72 % of the vari-
ability (PC1 accounted for 37 % and PC2 for 35 %). The objects in the
plots were characterized as cell types and treatments, and the vari-
ables are the FTIRwavenumbers. From the loadings plots (Fig. 6D), it
is possible to identify wavenumbers influential for the separation
among the samples. In PC1 loadings, the dominant bands are the
Amide I and II, namely the a helix spectral bands at 1653 and
1542 cm�1, respectively (Fig. 6D).

Furthermore, the bands at 2924, 2852 cm�1 characteristic for
lipids and PO2 asymmetric stretch of DNA bound phos-
phates � 1234 cm-1are also appear in the PC1 loadings. According
to the PC2, the dominant bands are vibration at 1122 cm�1 charac-
teristic for CAO stretch vibration of ribose ring in RNA and PO2

- an
asymmetric stretch of DNA-related phosphates at 1234 cm�1 [44].
Regarding the lipid changes, the main difference was observed at
the 2924 cm�1 and 2853 cm�1, bands assigned to CH2 asymmetric
and symmetric stretching vibrations, respectively. This increase
and change in the position of CH2 bands pointed toward shorter
lipids molecules formation and change in membrane fluidity [45]
of treated A2780 and A2780R cells.

Based on the positions of the scores along PC1 and their related
loadings, there was a decrease in lipids’- and proteins’- bands (cor-
responding to intensities of their characteristic spectral bands), in
the direction shown by arrows in Fig. 6C with the most significant
change in N-CDs, treated A2780 and N-CDs@cis-Pt-treated A2780R
cells, as well as the cis-Pt-treated A2780 and A2780R cells, in
comparison to the control cells (both A2780, A2780R). A similar
effect was displayed in the S-CDs@cis-Pt-treated A2780 and
Fig. 7. High-resolution C 1 s XPS spectra for (A) Control A2780 cells an
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N-CDs@cis-Pt-treated A2780 cells. Based on the positions of the
scores along PC2 (Fig. 6C) and their related loadings, there was a
decrease in the phosphate band corresponding to the DNA in the
direction indicated by an arrow in Fig. 6C. Here, a decrease in
DNA (and RNA) bands was highest for N-CDs treated A2780R cells
and lowest after treating A2780 cells with N-CDs@cis-Pt. This
result might indicate the suitability of N-CDs as the carrier that
can reach the nucleus and the target molecules (DNA) that are a
primary target for the action of cis-Pt, as discussed above. Besides,
the negative effect on DNA bands has also the S-CDs on both cells
A2780 and A2780R. In addition, the N-CDs effect on DNA in A2780
cells is notable, but on the other hand, the proteins were also sig-
nificantly changed.

In summary, the PCA shows that both S-CDs and N-CDs affect
the A2780 cells by inducing changes in all three classes of biomo-
lecules, which is visible as the change in the averaged spectra
(Fig. 6A, B). It was noted that the DNA band decreased in intensities
of the characteristic spectral bands of the treated cells compared to
the controls. The results also show that proteins, lipids, and DNA
are most affected by the treatments, which may be a part of the
cancer cells’ damage. The effect of S-CDs@cis-Pt and N-CDs@cis-Pt
is stronger than treatment with cis-Pt alone, for both sensitive
and cis-Pt resistant cells, regarding the decrease in cellular proteins
or lipids/membranes- bands, as shown by FTIR. Although they
might not be the primary target for cis-Pt, proteins and lipids
may also contribute to cancer cell death through signaling path-
ways. Having in mind that lipids emerge as new target molecules
for cancer treatment [45] and that cis-Pt might be activated after
the interaction with the phospholipids in the inner membrane
[43], the combination of this drug with S-CDs and N-CDs is promis-
ing in the adenocarcinoma treatment.
d treated with (B) S-CDs, (C) N-CDs@cis-Pt and (D) S-CDs@ cis-Pt.



Table 3
Area contribution (%) for the C 1 s.

CAC/CAH CAO/CAN O-C@O

Position (eV): 284.8 286.15 288.1
A2780-cells 67.76 19.98 12.27
A2780-S-CDs 56.27 (17.0 %)* 25.63 (28.3 %)* 18.10 (29.9 %)*
A2780-S-CDs@Cisplatin 59.20 (12.6 %)* 23.77 (19.0 %)* 17.02 (23.7)*
A2780-N-CDs@Cisplatin 66.96 20.97 12.07 (N-C@O)**

* In parenthesis, the decreasing (red) and increasing (blue) of the signal compared with CAC/CAH.
** Is assumed that this contribution is comprised of this group.

Table 4
Atomic concentration (%) of the obtained S-CDs@cis-Pt and N-CDs@cis-Pt.

C O N Cl Pt

N-CDs 75.4 14.3 10.3
N-CDs@cis-Pt 67.4 13.9 13.3 3.1 2.3

S Na

S-CDs 17 46.5 10.7 25 12.8
S-CDs@cis-Pt 31.0 31.1 8 6 6.7 4.4
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3.7. XPS analysis. Interaction of S-CDs@cis-Pt and N-CDs@cis-Pt with
A2780 cells

To further understand the interaction of cis-Pt with S-CDs and
N-CDs with A2780 cells, we analyzed the XPS spectra of cells trea-
ted in the same way described in the previous section. Fig. 7 shows
the XPS spectra of A2780 cells, whereas similar spectra were also
acquired for A2780R cells. In Fig. 7A, the spectra of A2780 cells
(non-treated) are given, and the main component is assigned to
the adventitious carbon signal (CAC/CAH) at 284.8 eV, with
which we will be comparing the other signals. These signals
decreased by 17 and 12.6 % (Table 3) after treating cells with
S-CDs or S-CDs@cis-Pt. This result can be explained by the carbonyl
groups covering the CDs. The XPS can detect NPs on the surface of
different cells and their interactions with functional groups [46].

The treatment of A2780 cells with N-CDs@cis-Pt does not affect
the chemical composition of cells (Fig. 7C). The ratio for both sam-
ples increased 28.3 (Fig. 7B) and 19.0 % (Fig. 7D) for CAO/CAN (at
286.2 eV) and 29.2 (Fig. 7B) and 23.7 % (Fig. 7D) O-C@O/N-C@O sig-
nals (at 287.9 eV) [47]. This is a correlation with the FTIR spectra, in
which the most intense interaction is observed in the protein
vibrations (Amide I and II) (Fig. 6). The most substantial interaction
of nanocomposites with S-CDs is observed with lipids and proteins
on the cell surface. On the other hand, the interaction of NPs con-
taining N-CDs was not detectable by this method, which agrees
with FTIR data, i.e. the interaction with nucleic acids, inside the
cells.

The XPS analysis of the raw cis-Pt, N-CDs@cis-Pt and S-CDs@cis-
Pt is given in Figure S7A-C, whereas the high-resolution C 1 s, N 1 s
and O1s spectra of N-CDs@cis-Pt and S-CDs@cis-Pt are depicted in
Figure S8. The surface chemical composition (in atomic concentra-
tion, %) of the obtained raw S-CDs@cis-Pt and N-CDs@cis-Pt was
performed by XPS analysis (Table 4). This analysis is interesting
because it showed the high surface content of O in S-CDs@cis-Pt,
explained by the high content of sulfonic groups, even after reac-
tion with cis-Pt.
4. Conclusions

Based on the previous reports, which focus on the administra-
tion of cis-Pt using carbon nanoparticles [7,48–51], the present
work demonstrates that S-CDs@cis-Pt and N-CDs@cis-Pt compos-
ites can be used as a cis-Pt delivery systems to treat ovarian cancer
adenocarcinoma cells A2780. The use S-CDs and N-CDs functional-
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ized with cis-Pt helps to overcome metallo drug resistance, one of
the major problems in chemotherapy [1,2]. The main features of
the surface characterization of both obtained systems, S-CDs@cis-
Pt and N-CDs@cis-Pt, were observed by ss- and ls-NMR studies
which confirmed the homogeneity of cis-Pt distribution on the sur-
face of both composites. Other spectroscopic techniques applied in
this work also confirm the successful surface modification of S-CDs
and N-CDs through a hydrogen bond between the NH2 group of cis-
Pt and the NH2 group of N-CDs on the one hand, and the RSO3

-

group of S-CDs with the same group of cis-Pt. In this sense, NMR
measurements also detect the direct interaction of N and S-
donors on the surface of N-CDs and S-CDs with Pt ion, respectively.
SR-FTIR analysis showed the effect of N-CDs as potential carrier for
cis-Pt, but also as single NPs directly affect DNA in A2780 resistant
cells. XPS confirms that the most substantial interactions are
observed with S-CDs with lipids and proteins on the cell surface,
by observing the C 1 s core level spectra, and probably do not enter
the nucleus and thus do not affect DNA. All these results strongly
suggest a high potential of the S-CDs and N-CDs as carriers for
cis-Pt drug delivery; the investigated systemmight also be adopted
for other types of transition metal complexes.
CRediT authorship contribution statement
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[18] T. Dučić, M. Ninkovic, I. Martínez-Rovira, S. Sperling, V. Rohde, D. Dimitrijević,
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