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A B S T R A C T   

Carbon dots (CDs) and N-carbon dots (N-CDs) loaded with Ru-complex (CDs@RuCN, N-CDs@RuCN, respec
tively) were investigated as media imposing biochemical changes induced by UV illumination of ovarian cancer, 
A2780, and osteosarcoma, CAL72, cells. Synchrotron radiation-based Fourier Transform Infrared Spectroscopy 
was performed, and the spectra were subjected to a Principal Component Analysis. The CDs@RuCN and N- 
CDs@RuCN effects on cancer cells were analyzed by the theoretical modelling of the stability of the composite 
systems and a protein database search. Moreover, a detailed evaluation of surface and optical properties of 
CDs@RuCN and N-CDs@RuCN was carried out. Results demonstrated selective action of the CDs@RuCN and N- 
CDs@RuCN-based photodynamic therapy, with N-CDs@RuCN being the most active in inducing changes in 
A2780 and CDs@RuCN in CAL72 cells. We assume that different surface charges of nanoparticles led to direct 
interactions of N-CDs@RuCN with a Wnt signalling pathway in A2780 and those of CDs@RuCN with PI3–K/Akt 
in CAL72 cells and that further biochemical changes occurred upon light illumination.   

1. Introduction 

Carbon dots (CDs) are low-cost, water-soluble, nanosized light har
vesters with high efficiency to generate reactive oxygen species (ROS). 
These features might direct their potential application as photosensi
tizers (PSs) in photodynamic therapy (PDT) [1,2]. CDs have been re
ported to efficiently suppress cancer cell growth in vitro, such as Hep G2 
liver cancer cells, by triggering oxidative stress and damaging vital 
cellular biomolecules [3,4]. Similar inhibition has been observed in 
breast cancer cell lines (MDA-MB-231 and MCF-7), in which CDs caused 
the generation of a large amount of ROS [3]. Published results indicated 
that doping of CDs with heteroatoms, such as N, S or B, can enhance 
their light absorption capability and improve their quantum yield, 
important for the oxygen photosensitization essential for the application 

in PDT [5,6]. Furthermore, the surface of CDs can be easily functional
ized with drugs, which have rapid renal clearance, resulting in CDs 
-nano-based drug carriers [7,8]. 

Nano-based drug carriers are intended to arrive at the tumor sites 
owing to their enhanced permeability and retention effect [9]. Never
theless, as many other nanomaterials developed, most CDs reported to 
date are mainly localized in the organelles in the cytoplasm, i.e. the 
lysosomes, mitochondria, Golgi apparatus and endoplasmic reticulum 
[10,11]. To further enhance PDT, CDs need to be functionalized to enter 
a cell nucleus, which is an optimal site for cancer treatment. When CDs 
reach the nucleus, the attached drug can be released and damage the 
genes to stop the proliferation of the cancer cell without being trapped 
or neutralized in the cell cytoplasm [12]. CDs contain an sp2/sp3 hy
bridized carbon structure that can attract aromatic-ring drugs via strong 
π-π interactions. In this study, CDs were modified with a Ru-complex 
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containing aromatic ligands to create a nanocomposite system that can 
interact with intracellular biomolecules and potentially reach the cell 
nucleus. Upon light illumination, certain Ru-complexes can generate 
singlet molecular oxygen and/or undergo ligand dissociation, which can 
result in coordination of the Ru fragment with DNA or proteins, thus 
enhancing the cytotoxicity [13,14]. Non-doped and N-doped CDs loaded 
with cyano (η5-cyclopentadienyl) bis (triphenylphosphine) ruthenium 
(II) (Ru(η5-C5H5)(PPh3)2CN) (RuCN complex, further in the text) 
(CDs@RuCN and N-CDs@RuCN, respectively) are tested as photo
sensing agents in PDT of osteosarcoma and human ovarian cancer 
(CAL72 and A2780 cancer cell lines, respectively). Our objective is to 
evaluate the effect of CDs’ properties on the capability of the composites 
to impose changes in the structure of cellular biomolecules in the dark 
and upon UV illumination, and thus to be used in PDT. We also intend to 
isolate the effect of light to elucidate the contribution of these photo
sensitizers (PSs) to the biochemical processes triggered by the illumi
nation. To our knowledge, there is only one study of biochemical 
changes in cells during PDT, in which the cumulative effects of photo
sensitizer, Hypocrellin A, and the light were observed by SR FTIR [15]. 
Based on recorded structural changes in lipids, proteins, and nucleic 
acids in A2780 and CAL72 cells initiated by the illumination, we eval
uated the effects of CDs composites’ surface chemistry on the complexity 
of the PDT mechanism in different cancer cell types. Finally, potential 
target proteins belonging to specific signalling pathways are theoreti
cally identified as affected by the CDs photoactivity. 

2. Material and methods 

2.1. Synthesis of Ru complex and CDs 

The synthesis of RuCN, cyano (η5-cyclopentadienyl) bis (triphenyl
phosphine) ruthenium (II) (Ru(η5-C5H5)(PPh3)2CN), was carried out 
following the methodology reported previously, with some modifica
tions [16]. CDs were obtained from lactose (1 M) by hydrothermal 
treatment at 120 ◦C for 3 h, as previously reported by our group [17]. 
CDs enriched with nitrogen (N-CDs) were obtained by exposing the 
previously obtained CDs to 1,6-hexane diamine for 3 h at 100 ◦C. This 
method showed good reproducibility of the synthesis procedure, 
demonstrated by the results of XPS analysis [18,19]. Based on these 
results, the chemistry of synthesized nanocarbons used in this study, 
along with that of ruthenium complex, is shown in Table S2. 

2.2. Cell cytotoxicity assay 

Cells were grown in RPMI 1640 (A2780) or DMEM (CAL72) medium 

containing 10% serum and 1% antibiotics and supplemented with other 
essential ingredients. Afterwards, cells were harvested, cultured at a 
density of 10 000 cells/well and incubated with various concentrations 
of RuCN (concentration range 2.5–20 μM) or with CDs/N-CDs (20 μg - 
0.5 mg/mL), Fig. S1, for 2 h prior to illumination with a UV lamp (60 
μW, 350 nm, 10 min). The cytotoxicity was evaluated after 48 h expo
sure by measuring the metabolic activity of cells using the Resazurin 
reduction assay, according to the vendor’s instructions. Non-treated 
cells were used as controls. 

2.3. Preparation of cells for SR-FTIR spectroscopy 

Cell cultures of A2780 and CAL72 were grown in an incubator at 
37 ◦C, with 5% CO2 atmosphere on a round 10 × 0.5 mm2 CaF2 carrier 
(minimum 60 000 cells/sample) and treated with 12.5 μM RuCN con
taining 20 μg/mL either CDs or N-CDs before the SR FTIR spectroscopy. 
After 24 h of incubation, cells were washed twice with PBS and lyoph
ilized in a Martin Christ Freeze-dryer Alpha lyophilizer 1–2 Labconco 
Freeze Zone 4.5 L Freeze Drier Systems (Germany). The conditions of 
lyophilization were as follows: the temperature of − 50 ◦C, the vacuum 
of 0.3 mBa for 24 h. Samples were stored over silica gel before the SR- 
FTIR spectroscopy data acquisition. 

2.4. Synchrotron radiation Fourier transform infrared (SR FTIR) 
spectroscopy 

Intracellular changes in biomolecules were analyzed by the SR-FTIR 
spectroscopy (Synchrotron ALBA, MIRAS beamline, Barcelona, Spain) 
[20], and technical details were the same as described previously [21]. 
The aperture of the FTIR microscope was set to a size of a single cell (12 
× 12 μm2), and 60 cells were analyzed from each group. In total, three 
independent replicates were analyzed with co-adding 256 spectra at 4 
cm− 1 resolution. 

2.5. Data processing and statistical evaluation 

For comparisons between different regions and bands, averaged 
spectra were analyzed after a baseline correction and vector normali
zation. SR FTIR spectra were processed by using the Orange Spectros
copy tools [22], which allows multimodal spectral analysis involving 
PCA. The bands with the highest differences in position and intensity 
were identified as outliers (maximum three per sample) and excluded 
from further calculations. From the spectra, the intensity of the C––O 
band and the CH2/CH3 ratio were calculated and compared within 
different groups of samples by using the Analysis of Variance (ANOVA) 
test. 

3. Theory/calculation 

3.1. Bioinformatics analysis 

To identify potential protein targets of CDs that are specific for 
A2780 and CAL72 cell lines, we used the baseline gene expression in 
these cell lines and the comparison between them. The Expression Atlas 
[23], a freely available resource of the European Bioinformatics Institute 
for the gene expression across species, was browsed. The genes with 
abundant expression in each of the cell lines, which are not expressed in 
the other cell line, were further analyzed using the DAVID enrichment 
tool [24]. The enrichment analysis was based on the comparison be
tween the number of genes in the input list annotated with the specific 
term and the number of genes annotated with the same term in the 
whole genome. DAVID uses modified Fisher’s Exact test to measure gene 
enrichment in annotation terms. For the annotation of analyzed pro
teins, we selected Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways [25]. We browsed PDBsum [26], a publicly available pictorial 
database of protein 3D structures, in search of the 3D structures of 

Abbreviations 

CDs Non-doped carbon dots 
N-CDs Nitrogen-doped carbon dots 
RuCN (η5-cyclopentadienyl)bis(triphenylphosphine) 

ruthenium(II), (Ru(η5-C5H5)(PPh3)2CN) 
CDs@RuCN Non-doped carbon dots loaded with (Ru(η5-C5H5) 

(PPh3)2CN) 
N-CDs@RuCN Nitrogen-doped carbon dots loaded with (Ru(η5- 

C5H5)(PPh3)2CN) 
A2780 ovarian cancer cell line 
CAL72 osteosarcoma cancer cell line 
SR-FTIR spectroscopy Synchrotron Radiation-based Fourier 

Transform Infrared Spectroscopy 
PSs photosensitizers 
PDT photodynamic therapy 
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proteins identified as the potential targets of CDs/NCDs. PDBsum was 
searched by a protein sequence, which was downloaded, as a canonical 
protein isoform, from an UniProt database (The UniProt Consortium, 
2019). 

3.2. Density functional theory (DFT) calculations 

The calculations of surface and optical properties of CDs@RuCN and 
N-CDs@RuCN were performed with the density functional theory (DFT) 
by applying the M05-2X function [27] with the empirical dispersion 
correction of Grimme [28] and the def2-SVPP, and def2-TZVPP basis 
sets [29] as they are implemented in the Gaussian program. This 
methodology has been already successfully applied to an analogous 
Ru-complex [30]. 

4. Results and discussion 

4.1. Cytotoxic and UV light photo-cytotoxic activity of CDs, N-CDs and 
Ru-complex 

The metabolic activity was observed upon the treatment of A2780 
and CAL72 cells with CDs, N-CDs and RuCN in the dark (Fig. 1A) or upon 
light illumination (Fig. 1B). The treatment of A2780 cells with CDs did 
not result in significant cytotoxicity, whereas the incubation achieved a 
marked viability reduction with N-CDs and RuCN. 

The illumination of A2780 cells treated with CDs and N-CDs seemed 
to recover their metabolic activity. In the case of the RuCN/light-treated 
cells, metabolic activity was lower compared to the non-treated illu
minated cells. The treatment of CAL72 with CDs in the dark resulted in a 
significant decrease in cell metabolic activity (Fig. 1A), whereas the UV 
light increased cytotoxicity of all substances, i.e. CDs, N-CDs and RuCN 
(Fig. 1B). 

Cells could become more metabolically active after treatment with 
nanoparticles (NPs), which is attributable to the activation of prolifer
ation and growth pathways triggered by the adhesion of NPs to cells 
[31], but our findings agree with the findings of other authors [32], who 
reported the increased toxicity and apoptosis in the cells upon their 
interactions with CDs. We assume that observed diverse effects can be 
explained by the cell-line dependent signalling differences. 

The enhanced effect of UV on cytotoxicity can be linked to the 
photoactivity of CDs/N-CDs upon UV illumination. In this process, ROS 
might be generated in the cells, which cause cellular damage and, 
consequently, cell death. In addition, RuCN also demonstrated a pho
tosensitizing effect after UV irradiation (Fig. 1B), which is observed as a 
decrease in metabolic activity compared to the cell treatment in the 

dark. These results imply that both components of the system, CDs and 
RuCN, have the potential to act as photosensitizers, which is explored 
further. 

4.2. The theoretical model of CD@RuCN and N-CD@RuCN as 
photosensitizers 

As we already mentioned, both components of the system (RuCN and 
(N-)CDs) have been characterised previously and are photoactive in the 
UV region (Table S2). In order to enhance photoactivity, two compo
nents are combined. The surface and optical properties of CDs@RuCN 
and N-CDs@RuCN are of crucial importance to identify their potential 
biomolecular targets in A2780 and CAL72 cells and to explain their 
photosensitizing activity. Geometries are illustrated in Fig. 2, whereas 
theoretically obtained excitation/absorption of RuCN, CDs@RuCN and 
N-CDs@RuCN, enthalpies and Gibbs free energies of the reactions of 
formation of the drug-carrier complexes as well band gaps (vertical 
excitations) and oscillator strengths of the electronic transitions are 
presented in Table S1. 

Calculations provided the following significant findings: a) the 
interaction of RuCN with both CDs and N-CDs is stable, with the CDs 
(COOH)@RuCN found to be the most favourable from both the energetic 
and dynamics viewpoints; b) results suggest that the complexes of CDs 
and N-CDs with RuCN will act as PS in augmenting the effect of light on 
the cells as the oscillator strengths of the UV active bands increase in 
passing from the Ru-complex to CDs@RuCN, N-CDs@RuCN (Table S1). 

4.3. SR-FTIR spectroscopy study of biochemical changes in CAL72 and 
A2780 

The extent and nature of biochemical changes in two cancer cells 
upon UV illumination in the presence of CDs@RuCN and N-CDs@RuCN 
were investigated by comparing SR FTIR spectra of illuminated cells 
with their treatment in the dark. As shown, both components of the 
system are expected to be photoactive and absorb in the UV range 
(Table S2), but their effect was cell line-dependent. We found that 
CDs@RuCN and N-CDs@RuCN act selectively in terms of induced 
biochemical changes in these two cell lines, and that selectivity is ach
ieved by the differences in cellular mechanisms between various cancer 
types. Although it is assumed that the increased level of oxidative stress 
triggered by the light is responsible for the observed photokilling effect 
[33], the cellular response depends on the cell biomolecular composi
tion mostly related to the signalling pathways. CDs@RuCN and 
N-CDs@RuCN are mediators for PDT, and their interaction with intra
cellular biomolecules may focus the action of light [34]. 

Fig. 1. Metabolic activity (%) of non-illuminated (A) and illuminated (B) CAL72 and A2780 cancer cell lines upon treatment with CDs, N-CDs, and RuCN. The 
metabolic activity of non-treated cells is set up as 100%, and cells are incubated with RuCN, CDs or N-CDs for 2 h directly before illumination. An asterisk indicates 
the significant differences in the viability (*p < 0.05, **p < 0.01, ***p < 0.001), and ns indicates a lack of statistically significant difference. 
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The starting point of our approach is the treatment of the cells with 
CDs@RuCN and N-CDs@RuCN (Fig. 2) at a fixed concentration. The 
cells were treated in the dark or upon UV illumination, and the extent of 
changes induced by illumination was studied in detail by IR spectros
copy. Infrared spectra were divided into three regions that correspond to 
principal classes of biomolecules, processed and evaluated separately: 
lipids (~3050-2800 cm− 1), proteins (~1800-1480 cm− 1) and nucleic 
acids (NA) and carbohydrates (~1480-900 cm− 1). In the NA- and 
carbohydrate region, two bands were associated with changes in the 
lipids’ structure: the band from ~1480 to 1430 cm− 1 (linked to bending 
vibrations of unsaturated aliphatic chains) and ~1430-1360 cm− 1 cor
responds to vibrations of carboxylic acids and/or aldehydes [35,36]. A 
principal component analysis (PCA) was performed for each region. The 
second derivative of the spectral region corresponding to the Amide I 
bands was obtained in order to identify precisely differences between 
two groups of spectra and assign the changes in protein conformation, i. 
e. secondary structure, induced by CDs@RuCN or N-CDs@RuCN treat
ment and/or UV illumination. Since we hypothesize that the differences 
in signalling pathways, related to the chemistry of nanocarbon used, 
cause selectivity in response to PDT, we have first analyzed the changes 
in the protein region in both cells. 

4.3.1. SR-FTIR spectroscopy analysis of protein changes 
In the case of both cells, illumination causes significant changes in 

the protein spectral region. The most affected parts of the proteins in the 
Amide I and Amide II regions, together with the carbonyl and carboxyl 
groups in the area from 1480 cm− 1 to 1800 cm− 1, are displayed in 
Fig. 3A and E for A278 and CAL72 cells, respectively. The Amide I band 
was analyzed in detail to visualize differences in various protein sec
ondary structures, and the second derivative is shown in Fig. 3B and 2F 
(A2780 and CAL72, respectively). The second derivative showed a shift 
of the Amide I band (detected at ~ 1649 cm− 1-1651 cm− 1) to the 
maximum at ~1655 cm− 1 after interaction with N-CDs@RuCN upon 

illumination. This band corresponds to the Amide I C––O stretching vi
bration, and its shift was observed after the bovine serum albumin (a 
protein) interactions with Ru-ion [37]. The band at ~ 1630 cm− 1, cor
responding to the β-secondary structure, changed upon the treatments, 
especially for A2780 (an arrow in Fig. 3B). 

The first component in the PCA showed the most prominent contri
bution of the broad band at ~1630 and 1553 cm− 1, and PC2 pointed out 
the differences in the protein conformation at ~1542 cm− 1and ~1648 
cm− 1 (minima of the plot, Fig. 3C) of the A2780 cells. These peaks are 
assigned to an α-helix and random coil structure, respectively. The 
corresponding signals are more pronounced in the CDs@RuCN/UV, and 
N-CDs@RuCN/UV treated cells (Fig. 3C) compared to non-illuminated 
ones. Maxima of the PC2 are the range of carbonyl and carboxyl 
groups (~1765 cm− 1 and ~1734 cm− 1). These structures were the most 
pronounced in N-CDs@RuCN (green dots in Fig. 3D). 

In CAL72 cells, the differences in the SR FTIR spectra are detectable 
in the Amide I band (Fig. 3E, an arrow in Fig. 3F). This is also confirmed 
by the PCA: the most pronounced differences were detected in the 1554 
cm− 1 band and broad band at ~1630 (PC1) (Fig. 3G, PC loadings). The 
minima of PC2 at ~1648 cm− 1 are assigned to the random coil, and they 
are more pronounced in the UV-treated cells. The maxima in PC2 are at 
~1567 cm− 1, and they could be assigned to amino acids residues and/or 
possibly aggregated β-sheet structures. Also, one of the PC2 maxima is at 
1755 cm− 1 and it corresponds to the ester groups [38,39]. The PC1 and 
PC2 scores show clearly different patterns after the various treatments 
(Fig. 3H), with the CDs@RuCN treatment being the most efficient in 
inducing protein changes in CAL72 cells. 

Our data are consistent with the findings of Chio-Srichan and co- 
workers [15], who reported significant changes of the Amide I and II 
regions (changes in the secondary protein structure) in HeLa cells 
treated with PS, i.e. Hypocrellin A and upon light illumination. In our 
case, the extent of the proteins҆ conformal changes is the cell and 
CD-dependent: N-CDs@RuCN imposed more pronounced changes in 
A2780, and CDs@RuCN in the CAL72 cells. Additionally, changes in the 
α-helix are more visible upon illumination of A2780 cells than those in 
CAL72. 

4.3.2. Bioinformatics analysis of potential target proteins in A2780 and 
CAL72 cells 

Since UV illumination induces various changes in the protein struc
ture depending on the cell line and the type of CDs used, the specificity 
of the proteins present in the tested cell lines and thus their interactions 
with nanocarbon based PS govern the observed behaviour. These pro
teins might be target molecules whose structural changes affect the in
dividual cell viability upon tested conditions. To check this hypothesis, 
we have searched the Expression Atlas database and chose the expres
sion results of experiments E-MTAB-2770 for A2780 and E-MTAB-3983 
for CAL72 cell lines. There were 14807 and 13925 expressed genes, with 
the baseline expression ≥2.0 TPM (Transcripts Per Million), in these two 
cell lines, respectively. There were 3281 genes specifically expressed 
(≥2.0 TPM cut-off) in the A2780 cell line and 2398 genes specifically 
expressed in the CAL72 cell line. Subsets of these genes, with the 
expression ≥20 TPM, were selected for enrichment analysis with the 
DAVID tool. The most significantly enriched (Kyoto Encyclopedia of 
Genes and Genomes (KEGG) metabolic library in the A2780-specific 
subset of genes was a Wnt signalling pathway, including seven genes 
(Table 1). For three of these genes, a 3D structure of a part of the protein 
was resolved and overviewed in the PDBsum database (Table 2). Chains 
in proteins WIF1 and TP53 contain, among other secondary structure 
motifs, four and two β-sheets, respectively. These could be the structures 
affected with the treatment of A2780 cells with the N-CDs@RuCN, 
described in the previous section as a change in the peak at ~1635 cm− 1. 
Additionally, a protein chain with a resolved 3D structure of the protein 
CXXC4 encompasses four helices (Table 2), which could be the struc
tures affected by the treatment of A2780 cells with both CDs@RuCN and 
N-CDs@RuCN (a change in the region ~1660 cm− 1-1655 cm− 1 of the 

Fig. 2. Geometries of RuCN and models selected for CDs@RuCN and N- 
CDs@RuCN complexes. 
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FTIR spectra). The Wnt//β-catenin pathway regulates cell proliferation 
and apoptosis, as well as a stem cell fate in embryonic and adult tissues 
[25]. This pathway was previously shown to be hyperactivated in 
ovarian cancers, although the underlying mechanisms are still elusive. 
Nevertheless, the inhibition of the Wnt/β-catenin pathway can have 
therapeutic potential, which is why it is already recognized as an 
important target for ovarian cancer therapy [26,27]. 

In the CAL72-specific subset of genes, the most significantly enriched 
KEGG pathway was phosphatidylinositol 3-kinase (PI3K)/Akt signalling 
pathway, encompassing 18 genes (Table 2). For 11 of these genes, 
PDBsum entries were overviewing the 3D structures of the chains in the 
corresponding proteins. Secondary structure motifs from eleven pro
teins, MET, CDK6, FGF1, FN1, ITGA2, ITGA4, IL7R, NGF, PRKCA, 
THEM4 and THBS2, include at least one sheet (Table 1). 

This is consistent with the changes in the spectral region attributed to 
the β-sheet structures described in the previous section in CAL72 cells 
after the treatment with CDs@RuCN and N-CDs@RuCN. The (PI3K)/Akt 
pathway is one of the key pathways in human cancers, and it was shown 
to be hyperactivated in osteosarcomas [40]. It is involved in the majority 
of phases of initiation and progression of osteosarcomas, and therefore it 
is one of the most valuable targets in the treatment of these cancers [41, 
42]. Based on the above-mentioned results, the most probable proteins 
involved in the diverse effects of CDs@RuCN and N-CDs@RuCN under 
UV light are associated with the aforesaid signalling pathways. 

4.3.3. SR-FTIR spectroscopy study of the changes in the lipid region 
UV illumination does not induce significant changes in the lipid re

gion in the A2780 cells treated with CDs@RuCN (Fig. 4A and B, blue and 
red lines and dots in PC1 x PC2 graphs, Fig. S2), whereas in the presence 
of N-CDs@RuCN (Fig. 4A and B) illumination leads to an increase in the 
intensity of CH2-asymmetric and symmetric stretching bands (~2920 
cm− 1 and ~2850 cm− 1, respectively) (Figs. S2 and S3) [43]. A slight 
increase in the intensity of the CH2 asymmetric stretching band might 
indicate an increased level of oxidative stress that affects cellular lipids 
upon light illumination [35], which is consistent with the implied PDT 
mechanism [33]. The carbonyl band corresponding to the C––O group 
has also moderately higher intensity in the case of N-CDs@RuCN treated 
and illuminated A2780 cells than the corresponding unilluminated 
analogue (Fig. S3A). These changes agree with detected changes in the 
cell metabolism (Fig. 1). Accordingly, the level of C––C band decreases, 
which is consistent with the increased level of oxidative stress 
(Fig. S2A). It is possible that N-CDs@RuCN interacts more readily with 
the membrane phospholipids, and therefore acts locally after the light 
illumination. The interaction of nanoparticles, or nanocomposite sys
tems, with the cellular phospholipids and the cell membrane is a com
plex issue since it depends on the surface charge, shape and size of 
nanoparticles, as well as on the phospholipid composition and potential 
receptors on the cell surface [44]. However, since this also depends on 
the cell type, this hypothesis needs further experiments with the com
plex systems. 

Fig. 3. SR-FTIR spectra (A, E) of the protein region 
and the second derivative of the Amide I regions (B, 
F) of A2780 and CAL72 cells, respectively, treated 
with CDs@RuCN and N-CDs@RuCN. In C and G the 
loadings for PC1 and PC2 are given, whereas in D 
and H the PC1 × PC2 graphs for A2780 and CAL72 
cells, respectively, are presented. Blue lines in the 
spectra represent the cells treated with CDs@RuCN, 
and red ones represent the cells treated with 
CDs@RuCN and illuminated. The treatment with N- 
CDs@RuCN is represented by the green lines in both 
spectra, whereas the same treatment upon illumi
nation is given in orange.   
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The analysis of the IR spectra of the lipid area in CAL72 cells showed 
that the signal at ~3014 cm− 1 that arises from unsaturated C––C bonds 
[43] decreased significantly upon UV light illumination (Fig. 4B). This 
decrease in the intensity is more pronounced in the cells treated with 
CDs@RuCN compared to N-CDs@RuCN (Fig. 3A), and it indicates a 
reduction in the concentration of unsaturated bonds. These changes 
might be caused by the peroxidation of lipids, and based on the obtained 
results, it is possible that CDs@RuCN is more active than its N-doped 
analogue. A higher peroxidation activity in cells is also confirmed by the 
significantly changed CH2/CH3 ratio of asymmetric vibrations areas 
(Fig. S3B). Biochemical changes in the lipids-related signals of both cell 
lines upon light illumination were also detected in the spectral region 
from ~1480 to 1430 cm− 1 (bending vibrations of unsaturated aliphatic 
chains) and from ~1430 to 1360 cm− 1 that corresponds to vibrations of 
carboxylic acids and/or aldehydes [35,36] (Cf. further in the text). 

In the spectra of CDs@RuCN-treated A2780 cells, the signal from 
~1480 to 1430 cm− 1 decreased upon illumination, and for CAL72 it 
increased. The band’s intensity that corresponds to the carbonyl C––O 
group (1730-1760 cm− 1) increased relative to the total lipid bands in the 
A2780 cells (Fig. S3A) that are treated with N-CDs@RuCN and illumi
nated compared to unilluminated analogue. While the difference be
tween various treatments is significant in this cell line, the increase in 
the C––O signal in the CAL72 cells is not statistically significant. 

All changes detected in the lipid region of the spectra of the A2780 
and CAL72 cells indicate different responses in these two types of cells. 
The decrease of C––C bands content, increase in carbonyl groups’ signal 
and in the ratio of their peak areas to those of total lipids indicate 
advanced oxidative processes in the A2780, and in CAL72 cells, the 
extent of oxidation of unsaturated lipids increased upon illumination 
[33,45]. Besides, a shift of the bands corresponding to the CH3 (asym
metric and symmetric) and CH2 asymmetric vibrations towards higher 
wavenumbers might indicate the interactions between CDs@RuCN and 
the lipids of CAL72 cells, the hydrogen bond rearrangements caused by 

the light illumination, and consequently changes in membrane fluidity 
[46]. They can be triggered either by the oxidative modification of lipids 
or lipids fluidity changes [47], caused by ROS, initiated by the light 
catalyzed by CDs@RuCN and N-CDs@RuCN. Also, the photosubstitution 
reactions, to which RuCN is susceptible [48], can play a role in indicated 
changes. Although detectable, the differences in the lipid region induced 
by the illumination of the A2780 cells are not statistically significant, as 
shown by PCA, whereas, in the CAL72 cells, these changes are more 
obvious (Figs. S2 and S3). 

4.3.4. SR-FTIR spectroscopy study of changes in the nucleic acid region 
The most significant changes in the IR spectra of the cells are 

observed in the signals at ~1240 cm− 1 and 1080 cm− 1, corresponding to 
the phosphodiester bands of NAs (asymmetric and symmetric vibrations 
of P––O groups, respectively) (Fig. 4C and D). In the A2780 cells exposed 
to CDs@RuCN, the asymmetric P––O band is shifted toward higher 
wavenumbers, and a decrease of the same band intensity for about 10% 
is observed upon illumination compared to the results collected in the 
dark. Although illumination of the N-CDs@RuCN treated cells did not 
lead to a shift in the wavenumbers, it increased the intensity of the bands 
corresponding to the P––O vibrations (~1240 cm− 1 and 1080 cm− 1) by 
about 30%. 

In the case of CAL72 cells, the phosphate band is also changed 
(Fig. 3D). The band at ~1240 cm− 1 was shifted towards higher wave
numbers when the cells were treated with both CDs@RuCN and N- 
CDs@RuCN (red vs blue and orange vs green line, respectively, Cf. 

Table 1 
Proteins involved in signalling pathways in A2780 and CAL72 cells were 
identified based on the analysis of the Expression Atlas database.  

A2780 cells – Wnt signalling 

Gene 
symbol 

Protein name Expression 
(TPM) 

CCND2 G1/S-specific cyclin-D2 537 
CXXC4 CXXC-type zinc finger protein 4 215 
TP53 Cellular tumor antigen p53 69 
WIF1 Wnt inhibitory factor 1 54 
VANGL2 Vang-like protein 2 41 
APC2 Adenomatous polyposis coli protein 2 22 
CER1 Cerberus 22 

CAL72 – PI3K/Akt signalling 
Gene 

symbol 
Protein name Expression 

(TPM) 

FN1 Fibronectin 362 
THBS2 Thrombospondin-2 156 
PRKCA Protein kinase C alpha type 122 
OSMR Oncostatin-M-specific receptor subunit beta 94 
GNG11 Guanine nucleotide-binding protein G(I)/G(S)/G 

(O) subunit gamma-11 
89 

LAMB1 Laminin subunit beta-1 76 
AKT3 RAC-gamma serine/threonine-protein kinase 61 
MET Hepatocyte growth factor receptor 61 
NGF Beta-nerve growth factor 51 
IL7R Interleukin-7 receptor subunit Alpha 47 
LPAR1 Lysophosphatidic acid receptor 1 46 
PDGFC Platelet-derived growth factor C 32 
CDK6 Cyclin-dependent kinase 6 26 
LAMA4 Laminin subunit alpha-4 26 
FGF1 Fibroblast growth factor 1 25 
ITGA2 Integrin alpha-2 24 
ITGA4 Integrin alpha-4 22 
THEM4 Acyl-coenzyme A thioesterase THEM4 21  

Table 2 
Secondary structures in proteins identified as possible targets of CDs.a  

Protein PDBsum 
ID 

AA 
number 

Secondary structures 

CXXC4 5vc9 46 4 helices, 1 helix-helix interact, 4 beta turns 
WIF1 2ygq 241 6 sheets, 6 beta hairpins, 5 beta bulges, 18 

strands, 3 helices, 27 beta turns, 2 gamma 
turns, 10 disulphides 

TP53 2fej 204 2 sheets, 3 beta hairpins, 4 beta bulges, 11 
strands, 3 helices, 26 beta turns, 1 gamma turn 

MET 6gcu 675 14 sheets, 28 beta hairpins, 23 beta bulges, 55 
strands, 9 helices, 82 beta turns, 10 gamma 
turns, 10 disulphides 

CDK6 1blx 305 2 sheets, 4 beta hairpins, 6 beta bulges, 7 
strands, 15 helices, 13 helix-helix interacs, 17 
beta turns, 2 gamma turns 

FGF1 1ry7 151 5 sheets, 4 beta hairpins, 4 beta bulges, 12 
strands, 4 helices, 23 beta turns, 4 gamma 
turns 

FN1 3t1w 368 8 sheets, 12 beta hairpins, 10 beta bulges, 32 
strands, 1 helix, 32 beta turns, 3 gamma turns 

ITGA2 1aox 201 1 sheet, 3 beta alpha beta units, 1 beta hairpin, 
1 beta bulge, 6 strands, 11 helices, 10 helix- 
helix interacs, 13 beta turns, 3 gamma turns, 1 
disulphide 

ITGA4 3v4v 582 11 sheets, 19 beta hairpins, 11 beta bulges, 40 
strands, 6 helices, 76 beta turns, 14 gamma 
turns, 6 disulphides 

IL7R 3up1 201 4 sheets, 7 beta hairpins, 4 beta bulges, 15 
strands, 4 helices, 18 beta turns, 3 gamma 
turns, 3 disulphides 

NGF 5jz7 110 4 sheets, 3 beta hairpins, 4 beta bulges, 9 
strands, 13 beta turns, 3 gamma turns, 3 
disulphides 

PRKCA 3iw4 332 2 sheets, 5 beta hairpins, 5 beta bulges, 8 
strands, 16 helices, 20 helix-helix interacs, 23 
beta turns, 2 gamma turns 

THEM4 4gah 172 1 sheet, 4 beta hairpins, 4 beta bulges, 7 
strands, 4 helices, 1 helix-helix interact, 14 
beta turns 

THBS2 1yo8 621 8 sheets, 10 beta hairpins, 8 beta bulges, 28 
strands, 11 helices, 94 beta turns, 7 gamma 
turns, 18 disulphides  

a Data are retrieved from PDBsum. Only the proteins for which the informa
tion could be found are given in the table. AA-amino acids. 
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Fig. 4). Moreover, in both cases, the intensity of this band increased, 
implying the changes in the NA structure, especially in DNA [49]. The 
band’s intensity at ~1240 cm− 1 increased by about 20% when CAL72 
was treated with CDs@RuCN (Fig. 4D), and by 30% after its treatment 
with the N-CDs@RuCN. These data are consistent with the findings of 
Havrdova et al., who found that the negatively charged CDs entered the 
cell nucleus to a lesser extent than those with positively charged func
tional groups, which interact better with DNA [50]. They also reported 
that negatively charged CDs induce oxidative stress in cells to a higher 
degree, which is not a light-triggered event. However, we can speculate 
that in our case, the level of oxidative stress induced by CDs and N-CDs is 
not sufficient to result in increased cytotoxicity (Fig. 1), but it can pro
mote structural changes in biomolecules. 

PCA scores (Figs. S4C and D) also confirm the significance of the 
different light-induced effects and show a grouping pattern of non- 
illuminated vs illuminated cells, especially in the case of CAL72 cells. 
The interactions of CDs with NAs are established since CDs have been 
used for the sensing of NAs [51]. Therefore, their interactions with NAs 
are also expected in the cellular milieu. Nevertheless, the mechanism of 
NAs’ structural changes upon their interaction with CDs@RuCN and 
N-CDs@RuCN and light needs to be elucidated. It has been assumed that 
the interactions of N-CDs with –NH2 group with acidic NAs is electro
static. In some instances, these interactions can result in the change of 
the conformation of NAs [52]. As seen in the SR-FTIR spectra and dis
cussed above, these interactions are augmented by light. Additionally, 
this effect might result from the light-triggered events catalyzed by CDs 
alone, but also light-induced RuCN isomerization and intercalation into 
DNA might play a role, as demonstrated for Ru-complexes with poly
pyridyl ligands [53]. Cardin and co-workers have also documented a 
photoinduced Ru-complex binding to plasmids DNA [54]. Indeed, 
various Ru-compounds were found to enter living cells and accumulate 
in the nucleus (among other organelles) [55]. They could directly 
damage nuclear DNA utilizing the Ru-compounds’ metal-ligand charge 
transfer “light-switch” property. 

The DNA damage mechanism could vary, ranging from the ROS 
formation and oxidation of guanine [56,57] to photo adduct formation 
where Ru-complex ligand dissociates upon irradiation followed by the 
coordination of the resulting Ru-fragment to DNA [13,14]. Some of 
these fragments might even successfully induce DNA photocleavage [58, 
59]. The PC loadings’ analysis of the A2780 cells (Fig. S4A) confirms 
that the most expressed differences in PC1 are observed at the bands 

~1020 cm− 1 and in PC2 at ~1220 and 1010 cm− 1. In the case of CAL72, 
the loading for PC1 (Fig. S4B) shows the most differences in the spectra 
at ~1220 cm− 1 and 1010 cm− 1. Besides bands at ~1020 cm− 1 

(glycogen) and ~1059 cm− 1 (carbohydrates) [59], the bands at ~1010 
and ~1089 cm− 1 are in a direct correlation with the Z-form of DNA, 
which could appear more expressed than the B-form after the epigenetic 
effect of acetylation of histones [60]. Besides, an increase of band at 
~1089 cm− 1 in UV illuminated samples was observed compared to 
non-illuminated analogues after cell’s treatments (Fig. 4D), which could 
correspond to the Z form/conformation of DNA. Possible transformation 
of the B form to the Z-DNA form caused by the NPs and UV treatments 
could finally lead to cell apoptosis. The shift of the position of corre
sponding NA-related bands is caused by light illumination. The vibra
tional study of the photosensitizing effect of hypocrellin A on HeLa cells, 
cervical cancer [60], indicates the changes in IR absorption of DNA upon 
PDT, which imply the apoptotic events in the cells. The systems tested as 
PS in the present study induce significant changes of NA-related bands in 
CAL72 compared to unilluminated analogues (Fig. S4D), which is in 
accordance with the decreased metabolic activity of CAL72 cells line 
when compared illuminated with unilluminated treatments with NPs 
(Fig. 1). 

5. Conclusions 

In conclusion, the results presented in this manuscript are, to our best 
knowledge, one of the rare detailed reports of intracellular biochemical 
changes that occur upon the illumination of the CDs-treated cells. We 
describe the effects attributable exclusively to light stimulation and are 
selective for the CDs@RuCN and N-CDs@RuCN. Changes in the struc
ture and conformation are observed in three major classes of bio
molecules, and a summary of the most pronounced changes is given in 
Table 3. Our results imply intermediate intracellular events related to an 
increased ROS production that occur upon light illumination in the 
presence of pristine and N-modified CDs. These events are different and 
dependent on the CDs’ surface and lead to structural/conformational 
changes in lipids, proteins, and nucleic acids. Detected changes can be 
attributed to the vibrational energies and oscillator stress of CDs/RuCN 
or N-CDs/RuCN combination, as well as to different protein expression 
in two cell lines. Proteins that are a part of two signalling pathways in 
the A2780 cells (Wnt) and PI3–K/Akt in the CAL72 cells are identified as 
potential targets for PDT with CD@RuCN or N-CDs/RuCN. While major 
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Fig. 4. SR-FTIR spectra of the lipid region (A,B) and nucleic acid (C,D) regions of A2780 (A,C) and CAL72 cells (B,D) treated with CDs@RuCN and N-CD@RuCN. 
Blue lines in the spectra represent the cells treated with CDs@RuCN, and red are the cells treated with CDs@RuCN and illuminated. The treatment with N- 
CDs@RuCN is represented by the green lines in both spectra, whereas the same treatment upon illumination is given in orange. 
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changes in ovarian cancer cells are observed in the proteins upon light 
illumination, the most pronounced changes associated with the effect of 
light in osteosarcoma cells are observed in lipids and nucleic acids. 
Therefore, we can speculate that our results can represent a base for 
selectivity in cancer therapy. 
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