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A BSTRACT The latest biomedical approaches based on the use of nanomaterials possessing luminescent
properties make it possible to effectively visualize cancer cells or tissues, thus expanding diagnostic capabilities
of the current bioimaging techniques. In this paper, a new scheme is proposed for the synthesis of ceriumcontaining carbon quantum dots (Ce-Qdots) of ultra-small size, promising for biomaging. Ce-Qdots have a
high degree of biocompatibility, as well as remarkable redox activity. Cytotoxicity analysis performed using
4 human cell cultures confirmed the high degree of Ce-Qdots biocompatibility. It was shown that Ce-Qdots
in concentrations up to 200 µg/ml do not have a negative effect on the metabolic, proliferative, migration and
clonogenic activity of cell cultures after 24, 48 and 72 hours of co-incubation. Ce-Qdots can be considered as
the basis of a new theranostic agent for bioimaging and targeted delivery of biologically active substances.
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1.

Introduction

Bioimaging is one of the most promising and actively developing tools for socially significant diseases diagnosis.
The development of this technology is associated with a significant breakthrough in the design and functionalization of
carbon quantum dots (Qdots), which characteristics can be tuned at the synthesis stage and additionally modified with
chemical agents in order to impart the necessary biological activity [1–3]. Carbon quantum dots possess unique luminescent characteristics: multi-color emission, customizable optical properties, high quantum yield, excellent photostability
and solubility in water, as well as good biocompatibility, which allows them to be used in various biomedical applications [4, 5]. It is also worth noting that carbon quantum dots can be synthesized through simple schemes and methods,
such as hydrothermal or microwave, using inexpensive chemical reagents [6, 7].
Today, methods are being developed for obtaining carbon quantum dots for selective visualization of various types
of cells (cancer, stem or neuronal) with the possibility of tracking them in vivo, providing selective accumulation in given
cell types [8]. There are also techniques for obtaining functionalized quantum dots for precise visualization of individual
cell organoids [9]. Quantum dots are widely used for early cancer diagnosis by functionalizing their surface with cancer
cell-specific molecules or antibodies. For example, an effective accumulation was shown of PEG-labeled quantum dots
modified with the peptide angiopep-2, which provided selective accumulation in human glioblastoma cells and effectively
visualized the tumor [10]. Earlier, pH-sensitive carbon quantum dots were synthesized for HeLa cells visualization [11].
Thus, the design of carbon quantum dots capable of not only effectively visualising tumor cells, but also providing a
therapeutic effect, is a frontier area of nanomedicine.
© Popov A.L., Savintseva I.V., Ermakov A.M., Popova N.R., Kolmanovich D.D., Chukavin N.N.,
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One of the most promising agents for nanomedicine, which has pronounced therapeutic activity and the ability to
provide a synergistic effect with the other medicinal substances, is cerium oxide. We have previously shown that a
nanocomposite based on cerium oxide and curcumin is capable of protecting normal cells under H2 O2 -induced oxidative
stress, and inhibit metabolic activity of tumour cells in a time-increasing manner [12]. We also demonstrated the synergistic effect of cerium oxide nanoparticles with tumor necrosis factor, increasing cytotoxicity for A-549 and HEp-2 cancer
cells [13]. The functionalization of cerium oxide nanoparticles with D-panthenol provides an increased antioxidant and
UV-protective effect better than individually panthenol or CeO2 nanoparticles [14].
Here, we proposed a new synthesis scheme of organic carbon quantum dots, modified with cerium for additional
biological activity, and carried out a comprehensive analysis of their cytotoxicity using cancer and normal cells.
2.
2.1.

Materials and methods
Synthesis and characterization of Ce-Qdots

Ce-Qdots were synthesized by the hydrothermal method using a teflon autoclave. At the first stage, 0.8 g of
Ce(NO3 )·6H2 O, 1 g of citric acid and 1 g of carbamide were dissolved in 20 ml of deionized water on a magnetic
stirrer. After dissolution, 1.1 ml of polyethylenepolyamine (PEPA) was added and stirring was continued for 20 minutes
at a temperature of 25◦ C. Next, the resulting suspension was transferred to an autoclave and heated at a temperature
of 240◦ C for 4 hours. After cooling to room temperature, the resulting Q-dots colloid solution was separated from the
precipitate by centrifugation at 3000 rpm and further purified by dialysis (1 kDa bag) for 48 hours against distilled water.
The resulting solution was dried at 50◦ C.
2.2.

Cell cultures

We used 4 types of cell cultures from Cell&Tissue biobank of the Institute of Theoretical and Experimental Biophysics of the Russian Academy of Sciences: MNNG/Hos human osteosarcoma, NCI-ADR human ovarian adenocarcinoma, MCF-7 human breast adenocarcinoma and human mesenchymal stem cells (MSCc) isolated from dental pulp.
Cells were cultured in DMEM/F12 medium containing with 10% fetal calf serum and 200 units of penicillin/streptomycin
at 37◦ C under 5% CO2 atmosphere. Cells were removed from culture flasks using 0.25% trypsin-EDTA solution after
washing them three times with Hanks’ buffer.
2.3.

MTT assay

Analysis of cell viability after 24 or 72 hours incubation with Ce-Qdots was performed using the MTT assay. Cells
were seeded in 96 well plates at a density of 2.5·104 /cm2 in a DMEM/F12 culture medium containing 10% fetal calf
serum. After 8 hours, Ce-Qdots (1-200 µg/ml) were added by changing the culture medium. Then, after 24 and 72 hours,
the medium was replaced with a medium with a solution of the MTT reagent (0.5 mg/mL) and further analysis was carried
out according to the standard method [15].
2.4.

Fluorescent microscopy

Intracellular visualization using Ce-Qdots was performed using an inverted fluorescence microscope Zeiss Axiovert
200. Cells were seeded in 35 mm Petri dishes with a central hole (Ibidi, Germany) at a density of 2.5·104 /cm2 in a
DMEM/F12 culture medium containing 10% fetal calf serum. Afterwards, Ce-Qdots were added to the cells at a concentration of 100 µg/mL. After 24 hours, microphotography of cell cultures was carried out after washing three times with
a Hanks buffer. The luminescence of CeO2 -Qdots localized on the cell surface was inhibited by treating the cells with
trypan blue.
2.5.

Clonogenic assay

Clonogenic analysis was performed after 24 hours of incubation with Ce-Qdots. Cells were seeded in 6 well plates
(SPL, Korea) at a density of 1.5·103 cells per well. After 8-11 days (depending on the type of cell culture), the formed
colonies were fixed using 4% paraformaldehyde and stained with 0.1% methylene blue solution. Cell aggregates containing more than 50 units were considered as a formed colony.
2.6.

Migration assay

Analysis of cell migration after incubation with Ce-Qdots was performed within 48 hours after artificial scratch
formation. 2-well silicone inserts (Ibidi, Germamy) were used to form the scratch. The cells were seeded in the inserts at
a density of 2.5·104 cm−2 after the formation of a monolayer. Further, various concentrations of Ce-Qdots (50, 100, and
200 µg/mL) were added to the cells for 3 hours, and then the insert was removed. The process of healing of the model
wound was monitored by microphotography for 48 hours every 6 hours.
2.7.

Statistical analysis

Data are presented as standard deviation from the mean value. The significance of differences between experimental
groups was assessed by the Mann-Whitney U-test.
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Results

The synthesis of Ce-Qdots was carried out according to the scheme shown in Fig. 1a. According to TEM data, the
particle size of the Ce-Qdots was 2–3 nm (Fig. 1b). According to UV–visible spectroscopy the position of the absorption
peak of the Ce-Qdots was at 390 nm. The peak of the emission of the Ce-Qdots was at 450 nm (Fig. 1c). The hydrodynamic radius of the Ce-Qdots upon dilution in water was about 40–50 nm (Fig. 1d). Zeta potential of the particles when
diluted in distilled water was −32 ± 1.1 mV. The synthesized Ce-Qdots demonstrated good colloidal stability and can be
stored for at least 90 days without any signs of precipitation.

F IG . 1. Synthesis scheme of the Ce-Qdots (a), transmission electron microscopy (b), emission and
excitation spectra(c), dynamic light scattering in MQ water (d)
The MTT assay was used to study the metabolic activity of cell cultures after 24, 48 and 72 hours incubation with
Ce-Qdots (Fig. 2). It was shown that Ce-Qdots do not affect the metabolic activity of human MSCs at concentrations up
to 200 µg/mL, which confirms a high level of biocompatibility (Fig. 2a). It is well known that human MSCs are a rather
sensitive culture and can react to toxic agents by spontaneous differentiation or by stopping proliferation [16]. It was
previously shown that carbon dots obtained by pyrolysis of a hydrazine solution have a high quantum yield and do not
exhibit cytotoxicity against human neuronal MSCs in concentrations up to 100 mg/mL, and are also very effective for their
visualization [17]. Citric acid-based carbon dots did not have a toxic effect on rat bone marrow mesenchymal stem cells
in concentrations below 50 µg/mL, did not affect their subsequent ability to differentiate and were visualized easily [18].
Ce-Qdots did not cause a decrease in metabolic activity (1–200 µg/mL) after 24 and 48 hours incubation of human
osteosarcoma MNNG/Hos cell cultures and radioresistant ovarian carcinoma cells NCI/ADR (Fig. 2c,d). Meanwhile,
after 72 hours of incubation, there was a significant decrease in the viability level of MNNG/Hos cells at a Ce-Qdots
concentration of 20 µg/mL, and also a decrease in the viability level of NCI/ADR cells at a Ce-Qdots concentration of
50 µg/ml. Human adenocarcinoma cell culture MCF-7 did not decrease its viability level after 72 hours of incubation
with Ce-Qdots in the whole concentration range (1–200 µg/mL) (Fig. 2b).
The appearance of the cell cultures after 24 hours of incubation with Ce-Qdots in a wide range of concentrations
(1–200 µg/mL) is shown in Fig. 3. Micrographs confirm that synthesized Ce-Qdots, even at the highest concentrations
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F IG . 2. Cytotoxicity analysis of Ce-Qdots (1–200 µg/mL) by the MTT assay using human MSC,
MNNG/Hos, MCF-7 and NCI/ADR cell lines (24, 48 and 72 hours after incubation)
(100 and 200 µg/mL), do not have a negative effect on MSC, MNNG/Hos, MCF-7 and NCI/ADR cell lines cells. Morphological and phenotypic characteristics of cell cultures also do not change.

F IG . 3. The appearance of MSC (a), MNNG/Hos (b), MCF-7 (c), NCI/ADR (d) cell cultures after
16 hours incubation with Ce-Qdots (100 µg/mL)
Next, the clonogenic activity of cell cultures was evaluated after incubation with Ce- Qdots at a maximum concentration of 200 µg/mL. Cellular cooperation is one of the most important fundamental factors for their proliferation [19].
The action of paracrine factors stimulate the proliferative activity of neighboring cells, determining the rate of colony
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formation [20]. We have shown the absence of the effect of Ce-Qdots on the clonogenic activity of 3 types of cell cultures - MCF-7, human MSCs NCI/ADR (Fig. 4). The MNNG/Hos human osteosarcoma cell culture showed a significant
decrease in the number of formed colonies (up to 30% compared to the control), which confirms the MTT assay data. In
a similar way, we have previously shown that cerium oxide nanoparticles can exhibit selective cytotoxic activity against
certain types of cancer cells [21].

F IG . 4. Clonogenic analysis of Ce-Qdots (200 µg/mL) using human MSC, MNNG/Hos, MCF-7 and
NCI/ADR cell lines (24 hours after incubation, cultivation for 264 hours)

F IG . 5. Migration assay of Ce-Qdots (100 and 200 µg/mL) using human MSC, MNNG/Hos, MCF-7
and NCI/ADR cell lines (24 hours after incubation, cultivation for 48 hours). The analysis was carried
out by assessing the open area of the model wound every 6 hours using a Clone Select Imager plate
reader
Analysis of migration activity of cell cultures after incubation with carbon dots was performed by means of scratch
test. The analysis of migration activity showed the absence of toxicity of Ce-Qdots for all studied concentrations (100
and 200 µg/mL) (Fig. 5). The migration activity of cells is one of the key indicators of the metabolic activity of cells [22].
Importantly, the migration activity of cells is associated not only with the metabolic activity of cells, but also with the
efficiency of endocytosis of the nanoparticles [23]. For example, it was previously shown that ultra-small cerium oxide
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F IG . 6. Fluorescent inverted microscopy images of human MSC (a), MNNG/Hos (b), MCF-7 (c) and
NCI/ADR cell lines labeled with 100 µg/ml Ce-Qdots (100 µg/mL). Before the analysis, the cells were
washed three times with a phosphate buffer

F IG . 7. Protective effect of Ce-Qdots (100 µg/ml) on MSCs under oxidative stress conditions induced by H2 O2 treatment (as assessed using MTT assay). The cells were pretreated with Ce-Qdots
(100 µg/ml) and then treated with hydrogen peroxide (500 µM for 30 min). Data are presented at mean
± SD, * p≤0.05%, ** p≤0.001%

nanoparticles (3 nm) inhibit the migration and proliferation of gastric cancer by increasing DHX15 expression [24]. Chen
et al. demonstrated that pristine carbon quantum dots/Cu2 O composite selectively inhibited ovarian cancer SKOV3 cells
(IC50 = 0.85 µg/mL) by targeting cellular microenvironment, such as matrix metalloproteinases, angiogenic cytokines
and cytoskeleton. In addition, CQDs/Cu2 O has a notable effect on transcriptional regulation of multiple genes in SKOV3
cells, where 495 genes were up-regulated and 756 genes were down-regulated [25].
The analysis of intracellular fluorescence of Ce-Qdots (100 µg/mL) showed their effective endocytosis into various
cells (Fig. 4). The ultra-small size of nanoparticles allows for their effective penetration into the cytoplasm of cells [26].
The highest efficiency of uptake was typical of adenocarcinoma cells of the MCF-7 line and MNNG/Hos osteosarcoma
cells (Fig. 4c,b). Mesenchymal stem cells also actively uptook Ce-Qdots, but less effectively than cancer cells (Fig. 4a).
Such a difference in Ce-Qdots uptake efficiency may be associated not only with different metabolic activity of cells, but
also with the efficiency of endocytosis, which is always higher in cancer cells than in primary cell culture like human
MSC. Radioresistant NCI/ADR cells were also loaded with Ce-Qdots dots with high efficiency.
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To confirm Ce-Qdots bioactivity, especially their antioxidant properties, we analyzed their protective activity in a
H2 O2 -induced oxidative stress model. It was shown that a 30 minute exposure to hydrogen peroxide leads to a decrease in
the viability of MSCs up to 57%. Pretreatment of the cell culture with carbon dots at a concentration of 100 µg/ml provided
a pronounced protective effect, which was expressed in maintaining a high level of viability of the cell culture upon
exposure to an oxidizer (Fig. 7). Hydrogen peroxide actively penetrates into the cell, causing lipid peroxidation, oxidation
and crosslinking of proteins, DNA strand breaks, which generally leads to intracellular oxidative stress and ultimately
to apoptosis [27]. It was previously shown that cerium dioxide nanoparticles effectively protect cells from hydrogen
peroxide action [28]. It was also shown that various types of cells, including myoblasts, nerve cells, fibroblasts, can be
effectively protected from the action of exogenous hydrogen peroxide by cerium-containing compounds including CeO2
nanoparticles [29, 30]. It is worth noting that the catalase-like activity of cerium oxide nanoparticles is pH dependent,
which is very promising for tumor therapy [31]. The same pH dependence could be anticipated for Ce-Qdots, too.
4.

Conclusions

A two-stage scheme of synthesis of cerium-containing carbon dots is proposed. This scheme is very convenient, it
involves the use of inexpensive reagents, that makes it possible to obtain the carbon capable of being effectively internalized by various types of cells. Obtained Ce-Qdots have high biocompatibility and antioxidant activity, providing good
protection of living cells from oxidative stress.
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