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ABSTRACT Cerium oxide nanoparticles (CeNPs) are among the most promising materials with pH-sensitive

redox-activity for biomedical nanotechnologies. CeNPs are known to reduce the toxicity of the chemotherapeu-

tic drug doxorubicin (DOX) for normal cells. Here we have proposed and analyzed a new hybrid cerium/silica

containing SiNPs@DOX@CeNPs nanocomposite. We showed that the average size of the nanocomposite is

190 nm and it has a spherical shape. The SiNPs@DOX@CeNPs nanocomposite provides effective synergistic

anticancer activity of CeNPs with doxorubicin (DOX), as well as selective toxicity against human osteosarcoma

(MNNG/HOS) cells in vitro. The SiNPs@DOX@CeNPs nanocomposite may be a good candidate to increase

the effectiveness of cancer doxorubicin chemotherapy.

KEYWORDS nanocomposites, silica nanoparticles, cerium oxide nanoparticles, biomedical application, charac-

terization, drug delivery

ACKNOWLEDGEMENTS This research was funded by the Russian Science Foundation, grant number 22-63-

00082 and performed using the equipment of the Joint Research Centre for Physical Methods of Research at

Kurnakov Institute of General and Inorganic Chemistry of the Russian Academy of Sciences (JRC PMR IGIC

RAS).

FOR CITATION Zamyatina E.A., Kottsov S.Yu., Anikina V.A., Popov A.L., Shevelyova M.P., Popova N.R. Cerium

oxide@silica core-shell nanocomposite as multimodal platforms for drug release and synergistic anticancer

effects. Nanosystems: Phys. Chem. Math., 2023, 14 (5), 560–570.

1. Introduction

Currently, nanomaterials are being widely studied as potential means of increasing the bioavailability of drugs and

the effectiveness of therapy for socially significant diseases [1–4]. Cerium oxide nanoparticles (CeNPs) hold a special

place among engineered nanomaterials due to the wide range of their enzyme-like activities and bioavailability. They

possess superoxide dismutase-, catalase- and peroxidase-like properties, as well as recently discovered phosphatase-,

photolyase-, phospholipase-, nuclease-, lipo- and phospholipoperoxidase-like properties [5]. This makes CeNPs a unique

multifunctional nanozyme and expands the scope of its future biomedical applications [6–8]. Moreover, it is known that

CeNPs increases the bioavailability of a number of biologically active compounds, for example, curcumin [9], and also

provides selective redox activity of widely used therapeutic agents for example, doxorubicin (DOX) [10, 11].

DOX has been widely acknowledged as the most commonly used anticancer drug for several decades [12]. How-

ever, DOX administration is related to some side effects including the toxicity to multiple organs as well as resistance

development towards DOX of cancer cells [13–15]. The use of nanoscale carriers, silica nanoparticles (SiNPs) belong to,

is considered as potential solution to increase the performance on tumor cells and reduce the adverse effects on normal

cells of DOX due to their ability to access efficaciously into tumor cells [16]. Interestingly, CeNPs with their concomitant

administration with DOX managed to mitigate doxorubicin-induced hepatic insult on both histological and biochemical

aspects in rats. Recently, an inspiring in vitro study [17] has reported that the co-administration of CeNPs with DOX

could boost its anti-neoplastic activity in melanoma cells without hampering the viability of normal stromal cells [10].

Moreover, cerium-based nanomaterials were found to enhance the chemosensitization of cancer cells rather than normal

cells [11].

Moreover, it has been revealed that the biomimetic enzyme activity of the CeNPs was positively correlated with its

surface area-to-volume ratio [18]. It is nanocrystalline cerium oxide of 2 – 10 nm size that most clearly manifests its

biological activity, which was shown in vitro and in vivo [19, 20]. However, due to the ultrasmall size of CeO2 particles,
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short circulation half-time and interparticle agglomeration are anticipated, which compromises the bioavailability and

enzyme-like activity of the CeNPs in the targeted site.

SiNPs can be used to accommodate ultrasmall CeNPs to solve this problem. SiNPs have been widely studied as

effective systems for the delivery of therapeutic and diagnostic agents to combat various types of diseases, including dia-

betes, oncological diseases, and diseases accompanied by inflammatory processes [21–25]. It has been shown that, when

ingested, SiNPs are rapidly degraded in the excretory organs to orthosilicic acid and excreted in the urine [26–28]. In ad-

dition, this approach will also make it possible to combine a model therapeutic agent (DOX) in one nanocomposite. There

are several studies showing the possibility of using SiNPs to deliver DOX and CeNPs separately [18, 29]. We found only

one paper where the responsive system was designed based on CeNPs coated DOX and photosensitizer hematoporphyrin

dual-loaded mesoporous SiNPs for synergetic chemotherapy and photodynamic therapy [30].

Thus, the aim of the present study is to combine CeNPs and DOX in a single nanocomposite using simple SiNPs

synthesis technique as a basis in order to analyze their properties and selective toxicity in vitro. The results obtained are of

special importance for advancing the pharmacotherapeutic applications of CeNPs for the treatment of socially significant

diseases and development of synergetic chemotherapy.

2. Materials and methods

2.1. Materials

Tetraethoxysilane (TEOS) (purity ≥ 99.0 %) was obtained from Sigma-Aldrich (USA), aqueous ammonia (25 %)

was purchased from Dia-M (Russia), ethanol (purity 94 – 96 %, ACS) was obtained from Alfa Aesar (USA), anhydrous

copper (II) sulfate (purity ≥ 99.0 %) was purchased from Acros Organics (Belgium). CeNPs were obtained from Kur-

nakov Institute of General and Inorganic Chemistry of the Russian Academy of Sciences. DOX was obtained from Teva

Pharmaceutical Industries (Israel).

2.2. SiNPs synthesis

The synthesis procedure was carried out using the Stöber method [31]. Ethanol was preliminarily dried to reduce

the amount of H2O entering the system. To do this, anhydrous copper (II) sulfate was added to 94 – 96 % ethanol, kept

for 24 h, and then the resulting ethanol was filtered off. The process of ethyl alcohol drying was carried out for 14 days.

Then, 0.2 M ammonia was added to 50 ml of anhydrous ethanol, then the beaker was placed on a magnetic stirrer and

the solution was stirred (500 rpm) at room temperature for 10 minutes. Then 0.1 M TEOS was added dropwise, the

resulting solution was stirred for 1 hour. Mixture solutions were centrifuged at 6000 rpm for 20 minutes, then washed

with anhydrous ethanol and deionized water. The washing cycle was repeated until the required pH was reached. After

each step of the synthesis, the pH of the solutions was measured to control the rate of reactions under alkaline conditions

(pH > 10). The resulting SiNPs sol in water after completion of all stages was stored at a temperature of 4 ◦C. Then,

other types of SiNPs were synthesized with a change in one of the synthesis parameters in the established range (Table 1),

while the remaining characteristics corresponded to the standard protocol presented above.

2.3. CeNPs synthesis

The aqueous sol of CeNPs stabilized by citrate ions was prepared according to the procedure below: 0.24 g of citric

acid was dissolved in 25 ml of 0.05 M aqueous solution of cerium (III) nitrate. This solution was rapidly added to 100 ml

of 3 M ammonia solution under stirring and kept for 2 h. A stable sol of CeNPs is thus obtained [32].

TABLE 1. SiNPs samples obtained by variations in synthesis characteristics (ammonia, ethanol, TEOS)

using the Stöber method

Sample

name

Ammonia concentration,

M

Ethanol volume,

ml

TEOS concentration,

M

A 0.2 50 0.1

B 0.5 50 0.1

C 0.6 50 0.1

D 1.2 50 0.1

E 0.2 25 0.1

F 0.2 75 0.1

G 0.2 50 0.04

H 0.2 50 0.2
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2.4. SiNPs@DOX@CeNPs synthesis

The following was done for the modification of nanoparticles with DOX: 900 µl of water was added to 100 µl of

SiNPs particles. Then DOX was added to SiNPs at concentrations of 0.5, 1, 2.5, 5 mg/ml. The resulting solutions were

mixed on a rotary mixer for 24 h in the dark. Then the pH of the solutions was adjusted to 7.8 with 0.1 M Na2HPO4.

The resulting nanoparticles were collected by centrifugation (9000 rpm, 10 min) and washed with deionized water three

times. The amount of loaded DOX was analyzed by spectrophotometry as detailed below in 2.5. Then the ratio of SiNPs

and CeNPs was 1:1.43 to modify the nanoparticles. CeNPs were added in concentration 200 mg/ml to SiNPs solution,

then the solution was placed in the ultrasonic bath for 1 minute, after which the nanoparticles were left to mix on a rotary

mixer for 15 h [33]. The nanoparticles were collected by centrifugation (9000 rpm, 20 min) and washed 3 times with

deionized water.

2.5. DOX loading

The amount of loaded DOX was measured by spectrophotometry using a microplate spectrophotometer Multiscan

FC (Thermo Fisher, USA) with a detection wavelength of 480 nm. The encapsulation efficiency (EE) was calculated as

amount of DOX loaded in SiNPs/amount of drug added × 100 %; loading capacity (LC) was calculated as amount of

DOX in SiNPs/amount of SiNPs × 100 % [29].

EE (%) =

[(

Amount of DOX loaded into SiNP

Initial amount of DOX

)]

× 100,

LC (%) =

[(

Initial amount of DOX – amount of DOX supernatant

Amount of MSN + amount of DOX

)]

× 100.

2.6. Nanoparticles size, shape, ζ-potential and EDX analysis

Size of nanoparticles was measured by scanning electron microscopy (SEM) using an NVision 40 microscope (Carl

Zeiss, Germany) at an accelerating voltage of 3 kV. The shape of the nanoparticles was analyzed by transmission electron

microscopy (TEM) using a JEM-1011 electron microscope (JEOL, Japan). The chemical composition analysis (energy

dispersive X-ray analysis, EDX) of the samples was performed using a Carl Zeiss NVision 40 field emission scanning

electron microscope equipped with an Oxford Instruments Oxford Instruments INCA (80 mm2) detector, at an accelerating

voltage of 20 kV. The hydrodynamic diameter and ζ-potential of the resulting nanoparticles were measured using dynamic

light scattering (DLS) and electrophoretic light scattering (ELS) with a Zetasizer Nano ZS nanoparticle characterization

system (Malvern Panalytical, UK). The measurements were carried out at 25 ◦C. Each measurement represented an

average of 15 runs (the number of runs was determined automatically by the instrument). The signals were analyzed using

a single-plate multichannel correlator coupled to computer equipped with the Zetasizer Software package for estimating

the diameters by the distribution analysis model. All the samples were measured at least 5 times; the average measurement

error was about 5 %.

2.7. BET surface area analysis

SiNPs specific surface area (SBET) was determined using a low-temperature nitrogen adsorption device

Sorbtometer-M (Katakon, Russia) using the Brunauer–Emmett–Teller (BET) model based on experimental data in P/P0

range of 0.05 – 0.25. Before the measurements, the samples were outgassed for 1 h at 200 ◦C under a nitrogen flow.

2.8. FTIR-spectroscopy

The Fourier-transform infrared (FTIR) spectra of the samples were obtained using a Spectrum 65 FT-IR spectrometer

(Perkin Elmer, USA) with a Quest ATR attenuated total reflection (ATR) accessory (Specac, UK) in the wavenumber

range of 400 – 4000 cm−1.

2.9. Raman spectroscopy

Raman spectra were obtained using a Confotec NR500 Raman microscope (Sol Instruments, Belarus) at 633 nm

excitation laser wavelength operating at ∼3 mW power using ×40 magnification lens (NA = 0.75).

2.10. Cell culture

Human Mesenchymal Stem cells (hMSc) were isolated from the tooth pulp of a healthy donor, according to or-

thodontic prescription and with the informed consent of the patient. All procedures were carried out in accordance with

the approved clinical rules for biomaterial sampling. Human Bone Osteosarcoma (MNNG/HOS) cell culture was ob-

tained from the Cryobank of the Institute of Cell Biophysics of the Russian Academy of Science (Russia). hMSc and

MNNG/HOS were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 (1:1) with the addition of 10 % fetal

bovine serum and 100 U/ml penicillin/streptomycin under 5 % CO2 at 37 ◦C.
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2.11. MTT assay

The determination of mitochondrial and cytoplasmic dehydrogenases activity in living cells was carried out using a

MTT assay based on the reduction of the colorless tetrazolium salt (3-[4.5-dimethylthiazol-2-yl]-2.5-diphenyltetrazolium

bromide, MTT, Sigma-Aldrich, USA). Briefly, SiNPs, SiNPs@CeNPs, SiNPs@DOX@CeNPs, DOX and CeNP were

added to cells growing in 96-well plates (for 24, 48 and 72 h at 37 ◦C in humid air (98 %) containing 5 % CO2). 3 h

prior to the end of the exposure period, the supernatant was removed, and MTT solution in phosphate-buffered saline

(0.5 mg/mL, 100 µL/well) was added to the cells for 10 min. Upon the completion of the exposure period, the supernatant

was removed, and a lysis solution containing 0.1 % sodium dodecyl sulfate (Sigma-Aldrich, USA) solution in dimethyl

sulfoxide was added. Plates were shaken for 10 min, placed on a microplate spectrophotometer Multiskan FC (Thermo

Fisher, USA), and the absorbance was read colorimetrically at 570 nm. Each experiment was repeated three times, with

five replications.

2.12. Live/dead assay

Cell viability after exposure to nanoparticles was assessed using a Carl Zeiss Axiovert 200 microscope. Cells were

seeded into 96-well plates and stained with Hoechst 33342 fluorescent dye (absorption – 350 nm, emission – 461 nm)

and a propidium iodide dye (absorption – 493 nm, emission – 636 nm). The dyes were added to the DMEM/F12 without

serum (1 µg/ml) and the plate was placed in a CO2 incubator for 15 min. Microphotographs were taken after washing the

cells with a phosphate-buffered saline. For each cell group, four fields in each well were examined. The number of cells

(total cells/dead cells) was calculated using the ImageJ software.

3. Results and discussion

3.1. Synthesis, properties and characterization of nanoparticles

3.1.1. Synthesis, properties and morphology of SiNPs. To obtain SiNPs, the Stöber method is widely used [31], being

one of the most widespread and easy-to-control methods for obtaining nanoparticles of controlled size, shape, and mor-

phology [34]. For the biomedical applications the preferred nanoparticles size is to be in the range of 10 – 150 nm. This

is due to the fact that nanoparticles smaller than 10 nm are rapidly excreted by the renal system. On the other hand, too

large nanoparticles (more than 200 nm) do not pass through endothelial pores. Optimizations of the synthesis conditions

are required to achieve the optimal SiNPs size. The influence of the concentrations of TEOS/ethanol/ammonia on the size

and morphology of the synthesized SiNPs was studied (Table 1). The particle size and other structural characteristics the

concentrations of the precursors of each sample are shown in Table 2.

TABLE 2. Main characteristics of SiNPs

Sample

name

Particle diameter

(SEM), nm

Hydrodynamic diameter

in deionized water, nm

ζ-potential

in deionized water, mV
PDI

A 70± 6 140± 12 −53.6± 1.8 0.14± 0.02

B 77± 13 285± 23 −54.5± 2.5 0.19± 0.01

C 110± 17 253± 21 −30.1± 1.4 0.15± 0.01

D 682± 28 755± 17 −10.2± 1.5 0.73± 0.02

E 77± 9 126± 16 −53.5± 0.9 0.16± 0.01

F 282± 10 403± 26 −45.8± 1.7 0.51± 0.02

G 94± 11 104± 15 −46.2± 1.4 0.28± 0.01

H 342± 15 363± 19 −59.4± 2.3 0.24± 0.01

The size of the nanoparticles was investigated using DLS and SEM (Table 2, Fig. 1) methods. TEOS acts as a silica

precursor for the synthesis of SiNPs, and its concentration affects the rate of seed growth and nucleation [32]. An increase

in TEOS concentration raises the number of hydrolyzed silicic acid monomers and ultimately the size of SiNPs. For the

0.1 M TEOS, the nanoparticles have optimal size for biological applications (hydrodynamic diameter is 140 ± 12 nm

(ζ-potential of −53.6 ± 1.8 mV) with low PDI values of 0.14 ± 0.02). The PDI values confirm high homogeneity of

the samples. Ammonia used during Stöber synthesis acts as a catalyst for the hydrolysis of TEOS (silica precursor), i.e.,

partially to fully hydrolyzed silanol monomers are produced with increasing ammonia concentration. It enhances the

degree of polymerization/condensation and hence leads to the larger SiNPs. Less hydrolyzed monomers are produced at

lower ammonia concentration resulting in the small-sized SiNPs. With an increase of ammonia concentration from 0.2

to 1.2 M, the particle size increased from 70 to 680 nm. It is known that there is a correlation between the ammonia
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concentration and the size of silica spheres, which is associated with the processes of increasing polymerization [31, 35].

Smaller size of spherical SiNPs was obtained using a lower concentration of ethanol. This may indicate that the solvent

interacts with silanol groups (Si–O–H) in the formation of SiNPs. The particle size increases with the length of the alcohol

chain [36].

FIG. 1. SEM images of SiNPs obtained by varying concentrations of ammonia: 0.2 M (A); 0.5 M (B);

0.6 M (C) and 1.2 M (D); by varying the volume of ethanol: 25 ml (E) and 75 ml (F); by varying the

concentration of TEOS 0.04 M (G), 0.2 M (H)

The morphology of SiNPs was observed using SEM images (Fig. 1). SiNPs showed uniform particle distribution

with a diameter of 70 to 670 nm. All synthesized SiNPs have spherical shape. Spherical nanoparticles with hydrodynamic

diameter of 140± 12 nm were chosen for the further modification in this study.

SiNPs specific surface area was measured to be SBET = 19 m2/g (Sample A, Tables 1, 2). That value corresponds to

smooth spherical SiNPs (ρ = 2.1 g/cm3) of about 150 nm in diameter d [nm] =
6 · 103

p · SBET

, which is significantly higher

than the particle size estimated from SEM (70± 6 nm). Thus, the obtained surface area value is probably underestimated

due to BET method experimental error [37] and SiNPs aggregation during the sample degassing stage.

3.1.2. SiNPs@DOX, SiNPs@CeNPs, SiNPs@DOX and SiNPs@DOX@CeNPs synthesis and properties. SiNPs were

synthesized by the method described above. At the next stage, DOX was conjugated to the SiNPs surface. In order to

confirm the adsorption of DOX on SiNPs surface and the absence of the chemical interaction between them, an FTIR and

Raman spectroscopy study was carried out (Fig. 2).

FIG. 2. (a) FTIR and (b) Raman spectra of SiNPs loaded with DOX

FTIR spectrum of SiNPs is typical for sol-gel silica nanoparticles with, all major silica bands vibrations present:

bending O–Si–O (434 cm−1), breathing (Si–O)3 cycle vibrations (548 cm−1) and Si–O–Si stretching vibrations (796,

1054 and 1200 (shoulder) cm−1) [38]. The peak at 946 cm−1 is attributed to Si–OH stretching vibrations at nanoparticles

surface; the presence of OH-groups is also confirmed by the negative δ-potential of SiNPs (Table 2). The bands of

bending (1630 cm−1) and stretching (∼ 3300 cm−1) vibrations of residual water in SiNPs are also present [39]. The
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FTIR spectrum of the nanoparticles barely changed after the DOX loading. The only new vibration bands appeared at

1420 and 1560 cm−1 which can be attributed to C=C bond vibrations in the aromatic structure of DOX [38–40].

To reliably confirm DOX loading at SiNPs, Raman spectroscopy was used due to its better sensitivity to nonpolar,

but polarizable moieties [41], such as aromatic system of DOX molecule. Spectrum of bare SiNPs was also typical for

SiNPs: bonds at 354 (O–Si–O deformation), 469 (HO–SiO3 breathing mode), 801 (Si–O–Si stretching) and 972 cm−1

(Si–OH asymmetric stretching) were observed [38, 42]. After DOX incorporation in SiNPs many new vibration bands

were registered in Raman spectrum indicating the successful DOX adsorption, with the main characteristic DOX bands

at 454 and 1082 cm−1 (deformation C–O vibrations), 996 cm−1 (C–C ring breathing vibration), 1201 and 1265 cm−1

(combinational modes of ring breathing vibrations and OH band deformation), and 1571 cm−1 (non-aromatic ring stretch-

ing) [38,42–44]. No noticeable band wavelength shift was registered for SiNPs@DOX composite compared to pure DOX

indicating the lack of chemical interaction between silica and DOX.

DOX loading was studied using different concentrations of DOX, the evaluation of the SiNPs modification efficiency

was carried out by calculating the EE and LC parameters. EE and LC values of DOX in SiNPs are shown in Table 3. With

an increase in the concentration of loaded DOX from 0.5 to 5 mg/ml, the EE of the drug increased from 90.69 to 98.99 %.

Also, the drug loading capacity increased from 75.57 to 97.04 %. Thus, in the further study, the DOX concentration

of 5 mg/ml was selected for the fabrication of SiNPs@DOX. SiNPs are effectively loaded with DOX mainly due to the

physical adsorption.

TABLE 3. Encapsulation efficiency (EE) and loading capacity (LC) of DOX in SiNPs

Amount of loaded DOX, mg/ml EE, % LC, %

0.5 90.69 75.57

1 95.34 86.68

2.5 98.13 94.36

5 98.99 97.04

At the second stage, SiNPs@DOX were conjugated with CeNPs. In this study, we used a simple procedure for the

synthesis of stable aqueous cerium oxide sols and studied the effect of the concentration and molar ratio of the initial

reagents on the size of CeNPs [32]. The average size of CeNPs was about 5 nm by TEM (Fig. 3A), while an average

hydrodynamic diameter of CeNPs was 16± 4 nm (Table 4). The average hydrodynamic diameter of SiNPs without DOX

and CeNPs was 140 ± 12 nm. The size of the SiNPs modified with CeNPs was 123 ± 3 nm. Adsorption of DOX to

the SiNPs led to increasing nanoparticles’ hydrodynamic diameter to 150 ± 17 nm (ζ-potential of −23.7 ± 2.0 mV).

Adsorption of CeNPs on the SiNPs@DOX led to increasing the nanocomposite hydrodynamic size to 198± 13 nm. This

increase indicates that CeNPs were adsorbed on the surface. Measurements of the SiNPs@DOX@CeNPs diameter were

also carried out using the SEM method (Fig. 4), which confirmed an average size of about 190 nm. SiNPs@DOX@CeNPs

nanocomposite has a spherical shape which was confirmed by TEM (Fig. 3B).

FIG. 3. Size distribution of CeNPs (A), TEM high magnification image of SiNPs modified by DOX

and CeNPs (SiNPs@DOX@CeNPs) (B)

The chemical composition of SiNPs@DOX@CeNPs nanoparticles was confirmed with EDX analysis (Fig. 5). As

expected, only Si, Ce, O and C elements were found. The Si:Ce (SiO2:CeO2) ratio in the sample was 9:1, and the

difference in SiO2:CeO2 ratios measured in ten different locations did not exceed 1 %.
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FIG. 4. SEM image of SiNPs modified by DOX and CeNPs (SiNPs@DOX@CeNPs) (A); size distri-

bution of SiNPs@DOX@CeNPs (B)

TABLE 4. Physical characteristics of the core-shell nanocomposite and its individual components

Samples Hydrodynamic diameter, nm ζ-potential, mV

SiNPs 140± 12 −53.6± 1.8

CeNPs 16± 4 −41.7± 1.2

SiNPs@CeNPs 123± 3 −31.2± 2.1

SiNPs@DOX 150± 17 −19.4± 2.4

SiNPs@DOX@CeNPs 198± 13 −23.7± 2.0

FIG. 5. EDX spectrum of SINPs@DOX@CeNPs
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3.2. Cytotoxicity study of SiNPs@DOX@CeNPs

The cytotoxicity of the SiNPs, free DOX, CeNPs, SiNPs@CeNPs, SiNPs@DOX@CeNPs was assessed using MTT

method and Live/Dead assay (cell viability analysis by fluorescent dye staining). Human mesenchymal stem cells

(hMSc) and human bone osteosarcoma cells (MNNG/HOS) were separately incubated with SiNPs, free DOX, CeNPs,

SiNPs@CeNPs, SiNPs@DOX@CeNPs (70 µM) for 24, 48 and 72 h. The concentration of 70 µM was chosen as the op-

timal for detecting biological effects, while being non-toxic. The cell cultures were chosen because DOX [45–47] is often

used for osteosarcoma chemotherapy, and so it is of primary importance to establish how new nanocomposite could affect

cancer cells. Mesenchymal stem cells were used to study the effect of the nanocomposite on normal cells. As it is shown

in Fig. 6 the dehydrogenase activity of hMSc was not decreased upon incubation with all tested the types of nanoparticles

for three days. On the contrary, DOX provided a decrease in activity up to 50 % by 72 h of incubation. The results of

cell viability analysis by fluorescent staining showed that the nanoparticles upon incubation during 24, 48 and 72 h with

hMSc did not have a cytotoxic effect in the concentration (Fig. 7). IC20 and IC50 for SiNPs, CeNPs, SiNPs@CeNPs,

SiNPs@DOX@CeNPs were not detected. The ratio of dead cells to total cells increased by 30 – 50 % compared to the

intact control in experiments with hMSc incubation with DOX.

FIG. 6. MTT assay results obtained on human mesenchymal stem cells (hMSc) in vitro. The test was

carried out after 24 (A), 48 (B), and 72 (C) h. Results are represented as a mean ± SD. The values

of the metabolic activity of cells are shown as a percentage of the control. Statistical significance was

assumed for P -values < 0.05: (*P < 0.05, **P < 0.01)

FIG. 7. Live/dead test results obtained on human mesenchymal stem cells (hMSc) in vitro. The test was

carried out after 24 (A), 48 (B), and 72 (C) h of cell incubation with tested samples at a concentration

of 70 µM. The values are indicated as a percentage of the number of dead cells to their total number

24 h after incubation of MNNG/HOS with free DOX, the dehydrogenase activity of cells (Fig. 8) was comparable to

control values, and no decrease in dehydrogenase activity was observed in the case of incubation with SiNPs@DOX@CeNPs.

Therefore, during incubation for 48 h with free DOX, no significant differences were observed with the control. During

the incubation of MNNG/HOS with SiNPs@DOX@CeNPs, dehydrogenase activity decreased by 45 % compared to the

intact control. When the MNNG/HOS is incubated for 72 h with free DOX, 25 % decrease in the dehydrogenase activity

of the cells is observed compared to the control. In the case of MNNG/HOS incubation with SiNPs@DOX@CeNPs, the

dehydrogenase activity of cells decreased by 65 % compared to the control. Thus, the MNNG/HOS cell culture, despite

the initial decrease in dehydrogenase activity, showed resistance to free doxorubicin over time. On the contrary, DOX

incorporated SiNPs@CeNPs had an inhibitory effect on the viability of MNNG/HOS after three days of incubation with

SiNPs@DOX@CeNPs. Live/dead test results show (Fig. 9) an increase in the number of dead cells up to almost 80 %
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with SiNPs@DOX@CeNPs incubation. The effect shown on cell cultures may be due to the fact that CeNPs possess

self-regenerative, redox-responsive dual-catalytic activities, thus attracting interest as an innovative means to treating can-

cer [48–50]. Depending on surface characteristics and environment, CeNPs exerts either anti- or pro-oxidative effects

which regulate reactive oxygen species (ROS) levels in biological systems. CeNPs mimics ROS-related enzymes that

protect normal cells at physiological pH range from oxidative stress and induce ROS production in the slightly acidic

tumor microenvironment to trigger cancer cell death [51, 52].

FIG. 8. MTT assay results obtained on human bone osteosarcoma cells (MNNG/HOS) in vitro. The

test was carried out after 24 (A), 48 (B), and 72 (C) h of cell incubation with tested samples at a

concentration of 70 µM. Results are shown as a mean ± SD. The values of the metabolic activity of

cells are indicated as a percentage of the control. Statistical significance was assumed for P -values

< 0.05: (*P < 0.05, **P < 0.01

FIG. 9. Live/dead test results obtained on human bone osteosarcoma cells (MNNG/HOS) in vitro. The

test was carried out after 24 (A), 48 (B), and 72 (C) h of cell incubation with tested samples at a

concentration of 70 µM. The values are shown as a percentage of the number of dead cells to their total

number

The results obtained, indicated that SiNPs@DOX@CeNPs provided high cytotoxicity to cancer cells while having

protective effect on normal cells.

4. Conclusions

Herein, a new hybrid nanocomposite SiNPs@DOX@CeNPs based on silica nanoparticles (SiNPs), doxorubicin

(DOX) and cerium oxide nanoparticles (CeNPs) were proposed as multimodal platform having selective cytotoxicity

to cancer cells. The synthesized nanocomposite was characterized by SEM, TEM, FTIR, DLS and Raman spectroscopy.

The average size of the nanoparticles is 190 nm. The proposed drug loading method provides a high doxorubicin ca-

pacity (over 90 %). SiNPs@DOX@CeNPs demonstrated low toxicity to the human mesenchymal stem cell line, while

exhibited high toxicity to osteosarcoma cells reducing their viability by up to 30 % compared to untreated control. CeNPs

enhance the cytotoxic effect of doxorubicin when introduced in the nanocomposite. The SiNPs@DOX@CeNPs has a

great potential for effective drug delivery aimed at increasing the efficiency of cancer treatment.
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