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ABSTRACT In this work, the physicochemical properties and biological activity of nanoemulsions prepared from
paraffin oil and stabilized by nonionic surfactants as carriers of curcumin and cerium dioxide nanoparticles
were studied. An analysis of the results showed that curcumin was incorporated into the oil droplets while
cerium dioxide nanoparticles were adsorbed on the surface of oil droplets. The nanoemulsion droplet size did
not exceed 100 nm. The absence of toxicity to mouse embryonic fibroblasts in vitro and after a single intraperi-
toneal injection to mice in vivo makes the nanoemulsions promising drug carriers for advanced biomedical
applications.
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1. Introduction

Increasing the bioavailability of a number of bioactive compounds of organic and inorganic nature is an urgent task of
modern biomedicine. It is well known that some low molecular weight compounds promising for biomedical applications
have poor water solubility, which potentially limits their use. Among these compounds, curcumin has a wide range of
pharmacological actions, showing anti-inflammatory and antioxidant activity, antimicrobial, wound healing and anticancer
properties [1,2]. Curcumin is a poorly soluble hydrophobic polyphenolic compound of natural origin, having a limited
bioavailability. In addition, it has been shown that, under certain conditions, curcumin exhibits cytotoxicity towards
normal cells, inducing oxidative stress [3]. Interestingly, when curcumin is combined with cerium oxide nanoparticles
(CNP), the latter leveled the toxicity of curcumin against normal cells, due to the inactivation of reactive oxygen species,
while retained its action on cancer cells [4,5]. CNP have unique physical and chemical properties being an inorganic
antioxidant performing the functions of some oxidoreductases: catalase, superoxide dismutase and oxidase [6—8]. CNP
possess antibacterial, radioprotective [9], regenerative [10] and wound healing properties [11]. CNP nanoemulgel with
curcumin shows promise in full-thickness wound healing [12]. Thus, the current research is focused on the development
of new curcumin-based formulation, including its complexes with nanoparticles, to increase their bioavailability and
therapeutic effects.

To achieve this goal, nanoemulsions (NE) can be used as carrier systems for encapsulating active components, in-
creasing their bioavailability without losing their activity. Particularly relevant is the use of NE to elaborate transdermal
and oral delivery systems containing curcumin [13, 14]. NE are kinetically stable disperse systems with droplet sizes up
to 100 nm based on a combination of surfactant (cosurfactant), oil and water phases [15]. NE allow the entrapment of
a larger quantity of a drug in comparison to conventional topical preparations. The solubility of poorly water-soluble
drugs can be increased by NE, in which drugs are dissolved in an oil droplet phase. The penetration of drugs through the
diffusional barrier of the skin can also be enhanced by using NE composition [16].

In this work, we obtained NE with paraffin oil, curcumin and CNP and analyzed their properties and toxic effects in
in vitro and in vivo systems.
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2. Materials and methods
2.1. Preparation of CeO, nanoparticles

The aqueous sol of nanocrystalline cerium oxide stabilized by citrate ions was prepared according to the previously
reported protocol [17]. 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.

2.2. Nanoemulsion preparation

NE were prepared by low-energy phase inversion temperature method [18]. The mixture of paraffin oil, Tween 60,
Span 60 and 0.15 M sodium chloride solution was heated to 95°C under stirring. As a result, a coarse W/O emulsion
was produced. This W/O emulsion was quickly cooled in an ice bath under stirring (1000 rpm). Upon cooling, the phase
inversion took place and O/W NE were formed. The concentration of the oil phase in NE was 25 vol.%, the surfactant
mixture — 12.5 vol.%. The surfactants Tween 60 and Span 60 were taken in a molar ratio of 0.76 [19].

NE with curcumin were prepared. Curcumin (4 wt.%) was dissolved beforehand in paraffin oil, and then NE were
prepared as described above (NE+curcumin).

2.3. Modification of curcumin nanoemulsion by cerium dioxide nanoparticles

NE with CNP were produced by mixing of the NE and CNP. Dried citrate-stabilized CNP sol was added to NE with
or without curcumin under stirring at 1000 rpm (Fig. 1). Two kinds of NE were ptoduced: NE with CNP (NE+CNP) and
NE with curcumin and CNP (NE+curcumin+CNP). The concentration of CNP in both NE was 17.2 mg/ml.

NaCl . Tween 60
solitio;\ _\/‘ \\ e __, CNP
f \ 7 f ), Span 60 :

- 1
Curcumin A
Paraffin oil
Dissolution of Preparation of NE Addition of CNP
curcumin by the phase inversion

temperature method
F1G. 1. Scheme of NE modification with curcumin and CNP

2.4. Nanoemulsion droplet size and (-potential analysis

The sizes of NE droplets were analyzed by dynamic light scattering technique at an angle of 173° using a helium-neon
laser (A = 633 nm). The (-potential was determined by electrophoretic light scattering method using Zetasizer Nano ZS
(Malvern Instruments, United Kingdom). 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 software package Zetasizer Software
for estimating the diameters by the distribution analysis model. All samples were measured at least 5 times; the average
measurement error was about 5%.

2.5. Sedimentation stability of nanoemulsions

The sedimentation stability of NE was studied by the analysis of light transmission and backscattering of monochro-
matic radiation with a MultiScan MS 20 analyser (DataPhysics Instruments GmbH, Germany). The transmitted light was
in the near infrared range, the light wavelength was 870 nm. Light transmission and reflection were measured depending
on the height of the sample with a measurement resolution of 20 pm. All measurements were carried out at 25°C.

2.6. FTIR- spectroscopy

The Fourier-transform infrared (FTIR) spectra were recorded using a Nicolet 380 (Thermo Fisher Scientific, USA)
equipped with a Smart Perfomer single frustrated total internal reflection attachment. The samples were analyzed in the
range of 9004000 cm ™! with a resolution of 2 cm ™.

2.7. Cell culture

The Mouse Embryonic Fibroblast (MEF) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 (1:1)
medium with the addition of 10% fetal bovine serum and 100 U/ml penicillin/streptomycin under 5% CO4 at 37°C.
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2.8. 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-yl1]-2.5-diphenyltetrazolium
bromide, MTT). Briefly, different concentrations of the substances (0.0001%, 1%) were added and cells were incubated
in a 96-well plate (for 24 h, 48 h and 72 h at 37°C in humid air (98%) containing 5% CO,). Three hours prior to the end of
the exposure period, the supernatant was removed, and MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (Sigma-Aldrich, #M5655) solution in phosphate-buffered saline (0.5 mg/mL, 100 pL/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, #1.3771) solution in dimethyl sulfoxide was added. Plates were shaken for
5 min, placed on a Multiskan MS Microplate Reader (Thermo Labsystems, Santa Rosa, CA, USA), and the absorbance
was read colorimetrically at 570 nm. Each experiment was repeated three times, with four replications.

2.9. Live/Dead assay

Assessment of the viability of the cells cultured in the presence of NE was performed using a Carl Zeiss Axiovert
200 microscope. Cells were seeded into 96-well plates and stained with fluorescent dye Hoechst 33342 (absorption —
350 nm, emission — 461 nm) and a propidium iodide dye (absorption — 493, emission — 636 nm). The dyes were added
to the DMEM/F12 without serum (1 pzg/ml) and the plate was placed in a CO; 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 (dead/live) was calculated using the ImageJ program.

2.10. Laboratory animals

Animal maintenance was carried out in accordance with the with Directive 2010/63/EU of the European Parliament
and of the Council of the European Union on the protection of animals. The experiments were carried out on male white
outbred mice (30-35 g), 8-9 weeks old. 12 animals were taken for each group to ensure the validity of the experiment. The
animals were hatched and kept in the vivarium of ITEB RAS (Pushchino) by specialized personnel in accordance with the
relevant requirements and documentation for the maintenance of laboratory animals. Animals were kept in polycarbonate
cages with sawdust bedding, 5 animals each, at a temperature of 22 4+ 2°C. Lighting mode was 12h/12h. Animals had
free access to water and complete extruded feed for laboratory animals (OOO Laboratorkorm, Russia). Animals with
abnormalities detected during the examination were not included in the experiment. Further, all animals were divided into
5 groups. Each animal included in the study was assigned an individual number. Animals were sacrificed after the end of
the experiment by the method of cervical dislocation.

2.11. Acute toxicity of the nanoemulsions in vivo

The analysis was carried out on outbred white mice with a single intraperitoneal injection of the studied NE at
a concentration of 860 mg/kg (10%) in a volume of 0.3 ml/mouse. The initial solutions of the nanoemulsions (NE,
NE+CNP, NE+curcumin, NE+curcumin+CNP described above in paragraphs 2.2. and 2.3.) were diluted 10 times with a
sterile injection solution (0.15 M NaCl). Control animals were intraperitoneally injected with a sterile injection solution
only. All procedures with mice were carried out taking into account the international rules for working with laboratory
animals and the requirements of the Commission on Biological Safety and Bioethics of the ITEB RAS (No. 25/2021
dated February 09, 2021). The acute toxicity of the nanocomposites was studied in mice using a 14-day survival test.
The general condition of the animals was recorded and reflected in the primary documentation: the characteristics of their
behavior, the intensity and nature of motor activity, the presence and nature of convulsions, coordination of movements,
skeletal muscle tone, response to tactile, pain, sound and light stimuli, frequency and depth of respiratory movements,
condition hair and skin, sensory organs, tail position, amount and consistency of fecal matter, frequency of urination and
color of urine.

3. Results and discussion
3.1. Characterization of nanoemulsions

3.1.1.  Properties and structure of nanoemulsions with curcumin and cerium dioxide nanoparticles. The size of droplets
in NE depends strongly on the method of their preparation. In this work, NE were prepared by temperature phase inversion
method. A coarse W/O emulsion was fabricated at elevated temperature. Then this emulsion was rapidly cooled in an
ice bath that led to the phase inversion and O/W NE formation. Since the W/O emulsion was initially formed and then
it was transformed into O/W one, two surfactants were used in the formulation: Span 60 with low hydrophilic-lipophilic
balance (HLB) value and Tween 60 with higher HLB [15].

Our previous study has shown that the solidified shell of the mixture of Tween 60 and Span 60 is formed on the surface
of oil nanodroplets at the ambient temperature. This shell provide the efficient protection from coalescence and Ostwald
ripening in NE [20, 21]. Curcumin has a lipophilic nature, its molecule contains polar groups that impart amphiphilic
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properties. Presumably, curcumin was located near the interface and partly embedded in a surfactant layer of oil droplets
in NE.

Biomedical applications require methods for the synthesis of aggregation-resistant nanoparticles stabilized with bio-
compatible ligands [22-24]. In this work, we used a simple procedure for the synthesis of stable aqueous cerium dioxide
sols and studied the effect of the concentration and molar ratio of the initial reagents on the size of CeO- particles [17].
The CNP were very small; the average diameter was 5 = 1 nm (Fig. 2a). The average diameter of NE droplets without
curcumin and CNP was 55 £ 5 nm (Fig. 2b). Incorporating CNP in the NE led to increasing the droplet size to 63 5 nm.

This increase in an average size indicates that CNP were adsorbed on the surface of the droplet with the formation of an
outer solid shell as in the Pickering emulsions [25].
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FIG. 2. Size distributions of CNP (a) and droplet size distributions in NE with CNP (b), CNP and
curcumin (c)

The addition of curcumin in the lipid phase of NE gave a slight rise in the droplet size to 58 £ 5 nm (Fig. 2b).
Modification of the droplets with CNP led to an increase in the droplet diameter up to 78 £ 5 nm, and droplet size
distribution became wider. Presumably, in these NE a denser shell of CNP was formed.

CNP were highly charged, {-potential was negative and equal to — (57 +4) mV (Table 1). In turn, NE were stabilized
with nonionic surfactants. Thus, the (-potential of the oil droplets was low and did not exceed —(2 & 1) mV. In the
presence of curcumin with amphiphilic properties, (-potential of oil droplets slightly increased in absolute value.

(-potential of oil droplets in NE with CNP was higher in absolute value than in NE without nanoparticles. However,
the charge of oil droplets with CNP was lower than the charge of individual CNP partial screening charges of nanoparticles
adsorbed on the surface of oil droplets.

The potential curves were derived using the equation presented in [26]. Fig. 3 shows that the potential barrier value
was rather low (less than 4 kT) in the suspension of CNP in spite of high value of (-potential. In the case of interaction
of oil droplet and CNP, the potential barrier was absent. These results indicate that CNP can adsorb on the surface of oil
droplets with the formation of nanoparticle shell.

The proposed structure of NE droplets containing CNP is shown in Fig. 4. CNP, being absorbed on the surface of oil
droplets in NE, formed a shell that prevented oil droplet flocculation. Due to the high surface charges of CNP, they were
presumably located on the surface of oil drops at a small distance from each other. The effect of adsorbed nanoparticles on
NE stabilization was confirmed by the long-term stability analysis of such systems. During storage for more than 30 days,
all studied NE were stable and no phase separation was observed.
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TABLE 1. (-potentials of NE droplets with curcumin and CNP

Sample (-potential, mV
NE —-2+1
NE+curcumin —7£1
CNP —57+4
NE+CNP —16 +2
NE+curcumin+CNP —38+3
6 r
1 L
= .
S 5 0{ 3 4
A NE droplets
-6
g NE droplet - CNP
-10

F1G. 3. Potential energy curves of oil droplets in NE, CNP and interaction of oil droplets and CNP
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FIG. 4. Schematic representation of the structure of the NE drop with adsorbed CNP

3.1.2.  FTIR spectroscopy. In order to confirm the incorporation of active components into the droplets and the absence
of chemical interaction between them, FTIR spectroscopy study was carried out. The FTIR spectra (Fig. 5) contained the
peaks corresponding to vibrations of the functional groups of the NE components. There were peaks characteristic of alka-
nes, which corresponded to paraffin oil at 1370 (-CH3 stretching vibrations), 1470, 2850, 2915 (-CH;, stretches) cm™ L
The peaks at 950 and 2850 cm ™" corresponded to vibrations of C—H bonds in aliphatic compounds. The peaks at 1100
and 1150 cm™! were characteristic of heterocycles of the furan series and C—O—C-group. The vibration of the OH-group
in the FTIR spectra was observed at 3440 cm . The peaks at 1635-1700 cm ™! corresponded to vibrations of C=O-bond.
The stretching vibrations of —C—O-group, located in esters, manifested themselves as a peak at 1350 cm™!. All these
groups were presented in both Tween 60 and Span 60. A broad peak with a maximum at 3370 cm ™" was attributed to the
aqueous phase.
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F1G. 5. FTIR spectra of NE without and with CNP

TABLE 2. Data characterizing the toxicity of NE in acute experiments on male SHK mice (intraperitoneally)

Group of animals | Dose, mg/kg Number of animals Lethality, % | LDso, mg/kg
General | Deceased | Survivors

Control 0 12 0 12 0 Not defined

NE 860 12 0 12 0 Not defined

NE+CNP 860 12 0 12 0 Not defined

NE-+curcumin 860 12 0 12 0 Not defined

NE+curcumin+CNP 860 12 0 12 0 Not defined

The presence of peaks, corresponding to NE components, in the FTIR spectra confirmed their incorporation into the
droplet structure without chemical alteration.

In the NE containing CNP, an increase in the intensity of the peak at 1639 cm™~! was observed, which corresponded
to their incorporation in the structure of the NE droplets.

The redox activity of cerium dioxide makes it a promising therapeutic antioxidant [27,28], but the interaction between
CNP and NE components can take place in heterogeneous systems. The absence of peak shifts in the FTIR spectra of NE
containing CNP indicated the absence of chemical interaction between cerium dioxide and NE components.

3.2. Toxicity of nanoemulsions

3.2.1. Cytotoxicity of the nanoemulsions in vitro. For the cytotoxicity analysis of NE, MEF was used. The metabolic
activity of MEF was analyzed by the MTT test after incubation with 4 types of NE:

1 -NE;

2 — NE+CNP;

3 — NE+curcumin;

4 — NE+curcumin+CNP.

At the NE concentrations of 0.0001% and 1% after 24, 48 after 72 h incubation, any significant difference with the
control group for 0.0001% NE (Fig. 6) did not reveal. Fig. 6 shows that the metabolic activity of MEF during incubation at
24 and 72 h in the presence of NE at a concentration of 1% with all experimental groups decreased by 40-90% relative to
the control group without the addition of NE. In the NE+CNP group after 72 h, the metabolic activity of mouse embryonic
fibroblasts increased by 30% relative to the control, which may be due to the presence of CNP in the composition of this
emulsion. In the NE+curcumin group after 72 h, there was a decrease in metabolic activity by 15% relative to the control.
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after 24, 48 and 72 h of incubation. Control group line corresponds to the cells that were are not treated
with. The data are presented as the mean +SD. *Significant differences were assessed using the Welch
t-testat 0.01 < p < 0.05 (*), 0.001 < p < 0.01 (*%)

Most probably, this effect was due to the fact that curcumin could be partially segregated on the surface of oil droplets in
the NE.

The results of cell viability analysis (Live/Dead assay) by fluorescent staining (all cells — Hoechst 33342 dye, dead
cells — propidium iodide) showed that the NE upon incubation during 24, 48 and 72 h with MEF did not have a cytotoxic
effect in the concentration range from 0.0001% to 1% (Fig. 7). For the studied NE in the concentration range from
0.0001% to 1%, LDsq for the MEF was not detected.

In this way, the incubation of cells with NE at a concentration of 1% led to a decrease in the dehydrogenase activity
of cells, which, however, did not lead to a significant increase in cell death compared to the control.

3.2.2.  Acute toxicity of the nanoemulsions in vivo. The toxic effect of the NE was assessed by the general condition of
the animals and their survival rate. The calculation of surviving and dead animals was carried out within 14 days after the
administration of NE, followed by observation of surviving animals for two weeks after intraperitoneal injection. In the
first 6 h, the animals were under continuous observation. During the entire observation period, the animals felt normal.
Within 14 days of observation of animals, no noticeable deviations were detected in physical activity; the presence of
seizures; coordination of movements, the condition of the skin, hair and color of visible mucous membranes; consumption
of water and food; body weight.

The results obtained indicate that after a single intraperitoneal injection of NE at a dose of 860 mg/kg in groups of
experimental animals, no death of animals was observed during 14 days of the experiment (Table 2). Thus the semi-lethal
dose (LDj5p) could not be determined. A dose of 860 mg/kg was not toxic to mice after a single intraperitoneal injection
of NE.
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4. Conclusions

In this work, NE with curcumin and cerium dioxide nanoparticles were prepared with droplet sizes less than 100 nm.
The absence of a potential barrier in the interaction of oil droplets and CNP makes it possible to impart antioxidant
properties to NE. The NE with curcumin and cerium dioxide nanoparticles did not show toxicity to mouse embryonic
fibroblasts in vitro and after a single intraperitoneal injection in mice in vivo. Data obtained demonstrate the possibility of
using NE with curcumin and cerium dioxide nanoparticles in advanced biomedical applications.
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