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Abstract Fungal infection is a public health problem. Antifungal agents resistance is often seen in

common Candida albicans in the hospital environment. Nanoparticles have been reported in the lit-

erature as a promising development of health products. The toxicity, antioxidant and antifungal

activity of cerium oxide nanoparticles (CeNP) were evaluated. After synthesis and characterization

of the physicochemical properties, the new CeNP was evaluated by biological tests of antifungal

activity. The antioxidant activity of CeNP was evaluated by scavenging free radicals of 1,1-

diphenyl-2-picrylhydrazyl hydrate (DPPH). The DPPH scavenging activity was monitored by %

color inhibition the absorbance. In vivo acute toxicity studies of CeNP were carried out by oral

administration in mice (300 and 2000 mg/kg, n = 3/ group), and by brine shrimp (Artemia salina)

model (0.001-25 mg/ mL, n = 10/ group). CeNP was able to interfere in the fungal growth, depend-

ing on the strain and dosage used. Acute lethal dose 50% is greater than 2000 mg/kg and CeNP did

not induce toxicity for A. salina. Antioxidant activity was not significant. The current antifungal
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and toxicity features results support the use of CeNP as antifungal agent against Candida albicans

strains, which may find applications in biotechnology and biomedical area in the development of a

new nano-biomaterial for clinical applications.

� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fungal infections represent a public health problem. Candida
albicans is the most commonly involved species in hospital
infections. This dimorphic yeast is commensal and colonizes
the blood, skin, the gastrointestinal, and the reproductive

tracts. Occurrences are growing together with the increase of
immunocompromised and hospitalized patients worldwide
(Mohr et al., 2020; Koehler et al., 2019; Zhan et al., 2015;

Lim et al., 2012).
Antifungal agents for treatment or prophylaxis of invasive

fungal infections are limited to four classes: azoles, echinocan-

dins, polyenes, and flucytosine. Currently, antifungal oral
administration schemes include oral or intravenous. In case
of oropharyngeal candidiasis, nystatin oral suspension or oral
fluconazole are indicated (Pappas et al., 2016).

The often long duration of treatments, or the high fre-
quency use of these agents for prophylactic purposes facilitates
the emergence of isolated resistance, whether by previously

susceptible strains that acquire resistance, or by new species
that are naturally resistant (Fekkar et al., 2014). Resistance
to fluconazole, voriconazole, and itraconazole is often seen

in common Candida species in the hospital environment
(Zhan et al., 2015).

In general, the CeO2-based materials are used in well-

established applications on industrial (catalyst of soot combus-
tion in the automotive three way catalysts), prototypes and
niche applications (solid oxide fuel cells, and polymer
exchange membrane Fuel Cells), and emerging applications

(reforming of hydrocarbons or oxygenated; water-gas shift
reaction and preferential oxidation of CO; oxidation of volatile
organic compound; dehalogenation; partial hydrogenation;

photocatalysis; thermochemical water splitting, organic reac-
tions, and biomedical applications) (Montini et al., 2016).

Upon decrease of the particle size, distinct physical and

chemical properties as compared to bulk materials arise
including increase mobility of oxygen and versatile and supe-
rior active catalytic support for energy processes. Cerium oxide

nanoparticles (CeNP) have applicated in catalyst systems, as
metal catalyst combined with another metal species that acts
as the active species; in energy applications (H2 production/
purification, fuel cells and photocatalytic water splitting)

(Melchionna and Fornasiero, 2014); and biological activity
as anti-inflammatory (Hirst et al., 2009), antimicrobial
(Farias et al., 2018), radioprotective effects on stem cells

(Salvetti et al., 2020), potential pharmaceutical approach for
the treatment of neurodegenerative diseases (Battaglini et al.,
2019) and of obesity (Rocca et al., 2015).

The surface valence state (Ce4+ and/or Ce3+) is important
in CeNP effect and biological applications (Zeyons et al.,
2009). Studies show that CeNP exhibit anti-inflammatory
action, antioxidant properties, ability to stimulate prolifera-

tion and migration of fibroblasts, keratinocytes, and vascular
endothelial cells. The nanoparticles may be useful as a novel
therapy for acute and chronic inflammation (Chigurupati

et al., 2013; Hirst et al., 2009), including in topical system of
application whereas CeNP has capacity to permeation of der-
mal and transdermal intact and damaged human skin after

prolonged exposure (Mauro et al., 2019).
Antimicrobial activity of CeNP has been observed against

Bacillus subtilis (Babu et al., 2014; Krishnamoorthy et al.,

2014; Pelletier et al., 2010), Enterococcus faecalis
(Krishnamoorthy et al., 2014), Escherichia coli (Babu et al.,
2014; Krishnamoorthy et al., 2014; Babenko et al., 2012;
Pelletier et al., 2010; Zeyons et al., 2009), Salmonella enteritidis

(Babu et al., 2014), Salmonella typhimurium (Krishnamoorthy
et al., 2014), Staphylococcus aureus (Babu et al., 2014;
Babenko et al., 2012), Synechocystis (Zeyons et al., 2009),

and C. albicans (Babenko et al., 2012; Pujar et al., 2020). In
general, antimicrobial activity of CeNP on opportunistic
microorganisms was extensively reviewed (Farias et al., 2018).

The surface valence state of particles influences the protective
or antimicrobial effect of nanoparticle. Conversion of Ce4+ to
Ce3+ was observed in Escherichia coli (Zeyons et al., 2009).

The ability to scavenge free radicals of the CeNP was

observed in studies with J774A.1 murine macrophage cells
(Hirst et al., 2009); and with hippocampus and cerebellum
(Hardas et al., 2012).

In the biological context, the effect of these nanotechnolo-
gies has not been accompanied by exhaustive toxicological
studies designed (Mauro et al., 2019). Thus, to obtain signifi-

cant results in acute toxicity tests, investigation of different
biological models with vertebrates (mice) and invertebrates
(Artemia salina) is proposed. Brine shrimp (A. salina) is a zoo-

plankton used in feed for fish, and is considered an adequate
toxicology model for nanomaterials (Ozkan et al., 2016;
Rajabi et al., 2015; Gambardella et al., 2014). A. salina is
included as a test species by the United States Environmental

Protection Agency for acute toxicity testing (EPA, 2002). The
acute toxicity test in rodents is the principal in vivo test for the
evaluation of safety profile of a substance (Parasuraman,

2011). There is an imminent need to monitor existing antifun-
gals and Candida susceptibility at national and international
levels (Zhan et al., 2015); production of antifungal agents is

also an imperative.
The aims of this study were to evaluate the acute toxicity of

CeNP on vertebrates (mice) and invertebrates (A. salina) and

to investigate its antifungal and antioxidant activity.

2. Material and methods

2.1. Reagents and chemicals

CeNPs were synthesized in the Chemistry Laboratory, at the

Federal University of Paraı́ba, Brasil. Cerium (IV) sulfate (p.
a., purity � 98%) and sodium hydroxide (VetecTM reagent

http://creativecommons.org/licenses/by-nc-nd/4.0/
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grade, purity � 97%) were purchased from Sigma-Aldrich
(Merck, Merck KGaA, Darmstadt, Germany). All chemicals
used were of analytical grade and used as received without fur-

ther purification. Dimethylsulfoxide was purchased from
Mallinckrodt Chemicals� (Phillipsburg, NJ, USA). Sodium
thiopental (Thiopentax�) was purchased from Cristália (Ita-

pira, SP, Brazil), and heparin (Parinex�) from Hipolabor
(Sabará, MG, Brazil). Kits for biochemical and hematological
analysis were purchased from LABTEST� (Lagoa Santa,

MG, Brazil). Sabouraud dextrose broth and agar were pur-
chased from HiMedia, India. LIVE/DEAD BacLightTM Viabil-
ity Kit was purchased from InvitrogenTM (Molecular Probes
Inc., OR, USA). Universal pH-indicator strips were purchased

from Merck Quimical, São Paulo, Brazil. All other reagents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
2.2. Synthesis and characterization of cerium oxide
nanoparticles

The synthesis of CeNP was performed by the microwave

hydrothermal method (Soren et al., 2015), starting from
0.5 mmol of cerium (IV) sulfate in 100 ml of distilled water.
Then, 5 mol/L NaOH solution was added drop wise under mild

stirring until the pH of solution becomes 14. The reaction sys-
tem was heated and treated in microwave at 150 �C for 5 min.

The material (after drying) was referred for characteriza-
tion where its structural properties (Khan et al., 2019) were

evaluated by X-ray diffraction (XRD); Stephen Brunauer,
Paul Hugh Emmett and Edward Teller (BET) method
(Brunauer et al., 1938; density of 7.2 g/ cm3 for the cerium

oxide sample), high resolution scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and X-ray
energy dispersion analysis spectroscopy (EDS). The optical

proprieties of CeNP was evaluate using spectra in the UV–
Vis in the range of wavelengths between 190 and 900 nm.

The average CeNP crystallite size (PBET) was also calculated

using the following formula (Eq. (1); Raghupathi et al., 2011).

PBET ¼ 6=qt � asBET ð1Þ
where qt is theoretical density of CeO2 (7.2 g/cm3), and asBET is
the BET surface area (295 m2/g).

The average crystallite of the sample too was calculated by

using the Debye-Scherrer formula (Eq. (2)):

Dp ¼ 0:9 � k=b � cosh ð2Þ
where Dp is the average crystallite size, k is the wavelength of
the CuKa line, h is the Bragg angle, and b is the Full Width at

Half-Maximum (FWHM) of the diffraction peak in radians.
The lattice parameter of cerium oxide nanoparticles was mea-
sured using x-ray diffraction XRD.

The zeta potential was measured using a Zetatrac instru-
ment (Microtrac, USA). The CeNPs were resuspended in
distilled-deionized water (pH 7.2). The analysis was performed

in triplicate. Measurements were essentially as described else-
where (Pelletier et al., 2010).

2.3. Minimum inhibitory concentration and minimum fungicidal
concentration

In order to investigate the minimum inhibitory concentration
(MIC) and minimum fungicidal concentration (MFC) of
CeNPs, the following C. albicans clinical (LM), and American
Type Culture Collection (ATCC) strains were used: ATCC
1106, ATCC 76485, ATCC 76645, ATCC 60193, ATCC

26645, LM 62, LM 92, LM 157, LM 38, LM 227 and LM
65 (1–5 � 106 UFC/ mL). They were cultivated on Sabouraud
Dextrose Broth (SDB).

CeNP resuspended in DMSO (dimethylsulfoxide) was pre-
pared in concentrations of 150 mg/mL, along with a positive
control (Miconazole Nitrate). The concentration of DMSO

did not exceed 0.4% in the assays.
MIC of the suspension was assessed by microdilution

method. Six rows of wells were prepared with final concentra-
tions from 0.01 to 75 mg/mL for CeNP, and from 5 to 400 mg/
mL for Miconazole Nitrate. All three remaining rows of wells
were filled with the oxidation–reduction indicator resazurin.

Subsequently, the concentration corresponding to the min-

imum inhibitory and the two concentrations immediately more
concentrated were cultivated on Sabouraud dextrose agar
plates. MFC was determined as the lowest concentration

showing no visible colony formation after incubation for
24 h at 37 �C.

2.4. Growth kinetic study

Three C. albicans strains (ATCC 1106, ATCC 76485 and LM
38) were selected for viability in experimental fluorescence
assays (Jin et al., 2005). In summary, the fluorescence assay

distinguishes between live and dead fungi. A standard curve
was constructed using different proportions of viable (green
fluorescence) and non-viable (red fluorescence) fungi cells.

The curve was constructed with concentrations of 0, 20, 50,
80, and 100% live fungi using the LIVE/DEAD BacLightTM

Viability Kit. A standardized concentration of 0.5 McFarland

scale (106 CFU/mL) from the fungi cells was prepared with sal-
ine solution. The growth of the fungal strain was evaluated at
1, 4, 8, and 10 h; and measured for optical density at 600 nm by

spectrophotometer (Fluostar Optima - BMG Labtech, Ger-
many). The tests were carried out in triplicate and repeated
three times on different days.

2.5. Analysis of the substrate pH

A special care was dedicated to measure the influence of the
interaction between nanoparticles and microorganisms studied

on the pH of cultivation medium. Then, biotic and abiotic
environment was established. Evaluation of change in the
pH of the medium on CeNP contact with C. albicans was per-

formed with universal pH 0–14 tape. The ATCC 60193 strain
was randomly selected, grown in SDB for 48 h at 37� C and
standardized (1–5 � 106 CFU/mL). The CeNP suspension

5 mg/mL received more SDB and fungal inoculum suspension
to obtain a final 3.17 mg/mL (MIC selected strain) in 100 uL.
Controls were SDB + fungi and SDB + CeNP suspension at
3.17 mg/mL. The test was performed in quadruplicate on three

different days.

2.6. DPPH radical scavenging activity

The free radical scavenging capacities of the CeNP were tested
by their ability to bleach the stable 1,1-diphenyl-2-
picrylhydrazyl hydrate (DPPH) radical. The reaction mixture
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contained 30 lM DPPH and different concentrations of CeNP
(1, 5, 10, 15, 20 mg/mL) in 1 ml methanol. After 90 min of incu-
bation at room temperature, the radical scavenging potential

of the antioxidant was measured by % color inhibition the
absorbance was taken at 517 nm (Soren et al., 2015). The inhi-
bition rate of the DPPH free radical was calculated as follows

(Eq. (3)):

% Inhibition Absorbancenegative control

� ���

� Absorbancesample �AbsorbanceBlank
� ��� 100

�

Absorbancenegative control � 100;
� ð3Þ

Ascorbic acid was used as standard. The tests were carried
out in triplicate and repeated three times on different days.

2.7. Animals, housing, diet, and water

The animals were obtained from the Dr. Thomas George Bio-

terium (Research Institute in Drugs and Medicines/Federal
University of Paraı́ba, Brazil). In the acute oral toxicity study,
8–12 weeks old Swiss female mice (Mus musculus), in the

weight range from 28.0 to 32.0 g on the first day of treatment,
were acclimatized for 7 days before initiation of dosing.

Animals were housed in standard polypropylene cages with
a controlled 12 h light/dark cycle. Temperature was main-

tained at 19–25 �C with a relative humidity of 30–55%. Pota-
ble water and standardized diet were provided ad libitum.

Experimental protocols and procedures were approved by

the local animal ethics committee (protocol number
016/2016) which follows the international principles in ethics
for animal experimentation.

2.8. Experimental design-acute toxicity on mice

The acute oral toxicity of CeNP was assessed in accordance

with the Organization for Economic Cooperation and Devel-
opment (OECD) guideline 423 (OECD, 2001). Briefly, CeNP
(300 mg/kg) was administered orally in a single dose by gavage
to three mice. After 14 days of observation, and accounting of

the number of live and dead animals, three animals were dosed
sequentially with the same dose. The study continued by test-
ing two more groups of three animals with 2000 mg/kg of

CeNP.
CeNP was resuspended in 5% (v/v) Tween-80 in saline. For

each assay with a dose of CeNP, a group control (n = 3)

administered with vehicle alone (5% (v/v) Tween 80 in saline)
was used. After the administration of CeNP, the animals were
reviewed cage-side for signs of toxicity, morbidity and mortal-
ity at the following time points: 15 min, 30 min, 1 h, 4 h and

once a day for 14 days. Histopathological examination was
performed for all living mice on day 15. Mice were observed
for behavioral changes related to central nervous system (stim-

ulant and depressant activity) and autonomic nervous system,
among other abnormal behaviors (Almeida et al., 1999). Food
and water consumption were measured daily and body weight

of each mouse was taken at the initiation and the end of treat-
ment (day 14).

At the end of the study, blood samples for hematology and

biochemistry evaluation were collected from the retroorbital
plexus under light anesthesia induced by sodium thiopental
intraperitoneal administration (40 mg/kg) and heparin was
used as an anticoagulant. Food was withheld for approxi-

mately 4 h before blood collection. Hematological examina-
tions were performed using an automatic hematology
analyzer, Animal Blood Counter Vet (Horiba ABX Diagnos-

tics) for the following parameters: white blood cell count
(WBC), red blood cell count (RBC), hemoglobin concentra-
tion (HGB), hematocrit value (HCT), mean corpuscular vol-

ume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC). Differential
leukocytes count was obtained with an optical microscope
for the following parameters: lymphocytes, neutrophils, mono-

cytes, eosinophils and basophils. Serum biochemistry was per-
formed using a spectrophotometer Cobas Mira Plus� (Roche
Diagnostic System, Livingston, UK) for the following param-

eters: alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), urea and creatinine.

All animals were subjected to necropsy, and heart, liver,

kidney, spleen and thymus were excised, weighed to determina-
tion of indexes of organs [organ weight (mg)/body weight(g)]
and then preserved in neutral buffered 10% formalin. Liver

and kidney samples were submitted to microscopic examina-
tion. Portions of these organs were cut into small pieces
(5 mm), followed by staining of the histological sections with
hematoxylin-eosin and masson for liver. Histological analysis

was performed by light microscopy to determine the presence
and extent of liver or kidney lesions attributed to the CeNP.
Systems of scores to grade liver and kidneys lesions were

employed as previously described (Medeiros et al., 2010;
Brunt et al., 1999).

2.9. Experimental design-acute toxicity on Artemia salina

A 25 cm long, 25 cm wide, and 25 cm high, glass aquarium,
illuminated with LED lamp was used for hatching the cysts

of A. salina (Linnaeus, 1758; Anostraca, Brachiopoda, Crus-
tacea) in artificial seawater (3%, m/v) (Ozkan et al., 2016).
The temperature was kept constant at 20 �C, and the pH
between 7.0 and 8.0.

The toxicity test was carried out at different concentrations
of CeNP 0.001, 0.01, 0.1, 1.0, 5.0, 10.0, 15.0, 20.0 and 25 mg/
mL. After 48 h, the number of dead nauplii were counted as

previously described (Ozkan et al., 2016; Gambardella et al.,
2014). All of the tests were performed in quadruplicate on dif-
ferent days.

2.10. Statistical analysis

The data collected were submitted to descriptive and inferen-

tial statistical analysis using the SPSS (Statistical Package for
the Social Sciences) version 20.0 (SPSS Inc., Chicago, IL,
USA). In general, data are presented as mean and standard
deviation. For mice toxicity data mean ± standard error

was used. Student t test was used to compare the means of
the inhibition zones, and the ANOVA with Tukey post-test
to distinguish between average absorbance differences and tox-

icity profile. Results were considered significant when
p < 0.05.
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3. Results

3.1. Synthesis and characterization of cerium oxide
nanoparticles

Through the BET analysis, it was determined that the CeNP

sample synthesized by hydrothermal microwave method had
a specific surface area of about 295 m2/g.
Fig. 1 Characterization of CeNP. (A) Scanning Electron Microscop

presence of nanocrystallites in agglomerates. (B) Transmission electron

and rounded shapes of about 4 nm. (C) TEM reveals interplanar spac

pattern of CeNP exhibited six typical peaks corresponding to (111), (2

fluorite structure of CeNP; (E) Typical X-ray energy dispersive spectro

absorption spectra of CeNPs with maximum absorption at 300 nm, in
The SEM (Fig. 1A), reveals various particle sizes, present-
ing both linear structures, and thin (nm) overlapping layers.

The average crystallite size values were also determined by

TEM investigation (Additional file 1). The size is determined
by counting 100 particles. The mean ± SD size distribution
of CeNP was 4.10 ± 0.99 nm diameter. The panoramic

TEM image (Fig. 1B) shows nanoparticles.
The average calculated particle size by PBET was found to

be 3–5 nm. The average crystallite size calculated by the
y image: the general status of CeNP nanoparticles confirming the

microscopy (TEM) panoramic image of CeNP with uniform size

ings in agreement with the CeNP structure; (D) X-ray diffraction

00), (220), (311), (222), (400) planes, which are typical of cubic

scopy (EDS) spectra of CeNP taken during TEM. (F) UV � VIS

dicative of their higher Ce4+ content.
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Debye-Scherrer formula was about 3.17 nm. These average
particle sizes calculated reported are consistent with the
TEM study. The TEM picture shown in Fig. 1B the strong

agglomeration of small particles with a diameter on the order
of about 4 nm, and interplanar distances of about 0.31 nm
(Fig. 1C).

The cubic fluorite structure of cerium oxide and crystallite
size was confirmed from XRD data and Fig. 1D shows the
X-Ray Diffraction pattern. XRD pattern shows three main

reflections (111), (200), (220), (311), (222), and (440) as
characteristic of cerium oxide cubic phase with fluorite struc-
ture. The calculated lattice parameters was 5.404 Å.

Broad peaks of reflection were clearly visible, indicating

small crystal size, and nanoscale dimension, thus proving the
success of the proposed method. The phases found were
indexed, after analysis and correlation, using the JCPDS 34-

0394 datasheet (Joint Committee on Powder Diffraction Stan-
dards) for the structure, fluorite, CeO2.

Fig. 1E was obtained by means of energy dispersive spec-

troscopy, and it confirm the presence of cerium in the CeNP.
The wavelength at which the maximum absorbance occurs

around 300 nm (Fig. 1F).

The average zeta potential for CeNP was from �
12.6 ± 0.3 mV.

3.2. Minimum inhibitory concentration and minimum fungicidal
concentration

CeNP was able to inhibit the growth of all Candida strains
tested. C. albicans LM 65 and ATCC 76485 strains showed

the lowest concentration of MIC (1.50 mg/mL). Miconazole
Nitrate (concentration � 62 mg/mL) was able to inhibit all
strains (Table 1).

3.3. Growth kinetic study

The growth kinetics study was conducted on three strains of C.

albicans (ATCC 1106, ATCC 76 485, and LM 38) randomly
selected in the presence of CeNP with three concentrations
Table 1 MIC and MFC of the CeNP and Miconazole Nitrate aga

Strains CeNP�

MIC§ MF

mg/mL mg/

ATCC* 1106 7.50 12.5

ATCC 26645 3.17 13.8

ATCC 60193 3.17 13.8

ATCC 76485 1.50 22.5

ATCC 76645 3.17 13.8

LMy 38 2.50 22.5

LM 62 3.17 13.8

LM 65 1.50 22.5

LM 92 1.75 12.5

LM 157 3.17 13.8

LM 227 3.17 13.8

* American Type Culture Collection.
y Laboratory of Microbiology (Clinical strain).
� Cerium oxide nanoparticle.
§ Minimum inhibitory concentration.
|| Minimum fungicidal concentration.
(MIC � 2, MIC, and MICx2) at 1, 4, 8, and 10 h. In the figure,
it is clear that MICx2 had significant effect on strains growth
(Fig. 2). At 10 h, CeNP reduced growth of the three strains.

For ATCC 1106 (MIC), the survival yeast was 46.35% (Addi-
tional file – Fig. S2A). For ATCC 76,485 (MIC), the survival
yeast was 49.8% (Additional file – Fig. S2B). LM 38 exposed

by CeNP MIC has 59.33% of survival cells (Additional file –
Fig. S2C). At 10 h, the highest inhibition of yeast growth
was observed at a concentration of 15.0 mg/mL (MICx2) in

the ATCC 1106 strain.

3.4. Analysis of the substrate pH

The results showed higher pH with increasing CeNP in the sus-
pension containing the fungus and the culture medium. The
pH of the SDB + fungi + CeNP suspension was 10.0, higher
than the pH of the SDB + fungi solution (pH 5.0). The

SDB + CeNP suspension had a pH of 7.0.

3.5. DPPH radical scavenging activity

The results showed that CeNP showed an average antioxidant
activity of 15.06 ± 0.78% (Fig. 2D). Ascorbic acid at a con-
centration of 9.23 ± 0.29 lg/mL exhibited a percentage inhi-

bition of 50% and for 18 lg/mL 100%.

3.6. Acute oral toxicity study on mice

No behavioral changes were observed during the study. One
death was recorded in the first group treated with 2000 mg/
kg of CeNP.

3.6.1. Effects on food and water consumption, and body weight

Table 2 contains values related to water and food consumption
evaluated at 14 days of treatment with the substance. Food
consumption by the treatment group (with 300 mg/kg, and

2000 mg/kg of CeNP) was significantly reduced when com-
pared with the control group. No significant changes were
inst strains of C. albicans.

Miconazole Nitrate

C|| MIC MFC

mL mg/mL mg/mL

35 62

35 50

35 50

15 30

35 50

<5 30

<5 50

15 30

35 30

35 50

35 50



Table 2 Food and water consumption, assessed daily, and weight evaluation of animals subjected to treatment with CeNP.

Groups Dose Water consumption Food consumption Initial weight Final weight

mg/kg mL g g g

Control – 48.8 ± 2.7 58.9 ± 3.2 31.5 ± 0.8 35.4 ± 0.7

CeNP* 300 40.9 ± 2.7 44.6 ± 3.0y 30.6 ± 0.7 34.6 ± 1.5

CeNP 2000 52.3 ± 5.0 42.0 ± 4.4y 31.0 ± 0.9 34.1 ± 0.3

Data presented as mean ± standard error of the mean of 5–6 animals analyzed by ANOVA with Tukey post test.
y p < 0.05 compared to control.
* Cerium oxide nanoparticle.

Table 3 Effect of CeNP in biochemical parameters in peripheral blood of mice.

Groups Dose ASTy ALT � Urea Creatinine

mg/kg U/L U/L mg/dL mg/dL

Control – 137.4 ± 13.8 61.9 ± 5.0 38.7 ± 4.8 0.4 ± 0.07

CeNP* 300 165.5 ± 62.1 46.0 ± 24.8 31.1 ± 2.0 0.3 ± 0.01

CeNP 2000 128.8 ± 18.7 52.6 ± 6.5 60.6 ± 9.3 §, || 0.4 ± 0.06

Data presented as mean ± standard error of the mean of 5–6 animals analyzed by ANOVA with Tukey post test.
§ p < 0.05 compared to control.
|| p < 0.05 compared to 300 mg/kg.
* Cerium oxide nanoparticle.

y Aspartate aminotransferase
� Alanine aminotransferase

Fig. 2 Growth kinetics of the strain Candida albicans in the presence of MIC � 2, MIC, and MICx2 of CeNP. Ten hour growth curve

showing the sensitivity of (A) ATCC 1106 to CeNP at 3.75 mg/mL (MIC � 2), 7.5 mg/mL (MIC), and at 15.0 mg/mL (MICx2); (B) ATCC

76485 to CeNP 0.75 mg/mL (MIC � 2), 1.50 mg/mL (MIC) and 3.0 mg/ml (MICx2); and (C) LM 38 to CeNP at 1.25 (MIC � 2), 2.50 mg/

mL (MIC), and 5.0 mg/ml (MICx2). In each case, the growth of the strain is control. Note different scales. (D) DPPH radical scavenging

potential of CeNP remained low and constant regardless of the concentration of nanoparticles in the acellular system for 90 min of contact

between CeNP e DPPH.

Features of cerium oxide nanoparticles 7
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observed in water consumption or weight of the animals after
treatment with CeNP, when compared to the control group.

3.6.2. Hematology and biochemical evaluation

As shown in Table 3, there were no significant differences in
the AST, ALT, and creatinine parameters between control
and treatment groups. However we observed a significant

increase of urea in the mice treated with 2000 mg/kg of CeNP,
when compared with the control group.

Regarding the hematological evaluation, CeNP did not sig-

nificantly affect a majority of the hematological parameters of
the animals treated. A significant increase in the red blood cell
counts of the animals treated with 2000 mg/kg of CeNP was

observed. We also observed a significant increase in monocyte
counts for the groups treated with CeNP at 300 mg/kg, and
2000 mg/kg (Table 4).

3.6.3. Effects on relative organ weights

Treatment with the substance under study did not result in sig-
nificant changes in kidney, heart, spleen, and thymus indexes

(Table 5). However, a significant increase in the liver index
of animals treated with the highest dose of CeNP was observed
(Table 5).

3.6.4. Histopathology findings

Histopathological analyses of liver of control and treated
groups showed normal histological architecture without peri-

portal and periseptal activity, and fibrosis (Fig. 3). At
300 mg/kg of CeNP, it was observed discreet portoparenchy-
matous inflammatory processes, and rare foci of hepatocellular
necrosis. At 2000 mg/kg, the livers of the animals treated with

CeNP also presented portoparenchymatous inflammatory pro-
cesses with multifocal lobular necrosis, probably of toxic nat-
ure, and multifocal sub-capsular granulomatous inflammatory
Table 4 Effect of CeNP in hematological parameters of

peripheral blood of mice.

Parameters Control CeNP* CeNP

300 mg/kg 2000 mg/kg

Red blood cells (106/

mm3)

8.8 ± 0.1 7.3 ± 0.5 10.0 ± 0.2||

Hemoglobin (g/dL) 13.3 ± 0.3 13.0 ± 0.5 14.2 ± 0.5

Hematocrit (%) 50.6 ± 1.6 53.3 ± 1.9 54.0 ± 1.8

MCVy (fm3) 57.4 ± 1.4 59.8 ± 1.6 54.2 ± 1.7

MCH� (pg) 15.1 ± 0.4 14.7 ± 0.5 14.2 ± 0.4

MCHC§ (g/dL) 26.5 ± 0.9 24.8 ± 1.3 26.3 ± 0.7

Leukocytes (103/mm3) 4.1 ± 0.7 2.5 ± 0.5 2.8 ± 0.2

Lymphocytes 66.7 ± 3.7 69.5 ± 2.3 59.4 ± 4.9

Neutrophils 28.6 ± 3.3 24.8 ± 1.3 33.2 ± 4.8

Monocytes 4.4 ± 0.6 7.3 ± 0.5|| 7.4 ± 1.4||

Eosinophils 1.3 ± 0.3 1.0 ± 0.0 0.0 ± 0.0

Data presented as mean ± standard error of the mean of 5–6

animals analyzed by ANOVA with Tukey post test.
|| p < 0.05 compared to control.
* Cerium oxide nanoparticle.

y Mean corpuscular volume.
� Mean corpuscular haemoglobin.
§ Mean corpuscular hemoglobin concentration.
processes with the absence of cellular atypia (Fig. 3). The
changes observed are described in Table 6.

Histopathological analyses of kidneys of control and

300 mg/kg CeNP groups showed normal histology. At
2000 mg/kg of CeNP, it was observed focal interstitial nephri-
tis and necrosis of proximal tubular epithelium (Fig. 3).

3.7. Acute toxicity against Artemia salina

The cytotoxicity assay in the Artemia salina animal model did

not reveal a LD50 or LC50 (lethal dose or minimum lethal
concentration of 50%). Exposure to CeNP did not cause death
to the naupli in concentrations of 0.001 up to 15.0 mg/mL. The

mortality in the group exposed to concentrations of 20.0 and
25.0 mg/mL of CeNP was 4 and 10%, respectively, demon-
strating the non-toxicity of CeNP against A. salina.

4. Discussion

From the viewpoint of using CeNP in nanostructure engineer-
ing with biomedical applications, the synthesis route presented

in this study revealed a product with pure phases and with a
linear format and thin nanometric layers overlapping for dif-
ferent characterization techniques. The interplanar distances

are of the lowest energy level (Deus et al., 2013).
Microwave-mediated synthesis has the advantage of rapid

volumetric heating, energy shaving, high-efficiency, economy,

high purity and yields over the other conventional method of
synthesis (Soren et al., 2015; Goharshadi et al., 2011).

This hydrothermal reaction led to smaller particles ~ 4 nm.
This particle size is similar of the other studies than used sim-

ilar rote of synthesis (Hardas et al., 2012; Goharshadi et al.,
2011). However, CeNP with upper crystalline size has been
synthesized by autoclave-mediated hydrothermal (Shajahan

et al., 2020) as well as microwave-mediated hydrothermal syn-
thesis (Soren et al., 2015).

CeNP with different sizes and characteristics can be

obtained by hydrothermal method and by using different pre-
cursors agents such as cerium sulfate (used in this study), cer-
ium nitrate (Shajahan et al., 2020; Babu et al., 2014;

Krishnamoorthy et al., 2014; Celardo et al., 2011;
Goharshadi et al., 2011), and ceric ammonium nitrate (Soren
et al., 2015).

The CeNPs surface area observed in this study were two-

fold higher than of previous nanoparticle studies (Yokel
et al., 2013; Hardas et al., 2012; Celardo et al., 2011), but lower
than another study (Zeyons et al., 2009). Thus, the small size of

the CeNPs of this study is within previous reported values and
it could be confirmed by TEM images and also confirmed by
BET surface area. The size of nanoparticles is inversely pro-

portional to the active surface area, and provided a large sur-
face potential for catalysis (Soren et al., 2015; Yokel et al.,
2013).

These small particles was tested against eleven strains of C.
albicans. The nanometric thickness permitted inhibition of C.
albicans (Babenko et al., 2012). The particle size also allows
greater interaction between the nanoparticle and the fungal

cell. It can be suggested that at this size metal passes through
the barriers which increases interaction between the nanopar-
ticle and pathogen at the cell membrane level (Raghupathi

et al., 2011; Zeyons et al., 2009).



Table 5 Effect of CeNP in the indexes of the organs of mice.

Groups Dose Index of thymus Index of spleen Index of liver Index of kidneys Index of heart

mg/kg mg/g mg/g mg/g mg/g mg/g

Control – 4.1 ± 0.4 5.8 ± 0.3 64.8 ± 1.7 12.3 ± 0.4 4.5 ± 0.1

CeNP* 300 4.1 ± 0.3 6.1 ± 0.5 63.2 ± 2.3 12.0 ± 0.5 4.3 ± 0.1

CeNP 2000 5.0 ± 0.6 6.0 ± 0.8 73.7 ± 2.1y,� 13.8 ± 0.9 4.8 ± 0.2

Data presented as mean ± standard error of the mean of 5–6 animals analyzed by ANOVA with Tukey post test.
y p < 0.05 compared to control.
� p < 0.05 compared to 300 mg/kg.
* Cerium oxide nanoparticle.
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ATCC and clinical strains were assayed for differing sensi-
bilities of the yeast species involved in fungal infections (Mohr

et al., 2020; Zhan et al., 2015; Lim et al., 2012). Strains were
standardized (1-5x106 CFU/mL) to prevent inhibitory concen-
tration variation because of differences in the amount of fun-

gus (Lara et al., 2015). The therapeutic concentration of
CeNPs fungal inhibition was from 1.50 to 22.5 mg/mL, consid-
ering the small difference in MIC and MFC values among
strains. These values show that CeNP was ~ 100-fold less

potent than miconazole nitrate. A similar concentration of
CeNP (1.72 mg/mL) was found in one study that addresses
antifungal activity (Babenko et al., 2012) and silver-zinc oxide

nanoparticles (Burlibas�a et al., 2020).
wThe CeNP presented antifungal activity proportional to

increased concentrations, however, lower minimum inhibi-

tory concentrations were observed in silver and zinc particles
nanoparticles (Artunduaga Bonilla et al., 2015; Lara et al.,
2015; Shoeb et al., 2013) probably due to the tendency of
crystallites of cerium oxide to form agglomerates under the

influence of Van der Waals forces or strong chemical bonds
between individual particles (Rubio et al., 2016). It is sug-
gested that the agglomerates impair fungal specific bioactiv-

ity by reducing the contact between nanoparticles and the
cell through reduced contact surface area (Celardo et al.,
2011).

CeNP in medium containing C. albicans increased the pH;
resulting in an unfavorable environment for fungus growth
(Lim et al., 2012). However, it was observed (Zeyons et al.,

2009) that CeNP in ultrapure water in contact with cyanobac-
teria reduces the pH, resulting in an unfavorable environment
for microorganisms (indirect effect). The direct effect occurs
due to the contact between CeNP and bacteria like E. coli

(Zeyons et al., 2009).
UV � VIS absorption spectra of CeNPs with maximum

absorption at 300 nm, indicative of (4f�) Ce4+. The mechanism

of CeNP action likely occurs through oxidative stress. In the
direct contact between nanoparticle and the outer microorgan-
ism membrane occur alteration in nanoparticle and microor-

ganism surface. Ce4+ is converted Ce3+ with oxidation of
the lipid membrane/ proteins or capture of electrons from
metabolic processes (Zeyons et al., 2009). Oxi-reduction reac-
tion is probably favored by increase of environment pH

(Farias et al., 2018).
The active role of microorganism in the reduction of Ce4+

is indisputable (Zeyons et al., 2009). In relation pH is not dif-

ferent: this present study shows the alkaline medium was not
observed in abiotic medium.
Environmental alkaline pH was observed in medium + C
eNP + fungi. By contrast, environment pH acidic was

observed in the medium with Candida albicans, without
nanoparticles. Environmental acid is favorable for biofilm for-
mation (cell counts and metabolic activity) (Vasconcellos et al.,

2014). Probably, the pH increase is influenced by contact
between fungi and CeNP and, therefore, alkaline pH is a con-
sequence of CeNP activity against Candida albicans.

Toxicological screening is very important for the develop-

ment of new drugs and for the extension of the therapeutic
potential of existing molecules. In acute toxicological testing,
the investigational product is administered at different dose

levels, and the effect is observed for 14 days. Following dosing,
the animals are monitored for overt toxicological signs until
death (Parasuraman, 2011). The acute toxicity test used here

(Acute Toxic Class method - OECD 423; OECD, 2001) per-
mits to estimate the LD50 (median lethal oral dose) and to
classify the substance using the Globally Harmonized Classifi-
cation System for Chemical Substances and Mixtures (GHS).

The results showed that the LD50 value is greater than
2000 mg/kg and CeNP was ranked into category 5 of GHS
(OECD, 2001).

The outcomes on the food consumption have demonstrated
that significative reduction with treatment with CeNP. The
increase of urea observed suggests renal function interference,

which also can be considered to be of little clinical importance,
since no significant changes were observed in serum creatinine.

Despite the increase of red blood cells counts, they were

within normal parameters for mice (9–11.5 � 106 cells/mm3)
(Hall, 2007). Regarding alterations observed in the monocyte
count, they might be explained by the fact that the primary
function of the monocytes is phagocytosis and digestion of

large particulate matter, the increase of this cell type in the
groups treated with 300 mg/kg and 2000 mg/kg of CeNP,
could be a reaction to the nanoparticles. With respect to the

organ indexes, a significant increase in the liver indexes of
the mice treated with 2000 mg/kg of CeNP was evidenced, a
possible indication of subcellular changes. Organs weights

are frequently the earliest indicator of affected organs (Hall,
2007).

Regarding to histophatological analysis, the results showed
inflammatory processes as a consequence of toxic aggressions

at 2000 mg/kg of CeNP. Recent data showed that a single dose
of 2000 mg/kg of CeNPs induced tissue damage and focal
areas of necrosis (Kumari et al., 2014). Previous study reported

that that CeNP administered a single dose of 0.5 mg/kg body
weight did not revealed any impairment of the tissues (Rocca



Fig. 3 Histopathology analysis - the liver was examined: Control - Normal hepatocytes, isomorphic; CeNP (300 mg/kg) group - presence

of inflammatory infiltrate around the lobular vein and rare foci of hepatocellular necrosis (arrows point); CeNP (2000 mg/kg) group -

multifocal sub-capsular granulomatous inflammatory processes. Histopathology analysis - the kidneys were examined: Control -

Glomerulus preserved with thin Bowman’s capsule, capillary tuft supported by delicate mesangium; CeNP (300 mg/kg) group - Distal

convoluted tubule normal, and discreet increase in the number of portal lymphocytes, along with some polymorphonuclear neutrophils in

rare portal spaces (arrows point); CeNP (2000 mg/kg) group - focal interstitial nephritis (arrows point). Hematoxylin-Eosin. All the

images were 400� the original magnification.

10 I.A.P. Farias et al.
et al., 2015). However, liver effect may be due to the fact that it
is the first organ to be exposed to NPs after entry into the cir-
culation system because of its major role in biotransformation
of toxins and foreign materials (Kumari et al., 2014), and the

high dose of CeNP gets in the way nanoparticle clearance
(Rocca et al., 2015).
In addition, we have not observed marked changes, such as
steatosis and fibrosis, after treatment with CeNP. The
histopathological findings for both doses of CeNP are reported
in the literature as weak evidence of toxicity; in which with-

drawing the drug, or adjusting the dose usually leads to a rapid
improvement and/or reversal of damage (Montenegro et al.,



Table 6 Effect of CeNP (300 or 2000 mg/kg) on histopathol-

ogy changes in liver tissue of mice after a single dose of oral

treatment.

Parameters Groups Histophatology changes Score

Portal

inflammatory

infiltrate

Control Normal histophatology 0

300 mg/

kg

CeNP*

Discreet increase in the

number of portal

lymphocytes, along with some

polymorphonuclear

neutrophils in rare portal

spaces

1

2000 mg/

kg CeNP

Moderate increase in the

number of portal

lymphocytes, along with

polymorphonuclear

neutrophils in some portal

spaces

2

Parenchymal

activity

Control Normal histophatology 0

300 mg/

kg CeNP

Discreet hepatocytic

alterations with

lymphohistiocytic infiltrate

and rare necrotic areas. The

parenchymal necrosis foci are

seen randomly in zones I, II

and III

1

2000 mg/

kg CeNP

Focal hepatocyte necrosis

surrounded by

lymphohistiocytic aggregate.

The parenchymal necrosis foci

are seen randomly in zones I,

II and III

2

* Cerium oxide nanoparticle.
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2008; Vasconcellos et al., 2007). Moreover, these findings

should not be relevant to humans, considering that very high
doses were used. This result, associated with the absence of sig-
nificant changes in most of the parameters analyzed, suggest

low acute toxicity.
Besides the mice model, the data show the A. salina toxicity

evaluation. This organism is the standard for research on

nanoparticles (Ozkan et al., 2016; Rajabi et al., 2015; Ates
et al., 2013; Radhika Rajasree et al., 2010).

A. salina exposure to CeNP up to a concentration of
15.0 mg/mL CeNP did not induce any significant lethal effects,

disagreeing with a previous study that observed inhibition of
swimming in larvae exposed to 0.1 and 1.0 mg/mL CeNP
(Gambardella et al., 2014).

It is important to point out that the CeNP concentrations
tested in the toxicological screening were lower than the inhi-
bitory concentration, minimum fungicidal. The pH measured

before the count showed an optimum and stable pH. Probably
the reason for mortality was the formation of aggregates and
accumulations of CeNP inside A. salina, not excreted

(Gambardella et al., 2014; Ates et al., 2013).
DPPH free radical scavenging potential of CeNP remained

low and constant regardless of the concentration of nanoparti-
cles. Similar data were observed previously using a sediment

fraction of CeNP (Celardo et al., 2011). Nanoparticles synthe-
sized in this study presented maximum absorbance in the
valence state Ce4+, suggesting Ce4+ to Ce3+ reaction and
characterizing nanoparticles with pro-oxidative activity
(Soren et al., 2015; Hardas et al., 2012; Hirst et al., 2009;

Zeyons et al., 2009).
However, the antioxidant activity of cerium oxide nanopar-

ticles was observed in a previous study using free radical

(DPPH), being evidenced significant inhibition of free radicals
by small concentrations of CeNP (Soren et al., 2015). It is
important to note that the assessment used in this study differs

from others (Soren et al., 2015; Celardo et al., 2011), for hav-
ing used a mainly cell-free system. Furthermore, the agglomer-
ation of the crystallites increases in number and size with
increasing CeNP concentration in colloidal aqueous dispper-

sion (Celardo et al., 2011), suggesting decreases in the available
contact surface with the DPPH radical. The antioxidant activ-
ity of CeNP has been explored at several biologic application:

radioprotective effects on stem cells (Salvetti et al., 2020), neu-
roprotective and pro-neurogenic agent with nanoparticle into a
lipid-based delivery system (Battaglini et al., 2019), potential

pharmaceutical approach for the treatment of neurodegenera-
tive diseases (Battaglini et al., 2019), diseases caused by oxida-
tive stresses, including those related with pulmonary system

(Rubio et al., 2016), and of obesity (Rocca et al., 2015).
However, CeNP synthetized in the present study by the

microwave-hydrothermal method with the use of cerium sul-
fate as the precursor salt result nanoparticles antifungal activ-

ities, toxicity no relevant (toxicity at high doses), but low
antioxidant activity.

5. Conclusions

The current antifungal and toxicity features results support the
use of CeNP as antifungal agent against Candida albicans

strains, which may find applications in biotechnology and
biomedical area in the development of a new nano-
biomaterial for clinical applications.
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