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Abstract

:

The purpose of this study was to investigate the antimicrobial activity of citrate-stabilized sols of cerium oxide nanoparticles at different concentrations via different microbiological methods and to compare the effect with the peroxidase activity of nanoceria for the subsequent development of a regeneration-stimulating medical and/or veterinary wound-healing product providing new types of antimicrobial action. The object of this study was cerium oxide nanoparticles synthesized from aqueous solutions of cerium (III) nitrate hexahydrate and citric acid (the size of the nanoparticles was 3–5 nm, and their aggregates were 60–130 nm). Nanoceria oxide sols with a wide range of concentrations (10−1–10−6 M) as well as powder (the dry substance) were used. Both bacterial and fungal strains (Bacillus subtilis, Bacillus cereus, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, Proteus vulgaris, Candida albicans, Aspergillus brasielensis) were used for the microbiological studies. The antimicrobial activity of nanoceria was investigated across a wide range of concentrations using three methods sequentially; the antimicrobial activity was studied by examining diffusion into agar, the serial dilution method was used to detect the minimum inhibitory and bactericidal concentrations, and, finally, gas chromatography with mass-selective detection was performed to study the inhibition of E. coli’s growth. To study the redox activity of different concentrations of nanocerium, we studied the intensity of chemiluminescence in the oxidation reaction of luminol in the presence of hydrogen peroxide. As a result of this study’s use of the agar diffusion and serial dilution methods followed by sowing, no significant evidence of antimicrobial activity was found. At the same time, in the current study of antimicrobial activity against E. coli strains using gas chromatography with mass spectrometry, the ability of nanoceria to significantly inhibit the growth and reproduction of microorganisms after 24 h and, in particular, after 48 h of incubation at a wide range of concentrations, 10−2–10−5 M (48–95% reduction in the number of microbes with a significant dose-dependent effect) was determined as the optimum concentration. A reliable redox activity of nanoceria coated with citrate was established, increasing in proportion to the concentration, confirming the oxidative mechanism of the action of nanoceria. Thus, nanoceria have a dose-dependent bacteriostatic effect, which is most pronounced at concentrations of 10−2–10−3 M. Unlike the effects of classical antiseptics, the effect was manifested from 2 days and increased during the observation. To study the antimicrobial activity of nanomaterials, it is advisable not to use classical qualitative and semi-quantitative methods; rather, the employment of more accurate quantitative methods is advised, in particular, gas chromatography–mass spectrometry, during several days of incubation.
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1. Introduction


In recent decades, the development of technologies for producing nanoparticles using chemical or physical methods has caused a sharp surge in interest in these new materials from the scientific community. This is explained by the fact that nanoparticles and nanomaterials exhibit specific physical and chemical properties that are atypical for all materials [1,2,3,4]. This has even led to the proposal of separate issues related to the explanation of the action of nanoparticles into a separate subsection of nanoscience [5,6,7]. At the same time, concerns are being expressed that the widespread use of nanoparticles in various areas of human activity may have a detrimental effect on human health [8,9,10]. Therefore, in particular, biologists, doctors, chemists, and physiologists are interested in the study of nanoparticles. According to the PubMed electronic database, the number of articles devoted to the production and potential uses of cerium nanoparticles in medicine and veterinary science has increased over the past 10 years, from 156 in 2012 to 407 in 2022. Researchers have associated the most significant prospects for the use of nanoparticles with the noted increase in the regenerative activity of tissues during traumatic damage (including infected wounds of various etiologies), the restoration of functioning tissue after severe somatic diseases accompanied by the partial necrosis of organs [11,12,13,14,15], and antioxidant [16,17,18,19,20] and antitumor effects [21,22,23,24] with controlled, targeted drug delivery [25,26]. It is especially worth noting the close attention that has been paid in the modern medical and biological literature to the still difficult-to-predict antibacterial effects that accompany exposure to metal nanoparticles and metal salts with Gram-positive and Gram-negative bacteria [20,27,28,29,30,31,32].



In recent times, medical practice has been characterized by an increase in the number of patients with infected acute and chronic wounds or other skin lesions, which places an additional burden on the medical budgets of countries [33,34,35]. The reasons for this are domestic and military conflicts, as well as an increase in the number of patients with vascular and endocrine diseases [36,37]. The interest in the creation of new antimicrobial drugs is fueled by the increasingly widely discussed issues of the rapidly developing resistance of microorganisms to modern antibiotics, including the formation of bacterial films [38,39,40,41,42]; accordingly, this has led to a significant increase in hospital mortality [43,44].



There are studies in the literature that claim that nanoparticles of heavy metals or metals with variable valence have a pronounced antimicrobial effect [30,45,46,47,48,49,50]. At the same time, there are also works in which the authors did not obtain such an effect [51,52,53,54,55]. This contradiction is also noted in systematic reviews [51]; therefore, this allows us to state the absence of unambiguous conclusions about the presence of antimicrobial properties of nanoparticles whilst taking into account publication bias (data with identified effects are published more often, and in the absence of positive conclusions, works are not published; this can lead to fundamental erroneous system conclusions). It is difficult to unambiguously identify the reason for such fundamental discrepancies. It is highly probable that this is due to the methods of obtaining the nanoparticles and therefore to the resulting nanoparticles differing in physical and chemical properties, size, the structure of the particles and their chemical composition, environmental conditions, and surroundings [56,57,58,59,60]. This creates additional difficulties in the comparative analysis of the results of studies conducted by different authors, even if they have ostensibly used the same chemical substance.



As part of this work on the creation of dressings for the treatment of acute and chronic infected wounds, we chose to study cerium dioxide nanoparticles, as we found a large number of publications noting its antimicrobial [45,46,51,61,62] and regenerative properties [15,57,63,64,65,66,67].



In our previous works, we carried out a simultaneous study of the physicochemical characteristics and biomedical effects of nanocrystalline cerium oxide obtained by different methods (1—precipitation from aqueous solutions of cerium (III) nitrate hexahydrate and citric acid; 2—hydrolysis of ammonium hexanitratocerate (IV) under thermal conditions of autoclaving) with an assessment of the effect of different concentrations of nanocerium sols on the metabolic and proliferative activity of different layers of tissues involved in wound healing (on cell cultures of human fibroblasts, mesenchymal stem cells, and human keratinocytes). It has been proven that the method of synthesis of nanocrystalline cerium oxide and its concentration fundamentally change the biological activity of those cells providing wound regeneration. In addition, the citrate synthesis of nanocerium has shown the best biological activity in terms of the stimulation, metabolism, and proliferation of cell cultures involved in wound regeneration [57].



The purpose of this study is to investigate the antimicrobial activity of citrate-stabilized sols of cerium dioxide nanoparticles at different concentrations using various microbiological methods and comparing the effect with peroxidase activity for the subsequent creation of a regeneration-stimulating medical and/or veterinary product for wound healing providing new types of antimicrobial action.




2. Materials and Methods


The object of this study was citrate-coated cerium oxide nanoparticles (nanoceria), which we described in detail earlier [57,68].



Nanoceria sols were used in a wide range of concentrations (10−6, 10−5, 10−4, 10−3 and 10−2 M) as well as in powder form (dry matter).



2.1. Synthesis of Citrate-Coated Cerium Oxide Nanoparticles and Physicochemical Characterization


The synthesis of cerium dioxide sols stabilized by citrate ions was carried out from a highly alkaline medium (pH = 12) in the presence of citric acid as a stabilizer [57,68,69].



The main steps of the nanoceria synthesis were as follows:



(1) A total of 1.086 g of cerium(III) nitrate hydrate (Ce(NO3)3*H2O (>99.99%, LANHIT, Moscow, Russia) and 0.48 g of citric acid monohydrate (Sigma-Aldrich, C7129-100G, Batch, St. Louis, MO, USA) were mixed with 50 mL of distilled water.



(2) The mixture of cerium dioxide and citric acid in distilled water was added to 100 mL of ammonia solution (3 M) and stirred for 24 h at room temperature.



(3) After 24 h, 0.5 mL of the resulting solution was taken and diluted with distilled water at a ratio of 1:4 to 1:8 for spectrophotometry to determine the quality of the Ce+3-to-Ce+4 transition.



(4) An excess (350 mL) of isopropyl alcohol (≥99.5%, Chimmed, Moscow, Russia) was added to the resulting solution (in a measuring cup) to precipitate the cerium dioxide.



(5) Centrifugation was then carried out for 4–5 min at 19,000 rpm at room temperature. Excess isopropyl alcohol was drained off.



(6) The precipitate from the tubes was separated in an ultrasonic bath, transferred to a graduated cylinder, and the volume was brought to 50 mL with distilled water. A sample of 3 mL was taken for thermogravimetry.



(7) The concentration of the resulting sol was determined by the thermogravimetric method (3 mL of solution was added and heated for 3 h to 900 °C, the temperature plateau of 900 °C was maintained for 2 h, and then there was gradual cooling at a heating/cooling rate of 3–5 degrees/min).



(8) The remaining volume of the sol was transferred into a measuring beaker and placed on a magnetic stirrer at 60 °C for 40 min to evaporate the isopropyl alcohol (until the odor disappeared).



(9) The resulting sol was then diluted with distilled water to obtain the desired concentrations based on thermogravimetry data.



The resulting nanoceria were characterized by the following physicochemical methods.



To record the ultraviolet–visible absorption spectra, an SF-2000 spectrophotometer (OKB Spektr, Saint Petersburg, Russia), operating according to a single-beam scheme, was used. The recording was carried out in the wavelength range from 190 to 800 nm with a step of 0.1 nm, and the width of the optical slit was 0.2 nm. A recording in the range from 190 to 394.9 nm was carried out using a deuterium lamp, a recording in the range from 395 to 800 nm was carried out using a halogen lamp. The exposure time was 50 ms.



The particle size distribution and ζ-potential measurements of the cerium dioxide sols was analyzed with dynamic light scattering (DLS) using a Zetasizer Nano ZS laser analyzer with a 633 nm laser (Malvern Instruments Limited, Malvern, Worcestershire, UK). The sample preparation was carried out using Milli-Ω Water (18.2 MΩ/cm), and a temperature equilibrium was ensured between the sample cell and the cuvette holder. The correlation function for each of the samples was gained by averaging 10 curves, each being acquired for 20 s. Then, the data were filtered by adjusting the permissible deviation of the scattering intensity from the average value (no more than 10%), taking into account the shift of the baseline.



The powder X-ray diffraction analysis of the samples was carried out on a Rigaku D/MAX 2500 diffractometer (CuKα-radiation) at a goniometer rotation speed of 1–2 °2θ/min (Rigaku Corporation, Tokyo, Japan). The identification of diffraction maxima was carried out using the International Centre for Diffraction Data (Joint Committee on Powder Diffraction Standards (JCPDS) data bank, PA USA). The particle size was estimated using the Scherrer approach as it is quite simple and it can be used for X-ray diffraction patterns with small number of X-ray maxima, which is the case for cubic ceria.



The transmission electron microscopy (TEM) of the synthesized samples was carried out on a JEM 2100 JEOL electron microscope (JEOL Ltd., Tokyo, Japan). The accelerating voltage was 200 kV.




2.2. Study of the Intensity of Chemiluminescence (Peroxidase Activity) of Cerium Dioxide Sols at Different Concentrations


The enzyme-like activity (peroxidase/catalase) of the cerium dioxide sols was studied in a model reaction of luminol oxidation in the presence of hydrogen peroxide in a phosphate buffer solution (KH2PO4 (Sigma #1.04873), c = 100 mM, pH 7.4). At this pH value, an acceptable quantum yield of luminol chemiluminescence could be obtained in the reaction mixture containing hydrogen peroxide at a concentration of 10 mM. A solution of luminol (5-amino1,2,3,4-tetrahydro-1,4-phthalazinedione, 3-aminophthalic acid hydrazide, Sigma #123072, c = 1 mM) was prepared by dissolving a sample of luminol (0.0885 g) in a phosphate buffer solution (500 mL). A working solution of hydrogen peroxide with a concentration of 1 M was prepared by diluting a 30% H2O2 solution (special-purity-grade, Khimmed, Russia) with distilled water. The registration of chemiluminescence (CL) was carried out in plastic cuvettes with a volume of 2 mL on a 12-channel chemiluminometer Lum-1200 (DISoft, Moscow, Russia) using the PowerGraph software (version 3.3). The analytical signal was recorded under temperature control (37 °C) directly in the cuvette compartment of the chemiluminometer. Aliquots of luminol (c = 50 µM) and H2O2 (c = 200 µM) were added to a plastic cuvette containing a phosphate buffer solution (100 mM). The background glow was recorded for 60 s; then, an aliquot of the analyzed CeO2 sol was added. Various concentrations of CeO2 in the reaction mixture (10−3–10−5 M) were studied. The total volume of the reaction mixture was 1 mL. The higher the chemiluminescence intensity, the more reactive the oxygen species were in the system. The integral intensity (light sum) of chemiluminescence, which depended less on the measurement conditions than the absolute intensity, was also used as an analytical signal. The mathematical modeling of the kinetics of the chemiluminescence of luminol in the presence of hydrogen peroxide and cerium dioxide was carried out using the Kinetic Analyzer software (version 3.1).




2.3. Microbiological Methods


Each sample of citrate-stabilized nanoceria sol at various concentrations was examined sequentially using three methods employed in the assessment of antimicrobial activity: (1) the agar diffusion method; (2) the method of serial dilutions in meat peptone broth in order to identify the minimum inhibitory concentration; and (3) the method of gas chromatography with mass selection.



2.3.1. Determination of Antimicrobial Activity by Agar Diffusion Method


Since we were in the process of developing a medicine, we initially carried out antimicrobial studies using the classical agar diffusion method for clinical practice. This is the method recommended by the Russian State Pharmacopoeia of our country for studying the antimicrobial activity of antibiotics, antiseptics, medicinal plant materials, and newly synthesized compounds. The method was performed on a solid nutrient medium; zones of growth inhibition of test microorganisms used to determine the antimicrobial effect of medicinal substances were analyzed.



The study groups were citrate-stabilized nanoceria in five concentrations (10−2, 10−3, 10−4, 10−5, and 10−6 M).



For the control and comparison groups, water for injection (negative control) was used as a control. For comparison, the positive controls were used. The antibiotic ceftriaxone, in a solution of 0.25 g/mL (Promomed, Russia, Moscow), and an ointment for external use, which was levomekol containing dioxomethyl-tetrahydropyrimidine 40 mg/g + chloramphenicol 7.5 mg/g (Nizhpharm, Nizhny Novgorod, Russia), were used.



All substances of all groups were added to the agar in the same volume (0.1 mL).



Each sample was examined at least 5 times using test strains of aerobic, facultative aerobic bacteria and fungi from the collection of the Research Institute for Standardization and Control of Medical Biological Preparations named after A.A. Tarasevich (Russia, Moscow). The test strains of the microorganisms that were used for this study were as follows: Bacillus subtilis ATCC 6633, Bacillus cereus ATCC 10702, Staphylococcus aureus ATCC 6538, Pseudomonas aeruginosa ATCC 9027, Escherichia coli ATCC 8739, Proteus vulgaris ATCC 4636, Candida albicans AT CC 10231, and Aspergillus brasielensis ATCC 16404.



The cultures of the test strains of microorganisms were grown on a solid medium (meat peptone agar) at a temperature of 37 °C ± 2 °C for 18–20 h. The microbial load was prepared by diluting the test culture microorganisms with a sterile isotonic sodium chloride solution using a turbidity standard (billion suspension).



For the experiments to determine antimicrobial activity, a microbial load was chosen—500,000 microorganisms per 1 mL.



A total of 0.2 mL of a 1,000,000,000 suspension of microorganisms was added to 400 mL of meat peptone agar heated to 49 °C ± 1 °C; then, 15 mL was poured into sterile Petri dishes, so the final microbial load was 500,000 microorganisms in 1 mL.



Petri dishes with the frozen inoculated medium were thermostatted to remove the condensate, after which wells with a diameter of 7 mm were cut out under sterile conditions. A total of 0.1 mL of the test sample was added to each well. The dishes were maintained at room temperature for 1 h; then, all the Petri dishes were incubated at 36 °C ± 1 °C for 17 ± 1 h. After the specified period of incubation in the thermostat, the zones of growth inhibition of the test microbes were measured, expressing the results in mm. Considering the socket diameter of 7 mm and a 1 mm error zone around it, a zone of less than 10 mm was considered as a zone with no inhibition of microorganism growth. Thus, this technique determined the presence or absence of zones of growth inhibition; then, if present, the quantitative value of the size of the zone of growth inhibition of the microorganisms was assessed.




2.3.2. The Method of Serial Dilutions for Determination of the Minimum Inhibitory Concentration and Minimum Bactericidal Concentration of Nanoceria


Nanoceria were studied to determine the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) using the following strains of microorganisms: Bacillus subtilis ATCC 6633, Staphylococcus aureus ATCC 6538, Escherichia coli ATCC 8739, and Candida albicans ATCC 10231. Cultures of the microorganisms were grown on a solid medium at a temperature of 37° ± 2 °C for 18–20 h. The initial microbial load was 500,000 microorganisms per 1 mL.



For this study, 11 test tubes were provided with 1 mL of meat peptone broth (MPB) in each tube. Then, 1 mL of nanoceria starting solution at a concentration of 0.1 g/mL was added to test tube No. 1 (maximum nanoceria concentration: 0.05 g/mL) and mixed with MPB; next, 1 mL of the solution was transferred from test tube No. 1 to test tube No. 2, mixed, and then 1 mL of the solution was transferred from test tube No. 2 to test tube No. 3, and mixed. This procedure was repeated exactly for each test tube until reaching test tube No. 10, from which 1 mL of the solution was poured. Test tube No. 11 was a control tube, into which the test substance was not added. Thus, the volume of solution in each test tube was 1 mL. The next step was to add a microbial suspension of 0.05 mL to each test tube, including the control one.



Since this method requires the presence of a maximum concentration of the test substance, 1 g of dry nanocerium oxide was used for this study. To prepare the cerium oxide concentrations, 1 g of nanocerium powder was weighed out, placed in a 10 mL flask, 5 mL of distilled water was added, and the flask was shaken on a laboratory vortex for 10 min; then, the volume was adjusted to the mark with distilled water, and the mixture was shaken again on a laboratory vortex for a further 10 min. A concentration of 1 g/10 mL was obtained (the suspension was thoroughly shaken before performing the MIC study). As a result, in test tube No. 1, the concentration of nanoceria was at a maximum and amounted to 0.05 g/mL; in test tube No. 2, it was 2 times less, at 0.025 g/mL; in No. 3, it was 0.0125 g/mL; in No. 4, it was 0.0063 g/mL; in No. 5, it was 0.0031 g/mL; in No. 6, it was 0.0016 g/mL; in No. 7, it was 0.0008 g/mL; in No. 8, it was 0.0004 g/mL; in No. 9, it was 0.0002 g/mL; and in No. 10, it was 0.0001 g/mL.



The tubes were incubated in a thermostat at 37 °C for 24 h, after which the result was assessed.



According to the method for determining the MIC and MBC, the next step was performed after 24 h. Sterile Petri dishes containing 15 mL of meat peptone agar (MPA) without microorganisms were divided into sectors (the bottom of the dish) according to the number of test tubes. The contents of the tubes (1–11) were extracted using a bacterial loop under aseptic conditions (laminar flow hood) and inoculated onto the corresponding sector of a Petri dish. The crops were incubated in a thermostat at 37 °C for 24 h, after which the final results (the qualitative indicator) were assessed.




2.3.3. Methodology for Determining the Effect of Nanoceria on the Reproduction of Microorganisms by Mass Spectrometry of Microbial Markers Using a Gas Chromatograph with a Mass-Selective Detector


The next stage of this work was the analysis of different concentrations of nanoceria using a gas chromatograph with a mass-selective detector “Maestro” (Interlab, Russia, Moscow) assessing the growth inhibition of Escherichia coli ATCC 8739 (E. coli). This method is based on a highly accurate determination of the presence of molecular characteristics of markers specific to specific microorganisms (higher fatty acids, aldehydes, alcohols, and sterols in the test sample); indeed, the fatty acid status of the microorganisms was used, which is specific and genetically determined.



The initial concentration was 500,000 microorganisms in 1 mL of culture medium.



The studied concentrations of the nanoceria sols were 10−2, 10−3, 10−4, and 10−5 M.



The control and comparison groups were as follows: (1) culture medium (CM): here, the test tubes contained only MPB in a volume of 5 mL; (2) culture medium: this comprised 4.5 mL + E. coli suspension of 0.5 mL (CM + E. coli); (3) culture medium: this comprised 4.0 mL + E. coli suspension of 0.5 mL + 0.5 mL of water (CM + E. coli + H2O); (4) the reference for comparison of the antimicrobial activity was ceftriaxone (0.25 g/mL, the same as in Section 2.3.1.), which was added in a volume of 0.5 mL into the CM (4.0 mL) + E. coli suspension of 0.5 mL.



The study groups were as follows: the test tubes Nos. 5, 6, 7, and 8 contained nanoceria sols of different concentrations (10−2 M, 10−3 M, 10−4 M, and 10−5 M, respectively) in a volume of 0.5 mL, which were added to the concentration of CM of 4.0 mL + E. coli 0.5 mL (CM + E. coli + CeO).



The research technique using a gas chromatograph was performed as follows. A sample with a volume of 40 μL was extracted from the test tubes using a dispenser, placed in a vial, and acid methanolysis was carried out at a temperature of 80 °C for 45 min. At the end of the acid methanolysis, the vial was cooled; then, 400 μL of hexane was added to the test sample, and the mixture was shaken on a vortex for 1 min (extraction). Next, 5 min after shaking, the separation of the methanol/hexane layers was observed, and 200 μL of the upper hexane layer was extracted with a dispenser and placed in clean vial. The vial with the hexane phase was placed in a thermostat (T = 80 °C) for 7 min to evaporate the hexane. After the evaporation of the hexane, the vial was cooled, 20 μL of N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) was added to the dry residue, and the vial was closed with a lid and heated in a thermostat (T = 80 °C) for 5 min. The vial was cooled; then, 60 μL of hexane was added to the reaction mixture, the total volume of the solution—80 μL—was transferred into a conical insert, the insert was placed in the same vial, and the vial was closed with a lid. The resulting sample was subjected to gas chromatographic–mass spectrometric analysis.



Chromatographic separation and scanning were then carried out. The separation was carried out on a 5%-phenyl-95%-methylsiloxane column of 25 m × 0.25 mm with a phase thickness of 0.25 μm in a flow of helium carrier gas. The heating rate of the column thermostat was 7 °C/min in the range of 125–320 °C. The evaporator temperature was 280 °C in the split-flow mode. The interface temperature was 280 °C, and the quadrupole temperature was 150 °C. Ionization was carried out via electron impact with an ionization energy of 70 eV. The detection took place in the selective ion mode with periodic scanning of up to thirty ions in five time intervals. The time intervals and registered ions were initially specified in the method; for an in-depth study of the principles of the formation of intervals and groups of ions, please refer to the description of the medical technology and original patents. The prepared and labeled samples were installed in the autosampler carousel.



A series of tubes were placed in a thermostat (T = 37 °C) for 24 h. Each sample was examined at least 5 times.



The final calculation of the number of microorganisms was expressed as the number ×105 microbial cells per 1 g of the studied material.





2.4. Statistical Analysis


For the creation of the graphs and to analyze the data of the nanoceria physicochemical characterization, OriginPro 2018 from OriginLab software SR1 (Northampton, MA, USA) was used.



The statistical processing and creation of the graphs of the microbiological quantitative results of this study were carried out using the statistical program software SPSS 25.0 (IBM Company, New York, NY, USA). The normality of the distributions of the GC-MS indicators (number of microorganisms, ×105 cells) was assessed using the Kolmogorov–Smirnov and Shapiro–Wilk tests. All quantitative variables had a normal distribution. Descriptive statistics of continuous quantitative indicators that were subject to normal distribution are presented as the mean, std. deviation, std. error, 95% confidence interval for the mean (95CI), minimum, and maximum. For the comparative analysis of the different test subgroups, one-way analysis of variance ANOVA was performed. Post hoc multiple comparisons were performed using Dunnett’s tests (for comparison with controls) as well as Bonferroni’s test. The number of repetitions (sample) was at least 5; taking this into account, all comparison results were rechecked using Mann–Whitney’s test. Given the multiple comparisons, differences were considered statistically significant at a p-value < 0.01.





3. Results


3.1. Physicochemical Characterization


The X-ray diffraction data allowed for estimating the particle size of the cerium dioxide using the Scherrer approach as 3–5 nm, which was in good agreement with the TEM data (Figure 1). According to the dynamic light scattering results, the colloidal solution of cerium dioxide included both individual particles with a size of 5 nm and aggregates of particles whose diameter ranged from 60 to 120 nm.




3.2. Results of Chemiluminescent Analysis of Cerium Dioxide Stabilized with Citrate Ions


The addition of citrate-stabilized cerium dioxide sols at different concentrations led to a proportional increase in the chemiluminescence intensity (Figure 2). This means that the cerium dioxide exhibited a peroxidase-like activity and thereby catalyzed the oxidation reaction of luminol with hydrogen peroxide, which caused an increase in the luminescence.



Integral intensities were calculated from the chemiluminescence curves recorded for the samples of CeO2 sols stabilized with citrate ions. The results of the quantitative analysis of the enzyme-like activity of the cerium dioxide sols are shown in Figure 3.



It was established that the peroxidase-like activity of the sols of cerium dioxide nanoparticles coated with citrate naturally increased in proportion to the increase in the CeO2 concentration from 1.1 × 10−5 M to 2.2 × 10−4 M; then, the increase in the chemiluminescence intensity was less pronounced, with a maximum peak at a concentration of about 1 × 10−3 M.




3.3. Results of the Study of Antimicrobial Activity by the Agar Diffusion Method


Following the extensive study of the antimicrobial activity of different concentrations of cerium dioxide citrate nanoparticles, the results of this study, following a recognized methodology, did not show an absolute antimicrobial effect, such as would be characteristic of pharmacopoeia standards for antibiotics and antiseptics (Table 1). However, some features were identified that confirmed the presence of antimicrobial activity of the samples. Thus, the inconsistent antimicrobial activity of the nanocerium sol at a concentration of 10−2 mol/L against E. coli was determined; in three out of the five Petri dishes (60%), a growth inhibition zone was detected from 16 mm to 25 mm, and on average, it was 19 mm (Figure 4).




3.4. Determination of the Minimum Inhibitory Concentration and Minimum Bactericidal Concentration of Cerium Oxide Coated with Citrate


After 24 h of incubation in a thermostat of a series of test tubes with different concentrations of nanoceria, it was visualized that the solution was cloudy in all the test tubes containing microorganisms (medium turbidity). This may indicate the growth of microbial flora. However, it was found that the color of the contents of the tubes changed (Figure 5; Table 2).



Compared to the 11th control tube, samples 3–6 with E. coli, 3–6 with Candida, 3–7 with B. subtilis., and 2–8 with St. aureus acquired a white color. That is, for all the microorganisms, a whitish tint appeared at concentrations of citrate-coated nanoceria in the dose range of 0.0016–0.0125 g/mL (1.5–12.5 mg/mL; ~0.009–0.073 mol/L considering the molar mass of cerium oxide(IV) of 172.1 g/mol; that is, 10−1–10−2 M). This may be due to a bacteriostatic effect, maximized at these concentrations, where a part of the microorganisms died, giving a protein precipitate from the microbial bodies, but the remaining part of the living microorganisms retained the ability to multiply. This was shown by seeding.



According to the method employed, the contents of all eleven test tubes were then inoculated onto the corresponding sector of a Petri dish with sterile meat peptone agar. After 24 h of incubation of these crops in a thermostat at 37 °C, the growth of microorganisms was detected on all the Petri dishes (Figure 6). However, this growth was expressed differently; namely, in relation to B. subtilis, there was almost a complete delay in the growth of bacilli in sector 2. In samples 3–7, the growth intensity was less pronounced compared to the control. In the second row with Candida, growth inhibition was visualized in sectors 4–5. In relation to E. coli, a decrease in growth in sectors 2–3 was visualized, and in relation to St. aureus, a decrease in growth was seen in sectors 1–3.



Although the absolute antimicrobial effect has not been established (MIC and MBC have not yet been determined), at the same time, a tendency toward some inhibition of the growth of microorganisms was determined, mainly in test tubes 2, 3, and 4 (0.006–0.025 g/mL (0.04–0.14 M) citrate-stabilized cerium oxide nanoparticles).




3.5. Antimicrobial Activity of Sols of Citrate-Stabilized Cerium Oxide Nanoparticles in Different Concentrations according to Gas Chromatography with Mass Selection


During this study, using gas chromatography with mass-selective detection, it was found that the nanoceria had a significant effect on the number of E. coli, showing a bacteriostatic effect (Figure 7).



Thus, after 24 h of the co-cultivation of microorganisms in a nutrient medium with the nanoceria sols, a statistically significant inhibition of E. coli growth was determined at high concentrations of nanoceria (10−2–10−3 M). Thus, in the control groups, where there was only a nutrient medium and E. coli, the average number of microbes per 1 g of test material was 341 ± 6.7 × 105 cells. On average, it was 3.6 times more than in the samples with the addition of nanoceria at a concentration of 10−2 M and 1.4 times more at a concentration of 10−3 M (p < 0.01). Accordingly, the percentage of significant suppression of E. coli growth when co-cultured with nanoceria added to the test tube at a concentration of 10−2 M after 24 h was 72%, and at 10−3 M, it was 28% (p < 0.01). Other concentrations of citrate-coated nanoceria (10−4–10−5 M) after 24 h did not show a significant effect on the number of E. coli.



According to the gas chromatography results, on average, the number of E. coli increased significantly after 48 h by 7.8 times in the CM + E. coli samples and 7.7 times in the CM + E. coli + 10 vol% H2O samples relative to the 24th hour and, on average, by up to 2659 ± 50 and 2613 ± 223 × 105 of the microorganisms, respectively.



After 48 h, a significant bacteriostatic effect of CeOct was revealed at all the concentrations that we studied, and a linear dose-dependent effect was established. In the control group, the number of microorganisms was significantly greater than in the nanoceria groups, which was, on average, greater by 15.6 times at a concentration of 10−2 M, 4.2 times at a concentration of 10−3 M, 2.4 times at a concentration of 10−4 M, and 1.9 times at a nanoceria concentration of 10−5 M (p < 0.001) (Table 3).



The use of the antibiotic ceftriaxone completely killed the microorganisms; no E. coli bacteria were found in any of the samples.



One-way analysis of variance (ANOVA) established the significance of multiple differences both after 24 h (F = 3326.5, p < 0.001) and after 48 h (F = 476.9, p < 0.001).





4. Discussion


Considering the growing global problem of antibiotic resistance, the antibacterial effects of developed nanomaterials are of the greatest interest. The long and widespread use of antibiotics has led to the emergence of antibiotic-resistant microorganisms and has created many problems for the medical community, including nosocomial infection [39,40,41,42,70]. Cerium oxide nanoparticles are of great potential interest as a new type of antimicrobial agent. However, the current work on the use of nanoceria as an antimicrobial agent for the treatment of wound and burn surfaces still poses a significant number of new questions.



The antimicrobial mechanism of action of nanoceria has not yet been fully elucidated; the mechanism remains debatable. The main theory is that of oxidative stress. Due to the massive production of reactive oxygen species in cells under the influence of CeO2 nanoparticles, there is an excess of active radicals that block the thiol groups of membrane proteins, causing their denaturation. As a result, the functionality of the microorganisms’ membranes is disrupted, which leads to their death [46,71].



Our results of the chemiluminescence analysis with the determination of the intensification of reactive oxygen species and the redox status of the nanoceria confirmed this theory. However, the first results of our work, obtained using the agar diffusion method, did not cause despair within the working interdisciplinary group of researchers, but they forced us to intensively discuss and assess the possible reasons for the antimicrobial effects that are proposed in other studies [45,46,47,48,49,50,51,62]. Since our scientific research group included chemists, biophysicists, microbiologists, biologists, pathophysiologists, pharmacologists, and surgeons, the search for the causes of this phenomenon was carried out across an extensive range of clinical and practical expertise. Before starting our microbiological studies, we were almost confident of a positive result, since we had studied the literature data demonstrating that nanoparticles of heavy metals or metals with variable valence have a pronounced antimicrobial effect [30,47,48,49,50]. However, our attempts to obtain a similar effect and then to compare the nanoparticles we synthesized with the nanoparticles used by other researchers who obtained a good antibacterial effect were in vain, since the articles we reviewed in most cases did not contain a detailed method for the synthesis of nanoceria. An exact description of the physicochemical properties of the nanoceria particles themselves was also not provided, which means that the very possibility of accurately comparing the results was called into question. Thus, our findings replicated those of a review regarding the conflicting antimicrobial results of nanoceria [51]. Despite the available literature data on the antibacterial effect of nanoceria, including against E. coli, an antibacterial effect of the nanoparticles was not always obtained. No antibacterial activity at all was observed in several experiments, including against E. coli [54,72,73,74,75].



This could be due to several factors. Many researchers have noted the dependence of the effects of nanoceria on the size of the particles themselves [76], perhaps due to the surface area, but possibly due to some other factors that increase the biocompatibility. Some researchers have argued that the green synthesis of nanoceria is not only environmentally friendly but also enhances the bactericidal effects against Gram-positive and Gram-negative bacteria [62,77,78]. We also wrote earlier that methods for the synthesis of nanoceria, even with a formal coincidence of particle sizes, provide different biological effects; in particular, this effect occurs when working with cell cultures [57].



The authors suggest that the classical seeding did not detect growth retardation (a lack of antimicrobial effect) due to the fact that nanoparticles of heavy metal cerium, not being a solution but a sol, simply do not diffuse into solid agar, or do so with a sufficiently long delay and under certain conditions. Thus, the agar diffusion method, when assessing the antimicrobial effect of nanoparticles, can be used only with a certain caution. The results of further studies revealed the bacteriostatic effect of the nanoceria. Moreover, the number of microbial bodies varied depending on the concentration of the nanoceria. A bacteriostatic effect does not mean complete death (bactericidal) of microorganisms. It means that despite a significant suppression of microorganism growth, live bacterial bodies still remained in the meat-peptone broth. These are the ones that gave positive cultures (growth of microorganisms) on the agar-agar. That is why we additionally carried out verification tests and confirmed this effect. Signs of microorganism multiplication were detected, but to a much lesser extent. Therefore, we can confidently assert that our synthesized nanoceria had a significant bacteriostatic antimicrobial effect (on the example of the E. coli strain).



The resulting bacteriostatic effect was pleasing, first of all, because it was persistent throughout the entire 48 h observation period. Moreover, the increase in this effect over time (which is not typical for current clinical antiseptics) allowed us to assume (and therefore justify our following protocols) that after 72 h and beyond, the antimicrobial effect may further significantly increase. Focusing only on the literature data and the protocols accepted in microbiology, we were not able to predict this precise effect. Although it was not possible to achieve absolute bactericidal activity, the number of microbial bodies increased by the end of 2 days. It is very likely that this effect is prolonged in nature, because, working as a catalyst for processes, the physicochemical characteristics of the nanoparticles under study do not change, and nor does their concentration. In this respect, we made changes to the protocol for future studies, increasing the observation time from 2 days to 5 days. Any studies revealing the results of the use of nanoparticles should contain descriptions of the methods used for their preparation and the most detailed physicochemical characteristics of the actual nanochemical substances and their composites. An accurate description of the experiments performed, with the often unclear mechanisms of the effects obtained, will make it possible to repeat the published protocols and confirm or throw into question the results obtained by other researchers, which will accelerate the understanding of the place of nanomaterials in general, and nanoceria in particular, in clinical medicine.



The authors hypothesized why E. coli is particularly sensitive to cerium nanoparticles.



The diffusion of metal nanoparticles is very slow and does not fit within the limits of the experimental protocol, which was in accordance with the standards of the pharmacopoeia (for antibiotic and antiseptic research). This property has already been noted by researchers who even had to place nanoparticles on an agar plate under a constant electric current in order to accelerate diffusion [79]. The diffusion on agar was better if the nanoparticles had a low stability and released metal ions. Such an effect obtained from the study of silver nanoparticles was proven by X-ray diffraction analysis [80]. The same effect with ion-forming metal nanoparticles was obtained by other researchers [81]; one of the positive properties of the study of metal nanoparticles was recognized as the fact that the method allowed for the identification of nanomaterials that produce antimicrobial ions and have a synergistic effect in neutral agar medium.



The absence of growth retardation zones of Gram-positive bacteria can be explained by the structure of their cell walls, which contain multilayer peptidoglycan, protecting these microorganisms from adsorption and penetration of heavy metals into the cytoplasm. Similar effects of a lower sensitivity of Gram-positive bacteria to nanoparticles of different metals were explained by other researchers who obtained the same effect precisely by the difference in the structure of the bacterial wall [82,83].



At the same time, the results we obtained when studying the effect of nanoceria on Gram-negative bacteria (Pseudomonas aeruginosa, Escherichia coli, and Proteus vulgaris) are ambiguous. The same ambiguous reaction was obtained by other researchers when they studied a line of Gram-positive and Gram-negative microorganisms [84].



The use of nanoparticles of different chemical compositions could give a selective strong or weak antimicrobial effect depending on the type of pathogen [85], which can be explained by the action or inaction of nanoparticles of a particular composition on the biochemical processes occurring in the bacterial cell.



The study of how the mechanisms of antimicrobial activity of metal nanoparticles work continues to be debated, but much of these theories still lie in the realm of hypotheses [86] that will require further evidence.



We believe that the absence of a pronounced growth inhibition of P. aeruginosa under the action of cerium ions was due to the ability of these bacteria to form alginate mucus under unfavorable conditions, which prevents the adsorption of heavy metals on the surface of the cell wall and their penetration into the cytoplasm.



E. coli is not characterized by the secretion of mucus or mucus-like substances, so the negative effect of the cerium ions on these bacteria could have developed in the following way. Adsorbed on the outer membrane of Gram-negative bacteria, cerium inhibits the functional activity of protein porins, which leads to the entry of excessive concentrations of this ion into the cytoplasm. Penetrating inside the cell, the investigated metal can bind to sulfhydryl, hydroxyl, and amino groups of proteins and lipids of bacteria. Reactions of complexation with heavy metal lead to the inactivation of many enzymes, including those involved in the respiration process, and cause a number of degradative changes, resulting in both the delayed reproduction of the microorganism and its death.



P. vulgaris bacteria also do not form mucus under unfavorable conditions and do not differ much from E. coli in structure. It can be assumed that the lack of an obvious biocidal effect of cerium against Proteus was due to its biochemical properties. P. vulgaris has more pronounced proteolytic and peptolytic activity than E. coli. A typical property of E. coli is its ability to break down sugars. According to the classical methodology, our study was conducted using meat-peptone agar, a simple carbohydrate-free protein nutrient medium. It is likely that P. vulgaris secretes peptide cleavage products that bind cerium ions and prevent their entry into the cell in large quantities into the nutrient medium. E. coli, showing less proteolytic activity, does not form substances capable of reacting with heavy metal and inhibiting its adsorption onto the surface of the cell wall in carbohydrate-free medium.



The high sensitivity of E. coli specifically to nanomaterials of a metallic nature was also pointed out by other researchers [87,88,89].



The main innovation of this work was to obtain evidence that citrate-stabilized sols of cerium dioxide nanoparticles do not possess an absolute bactericidal effect; therefore, the assessment of their antimicrobial properties should not be carried out using classical methods (seeding) but through the use of precise quantitative methods, including the use of gas chromatography–mass spectrometry. For the first time, the patterns of the direct dose-dependent effect of cerium dioxide nanoparticles have been proven, which, unlike antibiotics and antiseptics, progress over time. The severity of the antimicrobial effect correlates with the redox activity, which progressively increases as the CeO2 concentration increases. Consequently, the antimicrobial (bacteriostatic) effects of cerium oxide nanoparticles of a new type have been proven, coupled with the peroxidase-like mechanism of action of nanoparticles with a variable valence, which can be of significant use in regenerative medicine.




5. Conclusions


The results of this classic study examining the antimicrobial activity of different concentrations of citrate-stabilized cerium oxide nanoparticles (methods of serial dilutions and the determination of the activity of antibiotics by diffusion in agar) did not show an absolute antimicrobial effect characteristic of pharmacopeial standards for antibiotics and antiseptics; however, indirect qualitative and quantitative signs were determined, demonstrating the antimicrobial activity of nanoceria. At the same time, the antimicrobial activity (bacteriostatic effect) against E. coli in all the studied nanoceria samples was determined using gas chromatography with a mass-selective detector.



A reliable dose-dependent bactericidal effect of the nanoceria was established; the higher the dose used, the more pronounced the antimicrobial activity. The most significant (15.9 times) decrease in the value of the determined indicator (the number of Escherichia coli ATCC 8739) was recorded in the nutrient medium with the addition of Ce−1ct (10−2); after 48 h of incubation, the nanoceria reliably suppressed the growth and number of E. coli after 24 h at high concentrations (by 72% at a concentration of 10−2 M and 28% at a concentration of 10−3 M at a dose of 10 vol%) and, particularly significantly, after 48 h with a wide range of concentrations (10−2–10−5 M) on average by 48–94%.



A reliable redox activity of nanoceria coated with citrate was established, increasing in proportion to the concentration, confirming the oxidative mechanism of action of nanoceria. The peroxidase-like activity of the citrate-stabilized cerium dioxide sols was most pronounced at a concentration of 10−3 M, which corresponded to the best bacteriostatic effect.



The antimicrobial effect was proven to increase over time, and after 48 h, the antimicrobial effect was more pronounced than after 24 h. This provides us with reason to believe that nanoceria can provide a prolonged antimicrobial effect.



The inconsistency in the data regarding the antimicrobial activity of nanoceria may be due to the limited use of standardized microbiological methods used for the development of classical antibacterial drugs, which is not true in the development and application of nanochemistry, which operates according to other laws.



When developing new nano-preparations providing new types of antimicrobial action (not standard antibiotics), it is advisable to use a wide range of microbiological methods to obtain objective and reliable data.







Author Contributions


Conceptualization, E.V.S., V.A.S. and N.E.M.; methodology, E.V.S., V.A.S., O.S.I. and O.A.M.; validation, O.S.I., A.V.S., E.S.V., V.A.P. and R.R.A.; formal analysis, E.V.S., V.A.S., N.E.M., V.A.P., O.S.I., A.V.S. and E.S.V.; investigation, E.V.S., V.A.S., O.S.I., A.V.S. and E.S.V.; data curation, E.V.S., O.S.I., A.V.S. and E.S.V.; visualization, O.S.I., E.V.S., V.A.S. and O.A.M.; supervision, O.S.I., E.V.S., V.A.S. and O.A.M.; project administration, E.V.S., V.A.S. and N.E.M.; writing—original draft preparation, E.V.S. and V.A.S.; writing—review and editing, O.S.I., N.E.M., O.A.M., V.A.P. and R.R.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Russian Science Foundation, grant number 23-65-10040, https://rscf.ru/project/23-65-10040/ accessed on 7 February 2024.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors thank everyone who participated and helped during the research process. Part of the work was done in accordance with the Memorandum of Understanding (MoU) between JSS Academy of Higher Education & Research (Mysuru, India) and I.M. Sechenov First Moscow State Medical University of the Ministry of Health of the Russian Federation (Moscow, Russia) on 15 July 2023, which is a collaboration between Raghu Ram Achar and Ekaterina Silina respectively.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Hou, J.; Wang, L.; Wang, C.; Zhang, S.; Liu, H.; Li, S.; Wang, X. Toxicity and mechanisms of action of titanium dioxide nanoparticles in living organisms. J. Environ. Sci. 2019, 75, 40–53. [Google Scholar] [CrossRef]

	



Xu, L.; Wang, Y.-Y.; Huang, J.; Chen, C.-Y.; Wang, Z.-X.; Xie, H. Silver nanoparticles: Synthesis, medical applications and biosafety. Theranostics 2020, 10, 8996–9031. [Google Scholar] [CrossRef]

	



Alavi, M.; Kamarasu, P.; McClements, D.J.; Moore, M.D. Metal and metal oxide-based antiviral nanoparticles: Properties, mechanisms of action, and applications. Adv. Colloid Interface Sci. 2022, 306, 102726. [Google Scholar] [CrossRef]

	



Kempson, I. Mechanisms of nanoparticle radiosensitization. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2021, 13, e1656. [Google Scholar] [CrossRef]

	



Grzelczak, M.; Liz-Marzán, L.M.; Klajn, R. Stimuli-responsive self-assembly of nanoparticles. Chem. Soc. Rev. 2019, 48, 1342–1361. [Google Scholar] [CrossRef]

	



Cook, E.; Labiento, G.; Chauhan, B.P.S. Fundamental Methods for the Phase Transfer of Nanoparticles. Molecules 2021, 26, 6170. [Google Scholar] [CrossRef]

	



Yuan, M.; Kermanian, M.; Agarwal, T.; Yang, Z.; Yousefiasl, S.; Cheng, Z.; Ma, P.; Lin, J.; Maleki, A. Defect Engineering in Biomedical Sciences. Adv. Mater. 2023, 35, e2304176. [Google Scholar] [CrossRef]

	



Staroń, A.; Długosz, O.; Pulit-Prociak, J.; Banach, M. Analysis of the Exposure of Organisms to the Action of Nanomaterials. Materials 2020, 13, 349. [Google Scholar] [CrossRef] [PubMed]

	



Frtús, A.; Smolková, B.; Uzhytchak, M.; Lunova, M.; Jirsa, M.; Kubinová, Š.; Dejneka, A.; Lunov, O. Analyzing the mechanisms of iron oxide nanoparticles interactions with cells: A road from failure to success in clinical applications. J. Control. Release 2020, 328, 59–77. [Google Scholar] [CrossRef] [PubMed]

	



Soares, E.V.; Soares, H.M.V.M. Harmful effects of metal(loid) oxide nanoparticles. Appl. Microbiol. Biotechnol. 2021, 105, 1379–1394. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Lu, K.-J.; Yu, C.-H.; Huang, Q.-L.; Du, Y.-Z. Nano-drug delivery systems in wound treatment and skin regeneration. J. Nanobiotechnol. 2019, 17, 82. [Google Scholar] [CrossRef] [PubMed]

	



Bai, Q.; Han, K.; Dong, K.; Zheng, C.; Zhang, Y.; Long, Q.; Lu, T. Potential Applications of Nanomaterials and Technology for Diabetic Wound Healing. Int. J. Nanomed. 2020, 15, 9717–9743. [Google Scholar] [CrossRef] [PubMed]

	



Negut, I.; Grumezescu, V.; Grumezescu, A.M. Treatment Strategies for Infected Wounds. Molecules 2018, 23, 2392. [Google Scholar] [CrossRef] [PubMed]

	



Singh, M.; Thakur, V.; Kumar, V.; Raj, M.; Gupta, S.; Devi, N.; Upadhyay, S.K.; Macho, M.; Banerjee, A.; Ewe, D.; et al. Silver Nanoparticles and Its Mechanistic Insight for Chronic Wound Healing: Review on Recent Progress. Molecules 2022, 27, 5587. [Google Scholar] [CrossRef]

	



Manturova, N.; Stupin, V.; Silina, E. Cerium oxide nanoparticles for surgery, plastic surgery and aesthetic medicine. Plast. Surg. Aesthetic Med. 2023, 2023, 120–129. [Google Scholar] [CrossRef]

	



Menon, S.; Shanmugam, V.K. Chemopreventive mechanism of action by oxidative stress and toxicity induced surface decorated selenium nanoparticles. J. Trace Elem. Med. Biol. 2020, 62, 126549. [Google Scholar] [CrossRef] [PubMed]

	



Siddiqi, K.S.; Husen, A.; Rao, R.A.K. A review on biosynthesis of silver nanoparticles and their biocidal properties. J. Nanobiotechnol. 2018, 16, 14. [Google Scholar] [CrossRef]

	



Li, S.; Li, H.; Xu, X.; Saw, P.E.; Zhang, L. Nanocarrier-mediated antioxidant delivery for liver diseases. Theranostics 2020, 10, 1262–1280. [Google Scholar] [CrossRef]

	



Bedlovicova, Z.; Strapac, I.; Balaz, M.; Salayova, A. A Brief Overview on Antioxidant Activity Determination of Silver Nanoparticles. Molecules 2020, 25, 3191. [Google Scholar] [CrossRef]

	



Dugganaboyana, G.K.; Mukunda, C.K.; Jain, A.; Kantharaju, R.M.; Nithya, R.R.; Ninganna, D.; Ahalliya, R.M.; Shati, A.A.; Alfaifi, M.Y.; Elbehairi, S.E.I.; et al. Environmentally benign silver bio-nanomaterials as potent antioxidant, antibacterial, and antidiabetic agents: Green synthesis using Salacia oblonga root extract. Front. Chem. 2023, 11, 1114109. [Google Scholar] [CrossRef]

	



Alphandéry, E. Natural Metallic Nanoparticles for Application in Nano-Oncology. Int. J. Mol. Sci. 2020, 21, 4412. [Google Scholar] [CrossRef]

	



Amaldoss, M.J.N.; Mehmood, R.; Yang, J.-L.; Koshy, P.; Kumar, N.; Unnikrishnan, A.; Sorrell, C.C. Anticancer therapeutic effect of cerium-based nanoparticles: Known and unknown molecular mechanisms. Biomater. Sci. 2022, 10, 3671–3694. [Google Scholar] [CrossRef]

	



Sharifi-Rad, J.; Quispe, C.; Patra, J.K.; Singh, Y.D.; Panda, M.K.; Das, G.; Adetunji, C.O.; Michael, O.S.; Sytar, O.; Polito, L.; et al. Paclitaxel: Application in Modern Oncology and Nanomedicine-Based Cancer Therapy. Oxidative Med. Cell. Longev. 2021, 2021, 1–24. [Google Scholar] [CrossRef]

	



Li, Z.; Di, C.; Li, S.; Yang, X.; Nie, G. Smart Nanotherapeutic Targeting of Tumor Vasculature. Acc. Chem. Res. 2019, 52, 2703–2712. [Google Scholar] [CrossRef]

	



Gupta, N.; Malviya, R. Understanding and advancement in gold nanoparticle targeted photothermal therapy of cancer. Biochim. Biophys. Acta BBA Rev. Cancer 2021, 1875, 188532. [Google Scholar] [CrossRef]

	



Uppal, R.; Caravan, P. Targeted probes for cardiovascular MRI. Futur. Med. Chem. 2010, 2, 451–470. [Google Scholar] [CrossRef] [PubMed]

	



Girma, A. Alternative mechanisms of action of metallic nanoparticles to mitigate the global spread of antibiotic-resistant bacteria. Cell Surf. 2023, 10, 100112. [Google Scholar] [CrossRef] [PubMed]

	



Gabrielyan, L.; Trchounian, A. Antibacterial activities of transient metals nanoparticles and membranous mechanisms of action. World J. Microbiol. Biotechnol. 2019, 35, 162. [Google Scholar] [CrossRef] [PubMed]

	



Bruna, T.; Maldonado-Bravo, F.; Jara, P.; Caro, N. Silver Nanoparticles and Their Antibacterial Applications. Int. J. Mol. Sci. 2021, 22, 7202. [Google Scholar] [CrossRef] [PubMed]

	



Franco, D.; Calabrese, G.; Guglielmino, S.P.P.; Conoci, S. Metal-Based Nanoparticles: Antibacterial Mechanisms and Biomedical Application. Microorganisms 2022, 10, 1778. [Google Scholar] [CrossRef] [PubMed]

	



Sakthi Mohan, P.; Sonsuddin, F.; Mainal, A.B.; Yahya, R.; Venkatraman, G.; Vadivelu, J.; Al-Farraj, D.A.; Al-Mohaimeed, A.M.; Alarjani, K.M. Facile In-Situ Fabrication of a Ternary ZnO/TiO2/Ag Nanocomposite for Enhanced Bactericidal and Biocompatibility Properties. Antibiotics 2021, 10, 86. [Google Scholar] [CrossRef] [PubMed]

	



Murali, M.; Gowtham, H.G.; Shilpa, N.; Singh, S.B.; Aiyaz, M.; Sayyed, R.Z.; Shivamallu, C.; Achar, R.R.; Silina, E.; Stupin, V.; et al. Zinc oxide nanoparticles prepared through microbial mediated synthesis for therapeutic applications: A possible alternative for plants. Front. Microbiol. 2023, 14, 1227951. [Google Scholar] [CrossRef] [PubMed]

	



Raszewska-Famielec, M.; Flieger, J. Nanoparticles for Topical Application in the Treatment of Skin Dysfunctions—An Overview of Dermo-Cosmetic and Dermatological Products. Int. J. Mol. Sci. 2022, 23, 15980. [Google Scholar] [CrossRef] [PubMed]

	



Bowers, S.; Franco, E. Chronic Wounds: Evaluation and Management. Am. Fam. Physician 2020, 101, 159–166. [Google Scholar]

	



Holl, J.; Kowalewski, C.; Zimek, Z.; Fiedor, P.; Kaminski, A.; Oldak, T.; Moniuszko, M.; Eljaszewicz, A. Chronic Diabetic Wounds and Their Treatment with Skin Substitutes. Cells 2021, 10, 655. [Google Scholar] [CrossRef] [PubMed]

	



Baczako, A.; Fischer, T.; Konstantinow, A.; Volz, T. Chronische Wunden richtig behandeln. MMW Fortschritte Med. 2019, 161, 48–56. [Google Scholar] [CrossRef]

	



Sen, C.K. Human Wound and Its Burden: Updated 2020 Compendium of Estimates. Adv. Wound Care 2021, 10, 281–292. [Google Scholar] [CrossRef]

	



Li, X.; Chen, D.; Xie, S. Current progress and prospects of organic nanoparticles against bacterial biofilm. Adv. Colloid Interface Sci. 2021, 294, 102475. [Google Scholar] [CrossRef]

	



Kollef, M.H.; Torres, A.; Shorr, A.F.M.; Martin-Loeches, I.; Micek, S.T. Nosocomial Infection. Crit. Care Med. 2021, 49, 169–187. [Google Scholar] [CrossRef]

	



Mariappan, V.; Vellasamy, K.M.; Mohamad, N.A.; Subramaniam, S.; Vadivelu, J. OneHealth Approaches Contribute towards Antimicrobial Resistance: Malaysian Perspective. Front. Microbiol. 2021, 12, 718774. [Google Scholar] [CrossRef]

	



Bhardwaj, S.; Mehra, P.; Dhanjal, D.S.; Sharma, P.; Sharma, V.; Singh, R.; Nepovimova, E.; Chopra, C.; Kuča, K. Antibiotics and Antibiotic Resistance- Flipsides of the Same Coin. Curr. Pharm. Des. 2022, 28, 2312–2329. [Google Scholar] [CrossRef]

	



Aslam, B.; Khurshid, M.; Arshad, M.I.; Muzammil, S.; Rasool, M.; Yasmeen, N.; Shah, T.; Chaudhry, T.H.; Rasool, M.H.; Shahid, A.; et al. Antibiotic Resistance: One Health One World Outlook. Front. Cell. Infect. Microbiol. 2021, 11, 1153. [Google Scholar] [CrossRef] [PubMed]

	



Mulani, M.S.; Kamble, E.E.; Kumkar, S.N.; Tawre, M.S.; Pardesi, K.R. Emerging Strategies to Combat ESKAPE Pathogens in the Era of Antimicrobial Resistance: A Review. Front. Microbiol. 2019, 10, 539. [Google Scholar] [CrossRef] [PubMed]

	



Luceri, A.; Francese, R.; Lembo, D.; Ferraris, M.; Balagna, C. Silver Nanoparticles: Review of Antiviral Properties, Mechanism of Action and Applications. Microorganisms 2023, 11, 629. [Google Scholar] [CrossRef] [PubMed]

	



Zholobak, N.M.; Ivanov, V.K.; Shcherbakov, A.B. Interaction of nanoceria with microorganisms. In Nanobiomaterials in Antimicrobial Therapy; Elsevier: Amsterdam, The Netherlands, 2016; pp. 419–450. [Google Scholar]

	



Barker, E.; Shepherd, J.; Asencio, I.O. The Use of Cerium Compounds as Antimicrobials for Biomedical Applications. Molecules 2022, 27, 2678. [Google Scholar] [CrossRef] [PubMed]

	



Niño-Martínez, N.; Salas Orozco, M.F.; Martínez-Castañón, G.-A.; Torres Méndez, F.; Ruiz, F. Molecular Mechanisms of Bacterial Resistance to Metal and Metal Oxide Nanoparticles. Int. J. Mol. Sci. 2019, 20, 2808. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Barajas, N.; Martín-Camacho, U.d.J.; Pérez-Larios, A. Mechanisms of Metallic Nanomaterials to Induce an Antibacterial Effect. Curr. Top. Med. Chem. 2022, 22, 2506–2526. [Google Scholar] [CrossRef] [PubMed]

	



Nisar, P.; Ali, N.; Rahman, L.; Ali, M.; Shinwari, Z.K. Antimicrobial activities of biologically synthesized metal nanoparticles: An insight into the mechanism of action. JBIC J. Biol. Inorg. Chem. 2019, 24, 929–941. [Google Scholar] [CrossRef]

	



Shabatina, T.I.; Vernaya, O.I.; Melnikov, M.Y. Hybrid Nanosystems of Antibiotics with Metal Nanoparticles—Novel Antibacterial Agents. Molecules 2023, 28, 1603. [Google Scholar] [CrossRef]

	



Farias, I.A.P.; dos Santos, C.C.L.; Sampaio, F.C. Antimicrobial Activity of Cerium Oxide Nanoparticles on Opportunistic Microorganisms: A Systematic Review. BioMed. Res. Int. 2018, 2018, 1923606. [Google Scholar] [CrossRef]

	



Sajjad, H.; Sajjad, A.; Haya, R.T.; Khan, M.M.; Zia, M. Copper oxide nanoparticles: In vitro and in vivo toxicity, mechanisms of action and factors influencing their toxicology. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2023, 271, 109682. [Google Scholar] [CrossRef] [PubMed]

	



Denet, E.; Espina-Benitez, M.B.; Pitault, I.; Pollet, T.; Blaha, D.; Bolzinger, M.-A.; Rodriguez-Nava, V.; Briançon, S. Metal oxide nanoparticles for the decontamination of toxic chemical and biological compounds. Int. J. Pharm. 2020, 583, 119373. [Google Scholar] [CrossRef]

	



Bellio, P.; Luzi, C.; Mancini, A.; Cracchiolo, S.; Passacantando, M.; Di Pietro, L.; Perilli, M.; Amicosante, G.; Santucci, S.; Celenza, G. Cerium oxide nanoparticles as potential antibiotic adjuvant. Effects of CeO2 nanoparticles on bacterial outer membrane permeability. Biochim. Biophys. Acta BBA Biomembr. 2018, 1860, 2428–2435. [Google Scholar] [CrossRef] [PubMed]

	



Bandyopadhyay, S.; Peralta-Videa, J.R.; Plascencia-Villa, G.; José-Yacamán, M.; Gardea-Torresdey, J.L. Comparative toxicity assessment of CeO2 and ZnO nanoparticles towards Sinorhizobium meliloti, a symbiotic alfalfa associated bacterium: Use of advanced microscopic and spectroscopic techniques. J. Hazard. Mater. 2012, 241–242, 379–386. [Google Scholar] [CrossRef] [PubMed]

	



Murugadoss, S.; Lison, D.; Godderis, L.; Van Den Brule, S.; Mast, J.; Brassinne, F.; Sebaihi, N.; Hoet, P.H. Toxicology of silica nanoparticles: An update. Arch. Toxicol. 2017, 91, 2967–3010. [Google Scholar] [CrossRef] [PubMed]

	



Silina, E.V.; Stupin, V.A.; Manturova, N.E.; Ivanova, O.S.; Popov, A.L.; Mysina, E.A.; Artyushkova, E.B.; Kryukov, A.A.; Dodonova, S.A.; Kruglova, M.P.; et al. Influence of the Synthesis Scheme of Nanocrystalline Cerium Oxide and Its Concentration on the Biological Activity of Cells Providing Wound Regeneration. Int. J. Mol. Sci. 2023, 24, 14501. [Google Scholar] [CrossRef] [PubMed]

	



Filippova, A.D.; Sozarukova, M.M.; Baranchikov, A.E.; Kottsov, S.Y.; Cherednichenko, K.A.; Ivanov, V.K. Peroxidase-like Activity of CeO2 Nanozymes: Particle Size and Chemical Environment Matter. Molecules 2023, 28, 3811. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.-W.; Cambre, M.; Lee, H.-J. The Toxicity of Nanoparticles Depends on Multiple Molecular and Physicochemical Mechanisms. Int. J. Mol. Sci. 2017, 18, 2702. [Google Scholar] [CrossRef]

	



Omran, B.; Baek, K.-H. Nanoantioxidants: Pioneer Types, Advantages, Limitations, and Future Insights. Molecules 2021, 26, 7031. [Google Scholar] [CrossRef]

	



Rajeshkumar, S.; Naik, P. Synthesis and biomedical applications of Cerium oxide nanoparticles—A Review. Biotechnol. Rep. 2017, 17, 1–5. [Google Scholar] [CrossRef]

	



Naidi, S.N.; Harunsani, M.H.; Tan, A.L.; Khan, M.M. Green-synthesized CeO2 nanoparticles for photocatalytic, antimicrobial, antioxidant and cytotoxicity activities. J. Mater. Chem. B 2021, 9, 5599–5620. [Google Scholar] [CrossRef] [PubMed]

	



Shcherbakov, A.B.; Reukov, V.V.; Yakimansky, A.V.; Krasnopeeva, E.L.; Ivanova, O.S.; Popov, A.L.; Ivanov, V.K. CeO2 Nanoparticle-Containing Polymers for Biomedical Applications: A Review. Polymers 2021, 13, 924. [Google Scholar] [CrossRef] [PubMed]

	



Hosseini, M.; Mozafari, M. Cerium Oxide Nanoparticles: Recent Advances in Tissue Engineering. Materials 2020, 13, 3072. [Google Scholar] [CrossRef] [PubMed]

	



Kargozar, S.; Baino, F.; Hoseini, S.J.; Hamzehlou, S.; Darroudi, M.; Verdi, J.; Hasanzadeh, L.; Kim, H.-W.; Mozafari, M. Biomedical applications of nanoceria: New roles for an old player. Nanomedicine 2018, 13, 3051–3069. [Google Scholar] [CrossRef] [PubMed]

	



Nosrati, H.; Heydari, M.; Khodaei, M. Cerium oxide nanoparticles: Synthesis methods and applications in wound healing. Mater. Today Bio 2023, 23, 100823. [Google Scholar] [CrossRef]

	



Silina, E.V.; Stupin, V.A.; Suzdaltseva, Y.G.; Aliev, S.R.; Abramov, I.S.; Khokhlov, N.V. Application of Polymer Drugs with Cerium Dioxide Nanomolecules and Mesenchymal Stem Cells for the Treatment of Skin Wounds in Aged Rats. Polymers 2021, 13, 1467. [Google Scholar] [CrossRef]

	



Ivanova, O.S.; Shekunova, T.O.; Ivanov, V.K.; Shcherbakov, A.B.; Popov, A.L.; Davydova, G.A.; Selezneva, I.I.; Kopitsa, G.P.; Tret’yakov, Y.D. One-stage synthesis of ceria colloid solutions for biomedical use. Dokl. Chem. 2011, 437, 103–106. [Google Scholar] [CrossRef]

	



Popov, A.L.; Ermakov, A.M.; Savintseva, I.V.; Selezneva, I.I.; Poltavtseva, R.A.; Zaraisky, E.I.; Poltavtsev, A.M.; Stepanov, A.A.; Ivanov, V.K.; Sukhikh, G.T. Citrate-Stabilized Nanoparticles of CeO2 Stimulate Proliferation of Human Mesenchymal Stem Cells In Vitro. Nanomech. Sci. Technol. Int. J. 2016, 7, 235–246. [Google Scholar] [CrossRef]

	



Larsson, D.G.J.; Flach, C.-F. Antibiotic resistance in the environment. Nat. Rev. Microbiol. 2021, 20, 257–269. [Google Scholar] [CrossRef] [PubMed]

	



Thakur, N.; Manna, P.; Das, J. Synthesis and biomedical applications of nanoceria, a redox active nanoparticle. J. Nanobiotechnol. 2019, 17, 84. [Google Scholar] [CrossRef] [PubMed]

	



Mohamed, H.E.A.; Afridi, S.; Khalil, A.T.; Ali, M.; Zohra, T.; Akhtar, R.; Ikram, A.; Shinwari, Z.K.; Maaza, M. Promising antiviral, antimicrobial and therapeutic properties of green nanoceria. Nanomedicine 2020, 15, 467–488. [Google Scholar] [CrossRef] [PubMed]

	



Pelletier, D.A.; Suresh, A.K.; Holton, G.A.; McKeown, C.K.; Wang, W.; Gu, B.; Mortensen, N.P.; Allison, D.P.; Joy, D.C.; Allison, M.R.; et al. Effects of Engineered Cerium Oxide Nanoparticles on Bacterial Growth and Viability. Appl. Environ. Microbiol. 2010, 76, 7981–7989. [Google Scholar] [CrossRef] [PubMed]

	



Gopinath, K.; Karthika, V.; Sundaravadivelan, C.; Gowri, S.; Arumugam, A. Mycogenesis of cerium oxide nanoparticles using Aspergillus niger culture filtrate and their applications for antibacterial and larvicidal activities. J. Nanostruct.Chem. 2015, 5, 295–303. [Google Scholar] [CrossRef]

	



Ravishankar, T.N.; Ramakrishnappa, T.; Nagaraju, G.; Rajanaika, H. Synthesis and Characterization of CeO2 Nanoparticles via Solution Combustion Method for Photocatalytic and Antibacterial Activity Studies. ChemistryOpen 2015, 4, 146–154. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Ta, H.T. Different approaches to synthesising cerium oxide nanoparticles and their corresponding physical characteristics, and ROS scavenging and anti-inflammatory capabilities. J. Mater. Chem. B 2021, 9, 7291–7301. [Google Scholar] [CrossRef]

	



Patil, S.N.; Paradeshi, J.S.; Chaudhari, P.B.; Mishra, S.J.; Chaudhari, B.L. Bio-therapeutic Potential and Cytotoxicity Assessment of Pectin-Mediated Synthesized Nanostructured Cerium Oxide. Appl. Biochem. Biotechnol. 2016, 180, 638–654. [Google Scholar] [CrossRef]

	



Nadeem, M.; Khan, R.; Afridi, K.; Nadhman, A.; Ullah, S.; Faisal, S.; Mabood, Z.U.; Hano, C.; Abbasi, B.H. Green Synthesis of Cerium Oxide Nanoparticles (CeO2 NPs) and Their Antimicrobial Applications: A Review. Int. J. Nanomed. 2020, 15, 5951–5961. [Google Scholar] [CrossRef] [PubMed]

	



Xue, Q.; Zhang, Q. Agar Hydrogel Template Synthesis of Mn3O4 Nanoparticles through an Ion Diffusion Method Controlled by Ion Exchange Membrane and Electrochemical Performance. Nanomaterials 2019, 9, 503. [Google Scholar] [CrossRef]

	



Cavassin, E.D.; de Figueiredo, L.F.P.; Otoch, J.P.; Seckler, M.M.; de Oliveira, R.A.; Franco, F.F.; Marangoni, V.S.; Zucolotto, V.; Levin, A.S.S.; Costa, S.F. Comparison of methods to detect the in vitro activity of silver nanoparticles (AgNP) against multidrug resistant bacteria. J. Nanobiotechnol. 2015, 13, 64. [Google Scholar] [CrossRef]

	



Chung, E.; Ren, G.; Johnston, I.; Matharu, R.K.; Ciric, L.; Walecka, A.; Cheong, Y.-K. Applied Methods to Assess the Antimicrobial Activity of Metallic-Based Nanoparticles. Bioengineering 2023, 10, 1259. [Google Scholar] [CrossRef]

	



Tesfaye, M.; Gonfa, Y.; Tadesse, G.; Temesgen, T.; Periyasamy, S. Green synthesis of silver nanoparticles using Vernonia amygdalina plant extract and its antimicrobial activities. Heliyon 2023, 9, e17356. [Google Scholar] [CrossRef] [PubMed]

	



Alghuthaymi, M.A.; Rajkuberan, C.; Santhiya, T.; Krejcar, O.; Kuča, K.; Periakaruppan, R.; Prabukumar, S. Green Synthesis of Gold Nanoparticles Using Polianthes tuberosa L. Floral Extract. Plants 2021, 10, 2370. [Google Scholar] [CrossRef]

	



Andleeb, S.; Khan, H.; Nisar, T.; Latif, Z.; Raja, S.A.; Awan, U.A.; Maqbool, K.; Khurshid, S. Interactions of chitosan coated green synthesized silver nanoparticles using mentha spicata and standard antibiotics against bacterial pathogens. Curr. Pharm. Biotechnol. 2023, 24, 203–212. [Google Scholar] [CrossRef] [PubMed]

	



Singer, L.; Karacic, S.; Szekat, C.; Bierbaum, G.; Bourauel, C. Biological properties of experimental dental alginate modified for self-disinfection using green nanotechnology. Clin. Oral Investig. 2023, 27, 6677–6688. [Google Scholar] [CrossRef] [PubMed]

	



Slavin, Y.N.; Asnis, J.; Hńfeli, U.O.; Bach, H. Metal nanoparticles: Understanding the mechanisms behind antibacterial activity. J. Nanobiotechnol. 2017, 15, 65. [Google Scholar] [CrossRef]

	



Mehta, D.; Sharma, P.; Singh, S. ATP-triggered, selective superoxide radical generating oxidase-mimetic cerium oxide nanozyme exhibiting efficient antibacterial activity at physiological pH. Colloids Surf. B Biointerfaces 2023, 231, 113531. [Google Scholar] [CrossRef]

	



Al-Shawafi, W.M.; Salah, N.; Alshahrie, A.; Ahmed, Y.M.; Moselhy, S.S.; Hammad, A.H.; Hussain, M.A.; Memic, A. Size controlled ultrafine CeO2 nanoparticles produced by the microwave assisted route and their antimicrobial activity. J. Mater. Sci. Mater. Med. 2017, 28, 177. [Google Scholar] [CrossRef]

	



Abid, S.A.; Taha, A.A.; Ismail, R.A.; Mohsin, M.H. Antibacterial and cytotoxic activities of cerium oxide nanoparticles prepared by laser ablation in liquid. Environ. Sci. Pollut. Res. 2020, 27, 30479–30489. [Google Scholar] [CrossRef]








[image: Nanomaterials 14 00354 g001] 





Figure 1. (a) The results of analysis of nanoceria sol via spectroscopy methods; (b) X-ray diffraction; (c) dynamic light scattering; (d) transmission electron microscopy. 
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Figure 2. Kinetic curves of chemiluminescence of the product of luminol oxidation with hydrogen peroxide in a reaction mixture containing a phosphate buffer solution (pH 7.4) and cerium dioxide citrate sols. The concentrations of CeO2 in the reaction mixture are shown in the figure. 
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Figure 3. Dependence of the integral intensity of chemiluminescence of the oxidation products of luminol on the concentration of cerium dioxide in reaction mixtures containing a buffer solution (pH 7.4), luminol, hydrogen peroxide, and CeO2 sols coated with citrate ions. 
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Figure 4. Zones of growth inhibition for E. coli in three samples of nanoceria with a maximum concentration of 10−2 M. The red arrows indicates obvious areas of growth retardation. 
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Figure 5. Results of the first phase of the experiment to determine the minimum inhibitory concentration of citrate-stabilized nanoceria against various microorganisms. The numbers indicate the numbers of the tubes, in test tube No. 1 the concentration of nanocerium is maximum (0.05 g/mL), in test tube No. 2—2 times less (0.025 g/mL) and so on, in test tube No. 10 the concentration of nanocerium is minimal (0.0001 g/mL); test tube No. 11—Control. 
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Figure 6. The growth of microorganisms in all Petri dishes. In the lower samples (the least concentrated and 11—the control), the growth intensity was maximum (on the left in the figure are samples with B. subtilis; in sector 2, there was almost complete inhibition of bacilli growth; in samples 3–7, the growth intensity was less pronounced compared to the control). The second row contained Candida, and growth inhibition was visualized in sectors 4–5. E. coli growth was reduced in sectors 2–3, and in St. aureus, growth was reduced in sectors 1–3. 






Figure 6. The growth of microorganisms in all Petri dishes. In the lower samples (the least concentrated and 11—the control), the growth intensity was maximum (on the left in the figure are samples with B. subtilis; in sector 2, there was almost complete inhibition of bacilli growth; in samples 3–7, the growth intensity was less pronounced compared to the control). The second row contained Candida, and growth inhibition was visualized in sectors 4–5. E. coli growth was reduced in sectors 2–3, and in St. aureus, growth was reduced in sectors 1–3.



[image: Nanomaterials 14 00354 g006]







[image: Nanomaterials 14 00354 g007] 





Figure 7. The number of microbial bodies of E. coli in different control groups and during co-cultivation with 10 vol.% sols of citrate-stabilized cerium oxide nanoparticles in different concentrations after 24 h and 48 h (*—significant difference from the control at p < 0.01; ANOVA and Dunnett’s and Bonferroni’s post hoc tests). 
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Table 1. Zones of growth retardation (mm).
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Citrate-Coated Cerium Oxide Nanoparticles

	
Control

	
Comparison




	
Microorganisms

	
10−2 M

	
10−3 M

	
10−4 M

	
10−5 M

	
10−6 M

	
H2O

	
Ceftriaxone

	
Levomekol






	
B. subtilis

	
0

	
0

	
0

	
0

	
0

	
0

	
62/52/64/60/59

	
50/33/37/50/43




	
B. cereus

	
0

	
0

	
0

	
0

	
0

	
0

	
27/23/28/32/25/65

	
50/50/48/44/50/47




	
Ps. aeruginosa

	
0

	
0

	
0

	
0

	
0

	
0

	
45/47/42/35/43

	
36/30/36/26/32




	
Pr. vulgaris

	
0

	
0

	
0

	
0

	
0

	
0

	
47/55/52/53/51

	
40/40/50/36/42




	
E.coli

	
16/18/2/0/25

	
0

	
0

	
0

	
0

	
0

	
60/65/63/59/57

	
48/45/48/50/52




	
St. aureus

	
0

	
0

	
0

	
0

	
0

	
0

	
40/41/38/41/46

	
66/46/30/40/34/33




	
Candida

	
0

	
0

	
0

	
0

	
0

	
0

	
40/34/32/34/30/14

	
45/50/45/40/40




	
Aspergillus

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0











 





Table 2. Intensity of microorganism growth at different concentrations of citrate-stabilized cerium oxide.
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	Test Tube Number
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11 Control





	Nano-cerium concentration (g/mL)
	0.05
	0.025
	0.0125
	0.0063
	0.0031
	0.0016
	0.0008
	0.0004
	0.0002
	0.0001
	0



	E. coli
	+++
	++
	++
	+++
	+++
	+++
	+++
	+++
	+++
	+++
	+++



	Candida alb.
	++
	+++
	+++
	++
	++
	+++
	+++
	+++
	+++
	+++
	+++



	St