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A B S T R A C T   

Oxidative stress plays a crucial role in the pathogenesis of hepatic disorders, including non-alcoholic fatty liver 
disease (NAFLD) and its progression into hepatitis and fibrosis. In this context, the use of nanomaterials with 
ROS-scavenging activity might be a promising therapeutic approach. Here, we designed lipid self-assembling 
nanoparticles (SANP) enriched with a cerium core to obtain a ROS-scavenging nanoparticle platform. We 
optimized the preparation of cerium-doped SANP (Ce-SANP) by tuning the ratios between the various compo-
nents and characterized the formulations in terms of colloidal properties, stability against aggregation in serum 
proteins, and capability to scavenge ROS in a hepatocyte model of oxidative stress. Specifically, we identified Ce- 
SANP formulations with suitable colloidal properties and peroxidase- and superoxide dismutase-like activity. In 
in vitro studies, Ce-SANP showed a marked cytocompatibility and reduced ROS levels counteracting H2O2- 
induced oxidative damage in HepG2 cells. These results indicate the potential antioxidant of the proposed Ce- 
SANP platform technology in limiting oxidative damage, a key target to hinder the etiopathogenesis and pro-
gression of liver diseases.   

1. Introduction 

Chronic liver diseases are mostly characterized by increased oxida-
tive damage, regardless of the etiopathogenesis of the liver disorder [1]. 
With a global prevalence of 25%, non-alcoholic fatty liver disease 
(NAFLD) is one of the most common chronic liver diseases; liver stea-
tosis and its progression in steatohepatitis (NASH) is often associated to 
the onset of cirrhosis and hepatocellular carcinoma [2]. However, the 
mechanism of progression from simple fat deposition to NASH is com-
plex, and previous reports have linked NAFLD to several factors 
including oxidative stress [3]. The continuous accumulation of tri-
glycerides in NAFLD leads to mitochondrial damage and following 
reactive oxygen species (ROS) release due to altered fatty acid oxidation 
(FAO) [4]. The development of NASH includes hepatocyte necrosis and 
sustained inflammatory response [2,5]. Pro-inflammatory mediators 
released by necrotic hepatocytes induce the trans-differentiation of he-
patic stellate cells in myofibroblasts which start to deposit abnormal 
amounts of extracellular matrix components triggering liver fibrosis [2]. 
Despite the increasing prevalence of NAFLD, there is a lack of clinically 
approved drugs for this disease [2]; however, several therapeutic 

strategies aim at reducing ROS levels. 
Antioxidant systems consist of enzymatic and non-enzymatic com-

ponents. The enzymatic system includes superoxide dismutase (SOD), 
catalase (CAT), and glutathione peroxidase and reductase (GSH-Px) that 
are responsible for detoxifying ROS. Non-enzymatic compounds include 
small molecules with antioxidant activity such as flavonoids (e.g., iso-
rhamnetin [6] and silymarin [7]), polyphenols (e.g., resveratrol [8]), 
vitamins (e.g., ascorbic acid [9]), or ROS-scavenging proteins of the 
globin family (i.e., cytoglobin, myoglobin, and neuroglobin) [10]. 
However, the administration of antioxidant agents is often challenging 
due to their chemical instability, poor water solubility, and bioavail-
ability [11–13]. Nanotechnology-based approaches have been proposed 
to overcome these limitations for the development of antioxidant ther-
apies [14,15]. In the context of liver diseases, nanoparticles based on 
materials with intrinsic ROS-scavenging activity, such as cerium oxide, 
have gained increasing interest for the treatment of NAFLD as evidenced 
by in vitro and in vivo studies [16–18]. 

Otherwise, therapeutic approaches based on the regulation of target 
genes or proteins by means of coding or non-coding RNA have emerged 
for the treatment of chronic liver disease [19,20]. However, in vivo 
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delivery of RNA requires the use of vectors to enhance cellular uptake 
and prevent nuclease degradation of RNA [21]. We have previously 
developed hybrid self-assembling nanoparticles (SANP) with an inor-
ganic calcium phosphate (CaP) core enclosed by a lipid shell to deliver 
bisphosphonates [22–25] and nucleic acids [26] to the brain. Lipid 
SANP formulations have been shown to possess excellent biocompati-
bility, high nucleic acid encapsulation efficiency and good intracellular 
delivery. Furthermore, SANP can be assembled by mixing the compo-
nents at room temperature without the need of complex manufacturing 
equipment [26]. SANP have been shown to successfully deliver micro-
RNA into the liver [26], although their use in liver pathologies has not 
been explored yet. 

The complexity of the chronic hepatic disorders including NAFLD 
requires a multi-functional nanoparticle platform able to scavenge ROS 
and to deliver specific drugs into the liver. In this work, we expanded the 
capability of our well-established lipid SANP technology by modifying 
the nanoparticle inorganic core with cerium to confer ROS-scavenging 
properties to such nanoparticles. We developed a coprecipitation 
method to produce cerium-doped CaP nanoparticles with varying ratios 
between the components and characterized these nanoparticles in terms 
of colloidal properties and antioxidant activity. Then, selected formu-
lations were combined with cationic liposomes to obtain cerium-SANP 
(Ce-SANP), whose colloidal properties, surface charge, enzymatic ac-
tivity, and stability against aggregation in the presence of serum albu-
min were investigated. We carried out cell viability studies on 
hepatocytes in the presence or not of varying concentrations of Ce-SANP 
and demonstrated the ability of Ce-SANP formulations to scavenge ROS. 

2. Material and methods 

2.1. Drugs and chemicals 

Sodium chloride (NaCl), calcium chloride (CaCl2), sodium phosphate 
dibasic (Na2HPO4), cerium (III) nitrate, sodium citrate tribasic dihydrate 
(C6H5Na3O7⋅2H2O), ammonia solution (28–30%), and the SOD assay kit 
(cat. n. 19,160) were purchased from Merk Life Science S. r.l. (Milan, 
Italy). 1,2-dioleoyl-3-trimethylammonium-propane chloride (DOTAP) 
was kindly donated by Lipoid GmbH (Ludwigshafen, Germany) while N- 
palmitoylsphingosine-1 {succinyl [methoxy (polyethylene glycol) 
2000]} (Cer16-PEG2000) was purchased from Avanti Polar Lipids 
(Alabaster, USA). The 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate 
solution (cat. n. N301) and the Stop solution (cat. n. N600) were pur-
chased from ThermoFisher Scientific (Rodano, Italy) while regenerated 
cellulose syringe filters with a 0.2 μm pore size were purchased from 
Exacta + Optech Labcenter SpA (San Prospero, Italy). 

2.2. CaP nanoparticle preparation 

The CaP nanoparticles were prepared by the dropwise addition of 2 
mL of an aqueous solution containing Na2HPO4 at varying concentra-
tions to 2 mL of an aqueous solution containing CaCl2 at varying con-
centrations and either 50 mM or 100 mM sodium citrate tribasic 
(Na3Cit) while vortex stirring at 1400 rpm. The obtained nanoparticle 
suspension was incubated at 37 ◦C for 5 min and stored at 4 ◦C overnight 
prior to analysis. The concentrations used in this study are reported in 
Table 1. 

2.3. Cerium-CaP nanoparticle preparation 

The inorganic cerium-CaP nanoparticles were prepared by a modi-
fied co-precipitation method involving the dropwise addition of 1 mL of 
an aqueous solution containing 30 mM Na2HPO4 to 1 mL of an aqueous 
solution containing 100 mM sodium citrate tribasic, CaCl2, and Cerium 
(III) nitrate while vortex stirring at 1400 rpm; 250 μL of 1.4 M NH4OH 
solution were then added dropwise while vortex stirring at 1400 rpm. 
The obtained nanoparticle suspension was incubated at 37 ◦C for 5 min, 
stored at 4 ◦C overnight, and filtered through a 0.22 μm pore-sized RC 
membrane. The cerium-CaP nanoparticles were stored at 4 ◦C until 
further use. The concentrations of CaCl2 and Cerium (III) nitrate as well 
as the Ca/P and Ce/P ratios used in this study are reported in Table 2. 

2.4. Determination of the gravimetric yield of Cerium-CaP nanoparticles 

Aliquots of Cerium-CaP nanoparticles were transferred in 2 mL 
Eppendorf tubes and frozen at − 20 ◦C overnight prior to lyophilization. 
Lyophilized samples were then weighted and the gravimetric yield was 
calculated by using the following formula: 

gravimetric yield =
mass of lyophilized sample

theoretical mass
∗ 100.

2.5. Liposome formulation 

Liposomes comprising DOTAP (94 mol%) and Cer16-PEG2000 (6 mol 
%) were prepared via the thin film hydration method followed by 
extrusion. The lipids were dissolved in a chloroform:methanol mixture 
(2:1 v/v) and transferred in a 50 mL round bottom flask in the appro-
priate ratios. The organic solvent mixture was removed by rotary 
evaporation (Laborata 4010 digital, Heidolph, Schwabach, Germany), 
after which the obtained lipid film was hydrated with deionized water 
for 2 h at 65 ◦C to a final lipid concentration of 2.5 mg/mL. The vesicles 
were extruded through pore-sized polycarbonate membranes (Nucleo-
pore Track-Etched 25 mm membrane, Whatman, Brentford, UK) by 
using a thermobarrel extruder (Lipex Extruder, Evonik, Essen, Germany) 
at 65 ◦C. More specifically, the vesicle suspension was forced through 
400 nm membranes (3 passages), 200 nm membranes (3 passages), and 
100 nm membranes (5 passages). 

2.6. Cerium-SANP nanoparticle formulation 

Ce-SANP were prepared by mixing the components (inorganic 
nanoparticles and liposomes) in a 1:1 v/v ratio followed by incubation 
for 25 min at room temperature. 

2.7. Nanoparticle physico-chemical characterization 

The formulations were characterized in terms of colloidal di-
mensions, polydispersity index (PDI), surface charge, and stability 
against aggregation in water by using dynamic light scattering (DLS) 
(Zetasizer Nano Z, Malvern, UK). For each formulation the z-average 

Table 1 
Concentrations of CaCl2 and Na2HPO4 and relative Ca/P ratio used for the 
formulation of CaP nanoparticles.  

[Na3Cit]pre-mix [CaCl2]pre-mix [Na2HPO4]pre-mix Ca/P ratio 

50 or 100 mM 30 mM 45 mM 0.67 
100 mM 34 mM 41 mM 0.83 
50 or 100 mM 45 mM 30 mM 1.5 
100 mM 47 mM 28 mM 1.67  

Table 2 
Concentrations of CaCl2 and Cerium (III) nitrate and relative Ca/P and Ce/P 
ratios used for the formulation of cerium-CaP nanoparticles.  

[CaCl2]pre-mix [Ce(III)nitrate]pre-mix Ca/P ratio Ce/P ratio 

20 mM 50 mM 0.67 1.67 
25 mM 50 mM 0.83 1.67 
45 mM 50 mM 1.5 1.67 
50 mM 50 mM 1.67 1.67 
20 mM 150 mM 0.67 5 
25 mM 150 mM 0.83 5 
45 mM 150 mM 1.5 5 
50 mM 150 mM 1.67 5  
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diameter, PDI, and zeta potential were calculated as mean ± standard 
deviation of measurements from N ≥ 2 independent batches. 

2.8. Peroxidase assay 

The peroxidase-like activity of Ce–CaP NPs and Ce-SANP was 
measured according to a previously published protocol [27]. Briefly, 50 
μL of the TMB substrate solution were added to each well of a clear 
96-well plate and mixed with 50 μL of an aqueous suspension of Ce–CaP 
NPs or Ce-SANP at 210 μg/mL. The reaction mixture was incubated for 
1 min and stopped by the addition of 50 μL of stop solution (0.16 M 
sulfuric acid). The absorbance was measured on a spectrophotometer 
(Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer) at 
451 nm. 

2.9. Superoxide dismutase (SOD) assay 

To probe the SOD-like activity of Ce–CaP NPs and Ce-SANP an SOD 
assay kit (cat. n. 19,160) was used following the manufacturer’s in-
structions. 10 μL of an aqueous suspension of Ce–CaP NPs or Ce-SANP at 
30 μg/mL were added to 100 μL of an aqueous solution containing the 
substrate (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)- 
2H-tetrazolium, monosodium salt, WST-1) to each well of a clear 96-well 
plate. Following this, 10 μL of a xanthine oxidase solution (obtained by 
diluting 15 μL of xanthine oxidase solution in 2.5 mL of dilution buffer) 
were then added to each well and the plate was incubated at 37 ◦C for 20 
min. The absorbance was measured at 440 nm by using a GloMax® 
Discover Microplate Reader (Promega Instruments). 10 μL of DI water 
were added to wells containing the WST-1 solution and the enzyme 
solution (Blank 1, full conversion of the WST-1 substrate) or to wells 
containing the WST-1 solution and the dilution buffer (Blank 2, no 
conversion) as a control. The SOD activity was calculated by the 
following equation: 

SOD activity %=
(ABlank 1 − ABlank 2) − Asample

(ABlank 1 − ABlank 2)
∗ 100,

where ABlank 1, ABlank 2, and Asample are the measured absorbance values 
of wells containing the Blank 1, the Blank 3 or the Ce–CaP NPs/Ce- 
SANP, respectively. 

2.10. SEM-EDS analysis of Ce–CaP nanoparticles 

Microstructural and microchemical investigations were carried out 
at the scanning electron microscopy laboratory of the Department of 
Earth Sciences, Environment and Resources (University of Naples Fed-
erico II). The instrument used is a FESEM with EDS (Field Emission 
Scanning Electron Microscope equipped with an energy dispersive 
spectrometer) model Zeiss Merlin VP Compact coupled with a micro-
analysis unit (Oxford Instruments) and an INCA X-Max solid-state de-
tector (Carl-Zeiss). Data sets were evaluated by means of INCA Energy 
software 5.05 (XPP array and pulse pile-up corrections) with following 
operative conditions: 15-kV primary beam voltage, 50–100 A filament 
current, variable spot size, 50 s real-time counting. Signals optimization 
was carried out by using cobalt (FWHM peak height of the strobed zero 
= 60–65 eV) as reference along with standard materials from Smithso-
nian Institute and MAC (Micro-Analysis Consultants Ltd., Saint Ives. UK) 
for elements calibration. Accuracies about EDS chemical analyses are 
reported in Ref. [28]. 

2.11. Cell culture and viability 

Human HepG2 cells (American Type Culture Collection, Manassas, 
VA, USA) were chosen as an appropriate in vitro model to test cell 
viability and oxidative damage in presence or not of Ce–CaP SANP 
formulations. Cells were cultured in DMEM medium (2 g/L glucose) 

supplemented with 10% FBS and 1% antibiotics (100 units/mL peni-
cillin and streptomycin) at 37 ◦C with 5% CO2. HepG2 cells were seeded 
in P96-well microtiter plates (2 × 104 cells/well), starved in 2% FBS 
medium for 6 h, and incubated with Ce–CaP SANP formulations 
(30–300 μg/mL) or vehicle for 24 h. The reference concentration of the 
Ce–CaP SANP used for the in vitro studies is the mass concentration of 
Ce–CaP NPs following the preparation of Ce–CaP SANP formulations. 
The modification of cell viability after 24 h has been evaluated by 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay by 
spectrophotometric measurement (550 nm absorbance). 

2.12. Reactive oxygen species (ROS) production assay 

HepG2 cells were seeded in P96-well microtiter dark plates (3 × 104 

cells/well), and, after reaching the confluence, were starved in 2% FBS 
medium for 6 h. Then, cells were incubated with a final concentration of 
10 μM dichlorofluorescein diacetate (DCFH-DA) (Sigma–Aldrich, Milan, 
Italy) in dimethyl sulfoxide for 30 min at 37 ◦C. Cells were washed with 
phosphate buffer solution and stimulated with tert-butyl hydroperoxide 
(100 μM) plus H2O2 (100 μM) for 3 h to induce oxidative damage. 
Fifteen minutes after pro-oxidant challenge, Ce–CaP SANP formulations 
(50, 100, and 200 μg/mL) were added to determine their potential ROS 
scavenging-like activity. The fluorescence measurements were per-
formed with aHTS-7000 Plus plate reader spectrofluorometer (Perki-
nElmer, Wellesley, MA, USA) at 485 nm for excitation and 525 nm for 
emission wavelengths. ROS were quantified as percentage vs control 
unstimulated cells. The reference concentration of the Ce–CaP SANP 
used for the in vitro studies is the mass concentration of Ce–CaP NPs 
following the preparation of Ce–CaP SANP formulations. 

2.13. Statistical analysis 

Data are presented as mean value ± SEM for at least three experi-
ments. Statistical analysis was performed by One-way ANOVA followed 
by Bonferroni’s post-hoc, for multiple comparisons. Differences among 
groups were considered significant at values of P < 0.05. Analyses were 
performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, 
USA). 

3. Results and discussion 

3.1. Preparation of stabilized CaP nanoparticles (CaP NPs) 

Due to their high biocompatibility, pH-dependent dissolution 
behavior and the ability to complex various biomolecules, calcium 
phosphate nanoparticles (CaP NPs) have been extensively investigated 
as drug delivery carriers [29,30]. CaP NPs can be obtained by a 
co-precipitation method based on the rapid mixing of an aqueous solu-
tion containing calcium ions with an aqueous solution containing 
phosphate anions. However, the rapid nucleation and growth of calcium 
phosphate can result in the formation of large particles with heteroge-
nous size distributions, which makes the use of stabilizers necessary 
[30]. Examples of stabilizer molecules include sodium citrate [31,32] 
and polymers such as poly (ethylene glycol)-block-poly (aspartic acid) 
[33], poly (ethylene glycol) [34], polyvinylpyrrolidone or poly-
ethyleneimine [35], and carboxymethyl cellulose [36]. Here, we chose 
sodium citrate as a stabilizer molecule for the preparation of CaP NPs 
given its ability to chelate calcium ions [37] and investigated the effect 
of the sodium citrate concentration and the calcium:phosphate (Ca/P) 
ratio on the size of the obtained nanoparticles. 

Citrate-doped CaP NPs were prepared by mixing an aqueous solution 
containing CaCl2 and trisodium citrate with an aqueous Na2HPO4 so-
lution at various Ca:P ratios followed by incubation at 37 ◦C; dynamic 
light scattering (DLS) was used to characterize the nanoparticles in 
terms of their colloidal properties. For Ca:P ratios of 0.67 and 1.5, 
citrate-coated CaP NPs exhibited z-average diameters above 400 nm 
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when 50 mM trisodium citrate (Na3Cit) was used; smaller nanoparticles 
(z-average diameters <80 nm) could be obtained in the presence of 100 
mM trisodium citrate (Fig. 1a). The reduction in the CaP NP size with 
increasing trisodium citrate concentration may be due to the formation 
of citrate-calcium complexes which prevent the rapid nucleation and 
precipitation of CaP NPs [38]. At 100 mM trisodium citrate, nano-
particles with a z-average diameter of 160 ± 60 nm could be produced 
also for a Ca:P ratio of 1.67 whereas larger diameters (580 ± 204 nm) 
were observed for a Ca:P ratio of 0.83 (Fig. 1b). We therefore chose 100 
mM as the concentration of trisodium citrate for subsequent studies. 

3.2. Preparation of cerium-modified CaP nanoparticles (Ce–CaP NPs) 

Modifications to the CaP NP composition with other ions can be 
leveraged to provide CaP NPs with additional functionalities; for 
example, CaP NP doping with manganese, iron, or silver has been pro-
posed for magnetic resonance imaging [39,40] or anti-bacterial appli-
cations [41], respectively. In order to endow citrate-stabilized CaP NPs 
with ROS-scavening properties, we sought to include cerium ions in 
their composition by modifying the preparation protocol previously 
developed for CaP NPs. Briefly, we added Ce(NO3)3 to an aqueous so-
lution containing CaCl2 and 100 mM trisodium citrate, which was sub-
sequently mixed with an aqueous solution of Na2HPO4. The Ce–CaP NPs 
were prepared at Ca:P ratios of 0.67, 0.83, 1.5, and 1.67 and at two 
cerium:phosphate (Ce:P) ratios, namely 1.67 and 5. The excess of Ce3+ is 
expected to induce the formation of cerium oxide alongside cerium 
phosphate [42] while sodium citrate is used as a stabilizer to prevent 
nanoparticle aggregation [43]. 

DLS measurements revealed that for Ce:P = 1.67 nanoparticles with 
z-average diameters <10 nm were obtained regardless of the Ca:P ratio 
used, while for Ce:P = 5 Ca:P ratios of 0.67 and 1.67 yielded nano-
particles with z-average diameters >400 nm and were not used in sub-
sequent studies. Ce–CaP NPs with diameters of 122 ± 3 nm and 136 ± 1 
nm and PDI values below 0.25 were produced for Ce:P = 5 and Ca:P 
ratios of 0.83 and 1.5, respectively (Fig. 2). It is interesting to note that 
in the absence of cerium ions, a Ca:P ratio of 0.83 yielded nanoparticles 
with large diameters (> 500 nm) while a Ca:P ratio of 0.67 resulted in 
the formation of nanoparticles with diameters smaller than 80 nm. 
These phenomena may be ascribed to complex concentration-dependent 
interactions occurring between calcium, phosphate, cerium, and citrate 
ions upon mixing which may affect the final nanoparticle size. It is well 
known that cerium ions can form coordination complexes with citrate 
[43] and can react with phosphate anions to form cerium phosphate 
[42]; similarly, calcium can interact with both citrate and phosphate 
ions [32]. 

In order to investigate the effect of the formulation parameters on the 

final nanoparticle yield, we carried out a gravimetric analysis following 
sample lyophilization. An increase in the Ce:P ratio from 1.67 to 5 led to 
a reduction in the nanoparticle yield, with the exception of the formu-
lation prepared with a theoretical Ca:P ratio of 0.83 (Table 3). We also 
assessed the colloidal stability against aggregation of the Ce–CaP NPs 
over 21 days when stored at refrigerated temperatures. Ce–CaP NPs 
prepared with a Ce:P ratio of 1.67 and Ca:P ratios of 1.5 and 1.67 
exhibited minimal changes in the z-average diameter, which suggests a 
good colloidal stability in water, while a gradual increase in size was 
observed for Ca:P ratios of 0.67 and 0.83 (Fig. 3a). This behavior may be 
ascribed to the presence of unreacted ions able to adsorb at the nano-
particle surface and drive nanoparticle aggregation. We explored the 
possibility to lyophilize these formulations and observed minimal vari-
ations in the z-average diameter upon reconstitution of the lyophilized 
formulations in water (Fig. 3b), making lyophilization a suitable strat-
egy to extend their shelf-life. 

Ce–CaP NPs formulated with Ce:P = 5 and Ca:P ratio of 0.83 
exhibited good stability against aggregation in water, as opposed to 
Ce–CaP NPs with a Ca:P ratio of 1.5, for which a large change in the z- 

Fig. 1. (a) Z-average diameter of CaP NPs prepared with 50 mM or 100 mM trisodium citrate and Ca:P ratios of 0.67 and 1.5. (b) Z-average diameter of CaP NPs 
prepared with 100 mM trisodium citrate and varying Ca:P ratios. Data is shown as mean ± s.d. of N = 3 independent batches. 

Fig. 2. Z-average diameter (bars) and PDI (square symbols) of CaP NPs pre-
pared with varying Ca:P and Ce:P ratios. Data is reported as mean ± s.d. of N =
3 independent batches. 

Table 3 
Gravimetric yield of Ce–Ca NPs at varying Ce:P and Ca:P ratios. Values are re-
ported as mean ± s.d. of N = 3 independent batches, with n = 2 technical 
replicates for each batch.  

Ca/P 
ratio 

Ce/P 
ratio 

Gravimetric yield 
% 

Ce/P 
ratio 

Gravimetric yield 
% 

0.67 1.67 56.5 ± 1.4 5 34.9 ± 1.0 
0.83 1.67 64.7 ± 0.7 5 57.4 ± 1.5 
1.5 1.67 64.6 ± 0.2 5 35.8 ± 5.8 
1.67 1.67 56.4 ± 1.3 5 38.8 ± 2.5  
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average diameter was observed (Fig. 3c). Reconstitution of the lyophi-
lized formulations resulted in a further increase in the colloidal 
dimension of Ce–CaP NPs with Ce:P = 5 and Ca:P ratios of 0.67, 1.5, and 
1.67 (Fig. 3d), which were excluded from subsequent studies. 

3.3. Enzyme-like activity and SEM-EDS analysis of Ce–CaP nanoparticles 

Cerium-based nanomaterials have been shown to mimic the activity 
of ROS-scavenging enzymes such as peroxidase and SOD, which may be 
due to a redox cycle of Ce3+ and Ce4+ and the presence of oxygen va-
cancies at nanoparticle surface [44]. We probed the peroxidase-like 
activity of the Ce–CaP NPs by a colorimetric assay based on the redox 
reaction between 3,3′,5,5′-Tetramethylbenzidine (TMB) and H2O2 as 
previously reported [45,46]. In the presence of Ce–CaP NPs and H2O2, 
TMB is converted in a blue-colored product with absorption peaks at 370 
and 653 nm; the reaction can be stopped by the addition of 0.16 M 
sulfuric acid solution (“stop solution”), which forms a yellow diamine 
compound with a characteristic absorption peak at 451 nm [46]. Ce–CaP 
NPs with a Ce:P ratio of 5 and a Ca:P ratio of 0.83 exhibited the highest 
peroxidase-like activity, which markedly decreased for a Ca:P ratio of 
1.5; a lower Ce:P ratio resulted in a reduction in the peroxidase-like 
activity (Fig. 4a), as previously reported for cerium phosphate-cerium 
oxide nanocomposites [42]. 

Next, we assessed the SOD-like activity of Ce–CaP NPs with a 
colorimetric assay based on the formation of a formazan dye with an 

absorption peak at 450 nm following the oxidation of a water-soluble 
tetrazolium salt by superoxide anions generated by xanthine oxidase. 
A decrease in the concentration of the dye can be observed in the 
presence of SOD which converts the superoxide anion into hydrogen 
peroxide and oxygen [47]. Ce–CaP NPs with a Ca:P ratio of 0.83 and a 
Ce:P ratio of 5 exhibited the highest SOD-like activity (61.9 ± 1.4 %), 
which was higher than 56% also for the Ce–CaP NPs prepared with a Ce: 
P ratio of 1.67 and Ca:P ratios of 0.67 and 1.67 (Fig. 4b). No SOD-like 
activity could be detected for Ce–CaP NPs with a Ce:P ratio of 5 and a 
Ca:P ratio of 1.5. The observed differences in the Ce–CaP NPs peroxi-
dase- and SOD-like activity with varying Ce:P and Ca:P ratios may be 
due to variations in the structure and surface composition of the nano-
particles. Overall, these findings indicated that some of the screened 
Ce–CaP NP formulations could work as peroxidase and SOD mimics. 
Based on the results of the enzymatic activity assays, we selected the 
formulations with a Ce:P ratio of 5 (Ca:P ratio = 0.83) and Ce:P ratio of 
1.67 (Ca:P ratios = 0.67 and 1.67) for the next part of the study. 

We carried out SEM-EDX analysis to investigate the structural and 
compositional features of the Ce–CaP NPs selected from the enzymatic 
activity assays (Ce:P ratio of 5 with a Ca:P ratio of 0.83 and Ce:P ratio of 
1.67 with Ca:P ratio of 0.67 and 1.67). Two nanoparticle populations 
with subspherical morphology and sizes <50 nm or >100 nm were 
identified via SEM for all the investigated samples. The differences in the 
nanoparticle size measured by SEM and DLS may be due to nanoparticle 
aggregation in water, as previously reported for titanium oxide 

Fig. 3. Z-average diameter and PDI of Ce–CaP NPs with varying Ca:P ratios and Ce:P = 1.67 (a) or Ce:P = 5 (c) at 4 ◦C over 21 days and pre- and post-lyophilization 
(b,d). Data is shown as mean ± standard deviation of N ≥ 2 independent batches. 

Fig. 4. (a) Peroxidase-like activity of Ce–CaP NPs with varying Ca:P and Ce:P ratios at 105 μg/mL (b) SOD-like activity of Ce–CaP NPs with varying Ca:P and Ce:P 
ratios at 25 μg/mL. Data is reported as mean ± s.d. of N = 2–3 independent batches with n = 3 technical replicates. 
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nanoparticles [48]. Image analysis revealed that nanoparticles with 
sizes <50 nm represented at least 90% of the total while nanoparticles 
with sizes >100 nm represented the 5–10% of the total (Supplementary 
Figs. S1–3). 

The chemical composition of the nanoparticles was investigated by 
EDS analysis (Supplementary Table S1), from which nanoparticle for-
mulations with a Ce:P ratio of 5 (Ca:P ratio of 0.83) or a Ce:P ratio of 
1.67 (Ca:P ratio of 1.67) had a cerium content between 31 and 36%. 
Nanoparticle formulations with a Ce:P ratio of 1.67 and a Ca:P ratio of 
0.67 exhibited higher cerium content (49%). From the semi-quantitative 
EDS analysis we cannot exclude that upon dissolution of the precursor 
salts Ce3+, PO4

3− , and Ca2+ form insoluble salts such as cerium phos-
phate and calcium phosphate which precipitate as Ce–CaP NPs; the 
remaining cerium may form cerium oxide [42]. It is worth mentioning 
that the low signal for calcium and phosphorus is likely to be due to the 
Au metallization used for sample preparation for SEM. 

3.4. Formulation and characterization of Ce-SANP 

Various organic materials have been used to coat cerium-based 
nanomaterials to improve nanoparticle serum stability against aggre-
gation and cellular uptake, as well as to provide a handle for surface 
functionalization [49–54]. We investigated whether it was possible to 
form SANP by mixing Ce–CaP NPs with DOTAP:CerPEG liposomes to 
obtain cerium-doped SANP (Ce-SANP). The liposomes had a z-average 

diameter of 128 ± 2 nm, a PDI of 0.09 ± 0.02, and a zeta potential of 
+61 ± 3.5 mV. Mixing and incubation of the liposomes with the Ce–CaP 
NPs selected in the first part of the study yielded SANP with z-average 
diameters <150 nm and a PDI <0.2 (Fig. 5b); the Ce-SANP formulations 
were negatively charged, with zeta potentials < − 35 mV (Fig. 5c). The 
resulting hydrodynamic diameter and surface charge of Ce-SANP for-
mulations differed from those of the liposomes and may be indicative of 
structural reorganization of the components upon mixing as previously 
reported [55]. 

Then, we evaluated the peroxidase- and SOD-like activity of Ce- 
SANP formulations to assess whether they retained the enzyme-like 
activity of bare Ce–CaP NPs. In analogy to what we observed for the 
Ce–CaP NPs, the Ce-SANP exhibited similar peroxidase-like activity 
(Fig. 5d) and SOD-like activity (Fig. 5e) to bare Ce–CaP NPs, which 
suggests that these nanoparticle formulations could be used for ROS 
scavenging applications. The enzyme-like properties of Ce–CaP NP for-
mulations were not influenced by the presence of the lipid coating, as 
previously reported [56]. 

In order to assess the colloidal stability of Ce-SANP formulations in 
biological fluids, we incubated the formulations for 4 h at 37 ◦C in a 1 w/ 
v % BSA solution. The mean hydrodynamic diameter of the Ce-SANP 
formulations was measured via DLS at T0, 30 min and 4 h post- 
incubation in an aqueous BSA solution; nanoparticles diluted in a 150 
mM NaCl solution were used as a positive control. A large increase in the 
hydrodynamic diameter was observed for Ce-SANP obtained by mixing 

Fig. 5. Physico-chemical characterization of Ce-SANP. (a) Z-average diameter (bars), PDI (square symbols), and (b) zeta potential of Ce-SANP obtained by mixing 
cationic liposomes and Ce–CaP NPs with varying Ca:P and Ce:P ratios. Data is reported as mean ± s.d. of N = 2–3 independent batches. (c) Peroxidase-like activity of 
Ce-SANP with varying Ca:P and Ce:P ratios at 105 μg/mL (d) SOD-like activity of Ce-SANP with varying Ca:P and Ce:P ratios at 25 μg/mL. Data is reported as mean 
± s.d. of N = 2–3 independent batches with n = 3 technical replicates. 
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cationic liposomes and Ce–CaP NPs with a Ce:P = 1.67 and Ca:P = 0.67 
30 min post incubation at 37 ◦C, which is indicative of poor colloidal 
stability in both the NaCl and BSA solutions (Fig. 6). Negligible changes 
in the hydrodynamic diameter were observed for Ce-SANP formulations 
containing either Ce–CaP NPs with Ce:P = 1.67 and Ca:P = 1.67 or 
Ce–CaP NPs with Ce:P = 5 and Ca:P = 0.83, suggesting that these for-
mulations may be suitable for intravenous administration. 

It is worth mentioning that while we included a PEGylated lipid 
(Cer16-PEG2000) in the nanoparticle formulation to ensure the colloidal 
stability of the nanoparticles, PEG-based surfactants may be prone to 
auto-oxidation reactions [57]. This aspect has been recently investigated 
by Friedl and co-workers, who determined the hydroperoxide and 
aldehyde content upon UV-B irradiation of PEG-, polyglycerol (PG)-, and 
saccharide-based surfactants used as stabilizers in nanoparticle formu-
lations [57]. Although auto-oxidation reactions for Cer16-PEG2000 have 
not been investigated, a future perspective of this study could be the 
determination of its tendency to undergo auto-oxidation reactions and 
consider alternative surfactants with a reduced tendency to form 
hydroperoxides. 

3.5. Cell viability and ROS-scavenging activity of Ce–CaP SANP 
formulations 

For in vitro studies, we chose HepG2 cell line since it represents the 
most common model to evaluate drug metabolism and toxicity with high 
similarity to primary human hepatocytes [58–60]. Moreover, it is an 
appropriate tool to determine oxidative stress and related mitochondrial 
dysfunction [61]. Here, we first showed that Ce–CaP SANP formulations 
did not affect cell viability at the range of tested concentrations (30–300 
μg/mL) after 24 h of treatment, regardless of the Ca:P and Ce:P ratios 
(Fig. 7). 

Therefore, we evaluated the effect of the cerium-based NPs on 
oxidative damage induced in HepG2 by a pro-oxidant challenge. We 
demonstrated that all Ce–CaP SANPs markedly reduced ROS production 
in HepG2 cells in a concentration-dependent manner (Fig. 8), confirm-
ing the potential SOD-like activity of these formulations. 

4. Conclusions 

Here, we designed a self-assembling nanoparticle platform with 
antioxidant properties for ROS scavenging to limit oxidative damage in 
HepG2 cells. We modified the calcium phosphate core of the nano-
particles with cerium by preparing cerium-doped CaP NPs, whose hy-
drodynamic diameters and PDI were affected by the relative ratios 
between calcium, phosphate, and cerium. Most of the formulations 
exhibited good colloidal stability against aggregation for 21 days when 
stored at 4 ◦C, as well as upon reconstitution in water following 
lyophilization. The relative ratios among calcium, phosphate, and 
cerium could also dictate the peroxidase- and SOD-like activity of the 

cerium-doped CaP NPs. Mixing with cationic liposomes yielded cerium- 
doped SANP formulations, which exhibited z-average diameters < 150 
nm, low PDI, and a negative surface charge. Cerium-doped SANP 
showed good stability against aggregation when incubated at 37 ◦C in 
the presence of serum proteins up to 4 h in a composition-dependent 
manner. The peroxidase- and SOD-like activity of the Ce–CaP NPs 
exhibited minimal variations upon mixing with the cationic liposomes. 
Cerium-doped SANP did not affect cell viability and reduced the ROS 
production in a concentration-dependent manner in HepG2 cells 
exposed to H2O2 as oxidative stressor. Future studies will be focused on 
loading the cerium-doped SANP formulations with RNA-based and/or 
conventional drugs used for the treatment of chronic liver diseases to 
evaluate in vitro and in vivo the potential of several multi-modal 
therapies. 
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