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Albenc Nexha , Francesc Díaz , Magdalena Aguiló , Maria Cinta Pujol , Joan Josep Carvajal * 
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A B S T R A C T   

Yttrium oxide nanocrystals with different sizes and shapes, are synthesized via thermal decomposition and 
digestive ripening-assisted methodologies. From the thermal decomposition methodology, nanotriangles and 
nanohearts, with lateral sizes around 25 nm and 35 nm, respectively, are produced. From the digestive ripening 
methodology, self-assembled nanodiscs with diameters up to 22 nm and thicknesses down to their unit cell, were 
synthesized. After rendering these nanocrystals water soluble, their ability to scavenge harmful hydroxyl radi
cals, is tested by applying a Fenton assay. Several factors affected the scavenging properties of these nanocrystals, 
including their concentration, morphology, and dopants. The antioxidant properties were enhanced for con
centrations up to 1 mg mL− 1. Higher concentrations induced oxidant properties. Nanotriangles were able to 
scavenge more hydroxyl radicals compared to the other two shapes due to their higher surface area. Adding 
dopants into the nanotriangles, such as Er3+ and Yb3+, enhanced further the scavenging properties. The scav
enging properties of yttrium oxide nanocrystals were comparable to state of the art cerium oxide particles, which 
opened the avenue to explore further the capabilities of these nanocrystals as ex-vivo scavengers. In this vein, an 
ex-vivo experiment was designed as a proof of concept to prove the hydroxyl radical scavenging properties of 
yttrium oxide nanoparticles in biological media.   

1. Introduction 

Reactive oxygen species (ROS) are unstable chemicals, which react 
quickly with other molecules within a medium [1–6]. Among them, 
hydroxyl radicals (•OH) are the strongest oxidants [1,2]. When the 
concentration of these radicals exceeds a certain level in biological 
media, a series of irreversible damages are initiated, including oxidative 
stress, mutations and cell death [7–10]. The generation of these radicals 
is triggered by the interaction of biomolecules containing metals such as 
Cu+ or Fe2+, with hydrogen peroxide (H2O2) [1,2,10,11]. For example, 
during chronic alcoholic consumption, the levels of Cu+ or Fe2+ in the 
cells are increased, which promotes the generation of •OH species [12, 
13]. Thus, quantification and regulation of the levels of •OH under 
physiological conditions, is a crucial, yet challenging task. 

Strategies to control and prevent the generation of •OH are 
addressed by the development of antioxidant agents. These agents are 
applied in multiple fields ranging from therapies to food and industrial 
technologies. For example, antioxidants are applied to the treatment of 
hypertension [14], or brain injuries [15]. In food technology, they are 
key components in preserving the quality of fats, oils and lipids by 

suppressing oxidation reactions of their unsaturated components [16]. 
They are also applied as stabilizers in fuels to prevent oxidation, and in 
gasolines to avoid polymerization, a process that leads to the formation 
of engine-fouling residues [17]. Therefore, the development of new 
materials as potential antioxidant agents is highly demanded in multiple 
areas. 

The main class of antioxidant compounds that have been extensively 
investigated are defective metal oxide nanoparticles due to their rich 
active sites and excellent stability [2,18]. Typical types of metal oxide 
nanoparticles applied as antioxidants involve transition [19–22], and 
lanthanide metals [13,23–28]. Among these, lanthanide based oxides 
have triggered the development of antioxidants, with the principal 
material being cerium oxide, CeO2 (also known as ceria). Ceria particles 
have been established as antioxidant agents, due to their ability to 
switch between Ce4+ and Ce3+ oxidation states on their surfaces [13,25, 
29]. In parallel, their good biocompatibility properties have boosted 
their applicability, for example towards prevention of retinal degrada
tion induced by intracellular peroxide molecules [30], protection from 
radiation-induced pneumonitis [31], treatment of hepatocellular carci
noma [32], and generation of cardio protective effects [33]. The 
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antioxidant properties of ceria particles are closely related to their size 
and shape, the coating and charge of the surface, doping, oxygen va
cancies, and other external factors including the pH of the medium or 
the nature of the buffer [34]. 

Herein, we analyze the antioxidant properties of yttrium oxide 
(Y2O3, also known as yttria) nanocrystals as a potential •OH scavenger. 
Schubert et al.[35] not only highlighted the ability of yttria to protect 
nerve cells from oxidative stress, but concluded that these particles have 
superior antioxidant properties compared to ceria. Additional studies 
suggest that yttria particles prevent photoreceptors death in a 
light-damage model of retinal degeneration [26], and reduce the 
severity of acute pancreatitis [36]. These nanoparticles were also 
investigated as prophylactic and therapeutic antioxidant agents on heat 
stressed models [37]. Yttria can also act as host material for doping 
[38–44], due to its broad transparency range (0.2–8 µm), with a wide 
band gap of 5.6 eV, and low phonon energy [45,46]. In addition, yttria 
nanoparticles are benign in in-vitro [35], or in-vivo systems [47], which 
renders them as potential candidate for biomedical applications. Yttria, 
as ceria, displays some degree of nonstoichiometry [48,49]. The non
stoichiometric characteristics of yttria are exhibited under normal con
ditions of temperature and pressure [50,51], and can be visualized 
through the absorption of water and carbon dioxide from the atmo
sphere [52]. Up to date, it is believed that are these nonstoichiometric 
characteristics that renders yttria its antioxidant properties [35]. 

Concerning antioxidant experiments based on optical absorption 
spectroscopy, the ability of yttria particles to scavenge 2,2-diphenyl-1- 
picrylhydrazyl (•DPPH) radicals, was reported [53]. Nevertheless, 
these particles were synthesized under calcination at high temperatures 
(such as at 723 K [37], 973 K or 1173 K [53]), of yttrium (III) precursors. 
This process resulted in agglomerated particles with no control over 
their size or shape. In addition, up to now, there are no reports evalu
ating the antioxidant properties of yttria nanoparticles as a function of 
their sizes and shapes. Furthermore, studies evaluating •OH scavenging 
properties of yttria nanocrystals via the Fenton assay, are lacking. By 
analysing the antioxidant properties of yttria particles with this method, 
would allow for a better comparison with already reported ceria 
antioxidants. 

We evaluated •OH scavenging properties of yttria nanocrystals 
through the Fenton assay, as a function of their sizes and shapes. 
Different sizes and shapes of yttria nanocrystals were synthesized by 
applying wet chemical methodologies, including thermal decomposition 
and digestive ripening. In addition, we explored the effect of dopants, 
embedded within the yttria host, on the radical scavenging capacity and 
compared their antioxidant activity with state of the art ceria nano
particles. We also performed ex-vivo experiments with the goal of 
determining if yttria can prevent the generation of •OH within biolog
ical mediums. 

2. Experiments 

2.1. Materials 

Yttrium acetate hydrate (Y(CH3CO2)3⋅H2O as Y(Ac)3⋅H2O, purity 
99.99%), erbium acetate tetrahydrate (Er(CH3CO2)3⋅4 H2O as Er(Ac)3⋅4 
H2O, purity 99.99%), oleylamine (C18H35NH2, as OLAM, purity 70%), 
methyl violet (MV), iron sulfate pentahydrate (FeSO4⋅7 H2O), and Tris- 
HCl buffer (pH=4.5), were purchased from Sigma Aldrich. Ytterbium 
acetate tetrahydrate (Yb(CH3CO2)3⋅4 H2O as Yb(Ac)3⋅4 H2O, purity 
99.99%), was purchased from Apollo Scientific. Oleic acid 
(CH3(CH2)7CH=CH(CH2)7COOH, as OLAC, purity 90%), 1-octadecene 
(CH3(CH2)15CH=CH2 as ODE, purity 90%), hexane (99%), and sodium 
nitrate (NaNO3, 99%) were purchased from Alfa Aesar. Sodium chloride 
(NaCl), H2O2 (30 wt%) and ethanol (EtOH) were purchased from Merck 
and VWR Chemicals, respectively. 

2.2. Synthesis of yttrium oxide nanocrystals 

Yttria nanocrystals with the shape of branched nanotriangles and 
irregular particles resembling a heart (hereafter nanohearts), were 
synthesized via a thermal decomposition method, as previously reported 
[54]. In a typical synthesis of undoped Y2O3 branched nanotriangles, 
2.5 mmol of Y(Ac)3⋅H2O and 4 mmol of NaNO3 were added to a mixture 
of 25 mmol OLAC, 25 mmol OLAM and 15 mmol ODE in a three-neck 
flask. The reaction mixture was degassed at 393 K for 0.5 h to ensure 
the removal of residual oxygen species and complexation of lanthanide 
ions with the organic surfactants. After switching to nitrogen atmo
sphere, the mixture was heated at 583 K and maintained at this tem
perature for a period of 0.5 h. The reaction was cooled down naturally to 
room temperature. Purification was conducted through the addition of 
ethanol, followed by centrifugation at 5000 rpm during 10 min and 
redispersion of the precipitates in hexane. This purification cycle was 
repeated three times. For the synthesis of doped nanotriangles, the 
methodology was the same, except that 2 mol% Er(Ac)3⋅4 H2O and 10 
mol% Yb(Ac)3⋅4 H2O (or 4 mol% Er(Ac)3⋅4 H2O and 4 mol% Yb(Ac)3⋅4 
H2O) substituting partially Y(Ac)3⋅H2O, were introduced at the begin
ning of the reaction. For the synthesis of undoped yttrium oxide nano
hearts, the methodology was identical, except that the reaction mixture 
was treated at 583 K for a period of 2 h. 

Yttria nanocrystals with the shape of self-assembled nanodiscs were 
synthesized via a digestive ripening method, adapted with slight 
modification from a previously reported work [55]. In a typical syn
thesis, 0.2 mmol Y(Ac)3⋅H2O, 0.1 mmol of NaCl and 45 mmol of OLAM, 
were added to a three-neck flask and heated at 553 K using a ramp of 15 
K min− 1 under protective nitrogen atmosphere. At 553 K, 15 mmol of 
OLAC were swiftly injected in the reaction flask and the reaction mixture 
was allowed to age for 1 h, prior to cooling down naturally at room 
temperature. The product of the reaction was extracted by adding 
ethanol to the solution, followed by centrifugation at 4000 rpm for 10 
min, after which the supernatant was discarded, and the precipitate was 
redissolved in hexane. The purification cycles were repeated until the 
discarded supernatant was colourless. The final products of all the re
actions analysed could be either stored as a dispersion or as a solid 
powder by evaporating the liquid in a muffle furnace at 333 K for 4 h. 

2.3. Preparation of water dispersible yttrium oxide nanocrystals 

Water dispersible Y2O3 nanocrystals were prepared by treating the 
as-synthesized particles under acidic conditions, as reported elsewhere 
[56]. Briefly, 60 mg of the as-synthesized dried nanoparticles were 
dispersed in 30 mL of a solution of HCl and ethanol with pH adjusted to 
1.0. The mixture was sonicated for 1 h. Ligand free nanoparticles were 
obtained after centrifugation at 6500 rpm for 10 min and washing with a 
HCl/ethanol solution, with pH adjusted to 4.0. Several washing cycles 
lead to the final dispersion of these nanoparticles in distilled water. 

2.4. Hydroxyl radical scavenging properties 

The antioxidant properties of the nanocrystals were analyzed by 
investigating their capability to scavenge •OH from Fenton reagents in a 
MV solution. Stock water solutions of MV (1 mM), Tris-HCl buffer (0.5 
M), FeSO4⋅7 H2O (0.45 mM), H2O2 (2 M) and water dispersions of yttria 
nanoparticles of different shapes (nanotriangles, nanohearts or nano
discs with 20 mg mL− 1 concentration each), were prepared separately 
before the photometric analysis. A reaction solution with a final volume 
of 4 mL was prepared, composed of 1.2⋅10− 5 M MV, 0.15 mM FeSO4⋅7 
H2O, 1.0 M of H2O2, 0.1 M Tris-HCl buffer [24,28,29], to which 0.1 to 2 
mg mL− 1 water dispersible yttria nanoparticles were added. These 
concentrations of the nanoparticles were inspired from similar tests 
conducted for ceria, a classical antioxidant oxide with a similar structure 
and properties than yttria [57]. The reaction solution was thoroughly 
mixed by sonicating it for 5 min prior to the UV–VIS absorbance 
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measurements using a UV–VIS-NIR Cary 5000 spectrophotometer. All 
experiments were repeated three times, and the results reported are the 
average values of these repeated experiments. 

2.5. Ex-vivo scavenging properties 

For the ex-vivo experiments, the decomposition of H2O2 by liver 
catalase and the role of the yttria nanoparticles as antioxidant agents 
were explored. Within these experiments, an exothermic reaction takes 
place when liver catalase reacts with H2O2, accompanied by the for
mation of foam [58]. In the experiments we used fresh fat pig liver, 
distilled water, yttria nanoparticles and H2O2. 

In a typical ex-vivo experiment, different quantities of fresh fat pig 
liver, distilled water, yttria nanoparticles and H2O2, were added in this 
order. The optimal quantities were evaluated by tracking the reaction 
solution through absorbance measurements in a UV–VIS-NIR Cary 5000 
spectrophotometer, with the goal of observing the evolution of the ab
sorption band of liver catalase, and by recording the temperature within 
the solution through a platinum and platinum-10% rhodium thermo
couple connected to a digital multimeter. Fresh fat pig liver was smashed 
by a blender. Smashed liver, 70 mg, was dispersed in distilled water (5.5 
mL) by sonicating it for a period of 0.5 h. Analysis were acquired within 
a period of 5 min to avoid flocculation of the smashed liver within the 
solution. All experiments were repeated three times, and the results 
reported are the average values of these repeated experiments. 

Within the aqueous solution of the smashed liver, we initially tested 
the effect of different volumes of H2O2 and monitored the absorbance of 
liver. In addition, here an exothermic reaction takes place. The tem
perature changes within a period of 5 min were recorded using the 
thermocouple. After that, we tested the effect of the addition of undoped 
and Er3+, Yb3+ codoped yttria nanoparticles on the reaction to analyze 
their antioxidant properties in this biological system. 

2.6. Characterizations 

The crystalline structures of the as synthesized and acid treated 
particles were investigated by X-ray powder diffraction (XRPD). The 
measurements were made using a Siemens D5000 diffractometer (with 
Bragg-Brentano parafocusing geometry and a vertical θ-θ goniometer) 
fitted with a curved graphite diffracted-beam monochromator, incident 
and diffracted-beam Soller slits, a 0.06◦ receiving slit, and a scintillation 
counter as detector. The angular 2θ diffraction range was set between 5◦

and 70◦. The data were collected with an angular step of 0.05◦ at 3 s per 
step with sample rotation to increase the statistics of the signal collected. 
Cu Kα radiation was obtained from a copper X-ray tube operated at 40 kV 
and 30 mA. 

The size and shape of the nanoparticles were investigated by electron 
microscopy. The images were acquired using a JEOL JEM-1011 trans
mission electron microscope (TEM) operating at an accelerating voltage 
of 100 kV. For the preparation of the samples, the nanocrystals were 
dispersed in hexane (for the as-synthesized nanoparticles), and in 
distilled water (for the acid treated nanoparticles). Around 7 μL of these 
dispersions were placed on the surface of a copper grid covered by a 
holey carbon film (HD200 copper formvar/carbon). Their size distri
butions were determined using the Image J software after analysing over 
100 nanocrystals. 

The ligands present on the surfaces of the as-synthesized and acid 
treated nanoparticles were investigated using Fourier Transform 
Infrared (FT-IR) spectroscopy. The spectra were recorded in the range of 
400–4000 cm− 1 in a FT-IR IluminatIR II, Smith spectrophotometer. 

3. Results and discussion 

3.1. Synthesis of yttrium oxide nanocrystals 

Yttria nanocrystals of different sizes and shapes were synthesized via 

wet chemical methodologies, namely thermal decomposition and 
digestive ripening. Via the thermal decomposition [54], branched 
nanotriangles (Fig. 1(a), and Fig. S1 at SI) and nanohearts (Fig. 1(b)), 
were obtained as final products. The branched nanotriangles have an 
average lateral dimension of 25 ± 2 nm (Fig. 2(a)), whereas the nano
hearts are in the range of 35 ± 3 nm (Fig. 2(b)). For the nanocrystals 
synthesized via the digestive ripening method [55], the shape matches 
that of self-assembled nanodiscs (Fig. 1(c)), with a mean diameter of 22 
± 7 nm (Fig. 2(c)) and a thickness close to the unit cell dimensions (1 ±
0.1 nm), as determined by the TEM images (Fig. S2 at SI). 

In order to make these nanocrystals compatible for radical scav
enging assays in biological environments, water dispersible particles 
were prepared [2]. To achieve this, the as-synthesized nanocrystals, 
were treated under acidic conditions to remove the capping organic 
surfactants [56]. The sizes and shapes of the nanocrystals obtained after 
this treatment were examined by TEM. The acidic treatment substan
tially affected the shapes of the nanoparticles. For the branched nano
triangles, their shape has changed to an almost irregular one, with the 
edges totally extinct (Fig. 1(d)). In addition, these nanoparticles tend to 
agglomerate, probably due to the absence of coating organic surfactants. 
Concerning the size, they are similar to the as-synthesized nanotriangles, 
around 26 ± 3 nm (Fig. 2(a)). On the other hand, the shape and sizes 
(36 ± 10 nm, Fig. 2(b)) of the nanohearts is maintained (Fig. 1(e)), 
although they also tend to aggregate. Self-assembled nanodiscs display 
radical changes. It seems that their ability to self-assemble is only 
maintained due to the presence of oleic acid moieties attached to their 
surfaces. This is proved by determining the disc-to-disc distance (around 
3.8 nm: Fig. S2 at SI) [55,59], which matches with the double of the 
projected distance of the cis-oleic acid molecule [60]. After the acidic 
treatment, the surfactant is removed from the surface of the nanodiscs, 
which in turn, disassemble (Fig. 1(f)). As a result, disc shaped particles 
with average diameters around 7 ± 3 nm are obtained (Fig. 2(c)). 

Regardless of the shape and size of the nanocrystals and if they have 
been treated with acid or not, their crystalline structures match with 
data described elsewhere [54,55]. In general, the XRPD patterns are 
composed of broad peaks, attributed to the small sizes of the nano
crystals. In addition, it could be noticed the absence (in the 
self-assembled nanodiscs) or the presence (in the branched nano
triangles and nanohearts) of the (400) peak, which indicates the crys
tallographic orientation of the observed morphologies [54,55]. For the 
branched nanotriangles and nanohearts, the planes are aligned 
perpendicular to the [400] direction [54], whereas for the 
self-assembled nanodiscs, the orientation is towards the [100] direction 
[55]. 

We also analyzed the ligands attached to the surface of the yttria 
nanocrystals by FT-IR. The as-synthesized nanocrystals show the pres
ence of oleic acid moieties on their surfaces. Oleic acid does not appear 
in its pure form, confirmed by the absence of the characteristic band of 
the -C––O stretching mode usually located at 1710 cm− 1. This band is 
replaced by bands appearing at 1580 cm− 1 and 1435 cm− 1 for the 
branched nanotriangles and nanohearts. On the other hand, for the self- 
assembled nanodiscs, bands at 1605 cm− 1 and 1420 cm− 1 (yellow lines 
in Fig. 3(b)), are appearing. These bands are ascribed to the antisym
metric and symmetric stretching vibrations of the deprotonated car
boxylic group (COO-) [61]. This is an indication that OLAC molecules 
were deprotonated into carboxylates anions due to the promotion of 
OLAM [61]. The absence of OLAM is expected, as the role of this sur
factant is to catalyze the deprotonation of OLAC [62]. This observation 
is in line with other articles that confirm that no FT-IR spectral features 
characteristics of an amine-containing species are detected [61,63,64], 
even when in the reaction only OLAM is employed [65]. The peaks at 
2850 and 2924 cm− 1 are assignable to the symmetric and the antisym
metric methylene group stretches (νs (-CH2) and (νas (-CH2)) of OLAC 
[64,66]. A very weak shoulder around 2924 cm− 1 is assigned to the 
antisymmetric methyl stretch νas (-CH3). 

For the particles treated under acidic conditions, the FT-IR spectrum 

A. Nexha et al.                                                                                                                                                                                                                                  



Journal of Alloys and Compounds 980 (2024) 173565

4

reveals that the intensity of most of these bands are weakened. For 
example, the shoulder band at around 2924 cm− 1 and 2850 cm− 1 or the 
carboxylate bands at 1580 cm− 1 and 1435 cm− 1 have decreased (gray 
dotted lines in Fig. 3(b)). The weakening of the organic ligand bands is in 
accordance with what has been observed in the acidic treatment of other 
types of nanoparticles, capped with oleic acid moieties such as NaYF4 
[56], Mn3O4 [67], and Fe3O4 nanoparticles [68]. In addition, the 
appearance of a broad band around 3400 cm− 1 is detected. It is assigned 
to the O-H stretching band of water [69]. These results confirm that we 
modified the surface of the nanoparticles to facilitate their dispersibility 
in water. 

3.2. Hydroxyl radical scavenging properties of yttrium oxide nanocrystals 

The antioxidant properties of water dispersible yttria nanocrystals 
were determined by their ability to scavenge •OH produced in the 
Fenton assay, using MV as a chromogenic agent. In this assay, the 
decomposition of H2O2 in the presence of metal ions such as Cu+ or Fe2+, 
leads to the generation of •OH [2,70,71]. The result of this reaction is 
reflected by a decoloration of MV solution, since MV, dissolved in water, 
displays a purple color with a maxim absorbance located at 590 nm 
[72]. The Fenton reagents, Fe2+ and H2O2 under acidic, neutral or basic 
conditions [24,70,71,73], can react to generate •OH. These radicals can 
quickly interact with MV by attacking its –C––C– bond, oxidizing the 
purple MV into colorless MV [24,70,71,73]. This oxidation process is 
manifested by a decrease of the absorbance of MV [13,28,29]. When the 

Fig. 1. TEM images of as-synthesized and acid treated Y2O3 nanoparticles: (a), (d) branched nanotriangles, (b), (e) nanohearts, and (c), (f) nanodiscs.  
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antioxidant agent is added, it prevents the decoloration MV solution by 
scavenging •OH. This reaction is easy followed by optical absorption 
spectroscopy [2,70,71]. 

The ability of yttria nanocrystals to prevent the degradation of MV 
from •OH is monitored via optical absorption spectroscopy. For the UV- 
Vis experiments, first, we determined the absorbance of MV, dispersed 
in distilled water with a concentration of 1.2⋅10− 5 M, as a function of 
time. Results reveal that, within a time frame of at least 30 min, long 
enough to perform the Fenton reaction, no change in the absorbance of 
MV could be detected (Fig. S3 (a) at SI). Then, a new solution containing 
MV, H2O2 (1 M concentration) and Y2O3 (nanotriangles with a con
centration 0.1 mg mL− 1), in the absence of the Fenton reagents, was 
prepared and the absorbance was measured. No differences were 
observed with respect to MV in distilled water only (Fig. S3 (b) at SI), 
indicating that in the absence of Fe2+ ions, the Fenton reaction cannot 
take place, and thus, •OH could not be generated. 

When Fe2+ ions are added to a new solution with MV, H2O2 and Y2O3 
(same concentrations as above), the Fenton reaction takes place and 
•OH can be generated within the medium. Fig. 4(a) displays the com
parison of the absorbance spectra of a solution containing only MV in 
distilled water (purple line), a solution containing MV, Fe2+ ions at a 
0.15 mM concentration, and H2O2 at a 1 M concentration (Fenton 

Fig. 2. Size distribution of as-synthesized (in yellow) and acid treated (in gray) 
Y2O3 nanoparticles: (a) branched nanotriangles, (b) nanohearts, and 
(c) nanodiscs. 

Fig. 3. (a) XRPD and (b) FT-IR of as-synthesized (in yellow) and acid treated 
(in grey) Y2O3 nanoparticles. The reference card of cubic Y2O3 (JCPDS 
25–1200) is included for comparison. 
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reaction in brown line), and a Fenton reaction solution to which yttria 
nanotriangles were added with a concentration of 0. 1 mg mL− 1 (blue 
line), inspired from previously reported investigations on ceria [13,24, 
29]. The incubation time in all scenarios has been less than 2 min. 
Clearly, a decrease in the intensity of the peak of maximum absorbance 

after the Fenton reaction was observed, suggesting that MV molecules 
have been oxidized. When yttria nanoparticles are introduced into the 
solution, the intensity of the absorbance recovers part of its value. These 
results show the ability of our yttria nanoparticles to scavenge part of 
•OH and protect MV from further oxidation. 

Fig. 4. Absorbance spectra of methyl violet: (a) in distilled water, in the Fenton reaction solution, and with the addition of yttria nanoparticles; (b) tuning the 
concentration of yttria nanoparticles in the Fenton reaction from 0.1 mg mL− 1 to 1 mg mL− 1; (c) tuning the concentration of yttria nanoparticles in the Fenton 
reaction from 1 mg mL− 1 to 2 mg mL− 1; (d) tuning the morphology of yttria nanoparticles (nanotriangles with average sizes of 26 ± 3 nm, nanohearts with average 
sizes of 36 ± 10 nm and nanodiscs with an average diameter of 7 ± 3 nm; (e) doping ions incorporated in the yttria nanotriangles(4 mol% Er3+, 4 mol% Yb3+ and 
2 mol% Er3+, 10 mol% Yb3+). (f) Pictures displaying the change in color of the methyl violet in distilled water (left), in the Fenton reaction solution without the 
nanoparticles (middle) and with 2 mol% Er3+, 10 mol% Yb3+ doped yttria nanotriangles (right). 
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It has been recently reported that several factors can significantly 
affect the antioxidant activity of the nanocrystals [74]. One of these 
factors is the concentration of nanocrystals added in the reaction. Lu et 
al.[74] found that when increasing the concentration of ceria nano
particles up to 20 µM, the antioxidant properties exhibited by these 
nanoparticles are improved. Nevertheless, an additional increase of the 
concentration until 50 µM lead to the disappearance of the antioxidant 
properties, and instead, an enhancement of the oxidant activity was 
observed [74]. Following this idea, we tuned the concentration of yttria 
nanotriangles to determine which concentration scavenged most effec
tively the formation of •OH in the Fenton reaction. 

Results reveal that the antioxidant properties of Y2O3 nanoparticles 
depend on their concentration (Fig. 4(b), (c)). For concentrations up to 
1 mg mL− 1, their capacity to prevent the generation of •OH increases, 
achieving a maximum for a concentration of 1 mg mL− 1 (Fig. 4(b)). 
Instead, a further increase of the concentration up to 2 mg mL− 1, causes 
a decrease in the antioxidant activity of the nanoparticles (Fig. 4(c)) 
until they disappear totally, and further oxidation of MV is observed. 
Thus, a concentration of 1 mg mL− 1 seems to be the optimal concen
tration to maximize the antioxidant activity of the yttria nanotriangles. 

We also analyzed the effect of the shape and size of the yttria 
nanoparticles on their antioxidant properties, fixing their concentrations 
to 1 mg mL− 1. Distorted nanotriangles exhibited better antioxidant 
properties compared with the other morphologies (Fig. 4(d)). Nano
hearts exhibited the smallest antioxidant capacity. We believe this can 
be related to the surface area of the particles. Another possibility is that 
they are related to the presence of oxygen vacancies in these yttria 
particles. Despite we did not determine the concentration of oxygen 
vacancies in our nanocrystals, it is generally accepted that irregular 
nanocrystals tend to accumulate more oxygen vacancy defects on their 
surfaces [2,28], which in turn would increase the scavenging of •OH. 

Having established nanotriangles as the best antioxidant agent 
among the yttria nanocrystals synthesized, we finally analyzed if the 
incorporation of lanthanide dopants in the nanoparticles plays any role 
on the antioxidant properties exhibited by them. It has been reported 
that yttria can incorporate lanthanide ions as dopants within its struc
ture replacing Y3+ ions [38–44]. Additionally, other studies suggest that 
the introduction of lanthanide dopants in ceria nanoparticles can 
enhance their antioxidant properties [13,27]. 

We tested the antioxidant properties of Er3+ and Yb3+ co-doped 
yttria nanotriangles. The doped particles were synthesized through the 
same thermal decomposition method, and no changes were observed in 
the crystalline structure (Fig. S4 (a) at SI). However, when comparing 
the morphology of the undoped and doped nanocrystals, clearly, for the 
doped ones, slight distortions from the general branched nanotriangle 
shape, are detected (Fig. S4 (b) at SI), suggesting that dopants can induce 
irregularities in shape. We explored two different doping concentra
tions, 4 mol% Er3+, 4 mol% Yb3+ and 2 mol% Er3+, 10 mol% Yb3+. It 
has been reported that dopants can generate also changes in the lattice 
constants of the host matrices, leading to an increase of the concentra
tion of oxygen vacancies, causing eventually an enhancement of their 
antioxidant properties [13,27,34]. Indeed, we observed an increase of 
the antioxidant properties of the Er3+ and Yb3+ doped yttria nano
triangles when compared to the undoped ones, and these antioxidant 
properties were slightly better when the quantity of dopants was higher 
(Fig. 4(e)). The ability of these particles to prevent the degradation of 
MV could be easily detected by naked eye. Fig. 4(f) shows a picture of a 
MV solution before the Fenton reaction (left), when the Fenton reaction 
takes place without adding yttria particles (middle) and when the Fen
ton reaction takes place in the presence of yttria particles (right). 

To compare the antioxidant performance of our yttria nanoparticles 
with that of ceria nanoparticles, we considered the comparison between 
the maximum intensity of the absorption band of MV under the different 
reaction conditions, as previously proposed [74]. Taking as reference 
the value of the maximum intensity of the absorption band of MV in 
distilled water, ΔA is defined as the drop in the intensity of this peak 

under the Fenton reaction conditions (Fig. 5(a)). From another side, Δa 
corresponds to the decrease in the intensity of this peak when the 
antioxidant particles are added to the solution (Fig. 5(a)). Then, the 
evaluation of the performance of the nanoparticles as antioxidant agents 
is based on the ratio between Δa and ΔA [29,74]. If the nanoparticles 
can prevent the formation of •OH, the value of Δa should be smaller 
than ΔA [29,74]. Therefore, the smaller the value of this ratio, the 
stronger the •OH scavenging properties of the nanocrystals [29,74]. 

Fig. 5(b) depicts the values of Δa/ΔA ratio for our yttria nano
particles, together with that of ceria nanoparticles extracted from 
literature. Several conclusions can be drawn. First, doped nanoparticles, 
including 2 mol% Er3+, 10 mol% Yb3+ and 4 mol% Er3+, 4 mol% Yb3+

doped yttria, and 10 mol% lanthanum (La3+) doped ceria [13], exhibit 
lower values for this ratio, i.e. better antioxidant properties, compared 
to the corresponding undoped particles. Hence, the use of doped ceria or 

Fig. 5. (a) The model for the determination of the antioxidant capacity of the 
nanocrystals by considering the changes in the maximum of absorbance for MV, 
using as an example 2 mol% Er3+,10 mol% Yb3+ doped yttria nanotriangles. (b) 
Data chart displaying the antioxidant performance of the different nanocrystals 
based on the ratio between Δa and ΔA. On the data chart are included yttria 
based nanocrystals produced within this study showed with their corresponding 
shapes, and cerium oxide nanocrystals: 5–10 nm CeO2 nanoparticles and 
20–25 nm CeO2 nanocubes [74], chitosan coated CeO2 nanoparticles [57], and 
10 mol% lanthanum (La) doped ceria nanocubes [13]. 

A. Nexha et al.                                                                                                                                                                                                                                  



Journal of Alloys and Compounds 980 (2024) 173565

8

yttria nanoparticles can be highlighted as a promising strategy for the 
future development of antioxidant nanoagents with improved perfor
mance. Second, the geometrical characteristics of the antioxidant 
nanoparticles, such as their sizes and shapes, greatly influence their 
performance. Smaller particles seem to exhibit better performances (the 
values of the Δa/ΔA ratio in Fig. 5(b) for 5–10 nm CeO2 nanoparticles 
and 20–25 nm CeO2 nanocubes [74], with the former one being more 
effective). This might be related to the surface exposed of the nano
particles. Third, it can be also derived from the data provided in Fig. 5 

(b), that coating the particles with biocompatible molecules as chitosan, 
can affect the antioxidant properties, reducing them, probably because 
the active sites of the antioxidant nanoparticles are hampered by the 
presence of these coating molecules [25,34]. Forth and main conclusion, 
yttria nanoparticles exhibit similar antioxidant properties with those 
reported previously for ceria nanoparticles, opening the door for further 
development of yttria nanoparticles as potential antioxidant agents, for 
example in biomedical applications. 

Fig. 6. Absorbance (scattered point of the maximum absorbance for each band in (e) and (f)) and temperature profiles recorded in a solution composed of liver and: 
(a) and (b) distilled water and different quantities of H2O2; (c) and (d) distilled water, 2 mL H2O2 and different quantities of undoped yttria nanotriangles; and (e) and 
(f) distilled water, 2 mL H2O2, 2 mg of Er3+ and Yb3+ doped yttria nanotriangles with different concentrations. The corresponding insets display the maximum 
temperature reached for the nanoparticles within the first 30 s of the reactions (in (e)) and pictures showing the different colors of the solutions of liver in DI (labelled 
"Liver"); DI and H2O2 (labelled "H2O2"); DI, Y2O3 and H2O2 (labelled "NPs") (in (f)), respectively. 

A. Nexha et al.                                                                                                                                                                                                                                  



Journal of Alloys and Compounds 980 (2024) 173565

9

3.3. Ex-vivo antioxidant properties of yttrium oxide nanocrystals 

To demonstrate the applicability of yttria nanocrystals as antioxidant 
agents in fields related to biosciences, we designed an ex-vivo experi
ment to monitor the reaction of the catalase enzyme, that can be 
encountered in liver, with hydrogen peroxide. Yttria nanocrystals have 
been shown to be relatively nontoxic for cultured cells and able to 
protect nerve cells from oxidative stress caused by exogeneous glutamic 
acid [35], thus, this justifies their potential use in biological systems. 

Catalase consists of a tetramer of four polypeptide chains, each over 
500 amino acids long, with four iron-containing heme groups [75]. 
When H2O2 enters in contact with liver, an exothermic chemical reac
tion, followed by the creation of foams, occurs, leading to the generation 
of oxygen and water molecules [58]. This reaction is promoted by the 
catalase enzyme. Hence, catalase can eliminate H2O2 either by pro
moting a reaction between two H2O2 molecules resulting in the forma
tion of water and oxygen, or by promoting the interaction of H2O2 with 
compounds such as alcoholic beverages that serve as hydrogen donors, 
so that H2O2 can be converted to one molecule of water, and the reduced 
donor becomes oxidized (a process called the peroxidic activity of 
catalase) [12,58]. Hence, this enzyme prevents the generation of •OH 
within the liver. We underline the similarities between the reactions of 
Fe2+ in the Fenton assay with the one of catalase with H2O2. In both 
reactions, the presence of Fe2+ allows for the generation of •OH. Thus, 
the reaction of catalase with H2O2 mimics the Fenton assay. 

The goal of the ex-vivo experiment was to investigate the antioxidant 
properties of yttria nanocrystals on the reaction of liver catalase with 
H2O2. If yttria nanocrystals do exhibit antioxidant properties within this 
biological system, the heat released by the interaction of catalase with 
H2O2 during the experiment, will be reduced compared to the reaction 
in the absence of these nanoparticles. The reaction was also monitored 
through spectrophotometric analysis. 

In a solution of smashed pork liver in distilled water, different 
amounts of H2O2 were added, and both the absorbance of the dispersion 
and the temperature generated during the exothermic reaction were 
monitored to analyze the evolution of the reaction. To obtain substantial 
enough changes in both parameters to monitor the potential activity of 
the antioxidant nanoparticles in the subsequent experiments, 2 mL of 
H2O2 had to be added to the solution. Smaller amounts of H2O2 gener
ated a change in temperature too small to see any effect from the anti
oxidant nanoparticles (Fig. 6(a)), while bigger amounts of H2O2 cause 
the absorption bands of catalase to disappear (Fig. 6(b)). We also 
monitored the temperature in the dispersion of liver only in distilled 
water as a control experiment. The temperature within this solution 
remained constant for a monitored period of 5 min. Thus, the increase of 
temperature observed occurs only when the reaction of liver catalase 
with H2O2 takes place. In addition, to obtain a good spectrum of 
absorbance of the smashed pork liver in distilled water it was necessary 
to generate a dispersion of 70 mg of smashed liver in 5.5 mL of distilled 
water. In this dispersion, we were able to properly record three absor
bance bands, located at 415 nm, 540 nm and 575 nm (Fig. 6(b)). The 
415 nm band is the so-called Soret band and is assigned to the 
π-π * transition of the porphyrin hosting iron band. The bands located at 
540 nm and 575 nm are attributed to metal-to-ligand charge transfer 
processes [76]. When yttria nanotriangles were added to the solution, in 
the sequence: 70 mg liver, 5.5 mL of distilled water, undoped yttria 
nanotriangles (from 2 mg to 10 mg) and 2 mL of H2O2, the antioxidant 
effect of the yttria nanoparticles could be analyzed. The temperature 
changes allowed us to monitor more precisely what is happening in the 
solution for the different quantities of yttria nanoparticles added. When 
4 to 10 mg of yttria nanotriangles were added, the temperature of the 
solution is similar or increased above the temperature recorded in the 
reaction without the presence of the yttria particles (Fig. 6(c)). Thus, this 
would imply that at these quantities, the yttria nanocrystals act as an 
oxidant. 

Only when 2 mg of yttria nanoparticles were added, the antioxidant 

properties were manifested, as the temperature decreased to 302 K, 
below the temperature obtained only with H2O2, around 303 K (Fig. 6 
(c)). Fig. 6(d) shows the maximum absorbance of catalase at 415 nm, 
540 nm and 575 nm band as a function of the different amount of 
undoped particles. Only in solutions with a content of 2 mg of yttria 
nanoparticles, the intensity of the absorption bands increased slightly. 
The spectra from which these data were extracted can be found in 
Fig. S5. For higher concentrations of yttria nanoparticle, the absorbance 
of the catalase decreased, even below the level reached in absence of 
yttria nanoparticles, probably because at these concentrations, oxidant 
properties might manifest instead of the antioxidant’s ones. Hence, we 
established 2 mg nanotriangles as the optimal amount of yttria nano
particles to be added into the solution mixture to reduce the effects of 
the reaction between catalase and H2O2. 

Finally, when we introduced Er3+ and Yb3+ as dopants in the yttria 
nanoparticles, since the doped yttria nanoparticles exhibited better 
antioxidant properties in the Fenton assay than the undoped ones, we 
observed that the temperature increase is lower than when undoped 
nanoparticles where used (Fig. 6(e)). Among the doped nanoparticles, 
the highest temperature reached for the 4 mol% Er3+, 4 mol% Yb3+

yttria nanoparticles is ~301.5 K, whereas for the 2 mol% Er3+, 10 mol% 
Yb3+ doping concentration is ~301 K. The inset of Fig. 6(e) displays the 
maximum temperature reached for the nanoparticles within the first 
30 s of the reactions). These temperatures are 0.5 and 1 K lower than the 
temperature achieved with the undoped nanotriangles (Fig. 6(c)). These 
results seem to demonstrate that the increase of the doping concentra
tion favors the antioxidant properties in these particles. The temperature 
profile of the doped nanoparticles also decreases faster when compared 
to that of the undoped nanoparticles (Fig. 6(e)). This indicates that the 
process of reducing the effects of the reaction between catalase and 
H2O2 develops faster using these nanoparticles, and the liver recovers its 
normal temperature faster. These results were corroborated by 
recording the recovery of the intensity of the absorption bands of cata
lase observed when doped yttria nanoparticles are added to the reaction 
(Fig. 6(f). In addition, in the inset of Fig. 6(f), it can be observed a 
photograph showing the different colors of the smashed liver in distilled 
water (labelled as "Liver"), in distilled water and H2O2 (labelled as 
"H2O2"), and in distilled water, 2 mol% Er3+ and 10 mol% Yb3+ doped 
yttria particles and H2O2 (labelled as "NPs"), highlighting the antioxi
dant properties of these particles when introduced within this ex-vivo 
system. 

Thus, we can conclude that the yttria nanoparticles we developed 
here might be implemented as antioxidant nanoagents within biological 
media, catalyzing in this way the elimination of hydrogen peroxide 
molecules from the medium and preventing the formation of harmful 
ROS. 

4. Conclusions 

Yttria nanoparticles display antioxidant properties by scavenging 
•OH, both in biological and non-biological media. Their antioxidant 
properties depend on their sizes, shapes, concentrations, and presence of 
doping lanthanide ions. Yttria nanotriangles, nanohearts and nanodiscs, 
synthesized via wet chemical methodologies, were tested. First, a con
centration of 1 mg mL− 1 was established for improved antioxidant 
properties. At this concentration, among the three types of nano
particles, nanotriangles displayed better antioxidant performance on 
scavenging •OH. The introduction of dopants, such as Er3+ and Yb3+ and 
their concentrations, also influenced the ability to scavenge •OH. The 
antioxidant properties are enhanced with the introduction of dopants at 
larger concentrations. These antioxidant properties match the current 
state of the art ceria nanoparticles. These yttria particles can scavenge 
•OH also in ex-vivo media, opening in this way possible applications of 
the particles in biomedical fields. As future directions, a general opti
mization of the concentration dependent antioxidant properties should 
be performed [74]. In addition, the lanthanide ions added as dopants, 
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could be used to build luminescent thermometers [77,78], to monitor 
the increase of temperature during the ex-vivo experiments [43,44], 
allowing for the development of a self-assessed antioxidant agent. 
Within this work, the low concentration of particles added into the 
ex-vivo experiments, hampers the observation of visible emissions 
arising from these ions. 
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