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Abstract: Cerium oxide nanoparticles have been shown to mimic oxidoreductase enzymes by 
catalyzing the decomposition of organic substrates and reactive oxygen species. This mimicry can 
be found in superoxide radicals and hydrogen peroxides, harmful molecules produced in oxidative 
stress associated diseases. Despite the fact that nanoparticle functionalization is mandatory in the 
context of nanomedicine, the influence of polymer coatings on their enzyme-like catalytic activity 
is poorly understood. In this work, six polymer coated cerium oxide nanoparticles are prepared by 
association of 7.8 nm cerium oxide cores with two poly(sodium acrylate) and four poly(ethylene 
glycol) (PEG) grafted copolymers with different terminal or anchoring end groups, such as phos-
phonic acids. The superoxide dismutase-, catalase-, peroxidase- and oxidase-like catalytic activi-
ties of the coated nanoparticles were systematically studied. It is shown that the polymer coatings 
do not affect the superoxide dismutase-like, impair the catalase-like and oxidase-like and surpris-
ingly improves peroxidase-like catalytic activities of cerium oxide nanoparticles. It is also demon-
strated that the particles coated with the PEG-grafted copolymers perform better than the 
poly(acrylic acid) coated ones as oxidoreductase-like enzymes, a result that confirms the benefit 
of having phosphonic acids as anchoring groups at the particle surface. 
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‡ Corresponding author: jean-francois.berret@univ-paris-diderot.fr 
To be published in ACS Applied Materials & Interfaces 
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I - Introduction 
Cerium oxide nanoparticles (CNPs) are non-stoichiometric CeO2 nanocrystals with a cubic 
fluorite-like structure made of divalent oxygen anions O2-, tetravalent Ce4+ and surface clusters of 
trivalent Ce3+ neighboring oxygen vacancies.1-3 Cerium oxide nanoparticles have been used as 
heterogeneous catalysts on electron transfer reactions. In general, the catalytic processes consist 
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in the adsorption of reactants at the particle surface, followed by the surface reaction of the ad-
sorbed species then by desorption of the products.4-5 Recently, it has been suggested that CNPs 
may also be suitable for biomedical applications by mimicking oxidoreductase in the decomposi-
tion of some endogenous organic molecules and reactive oxygen or nitrogen species. The species 
most often encountered in these reactions are superoxide radical anions (O#$•), hydrogen peroxide 
(H2O2), hydroxyl radicals ( OH	

• ), nitric oxide (NO) and peroxynitrite (ONOO$).6-13 The nanomed-
icine applications of cerium oxide stems from the remarkable properties shown by the nanocrys-
tals, such as sizes in the nanometer range, which allows the addition of surface functional groups 
and redox switching between Ce3+ and Ce4+ states, which confer antioxidant capacities to CNPs.14-

15 These properties make cerium oxide nanoparticles a promising candidate against oxidative stress 
related disorders, including cardiomyopathy, sepsis, multiple sclerosis and cerebral ischemic 
stroke.16-22  
 
However, the use of CNPs for biomedical applications is still limited.23 First the tendency to form 
aggregates in biological fluids reduces their specific surface area, and consequently their enzy-
matic activities. Second, interaction with proteins results in a corona formation, which further mit-
igates the particle performances. In the context of nanomedicine, it is hence important to synthesize 
CNPs that are both biocompatible and redox active. In practice, the long-term colloidal stability 
of nanoparticles in biological fluids is tailored by surface adsorbed or chemically bound water 
soluble macromolecules, either natural or synthetic, like DNA, polysaccharides, albumin, 
poly(acrylic acid), poly(ethylene glycol), poly(vinylpyrrolidone) among others.24 Coating of bio-
degradable polymers not only provide the stability and biocompatibility, yet in some cases it was 
found to enhance the enzyme mimetic activities.25 Likewise, coatings can also interfere with the 
enzymatic activity by decreasing the total number of available surface sites or increasing the dif-
fusion length of the species to reach the surface active sites. Coatings can also impart entirely new 
enzymatic properties due to synergistic interaction with the surface or to the chemistry of the teth-
ered polymers. Anchoring groups or ligands on the surface of the metal oxide nanoparticles hence 
plays a vital role in the definition of improved or reduced enzymatic performances.26 On the other 
hand, they give a flexibility of obtaining different surface charges to the metal oxide surfaces var-
ying from positive to negative zeta potentials that has been shown to influence the cellular inter-
nalization.  
 
In this work, we use 7.8 nm cerium oxide nanoparticles coated with poly (acrylic acid) or poly(eth-
ylene glycol) (PEG) copolymers as enzyme-mimicking heterogeneous catalysts for the decompo-
sition of reactive oxygen species. These polymers were considered because they were found to 
prevent the adsorption of proteins and confer to metal oxide nanoparticles remarkable colloidal 
stability in biological media.27-29 Keeping the core of the particles identical, and changing the pol-
ymers on their surface, the effect of polymer coats on the catalytic activities can be highlighted. In 
view of this goal, we examine the catalase-like, superoxide dismutase-like, peroxidase-like and 
oxidase-like catalytic activities of cerium oxide cores coated with either poly (acrylic acid) or PEG 
copolymers with different terminal or anchoring groups. We observe that the poly(ethylene glycol) 
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coatings do not affect the superoxide dismutase-like, slightly impair the catalase-like and oxidase-
like and surprisingly improves peroxidase-like catalytic activities of cerium oxide nanoparticles. 
 
 

II - Results and discussion 
II.1 - Polymer coated cerium oxide nanoparticles  
CeO2 nanoparticles were synthesized by thermo-hydrolysis of Ce(NO3)4.30-31 Figure 1 shows a 
representative TEM micrograph of the bare particles (Figure 1a) together with the size distribution 
adjusted with a log-normal function and leading to a median diameter of 7.8 nm (Figure 1b). The 
hydrodynamic diameter of the bare particles was determined by dynamic light scattering at 𝐷* = 
9.0 nm. Wide-angle X-ray scattering results (Supplementary Information S1) confirms the 
fluorite-like structure of the CeO2 nanocrystals. XPS of Ce 3d electrons were used to quantify the 
fraction of Ce3+ surface cations by dividing the area under the decomposed spectrum peaks coming 
from this species by the total area obtained from summation of all peaks, leading to 14.5% (Sup-
plementary Information S2). In the present work we seek to evaluate the influence of polymer 
coatings on the oxidoreductase-like catalytic activity of CNPs, keeping the core with constant 
morphological and physico-chemical properties.32 
 

 
Figure 1:. a) Transmission electron microscopy micrographs of bare cerium oxide nanoparticles. 
The scale bar is 25 nm. b) Particle size distributions adjusted to a log-normal function with median 
diameter 𝐷+,-  = 7.8 nm and dispersity (ratio between the standard deviation and the average 
diameter) 0.15. 
 
An ensemble of six polymers was considered for coating the 7.8 nm CNPs (Figure 2). There are 
two linear poly(sodium acrylate) of molecular weight 2100 (PAA2K) and 5100 g mol-1 (PAA5K), 
containing an average of 22 and 54 carboxylic acids per chain, respectively. The four other poly-
mers are statistical copolymers synthesized by free radical polymerization. They contain phos-
phonic acid groups for surface attachment and poly(ethylene glycol) (PEG) chains for stability and 
protein resistance.27,29 Phosphonic acid was considered in the syntheses because it is known to 
have a strong affinity towards metals or metal oxides (including cerium33) compared to sulfates 
and carboxylates, and it is anticipated that these residues build stronger links with the surface.29,34-
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38 The synthesis and characterization of the copolymers are described in Supplementary Infor-
mation S3 and S4. Two of them are statistical polymers synthesized from two methacrylate 
comonomers, one bearing phosphonic acid groups (MPh), the other one bearing methyl terminated 
poly(ethylene glycol) chains (MPEG). The relative MPEG:MPh molar ratio in the copolymers is 
0.50:0.50. The PEGs have molecular weight 2000 and 5000 g mol-1, and the copolymers are named 
herein as MPEG2K-MPh and MPEG5K-MPh, respectively. The two remaining polymers are terpol-
ymers containing in addition to the phosphonic acid groups, methyl terminated PEG of molecular 
weight 2000 g mol-1 and amine terminated PEG chains of molecular weight 1000 or 2000 g mol-

1. The proportions of methyl terminated PEG, amine terminated PEG and phosphonic acids repeat-
ing units are 0.37:0.13:0.50 for MPEG2K-MPEGa1K-MPh and 0.25:0.25:0.50 for the MPEG2K-
MPEGa2K-MPh, (where “a” stands for the amine terminal group). Poly (acrylic acid) homopoly-
mers and phosphonic acid PEG copolymers have been shown to give excellent colloidal stability 
to metal oxide cores when these particles are dispersed in phosphate saline buffer or protein en-
riched culture medium.27,29,39-40 The copolymers MPEG2K-MPh, MPEG5K-MPh, MPEG2K-
MPEGa1K-MPh and MPEG2K-MPEGa2K-MPh were studied using static light scattering and found 
to have molecular weights 𝑀/

012 of 20300, 22000, 39488 and 29200 g mol-1 respectively. Assum-
ing a molar mass dispersity Ɖ = 1.829, the number-averaged molecular weight 𝑀4

012 was deter-
mined at 11300, 12200, 21900 and 16200 g mol-1. From these values, the average number of phos-
phonic acid was estimated at 5.1, 2.3, 7.7 and 6.7. These later results are summarized in Table 1. 
 

 
Figure 2: Macromolecular structures of the polymers used for coating cerium oxide nanoparticles 
in this work. a) Poly(sodium acrylate) of molecular weight 2100 g mol-1 (PAA2K) or 5100 g mol-1 
(PAA5K). b) Poly(poly(ethylene glycol)methacrylate-co-dimethyl(methacryoyloxy)methyl phos-
phonic acids) is a statistical copolymer synthesized from two methacrylate monomers, one bearing 
phosphonic acid groups (MPh), the other one bearing methyl terminated poly(ethylene glycol) 
(PEG) chains (MPEG) characterized by PEG chains of 2000 g mol-1 (MPEG2K-MPh) or 5000 g 
mol-1 (MPEG5K-MPh). c) A terpolymer analogous to MPEG2K-MPh, however, containing also 
amine terminated PEG chains of 1000 g mol-1 (MPEG2K-MPEGa1K-MPh) or 2000 g mol-1 
(MPEG2K-MPEGa2K-MPh). 
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Table 1: Molecular characteristics of the polymers and copolymers used as coatings for the cerium 
oxide nanoparticles shown in Figure 1 (Supplementary Information S4).  
 

Polymers 
𝑴𝒘
𝑷𝒐𝒍 

(g mol-1) 
𝑴𝒏
𝑷𝒐𝒍 

(g mol-1) 

Comonomer 
proportion 

(x:y:z) 

Anchoring 
groups per 

polymer 
PAA2K 2100 - - 22.3 
PAA5K 5100 - - 54.2 

MPEG2K-MPh 20280 11300 0.50:0.50:0 5.1 
MPEG5K-MPh 21960 12200 0.50:0.50:0 2.3 

MPEG2K-MPEGa1K-MPh 39490 21900 0.37:0.13:0.50 7.7 
MPEG2K-MPEGa2K-MPh 29160 16200 0.25:0.25:0.50 6.6 

 
The cerium oxide nanoparticles were coated following the procedures described in the Materials 
and Methods section. In the following, the polymer coated nanoparticles are dubbed 
CeO2@PAA2K, CeO2@PAA5K, CeO2@MPEG2K-MPh, CeO2@MPEG5K-MPh, CeO2@MPEG2K-
MPEGa1K-MPh and CeO2@MPEG2K-MPEGa2K-MPh. Upon mixing polymer and CNP disper-
sions, the polymers adsorb spontaneously at the particle surface through the carboxylic acids of 
the PAA2,5K, or the phosphonic acids of the copolymers, leading to a core-shell structure. Carbox-
ylic acids bind electrostatically to positively charged metal oxide surfaces and have been shown 
to bind strongly to cerium oxide surfaces.41-43 Phosphonic acids bind metal oxides though conden-
sation of their acidic hydroxyls P-OH with surface metal hydroxyls M-OH and/or coordination of 
the phosphoryl oxygen to Lewis acid surface sites.44-46 The hydrodynamic diameters (𝐷*) and zeta 
potential (𝜁) of the coated CNPs were determined at physiological pH by dynamic light scattering 
and electrophoretic mobility measurements, respectively. These particles can be divided in three 
groups according to their electrostatic surface charge: the CNPs decorated with a poly(acrylic acid) 
shell are negatively charged,41 those functionalized with PEGs are neutral29 and those associated 
with an amine terminated PEGs are positively charged (Figure 3).  
 
TEM micrographs of CeO2@PAA2,5K, CeO2@MPEG2,5K-MPh, and CeO2@MPEG2K-
MPEGa1,2K-MPh show individual particles separated from each other (Supplementary Infor-
mation Figure S5). Average diameters for the particles were found to be 7.6 ± 1.1, 7.5 ± 1.1, 7.3 
± 0.8, 7.7 ± 1.1, 7.4 ± 0.9 and 7.5 ± 1.1 nm, respectively. These values are in agreement with that 
of the bare CNPs (Figure 1), suggesting that polymer coatings impart no noticeable change in 
particle size or morphology. With TEM, the polymer shell around the particles is not observed 
because of its low electronic contrast. For CeO2@PAA5K, some agglomerates are observed, which 
could be due to the formation of particle dimers and trimers. These agglomerates result from the 
fact that each PAA5K chain has on average 54 anchoring groups that are capable to bind to more 
than one particle.41 The 𝐷*’s of the coated CNPs, CeO2@PAA2,5K, CeO2@MPEG2,5K-MPh and 
CeO2@MPEG2K-MPEGa1,2K-MPh were found to be 15.1, 40.2, 27.2, 31.7, 29.5 and 31.5 nm, re-
spectively (Table 2). When the polymer surface density is large (i.e. > 0.1 nm-2),47-48 the chains 
adopt a brush-type configuration, in which the chains are stretched radially and form a shell, as 
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illustrated in Figure 3. This extended brush accounts for the increase of the hydrodynamic diame-
ters, and its thickness (ℎ) can be estimated. For PAA2K, ℎ is equal to 3 nm whereas it is around 9 
– 11 nm for the PEGs (Table 2). 
 

 
Figure 3: Representation of polymer coated cerium oxide nanoparticles investigated herein. Par-
ticle 1 is a CeO2@PAA2K where acrylic acid repeating units depicted as blue spheres are anchored 
at CNP surface through carboxylic acid functions. Particle 2 is a CeO2@MPEG2K-MPh where 
several units of MPEG2K-MPh are bound to the surface through phosphonic acid functions (red 
spheres). PEG chains of 2000 g mol-1 grafted to the methacrylic backbone form a polymer brush. 
Particle 3 is a CeO2@MPEG2K-MPEGa2K-MPh, where several units of MPEG2K-MPh are bound 
to CNP surface as in the case of particle 2. The difference between them lies in the fact that some 
of the PEG chains are terminated by primary amines (green spheres).  
 
Table 2: Hydrodynamic diameter (𝐷*), polymer brush thickness (ℎ), zeta potential (𝜁) determined 
for polymer coated  nanoparticles. The two last columns are the number of polymer per particle 
and the PEG density as determined from complementary measurements.27,41 For CeO2@PAA5K 
the large 𝐷* value is attributed to CNP aggregation, as identified by TEM.  
 

Nanoparticles 𝑫𝑯 (nm) 𝒉 (nm) 𝜁 (mV) 
Polymers per 

particle 
PEG 

density (nm-2) 
Bare CeO2 9.0 0 +21 ± 1 - - 

CeO2@PAA2K 15.1 3.1 -14 ± 2 45 0.24 
CeO2@PAA5K 40.2 - -15 ± 3 - - 

CeO2@MPEG2K-MPh 27.2 9.1 +1.4 ± 0.1 15 0.28 
CeO2@MPEG5K-MPh 31.7 11.4 +0.6 ± 0.2 23 0.20 

CeO2@MPEG2K-MPEGa1K-MPh 29.5 10.2 -1.1 ± 0.1 - - 
CeO2@MPEG2K-MPEGa2K-MPh 31.5 11.2 +5.8 ± 0.3 26 0.62 
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In parallel, electrophoretic mobility measurements show that bare CNPs are positively charged (𝜁 
= +21 mV), CNPs coated with PAA2,5K are negatively charged (𝜁 = -15 mV)41 and those coated 
with PEG copolymers neutral (𝜁 ~ 0 mV). For the latter, charge neutrality results most likely from 
the neutralization of positive charges by the phosphonic acid groups after condensation of metal 
hydroxyl groups. For CeO2@MPEG2K-MPEGa2K-MPh, the amine groups located in the outer 
brush region impart a slightly positive charge (𝜁 = +6 mV) to the particles. For CeO2@MPEG2K-
MPEGa1K-MPh in contrast, the amines are embedded within the brush, and the particle is again 
not charged (Table 2). 
 
II.2 - Catalase-like catalytic activity of cerium oxide nanoparticles 
The catalase-like catalytic activity of polymer coated CNPs was investigated by spectro-
fluorimetry using the Amplex-Red reagent assay.49-51 CNP dispersions at molar concentra-
tion [𝐶𝑁𝑃] = 0.1 – 300 nM were incubated with 5 µM hydrogen peroxide in 96-well plates. 
A mixture of horseradish peroxidase (HRP) and Amplex-Red was added to each well, this 
latter being transformed into the fluorescent resorufin due to the reaction with the remaining 
H2O2. The CAT-like activity is here defined as the percentage of decomposed H2O2 at the 
end of the assay. Figure 4a shows the CAT-like activity of bare and polymer coated parti-
cles, including CeO2@PAA2,5K, CeO2@MPEG2,5K-MPh and CeO2@MPEG2K-MPEGa1,2K-MPh. 
Increasing the nanoparticle molar concentration leads to an increase in H2O2 disproportion-
ation for the seven samples considered. For all, 𝐴FG+([𝐶𝑁𝑃]) follows a sigmoidal-shape 
dependence when plotted in a semi-logarithmic scale fitted using a Langmuir adsorption 
function of the form:32 
 

𝐴FG+([𝐶𝑁𝑃]) =
1

1 + [𝐶𝑁𝑃]LFG+/[𝐶𝑁𝑃]
																																																					 (1)	 

 
where [𝐶𝑁𝑃]LFG+  is the only adjustable parameter. [𝐶𝑁𝑃]LFG+  characterizes the CAT-like cata-
lytic activity of a given particle in the conditions used. It also represents the concentration 
at which 𝐴FG+ reaches half of the saturation value. To compare the effects of the coating on the 
CAT-like activity, we introduce two quantities, the turnover frequency 𝜈+O  and the relative 
performance 𝑃PQ2 . The turnover frequency is defined as 𝜈+O = [𝐻#𝑂#] 𝑡[𝐶𝑁𝑃]LFG+⁄  and de-
notes the number of hydrogen peroxide molecules decomposed per second and per nano-
particle, whereas the relative performance represents the ratio of the turnover frequency of 
a given particle with respect to that of the bare nanocrystals. Data show that bare CNPs are 
the most efficient CAT-like catalyst among the studied particles, with a value of [𝐶𝑁𝑃]LFG+  
of 12 nM and a 𝜈+O  of 0.231 s-1. For the PEGylated CNPs, similar sigmoidal behaviors are 
observed, leading to [𝐶𝑁𝑃]LFG+  = 29 nM, 𝜈+O  = 0.096 s-1 and 𝑃PQ2  = 41%. Previous work has 
shown that the CAT-like catalytic activity of cerium oxide nanoparticles is correlated to the 
surface concentration of Ce3+ but also to the amount of hydrogen peroxide adsorbed at the 
interface.32 The previous results suggest the phosphonic acid bound to hydroxyl groups 
prevent H2O2 molecules or reactive intermediates from adsorbing onto it, decreasing the 
number of collisions leading to product formation. Interestingly, the catalytic activity is not 
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affected by the copolymer structure. For the PAA2,5K coated CNPs, the 𝐴FG+ concentration 
dependences are different, [𝐶𝑁𝑃]LFG+  being equal to 600 and 130 nM. These coating are less 
efficient, the relative performances 𝑃PQ2  being equal to 2% and 9%. The differences be-
tween the two last samples could come from the slight aggregation seen in CeO2@PAA5K 
dispersions or to the rather tight binding of carboxylic acid groups with both Ce3+ and Ce4+ 
surface sites.42-43 These data are summarized in Table 3. 
 

 
Figure 4: a) Catalase-like catalytic activity of cerium oxide nanoparticles. Percentages of 
disproportionated hydrogen peroxide ACAT obtained for bare and the polymer coated CeO2 
nanoparticles. The black lines are the best fit of a single parameter Langmuir–like function 
(Eq.1). In this assay, the H2O2 concentration was initially set at 5 µM. b) UV-vis spectro-
photometric measurement of the absorbance of CNPs dispersions in Tris buffer pH 7.5 be-
fore and after addition of H2O2. The initial and final CNP concentrations are 44.3 nM and 
16.3 nM respectively. Inset: redshift absorption peak around 368 nm obtained after sub-
tracting the absorbance from dispersions devoid of H2O2.  
 
 
Table 3: CAT-like catalytic parameters for the bare and polymer coated cerium oxide nanoparti-
cles. 

Nanoparticles 
[𝑪𝑵𝑷]𝟎𝑪𝑨𝑻  

(nM) 
𝝂𝑻𝑶  
(s-1) 

𝑷𝑹𝒆𝒍  
(%) 

CeO2 bare 12 0.23 100 
CeO2@PAA2K 600 0.005 2 
CeO2@PAA5K 130 0.021 9 
CeO2@MPEG2K-MPh 29 0.096 41 
CeO2@MPEG5K-MPh 29 0.096 41 
CeO2@MPEG2K-MPEGa1K-MPh 29 0.096 41 
CeO2@MPEG2K-MPEGa2K-MPh 29 0.096 41 
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Previous work using UV-Vis measurements has shown that CNPs with CAT-like catalytic 
activity present a characteristic absorption peak upon H2O2 addition.32,52-53 This peak ap-
pears as a red-shifted shoulder and vanishes over time as the disproportionation reaction 
proceeds. UV-Vis absorbance assays were performed on bare CeO2, CeO2@PAA2,5K, 
CeO2@MPEG2,5K-MPh and CeO2@MPEG2K-MPEGa1,2K-MPh (Figure 4b). The continuous 
curve labelled “before H2O2 addition” displays the absorption spectra obtained for the 
seven particles investigated, which are all superimposed. Upon H2O2 addition, the absorp-
tion spectra display a systematic red shift that is dependent on the coating. In the inset, 
absorption peaks centered around 368 nm were obtained after subtraction of the “before 
H2O2 addition” background spectrum. This figure shows that the effect of the polymer coat-
ing can also be assessed by examining the magnitude of the red shift. Concerning the inter-
pretation of the above phenomenon, it was recently suggested that H2O2 molecules reacts 
with cerium oxide nanoparticles to form a stable peroxo and/or hydroperoxo species at the 
particle surface.54-57 We propose here that the coordination sites for peroxide species are 
the critical factors in the CNP anti-oxidation process with H2O2. In this regard, coordinated 
peroxide species might be responsible for the H2O2 induced color changes. The UV-Vis 
spectra from Figure 4b confirm this tendency: the polymer coating hinders hydrogen per-
oxide from adsorption and decomposition, a fundamental step in the CAT-like catalytic activ-
ity of these nanoparticles. 
 
II.3 - Superoxide dismutase-like catalytic activity 
The SOD-like catalytic activity of CNPs was investigated by a colorimetric assay using 
UV-Vis spectroscopy.49,58 With this assay, superoxide radical anions are generated in situ 
by xanthine oxidase. A water-soluble tetrazolium salt is then added to the solution, this 
latter being oxidized by the remaining superoxide radicals into a soluble formazan dye. The 
final product is then identified from its absorption property.49-50,59 The SOD-like activity is 
defined as the percentage of dismutated superoxide radicals at the end of the reaction. Fig-
ure 5 shows the concentration dependence of 𝐴_O` in the range 10-2 – 103 nM for the seven 
particles studied. It is found that the SOD-like activities of the bare and coated CNPs are well 
superimposed and follow a sigmoid-type behavior (continuous curve in Figure 5). The data were 
adjusted using a Langmuir-type adsorption isotherm similar to that of Eq. 1:32 
 

𝐴_O`([𝐶𝑁𝑃]) =
1

1 + [𝐶𝑁𝑃]L_O`/[𝐶𝑁𝑃]
																																																					 (2)	 

 
where [𝐶𝑁𝑃]L_O`  is the only adjustable parameter. For the 7 samples, we found [𝐶𝑁𝑃]L_O`  = 
20.9 nM, suggesting that the SOD-like catalytic activity does not depend on the coating or 
on the molecular structure of the tethered chains. In terms of relative performance, all 
coated particles have a 𝑃PQ2  of the order of 1. It is interesting to note that while catalase 
activity is affected by the polymers, the SOD activity has been relatively unperturbed by 
the coatings. Possible reasons for these observations are the following: i) the diffusion and 
adsorption of superoxide on the particle surface is unaffected by the coatings; ii) as the 



This version: Wednesday, August 19, 2020 
 

 10 

SOD activity is largely dependent on the Ce3+ concentration, these coatings do not bond 
tightly to Ce3+ surface, therefore superoxide radicals can compete for Ce3+ surface more 
actively; iii) the Ce3+ sites are unaffected by surface coatings and the ratio of Ce3+/Ce4+ do 
not change significantly; iv) the coatings anchor on the surface of cerium oxide nanoparti-
cles through metal centers while the superoxide may adsorb on the oxygen defect sites and 
participate in the redox reaction. One or all of these reasons together contribute to this 
unique SOD activity of CNPs. 
 

 
Figure 5: Percentage of dismutated superoxide radicals 𝐴_O`  obtained for bare CeO2, 
CeO2@PAA2,5K, CeO2@MPEG2,5K-MPh and CeO2@MPEG2K-MPEGa1,2K-MPh. The black 
line results from least square fitting using Eq. 2, the adjustable parameter [𝐶𝑁𝑃]L_O`  being 
20.9 nM. 
 
II.4 – Auto-regeneration ability of cerium oxide nanoparticles 
Auto-regeneration is a unique property of CNPs by which the particles can switch between 
the two oxidation states, Ce3+ and Ce4+ and regenerate catalytic surface activity. To study 
the effect of polymer coating on the auto-regeneration, 0.2 M H2O2 was added to 1 g L-1 
bare and coated CNPs (Figure 6a). Tubes 1 to 7 in the subset images represent CeO2, 
CeO2@MPEG2,5K-MPh, CeO2@MPEG2K-MPEGa1,2K-MPh and CeO2@PAA2,5K respectively. 
The addition of H2O2 almost immediately converts the colorless dispersions to yellow col-
ored dispersions (Figure 6b), indicating the oxidation of Ce3+ state to Ce4+. Subsequently, 
the SOD-like activity was measured by following the reduction of cytochrome C as a func-
tion of the time, before and after addition of H2O2. Bare and polymer coated CNPs showed 
superoxide radical scavenging ability, as displayed by the decrease in absorbance at 550 
nm (Figure 6a). Further, the oxidized CNPs, after H2O2 exposure, showed a comparatively 
less significant decrease in absorbance, which could be due to the conversion of Ce3+ to 
Ce4+ oxidation state by H2O2 (Figure 6b). The conversion of yellow dispersions to colorless 
after 15 days of incubation is an indication of the regeneration of the CNP surfaces, which 
was confirmed by the restoration of SOD activity in the regenerated samples (Figure 6c). 
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The slight differences observed in the absorbance results of Figures 6b and 6c suggest that 
the CNP samples did not lose their SOD activity at the same rate, a result that can be as-
cribed to their different catalase mimetic activity. Thus, different samples can decompose 
portions of the H2O2 added to oxidize Ce3+ to Ce4+ at a different rate resulting in slight 
changes in the regeneration of their surfaces. 
 

 
Figure 6: Comparison of auto-regenerative ability of cerium oxide nanoparticles tested as a 
function of loss in SOD activity and its recovery before (a) immediately after (b) and after 
15 days (c) of addition of H2O2. Before addition of H2O2, bare and coated particles show 
SOD activity ([CNP] = 100nM). Addition of H2O2 results in loss of SOD activity due to 
oxidation of surface Ce3+ ions into Ce4+ ions. After 15 days, the CNPs autoregernerate 
their surface and recover their SOD catalytic activity. Change in color from colorless to 
yellow following H2O2 addition is shown in subset images where samples 1 to 7 are bare 
CeO2, CeO2@MPEG2,5K-MPh, CeO2@MPEG2K-MPEGa1,2K-MPh and CeO2@PAA2,5K re-
spectively. After a 15-day incubation yellow color disappears in all samples. Absorbance 
of cytochrome C at 550 nm in absence of particles is used as control. 
 
II.5 – Peroxidase-like catalytic activity of cerium oxide nanoparticles 
The peroxidase-like catalytic activity of bare and coated CNPs was investigated by using the par-
ticles as heterogeneous nanocatalysts in the oxidation of the 3,3’,5,5’-tetramethylbenzidine (TMB) 
by hydrogen peroxide. The concentration of the oxidized TMB can be determined by absorbance 
spectroscopy in the near-UV and visible ranges. In a first step, we investigated peroxidase-like 
activity in acetate buffer at pH 4.0. as a function of the coating (Figure 7a) and time (Figure 7b) 
by following the oxidation of the TMB substrate by H2O2. Here, the dispersions studied were 
CeO2@PAA2,5K, CeO2@MPEG2,5K-MPh at concentrations of 10 nM. The spectral variation of cat-
alytic activity was identified from the appearance of strong absorption peaks at 370 and 652 nm, 
this later being associated with appearance of blue color (inset of Figure 7a). The enhanced perox-
idase-like activity was observed for all coated CNPs with respect to bare particles or to the control. 
Note that for PEGylated CNPs the normalized absorbance grows continuously with time, whereas 
for the poly(acrylic acid) coating, it passes through a maximum at 4 min after the addition of H2O2 
and decreases to a lower level (Figure 7b). This outcome suggests that PEGylated CNPs show 
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single electron oxidation reaction, whereby the colorless TMB substrate (reduced form) is con-
verted into greenish-blue product (partially oxidized form). CeO2@PAA2,5K in contrast complete 
2 electron oxidations of the TMB substrate, for which the color changes from colorless to blue 
during the first electron oxidation and then from blue to yellow during the second. 
 

 
Figure 7: a) Comparative spectral variation of peroxidase mimetic activity of TMB oxidation by 
hydrogen peroxide in acetate buffer 0.1 M (pH 4.0) catalyzed by bare and polymer coated CNPs. 
Inset: images of samples after CNP addition. b) Kinetics study of peroxidase-like activity of coated 
CNPs with different polymer coatings. In the two experiments, the CNP, TMB and H2O2 concen-
trations were fixed at 10 nM, 0.8 mM and 2 M, respectively. 
 
Subsequently, we focused on the reaction kinetics and on the effect of the CNP concentration. 
Figure 8a highlights the growth of the 370 and 652 nm absorbance peaks with time in the presence 
of 10 nM CeO2@MPEG2K-MPh particles. In this assay, the experiment lasted 600 s and the TMB 
and H2O2 concentrations were fixed at 0.8 mM and 2 M, respectively. The experiment was repeated 
varying [CNP] from 1 to 20 nM and the absorbance at 652 nm was recorded over time (Figure 8b). 
The data show that the peak amplitude at 652 nm increases continuously over 10 min after H2O2 
addition. In a next assay, the concentrations of CeO2@MPEG2K-MPh and H2O2 were fixed at 10 
nM and 2 M and that of TMB was varied from 0.05 to 0.8 mM, allowing to measure the time evo-
lution of the oxidized form of the TMB substrates (Figure 8c). Focusing on the initial rate of prod-
uct formation 𝑣, which is determined from the initial slope of the time dependent data, the perox-
idase activity can be quantified. Figure 8d displays the evolution of the initial rate for 
CeO2@MPEG2K-MPh at 10 nM. The data exhibit a behavior characterized by a linear increase 
followed by a saturation plateau. They also reveal that the peroxidase catalytic activity of the pol-
ymer coated CNPs is enhanced compared to bare particles. The peroxidase-like activity of CNP 
was assessed using the Michalis-Menten steady state equation: 
 

𝑣([𝑇𝑀𝐵]) = 𝑉-fg
[𝑇𝑀𝐵]

𝐾- + [𝑇𝑀𝐵]
																																																									 (3) 

𝑉-fg = 𝐾FG+[𝐶𝑁𝑃]L																																																																	(4) 
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In the previous equations, [𝐶𝑁𝑃]L is the molar concentration of nanoparticles, 𝑉-fg  the maximum 
rate of product formation, 𝐾- the Michaelis-Menten constant or the amount of TMB required for 
the rate of product formation to be 𝑉-fg/2. In Eq. 4, 𝐾FG+  denotes the amount of products formed 
per unit of time on a single nanoparticle, or the maximum frequency of product formation. The 
continuous lines in Figure 8d attest to the good agreement between the data and the model. The 
fitting parameters are listed in Table 4.  
 

 
Figure 8: a) Spectral variation of TMBox originated from the oxidation of TMB by hydrogen 
peroxide in 0.1 M acetate buffer (pH 4.0) at room temperature. The particle used here are 
CeO2@MPEG2K-MPh at [CNP] = 10 nM. In this assay, [TMB] = 0.8 mM and [H2O2] = 2 M. The 
production of TMBox can be monitored by following its absorbance at 370 and 652 nm. b) Evolu-
tion of the absorption at 652 nm for CeO2@MPEG2K-MPh varying the [CNP] from 1 - 20 nM with 
[TMB] = 0.8 mM and [H2O2] = 2 M. c) Time evolution for the concentration of oxidized TMB using 
[CeO2@MPEG2K-MPh] =10 nM, [H2O2] = 2 M and varying [TMB] from 0.05-0.8 mM. d) Mich-
aelis-Menten curves for the oxidation of TMB catalysed by bare and polymer coated cerium oxide 
nanoparticles CeO2@PAA2,5K and CeO2@MPEG2,5K-MPh at [CNP] = 10 nM. The continuous 
curves are from Eqs. 3 and 4. 
 
A remarkable feature from Figure 8 is that 𝐾- values are always smaller for TMB than for H2O2. 
𝐾- (TMB) and 𝐾- (H2O2) obtained for horseradish peroxide,60 and for CeO2@PAA2K, 
CeO2@MPEG2K-MPh are 4.3×10-4 and 3.7×10-3 M, 4.3×10-5 and 5.8×10-2 M, 2.7×10-5 and 
1.6×10-1 M respectively. The TMB concentration necessary for 𝑣 to be half of the maximum is 
more than 5000 smaller than that of H2O2 when using CeO2@MPEG2K-MPh as catalyst. This 



This version: Wednesday, August 19, 2020 
 

 14 

means that the affinity of TMB for the active sites is larger than that of H2O2. Another remarkable 
feature is that 𝐾FG+  values for TMB and H2O2 for a given nanoparticle are close. 𝐾FG+  (TMB) and 
𝐾FG+  (H2O2) obtained for horseradish peroxide,60 CeO2, CeO2@PAA2K and CeO2@MPEG2K-MPh 
are 4.0×103 and 3.5×103 s-1, 7.5×10-1 and 6.5×10-1 s-1, 3.7 and 3.0 s-1, 2.45 and 2.2 s-1 respectively. 
Even if the affinity of TMB to the active sites is higher than that of H2O2, the rate of the one 
electron oxidation of TMB is limited and, therefore, the same as the rate of one electron reduction 
of H2O2. The effect of polymer coatings in the peroxidase-like catalytic activity can be evaluated 
by means of their catalytic efficiency, defined as 𝐾FG+/𝐾-. Table 4 shows that polymer coated 
particles have 20 times larger ratios 𝐾FG+/𝐾- as compared to bare CNPs. Similar enhanced activ-
ities of the peroxidase activity of magnetite and gold nanoparticles were recently reported.61-63 
Oxidase activity of bare and coated CNPs was also evaluated at concentration of 250 nM and re-
vealed an overall decrease of the activity in presence of the polymers (Supplementary Infor-
mation S6). 
 
Table 4: TMB peroxidase enzyme-like parameters for cerium oxide nanoparticles dispersed in 
acetate buffer pH 4.0. 

Nanoparticles 
[CNP] 
(nM) 

𝑲𝑴 
(M) 

𝑲𝑪𝑨𝑻 
(s-1) 

𝑲𝑪𝑨𝑻/𝑲𝑴 
(M-1 s-1) 

CeO2 bare 10 2×10-4 0.75 3.8×103 
CeO2@MPEG2K-MPh 10 4.3×10-5 3.68 8.5×104 
CeO2@MPEG5K-MPh 10 4.0×10-5 3.60 9.0×104 

CeO2@PAA2K 10 2.7×10-5 2.45 9.0×104 
CeO2@PAA5K 10 3.9×10-5 3.45 8.9×104 

 
 
The TMB can be oxidized by superoxide or hydroxyl radicals and it is important to differentiate 
whether the peroxidase activity is due to the production of hydroxyl radicals OH	

•  from H2O2 or 
from other ROS species. To check the hydroxyl radicals produced during the reaction, the fluores-
cence intensity of conversion of terephthalic acid to 2-hydroxyterephthalic acid (2HTA) was mon-
itored (Supplementary Information S7). Terephthalic acid is a non-fluorescent molecule which 
converts to 2HTA in the presence of OH	

• s.64 Results showed that there was an increase in hydroxyl 
radical generation after polymer coating and that the maximum hydroxyl radicals were observed 
with PAA2,5K, in agreement with peroxidase activity data (Figure 7). The OH	

•  generation of 
CeO2@MPEG2K-MPh was further investigated in a concentration dependent manner. The fluores-
cence intensity of 2-HTA was found to increase with the concentration of CeO2@MPEG2K-MPh, 
suggesting an additional production of hydroxyl radical (Supplementary Information S8). At 1 
nM CeO2@MPEG2K-MPh, hydroxyl radicals were found to be 7.9 nanomoles, increasing to 23 
nanomoles at 20 nM concentration. To further confirm that the variation in fluorescence intensity 
is ascribed to OH	

•  radical production, scavenging effect of ethanol was finally studied. In presence 
of ethanol, the inhibition of hydroxyl radical generation was observed for all coated CNPs and at 
all concentrations of CeO2@MPEG2K-MPh. These results confirmed that hydroxyl radical gener-
ation is responsible for increased peroxidase-like activity. 
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III - Conclusion 
In this article, we report on cerium oxide nanoparticles structural and antioxidant properties, and 
on the synthesis of functional polymers used as coating. The polymers examined have a dual func-
tionality, one for protection against protein adsorption and one for targeting with terminal amine 
groups allowing additional covalent binding. As a comparison, we also examine coatings made 
form poly(acrylic acid) of different molecular weights, these polymers imparting negative surface 
charges to the cerium oxide particles. For the two types of polymer coats, we show that the parti-
cles remain dispersed and not aggregated (except for PAA5K which exhibits the presence of dimers 
and trimers), with a core of 7.8 nm and a corona of 3 - 10 nm thick. Keeping the CNP core identical 
and changing the nature of the coat, we are able to specifically highlight the impact of polymers 
on the oxidoreductase catalytic activities of cerium oxide nanoparticles. The main result that 
emerges from this work is that functionalization with polymers can tune the enzyme mimetic ac-
tivities of cerium oxide nanoparticles. In our experiments, it is found that polymers do not affect 
the superoxide dismutase-like, slightly impair the catalase-like and oxidase-like and surprisingly 
improves peroxidase-like catalytic activities of the particles. It is also evidenced that CNPs coated 
with the PEG-grafted copolymers perform better than the poly(acrylic acid) coated ones as oxi-
doreductase-like enzymes. The data suggest that the impact of polymers on the catalase and SOD 
activities is most likely due to the ability of polymers to interact with metal centers and modify 
their oxidation state, or even the ability of ROS to diffuse and access the active sites. On the other 
hand, the peroxidase activity of CNPs is likely to stem from the synergistic action between the 
polymers and the particles. As the selectivity of nanozymes is a critical issue in biomedical appli-
cations, these surface functionalization strategies present an opportunity to suppress or enhance 
their enzymatic activity, while providing excellent stability and dispersion in biofluids. The sum-
mary of the knowledge obtained by this study is that biocompatible polymers can be pursued as 
surface modifiers of cerium oxide nanoparticles that can tune its enzymatic activities. 
 
 

IV - Materials and methods 
IV.1 - Materials 
Cerium oxide nanoparticles (CNP) with a nominal diameter of 7.8 nm were kindly provided by 
Solvay (Centre de Recherche d’Aubervilliers, Aubervilliers, France). The poly (poly(ethylene gly-
col) methacrylate-co-dimethyl-(methacryoyloxy)methyl phosphonic acid) polymers, bearing 
phosphonic acids and PEG chains were synthesized by Specific Polymers® (Castries, France) and 
are abbreviated as MPEG2K-MPh, MPEG5K-MPh, MPEG2K-MPEGa1K-MPh and MPEG2K-
MPEGa2K-MPh.27,29 Details of the synthesis and molecular characteristics can be found in Sup-
plementary Information S3 and in Table 1. Poly(acrylic acid) sodium salts of weight-averaged 
molecular weight 𝑀/ = 2100 g mol-1 (PAA2K) and 5100 g mol-1 (PAA5K), hydrogen peroxide 
(H2O2, 30 vol. %) and 3,3’,5,5’-tetramethylbenzidine (TMB) were obtained from Sigma-Al-
drich (Lyon, France). 
 
IV.2 - Polymer coated nanoparticles 
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The poly(acrylic acid) coated nanoparticles (CeO2@PAA2K and CeO2@PAA5K) were prepared 
according to the precipitation-redispersion protocol.41,65 The particles coated with the phosphonic 
acid PEG copolymers are noted CeO2@MPEG2K-MPh and CeO2@ MPEG5K-MPh and those 
made with terpolymers bearing amine groups at the PEG ends CeO2@MPEG2K-MPEGa1K-
MPh and CeO2@MPEG2K-MPEGa2K-MPh. The coated particles were prepared as follows:27,29,33,40 
a dispersion of CeO2 nanoparticles was prepared at a 2 g L-1 in HNO3 (pH 1.5). Co- and terpolymer 
solutions were prepared to a concentration of 2 g L-1 in HNO3 (pH 1.5). The stock dispersion and 
stock polymer solutions were filtered with Millipore filter 0.22 µm. The CNP dispersion was added 
dropwise to the polymer solution under magnetic stirring keeping the mixing volume ratio at 𝑋F/5 
where 𝑋F  denotes the critical mixing ratio (nanoparticle over polymer) above which the CNPs are 
partially coated and precipitate at physiological pH. Working at 𝑋F/5 insures that the polymers 
are in excess during adsorption.27,33 After increasing their pHs to 8 by addition of NH4OH, the 
dispersions were centrifuged at 4000 rpm using Merck centrifuge filters (pore 100000 g mol-1) to 
remove the polymer excess and further concentrated to 20 g L-1. 
 
IV.3 - Static and Dynamic Light Scattering 
The scattered intensity and the hydrodynamic diameter 𝐷* were obtained from the NanoZS 
Zetasizer spectrometer (Malvern Instruments) with detection angle at 173°. The second-order au-
tocorrelation function was analysed using the cumulant and CONTIN algorithms to determine the 
average diffusion coefficient 𝐷F  of the scatterers. 𝐷* was calculated according to the Stokes-Ein-
stein relation 𝐷* = 𝑘p𝑇/3𝜋𝜂𝐷F where 𝑘p is the Boltzmann constant, 𝑇 the temperature and 𝜂 the 
solvent viscosity. The hydrodynamic diameters provided here are the second coefficients in the 
cumulant analysis, noted 𝑍GtQ in the Malvern software. Measurements were performed in triplicate 
at 25 °C after an equilibration time of 120 s. 
 
IV.4 - Electrophoretic mobility and zeta potential 
Laser Doppler velocimetry using the phase analysis light scattering mode and detection at an angle 
of 16° was used to carry out the electrokinetic measurements of electrophoretic mobility and zeta 
potential with the Zetasizer Nano ZS equipment (Malvern Instruments, UK). Zeta potential was 
measured after a 120 s equilibration at 25 °C. 
 
IV.5 - Ultraviolet-visible Spectroscopy  
A UV-visible spectrometer (SmartSpecPlus from BioRad) was used to measure the absorbance of 
polymer coated cerium oxide nanoparticles aqueous dispersions. Absorbance data were used to 
determine the nanoparticle concentration for each batch by means of Beer-Lambert law. 
 
IV.6 - Transmission Electron Microscopy (TEM) 
Micrographs were taken with a Tecnai 12 TEM operating at 80 kV equipped with a 1K×1K Keen 
View camera. CNP dispersions were deposited on ultrathin carbon type-A 400 mesh copper grids 
(Ted Pella, Inc.). Micrographs were analyzed using ImageJ software for 200 particles. The surface 
𝑆 of each particle was measured manually, and the diameter 𝐷 was calculated from the expression: 
𝐷 = v4𝑆/𝜋. The Ferret analysis performed by the same plugin also provides the maximum and 
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minimum diameters 𝐷-fg and 𝐷-w4, from which the diameter was again estimated: 𝐷 =
1/2(𝐷-fg + 𝐷-w4). For the cerium oxide nanoparticles investigated here, the two determinations 
give the same size distribution (Fig. 1b). The particle size distribution was adjusted using a log-

normal function of the form 𝑝(𝑑, 𝐷, 𝑠) = |
√#~�(�)�

𝑒𝑥𝑝 �− 24�(�/`)
#�(�)�

�, where 𝐷 is the median diam-

eter and 𝛽(𝑠) is related to the size dispersity 𝑠 through the relationship 𝛽(𝑠) = vln	(1 + 𝑠#). 𝑠 is 
defined as the ratio between the standard deviation and the average diameter.65-66 The TEM exper-
iments and analysis were performed for the bare and for the coated particles, allowing to confirm 
that coated particles were not aggregated following the previous protocol.  
 
IV.7 - SOD mimetic activity assay 
The catalytic activity of cerium oxide nanoparticles in the dismutation of superoxide radical anion 
was assessed by a colorimetric assay using UV-Vis spectroscopy (Kit #19160-1KTF).49,58 Briefly, 
20 µL of a CNP dispersion in Tris-Cl buffer pH 7.5 was added to a well of a 96-well plate and 
mixed with 200 µL of WST-1 (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-te-
trazolium, monosodium salt). The reaction was initiated with the addition of 20 µL of xanthine 
oxidase solution, prepared by mixing 5 µL of the enzyme in 2.5 mL of a dilution buffer provided. 
After incubating plate at 37°C for 20 min, the absorbance at 450 nm was measured using a micro-
plate reader (EnSpire Multimode Plate Reader, Perkin Elmer). Final CNP dispersion concentration 
ranged from 200 to 2000 µM. The SOD-like activity, noted 𝐴_O`  is defined as the percentage of 
dismutated superoxide radicals after the 20 min.  
 
IV.8 – Auto regeneration ability 
The self-regeneration ability of CNPs (1 g L-1) was investigated by addition of 0.2 M H2O2. Bare 
and polymer coated particles (1 g L-1) were incubated with 0.2 M H2O2 which oxidized cerium 
oxide from Ce3+ oxidation state to Ce4+ oxidation state. Oxidation converts colorless solution into 
yellow color solution which indicates more Ce 4+ on the lattice particle surface. SOD-mimetic 
activity was followed before and after addition of H2O2 by using UV-Vis spectrophotometer (Bi-
otek, Synergy HT spectrophotometer) by the method elucidated by Korsvik et al.67 To check the 
SOD mimetic activity, ferri-cytochrome C reduction was observed by using UV-Vis spectropho-
tometer (Biotek, Synergy HT spectrophotometer). In brief, 100 nM of cerium oxide nanoparticle 
dispersion in 10 mM Tris-HCl buffer with pH 6.8 was added to 3 µL xanthine oxidase and 50 µL 
hypoxanthine, in a 96 well plate with a total volume of 100 µL. The superoxide free radicals were 
generated in the system by hypoxanthine and xanthine oxidase. A sufficient amount of catalase 
(0.5 µL) was added to the system to avoid the obtrusion of hydrogen peroxide. The kinetics was 
run for 20 minutes at 550 nm absorbance. The oxidized CNPs was incubated for approximately 15 
days followed by SOD activity measurement. 
 
IV.9 - CAT mimetic activity assay 
The catalytic activity of CNPs in the disproportionation of H2O2 was assessed by spectrofluorim-
etry using the Amplex-Red reagent assay (Cat # A22180).49-51 Briefly, 25 µL of a nanoparticle 
dispersion in Tris-Cl buffer pH 7.5 was added to a well of a 96-well plate and mixed with 25 µL 
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of a H2O2 solution. Then, 50 µL Amplex Red reagent/HRP working solution was added and reac-
tions are pre-incubated for 5 minutes. Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) reaction 
with H2O2 catalyzed by horseradish peroxide (HRP) produces the fluorescent molecule resorufin 
(excitation at 571 nm and emission at 585 nm). The fluorescence was measured after incubating 
for 30 min with protection from light. The H2O2 concentration in each well was 5 µM, whereas 
those of CNPs ranged from 3.5×10-1 to 3.5×104 µM. The catalytic activity noted 𝐴FG+ is defined 
as the percentage of decomposed H2O2 determined at the end of the assay.  
 
IV.10 – Peroxidase and oxidase mimetic activity assay 
The steady-state kinetics of TMB oxidation catalyzed by nanozymes was carried out in a Hitachi 
UV2010 spectrophotometer by following the absorption of the oxidation product at 652 nm. The 
experiments were done in acetate buffer 0.1 M pH 4.0 at 25°C, the temperature being controlled 
by a Peltier. The effect of concentration in the nanozyme peroxidase-like activity was evaluated 
by varying the nanoparticle molar concentration [CNP] from 1 to 20 nM, maintaining those of 
TMB and of hydrogen peroxide at 0.8 mM and 2 M, respectively. For the peroxidase-like catalytic 
activity, kinetic curves were obtained in triplicate using [CNP] = 10 nM, [TMB] = 0 – 0.8 mM and 
[H2O2] = 0 – 2 M. For the oxidase-like catalytic activity, the data were obtained in triplicate by 
fixing the CNP at 250 nM, with the same conditions as above for [TMB] and [H2O2]. The kinetic 
parameters 𝑉-fg  and 𝐾� which are the maximum rate of product formation and the Michaelis-
Menten constant were determined after fitting the time dependences with the Michaelis-Menten 
equation (Eqs. 3 and 4). 
 
IV.11 – Detection of hydroxyl radical generation 
Hydroxyl radical (�OH) generation was investigated by using terephthalic acid as a probe. 
A stock solution of 15 mM of terephthalic acid was prepared by adding 124.5 mg in 50 mL 
of deionized water consisting of 37 mM NaOH. To perform the reaction 5 mM of terephthalic 
acid was mixed with 10 nM CNPs and 50 mM H2O2, in a total volume of 3 mL. The reaction 
mixture was incubated for 30 minutes in dark at room temperature. After that the solution was 
centrifuged at 10,000 rpm for 5 minutes to remove the background. The fluorescence intensity of 
conversion of terephthalic acid to 2-Hydroxyterephthalic acid (2HTA) was measured at 315 nm 
excitation wavelength and emission spectra was followed from 350 to 550 nm using Cary Eclipse 
fluorescence spectrophotometer (Agilent). 1% ethanol was added to the solution to study the scav-
enging impact of ethanol on hydroxyl radical generation in the reaction. 
 
IV.12 – Indirect Quantification of hydroxyl radicals 
To quantify the hydroxyl radicals produced in the reaction the fluorescence intensity was com-
pared with the fluorescence of standard 2-Hydroxyterephthalic acid. Various concentrations of 
2HTA (2.5 µM, 5 µM, 7.5 µM, 10 µM and 12.5 µM) were prepared in 0.1 X PBS. The standard 
curve from 2HTA fluorescence was plotted and from that the concentation of hydroxyl radicals 
generated by cerium oxide nanoparticles in presence and absence of ethanol was calculated and 
represented. 
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Cerium oxide nanoparticles have demonstrated antioxidant properties, resulting in intensive re-
search into nanomedicine applications. In this study, polymeric coatings using poly (ethylene gly-
col) and phosphonic groups are found to significantly to improve colloidal stability of nanoparti-
cles in biofluids and also to reduce, preserve or increase the enzyme-like catalytic activities of the 
cerium oxide. 
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