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ABSTRACT: Functional polymers, such as poly(ethylene glycol)
(PEG), terminated with a single phosphonic acid, hereafter PEGik-
Ph are often applied to coat metal oxide surfaces during post-
synthesis steps but are not sufficient to stabilize sub-10 nm
particles in protein-rich biofluids. The instability is attributed to
the weak binding affinity of post-grafted phosphonic acid groups,
resulting in a gradual detachment of the polymers from the surface.
Here, we assess these polymers as coating agents using an
alternative route, namely, the one-step wet-chemical synthesis,
where PEGik-Ph is introduced with cerium precursors during the
synthesis. Characterization of the coated cerium oxide nano-
particles (CNPs) indicates a core−shell structure, where the cores
are 3 nm cerium oxide and the shell consists of functionalized PEG
polymers in a brush configuration. Results show that CNPs coated with PEG1k-Ph and PEG2k-Ph are of potential interest for
applications as nanomedicines due to their high Ce(III) content and increased colloidal stability in cell culture media. We further
demonstrate that the CNPs in the presence of hydrogen peroxide show an additional absorbance band in the UV−vis spectrum,
which is attributed to Ce−O22− peroxo-complexes and could be used in the evaluation of their catalytic activity for scavenging
reactive oxygen species.

1. INTRODUCTION
In recent years, nanostructured cerium oxide (CeO2) is
receiving much attention as a potential antioxidant agent for
biomedical applications, thanks to its enzyme mimetic catalytic
properties.1−3 The ability of cerium oxide nanoparticles
(CNPs) to act as an antioxidant is derived from their quick
and expedient mutation of the oxidation state between Ce(IV)
and Ce(III) by adjusting their electronic configuration and
exhibiting oxygen vacancies, or defects, in the lattice
structure.2,4−7 The unique oxygen buffering behavior of cerium
oxide has been studied extensively in the surface science and
catalysis field since cerium oxide can serve as an ideal industrial
catalyst.8,9 While the biomedical antioxidant properties of
nanoscale CeO2 are promising, there is a great challenge to
apply existing CNPs for clinical use.3,10,11 For medical
applications, CNPs must be functionalized by proper hydro-
philic coatings to avoid aggregation/accumulation in the
human cellular environment and to enhance their biocompat-
ibility, while retaining their antioxidant properties.1,12 Exten-
sive research has shown that CNP biomimetic activity was
greatly influenced by its electrostatic surface charges and
coating adlayer, due to the interference with electron transfer
between surface Ce(III) and solution oxidants.13,14 Several
parameters are critical regarding hydrophilic polymer coatings,

such as the nature of the binding moieties to the surface, the
polymer density, polymer charges, and the coating thick-
ness.12,15−18 The fact that CNPs with the smallest hydro-
dynamic diameter and thinnest coating display the fastest
kinetics to the reaction between H2O2 and Ce(III) suggests
that the adlayer thickness plays a key role in the rate of
oxidation of the substrate.14

A wide range of techniques has been applied for the
synthesis and stabilization of CNPs through polymer coat-
ings.10,11 Wet chemical precipitation synthesis is one of the
most commonly used methods to build up nanoparticle
crystals from molecular precursors, such as cerium nitrate
hexahydrate. Hydrophilic polymer coatings can be function-
alized to the CNP surfaces through two different approaches. It
can be either achieved through one-step wet-chemical
synthesis, where the polymers are introduced together with
the cerium precursors during synthesis.1,16 These polymers
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further act as capping agents, limiting the nanocrystal growth
and preventing their agglomeration. Another effective route of
polymer coatings onto CNPs is the two-step post-synthesis
process, where the polymers are grafted to CNP surfaces after
CeO2 nanoparticles synthesis.

15,19 This approach is achieved
through grafting-from or co-assembly grafting techniques, as
described in our previous work.15,20−22 The latter strategy
involves the spontaneous adsorption of polymers through
electrostatics15,20,23−25 and the phase transfer of coating agents
between organic and aqueous solvents.14,26

Many polymers have been proven suitable for CNP
hydrophilic coating for biomedical applications due to their
superior colloidal stability and biocompatibility, such as
dextran,12,13 chitosan, poly(acrylic acid),16,27,28 oleic acid,14,29

and poly(ethylene glycol) (PEG).15,26,30,31 PEG is among the
most widely used and mature polymers developed for such
purposes.31 Approved by regulatory and control agencies, PEG
offers also substantial advantages. It is a flexible macromolecule
that can be synthesized with narrow molar-mass dispersity.
Moreover, PEG was also found to follow accurate polymer
dynamics predictions, allowing quantitative evaluation of the
chain conformation at solid−liquid interfaces.32,33
In our previous work, we developed a platform for the

coating of metal oxide particles (e.g., CeO2, γ-Fe2O3, Al2O3
and TiO2)

20 based on PEG functional polymers.15,20,21 The
platform was designed to synthesize (co)polymers carrying
multiple functions along their backbone: (i) phosphonic acid
(R−H2PO3) as anchoring groups to the metal surface,34,35 (ii)
PEG pendant chain for colloidal stability and protein
resistance,32 and (iii) amine-terminated PEGylated chain for
further covalent functionalization.36 In controlled physico-
chemical conditions, phosphonic acid PEG copolymers
spontaneously adsorb to the metal oxide surfaces via the
phosphonic acid groups, with the PEG forming a dense brush
of extended chains. The robust non-covalent anchoring to the
surface was ascribed to the presence of the three oxygens of the
phosphonic acid group, allowing for mono, bi-, and tridentate
binding modes to cerium atoms.34,37,38 In vitro mammalian cell
assays21,22,36 and in vivo biodistribution experiments in
mice21,36,39 have shown that phosphonic acid PEG copolymers
are effective coating agents for iron and CNPs as they
significantly reduce the cellular uptake and extend the lifetime
of particles in the blood circulation for several hours. While
multi-phosphonic acid PEG copolymers have clear advantages
over monophosphonic acid PEG in terms of colloidal
stability,20 they do exhibit some drawbacks. First, their
synthesis is more challenging than the monophosphonic acid
PEG. Second, these polymers are statistical, with a relatively
broad molar-mass dispersity. For such samples, the diverse
mixture of short and long chains may behave differently
compared to the average value.
In this work, we investigate monophosphonic acid PEG

polymers of molecular weight 1, 2, and 5 kDa as CNP
hydrophilic polymer coating, in combination with the one-pot
synthesis and functionalization method. To the best of our
knowledge, this is the first time that monophosphonic acid
PEG functional polymers are used for this purpose in the
context of CNP synthesis.11 Previous attempts to implement
PEG homopolymers as coating failed to reveal the chemical
coupling between ethylene oxide monomers and CeO2
surface.25,30,40,41 The objective is to take advantage of the
high affinity of the phosphonic acid groups for cerium to
strengthen the anchoring of polymers terminated with a single

phosphonic acid. In this work, we show that CNPs synthesized
in the presence of monophosphonic acid PEG polymer for
controlling nanocrystal growth generate 3 nm CeO2 cores
presenting a high fraction of Ce(III) on the surface and
combining remarkable stability in the culture media. We have
also developed a spectrophotometric approach that reveals an
additional band at 365 nm in the CNP absorption spectrum in
the presence of hydrogen peroxide (H2O2). This band is
attributed to Ce−O22− peroxo-complexes,42−47 and its
amplitude could potentially be used in the evaluation of
catalytic properties of CNPs as enzyme mimetics.

2. MATERIALS AND METHODS
2.1. Materials. CNPs with a diameter of 7.8 nm (CNP8) were

synthesized by thermo-hydrolysis of Ce(III) nitrate hexahydrate and
kindly provided by Solvay (Centre de Recherche d’Aubervilliers,
France) as a 250 g L−1 aqueous dispersion (pH 1.5).15 A transmission
electron microscopy (TEM) image of the CNP8 particles along with
the size distribution is provided in Supporting Information S1. The
PEG polymers functionalized by one or several phosphonic acid
moieties were synthesized by SPECIFIC POLYMERS, France
(http://www.specificpolymers.fr/). These are three linear polymers
synthesized by functionalization of PEGik (i = 1, 2, or 5) precursors
with a single phosphonic acid group as end-group, and a statistical
copolymer with a methacrylate backbone and pending PEG2k chains
and five phosphonic acid groups. For the abbreviations of the
polymers, we refer to the terminology published in ref 21: phosphonic
acid-terminated PEG polymers are termed PEG1k-Ph, PEG2k-Ph, and
PEG5k-Ph, respectively (Figure 1a), whereas the copolymer reads

MPEG2k-co-MPh (Figure 1b). For the latter, MPEG2k denotes a PEG
methacrylate monomer, while MPh represents a methacrylate
monomer bearing a phosphonic acid functional group. For the
PEGik-Ph polymers, size exclusion chromatography (SEC) was used
to determine the number and weight-averaged molecular weights Mn
and Mw, as well the molar-mass dispersity Đ (Supporting Information
S2). The molar composition of the copolymer MPEG2k-co-MPh was
determined by 1H NMR integrated intensities obtained on the
phosphonate ester precursor, considering NMR signals from the
methyl ester associated to the MPh group and the ethylene oxide
groups of the PEGylated chains. From the ratio between these
intensities, we obtained a copolymer with 6.2 PEGylated chains and
5.4 phosphonic acid groups in average, leading to the formula
(MPEG2k)6-co-MPh5. The presence of the phosphonic acid unit was
confirmed by 31P NMR with a signal between 16 and 21 ppm

Figure 1. Chemical structures and abbreviations of the polymers used
in this work. (a) PEG with the molecular weight i kDa (i = 1, 2, and
5) terminated with a single phosphonic acid and abbreviated as
PEGik-Ph.

21 (b) Statistical copolymer [(MPEG2k)0.54-co-MPh0.46]11
made from MPEG2k and MPh monomers, wherein MPEG2k refers
to a PEG methacrylate macromonomer with PEG molecular weight of
2 kDa and MPh to a methacrylate monomer bearing a phosphonic
acid functional group. The molar ratio of each comonomer was
determined from 1H NMR (Supporting Information S3). For
simplicity, the copolymer will be denoted hereafter as (MPEG2k)6-
co-MPh5.
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(Supporting Information S3). For the copolymer, Mw was obtained
from static light scattering and the Zimm representation of the
scattered intensity versus concentration,20 whereas a molar-mass
dispersity of 1.8 was obtained by SEC on a PolyPore column using
THF as the eluent and polystyrene standards. Synthesis details and
characterization can be found in previous reports.21,22,39 Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and
penicillin−streptomycin were purchased from Gibco, Life Technol-
ogies. Water was deionized with a Millipore Milli-Q Water system. All
products were used without further purification. HNO3 and NH4OH
were used to adjust the pH.
2.2. Synthesis of Cerium Oxide Nanoparticles. The CNP

dispersions were prepared by a wet-chemical one-pot method. Briefly,
35 μmol phosphonic acid PEG polymers were dissolved in 250 μL of
DI water at pH 1.4. Similarly, 35 μmol cerium nitrate hexahydrate
[Ce(NO3)3·6H2O] was dissolved in 250 μL of DI water at pH 1.4,
then added and mixed thoroughly with the polymer solution for 1 h at
room temperature. In this first series of experiments, the Ce-to-
phosphonic-acid stoichiometry was set to 1. Then, 50 μL of 30%
ammonium hydroxide was added to the previous solution, and the
CNP nucleation and growth were allowed to proceed for 24 h at 60
°C. The pH was subsequently adjusted to 7.4. The CNP dispersion
was ultra-filtrated using an Amicon cell with a 100 kDa molecular-
weight cut-off membrane (Millipore Inc.) and centrifuged at 3000
rpm for 15 min to remove the excess polymers. In the Ce(III) ion
oxidation reaction leading to the CNP formation, the PEG-based
polymers are allowed to slow down the nanocrystal growth and at the
same time stabilize the particles by steric repulsion. In a second series,
the scaling up of a chemical reaction was performed by increasing the
individual components by a factor of 10 [350 μmol Ce(NO3)3·6H2O
and phosphonic acid PEG polymers in a total of 3 mL]. To finally
investigate the role of concentration and stoichiometry, the synthesis
was performed by changing the Ce-to-phosphonic-acid stoichiometry
(from 1:1 to 1:0.5 and 1:0.1) and reducing the molar contents of the
constituents by factors 2, 4, and 8, while keeping the synthesis
volumes unchanged.
2.3. Small- and Wide-Angle X-ray Scattering. X-ray scattering

was carried out using an Empyrean (PANALYTICAL) diffractometer
equipped with a multichannel PIXcel 3D detector and a Cu Kα X-ray
source (1.54187 Å). Samples were deposited on a monocrystalline Si
substrate, with a spinner movement (rotation time 1 s). A 1/16°
divergence slit, a 1/8° anti-scatter slit, and a 10 mm mask were
installed before the samples. Typically, each pattern was recorded in
the θ−θ Bragg−Brentano geometry in the 20−100° 2θ range
(0.0263° for 600 s), where 2θ denotes the scattering angle.
2.4. Dynamic Light Scattering and Zeta Potential. The

scattering intensity IS and the hydrodynamic diameter DH were
determined on CNP dispersions using a NanoZS Zetasizer (Malvern
Panalytical) at the concentration cCNP = 0.1−20 g L−1 (T = 25 °C).
The scattering intensity as a function of concentration showed that in
the dilute regime, IS is proportional to cCNP. In the dynamic mode, the
second-order autocorrelation function was recorded in triplicate and
analyzed using the cumulant algorithms to determine the average
diffusion coefficient and the intensity distribution of the hydro-
dynamic diameter. The DH was calculated according to the Stokes−
Einstein relation DH = kBT/3πηD0, where kB is the Boltzmann
constant, T is the temperature, and η is the solvent viscosity (0.89
mPa s). Laser Doppler velocimetry using the phase analysis light
scattering mode (NanoZS Zetasizer) was performed to determine the
electrophoretic mobility and zeta potential. For colloidal stability
studies, a few microliters of a concentrated CNP dispersion were
poured and homogenized in 1 mL of the cell culture medium, and the
scattering intensity IS(t) and hydrodynamic diameter DH(t) were
simultaneously measured over time for a period of 1 month (T = 25
°C). In this protocol, we also verify that the scattering intensity
coming from the CNPs was much higher than that of the proteins in
the culture medium and that the measured DH(t) was those of the
nanoparticles only.
2.5. UV−Visible Spectrophotometry. The absorbance of CNP

aqueous dispersions was measured with a UV−visible spectropho-

tometer (JASCO, V-630) equipped with a temperature controller.
The CNP absorption spectra ACNP(λ) were recorded in the range λ =
190−800 nm at room temperature (T = 25 °C). According to the
Beer−Lambert law, ACNP(λ) is proportional to the CNP concen-
tration cCNP: ACNP(λ) = εCNP(λ)lcCNP, where εCNP(λ) is the
absorptivity coefficient and l is the cell thickness. Given l = 1 cm
for standard quartz SUPRASIL cell (Hellma, QS.10) and εCNP = 25.2
L g−1 cm−1 at the characteristic 288 nm CeO2 peak,

48−50 the
concentration of the synthesized CNPs was evaluated using the Beer−
Lambert law with accuracy better than 0.1% in the range 10−3 to 10 g
L−1. For the coated particles, we ascertained that the coating neither
modified the position of the peak at 288 nm nor the absorptivity, and
used this feature to accurately determine the CeO2 concentration of
the coated CNPs. In the following, all the samples studied, coated or
not, will be characterized by their CeO2 concentration, cCNP.
For studies with hydrogen peroxide, the implemented protocol

consisted in working at CeO2 concentrations of the order of cCNP = 2
× 10−2 g L−1, to obtain a net absorbance at 288 nm around 0.50.
Different concentrations of H2O2 spanning 6 orders of magnitude
(from 0.002 to 2000 mM) were added to the CNP dispersions, and
their absorption spectra +A ( )CNP H O2 2

were recorded. All spectra
were treated by (i) subtracting that of the solvent (H2O for ACNP(λ)
and mixtures of H2O/H2O2 for +A ( )CNP H O2 2

and (ii) normalizing
the absorbance by ACNP(λ = 288 nm). This data processing allowed us
to compare spectra that were obtained at slightly different
concentrations. Finally, the absorbance excess, defined as the
difference [ ] =+A A A( ) ( ) / ( 288 nm)CNP H O CNP CNP2 2

, was cal-
culated for each H2O2 concentration and plotted as a function of the
wavelength. In the sequel of the paper, normalized absorbances will be
written with a tilde on the A, such as A ( )CNP or +A ( )CNP H O2 2

.
2.6. Transmission Electron Microscopy. Micrographs were

taken with a Tecnai 12 TEM operating at 120 kV equipped with a 4-k
camera OneView and GMS3 software (Gatan). A drop of the CNP
dispersion was deposited on ultrathin carbon type-A 400 mesh copper
grids (Ted Pella, Inc.). Micrographs were analyzed using ImageJ
software for 250 particles. The particle size distribution was adjusted
u s i n g a l o g − n o r m a l f u n c t i o n o f t h e f o r m :

=p d D s s d ln d D s( , , ) 1/ 2 ( ) exp( ( / )/2 ( ) )2 2 , where β(s) is
related to the size dispersity s through the relationship

= +s s( ) ln(1 )2 .51 s is defined as the ratio between the standard
deviation and the average diameter. For β < 0.4, one has β ≅ s.52

2.7. Fourier-Transform Infrared Spectroscopy and Ther-
mogravimetric Analysis. Fourier-transform infrared (FTIR) spec-
troscopy was conducted on a Spectrum65 FTIR instrument
(PerkinElmer, Waltham, Massachusetts, USA) to confirm the polymer
coatings onto the CNPs. The powder sample was placed on the
diamond of the attenuated total reflection unit, and the spectra were
recorded in the range 515−4000 cm−1 with 10 scans and a resolution
of 4 cm−1. Thermogravimetric analysis (TGA) was carried out on the
TA Instruments SDT Q600 to determine the number of polymers
bound to the CNPs. The experiments were made on powder samples
of CNPs coated with PEGik-Ph in a N2 atmosphere at a heating rate of
10 °C min−1. Both FTIR and TGA experiments were carried out in
the Phenix facilities, Sorbonne University (Paris).53

2.8. X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) analysis was performed using an Omicron Argus
X-ray photoelectron spectrometer, equipped with a monochromated
Al Kα radiation source (hν = 1486.6 eV) and a 280 W electron beam
power. Experiments were performed on powdered samples, obtained
either by heating (60 °C for 1 day) and evaporation of the solvent
from the dispersion or by freeze-drying. In this way, we were able to
check if heating modifies the surface defects associated with the
oxygen vacancies and surface Ce(III). The emission of photoelectrons
from the sample was analyzed at a takeoff angle of 45° under ultra-
high vacuum conditions (≤10−9 mbar). Spectra were carried out with
a 100 eV pass energy for the survey scan and 20 eV pass energy for
the C 1s, O 1s, and Ce 3d regions. Binding energies were calibrated
against the C 1s (C−C) binding energy at 284.8 eV, and element peak
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intensities were corrected by Scofield factors. The peak areas were
determined after subtraction of a Shirley background. The spectra
were fitted using KolXPD software (kolibrik.net, s.r.o, Czech
Republic) and applying a Gaussian/Lorentzian ratio G/L equal to
70:30. The measured core-level spectra of Ce 3d were fitted with five
doublets corresponding to the Ce(III) and Ce(IV) states to evaluate
the Ce oxidation state.54 There are three peaks associated with
Ce(IV) ions and two peaks associated with Ce(III) ions, and each of
them splits in two doublets, Ce 3d5/2 (Vi) and Ce 3d3/2 (Ui) states,
presenting a constant separation of ∼18.5 eV. The three doublets
corresponding to Ce(IV) are U‴ (916.7 eV)/V‴ (898.4 eV), U
(901.0 eV)/V (882.5 eV), and U″ (907.3 eV)/V″ (888.8 eV), and the
two doublets corresponding to Ce(III) are U′ (903.5 eV)/V′ (884.9
eV) and Uo (898.8 eV)/Vo (880.3 eV).

3. RESULTS AND DISCUSSION
3.1. Structural Characterization of Cerium Oxide

Nanoparticles. 3.1.1. Transmission Electron Microscopy.
Figure 2a−d shows representative TEM micrographs of
samples obtained under different conditions. For the first
three, the monophosphonic acid PEG polymer PEG2k-Ph was
used as a coating agent. Figure 2a,b displays results at cerium-
to-phosphonic-acid stoichiometry 1:1 and 1:0.1, whereas
Figure 2c is obtained at 1:1 stoichiometry, with a four-fold
lower cerium salt and polymer content, 8.8 μmol instead of 35
μmol. The CNPs featured, as shown in Figure 2d, were
obtained under the same scheme using the statistical
copolymer (MPEG2k)6-co-MPh5. The size distributions dis-
played in the lower panels were adjusted using log−normal
functions (continuous lines), leading to median diameters of
3.4, 5.1, 3.9, and 3.6 nm, respectively. TEM data show the
critical role of cerium-to-phosphonic-acid stoichiometry and
synthesis concentration in obtaining well-dispersed nanometric
particles. When the polymer amount was decreased or when

both the cerium salt and polymers were diluted, nanoparticles
still formed but aggregated during synthesis to form pearl-
necklace chains and eventually anisotropic structures of several
tens of nanometer long (Figure 2b). The data also show that
concerning CNP cores, there are no significant differences
between synthesis with PEG2K-Ph polymers and (MPEG2k)6-
co-MPh5 copolymers (Table 1).

In a second series of syntheses, we studied the effect of PEG
molecular weight on the CNP particle size, while maintaining
the cerium-to-phosphonic-acid stoichiometry and polymer and
cerium content of 35 μmol. The nanoparticles imaged by TEM
together with the size distributions are displayed in Supporting
Information S4, demonstrating the formation of cerium oxide
cores for the three coatings PEG1K-Ph, PEG2K-Ph, and PEG5K-
Ph. The median sizes of the distributions here are 3.0, 3.4, and
3.3 nm, respectively, showing no clear dependence on PEG

Figure 2. Transmission electron microscopy images (upper panels) and corresponding size distributions (lower panels, n = 250) for (a−c)
synthesis performed using PEG2K-Ph as coating at different conditions of stoichiometry and concentration and (d) synthesis performed using
statistical copolymer (MPEG2k)6-co-MPh5. The continuous lines in the lower panels are the results of best-fit calculations using a log−normal
function.

Table 1. Molecular Characteristics of the Phosphonic Acid-
PEGylated Polymers and Copolymer Synthesized in This
Worka

polymers
Mn
(Da)

Mw
(Da)

molar-mass
dispersity Đ

phosphonic
acid/polymer

PEG1k-Ph 1060 1320 1.24 1.0
PEG2k-Ph 1670 1750 1.05 1.0
PEG5k-Ph 4190 4400 1.05 1.0
(MPEG2k)6-co-
MPh5

11,300 20,300 1.8 5.4

aThe molecular weight and molar-mass dispersity Đ of the PEGik-Ph
precursors were determined from SEC (Supporting Information S2).
The average numbers of phosphonic acids and PEG segments in
(MPEG2k)6-co-MPh5 were estimated from the molar ratio and the
weight-average molecular weight Mw.
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molecular weight. The size DTEM and dispersity sTEM retrieved
from the TEM experiments are shown in Table 2. In the
following, the cerium oxide dispersions obtained at 1:1 cerium-
to-phosphonic-acid stoichiometry will be named CNPX@
coating, where X denotes the median TEM sizes.

3.1.2. Wide- and Small-Angle X-ray Scattering. Wide-
angle X-ray scattering (WAXS) was performed on CNP3@
PEGik-Ph (i = 1, 2, and 5) powder samples, and the results
confirmed the face-centered cubic fluorite-like structure of the
nanocrystals. From the Rietveld analysis, the lattice constants
were derived and found identical for the three samples, at
0.5426 nm.52 The crystallite sizes were also inferred from the
X-ray spectra and found to agree with those from TEM, at
2.20, 3.70, and 2.32 nm, respectively (Table 2 and Supporting
Information S5). Figure 3a shows data collected by powder
small-angle X-ray scattering (SAXS) on three batches, the
CNP8 sample, and two PEGylated CNPs, CNP3@PEG2k-Ph
and CNP4@MPEG2k-co-MPh copolymer. CNP3@PEG2k-Ph
was used to represent the set of monophosphonic PEG-coated
CNPs. In SAXS, the scattering contrast arises from the electron
density of the scattering species, and as the electron densities
are higher for CeO2 than that for the coating materials, it can
be assumed that the CNP cores contribute predominantly to
the intensity.27 The X-ray scattered intensity in Figure 3a

exhibits a decrease above 1 nm−1 for the three samples, which
is consistent with a Guinier behavior, in agreement with the
expression ISAXS(q) = I0 exp(−q2Rg2/3). In the previous
equation, q is the wave-vector, I0 is the intensity extrapolated at
q → 0, and Rg is the radius of gyration of the particles. The
Guinier behavior is valid for qRg ≪ 1. Plotted in semi-
logarithmic scale vs q2 in Figure 3b−d, the intensities show an
exponential decay, in agreement with the Guinier law. From
the slope, the gyration radius Rg and the effective particle
diameter =D R2 5/3SAXS g are determined. It is found that
for CNP3@PEG2k-Ph and CNP4@MPEG2k-co-MPh, DSAXS =
4.0 and 4.7, respectively, in good accord with the TEM and
WAXS data for the PEGylated CNPs (Table 2). In contrast,
for CNP8, results provide DTEM = 7.8 nm and DSAXS = 1.40
nm. This discrepancy can be explained by the structure of the
agglomerated particles with 2−5 CeO2 crystallites, which is in
the order of 2 nm.23,52

3.1.3. Dynamic Light Scattering and Electrophoretic
Mobility. DLS experiments were carried out to measure the
hydrodynamic diameter of the dispersed nanoparticles. The
values listed in Table 3 give DH-values of 14 ± 2, 18 ± 2, and

110 ± 10 nm for CNP3@PEGik-Ph with i = 1, 2, and 5,
respectively. The value of 110 nm for CNP3@PEG5k-Ph

Table 2. Diameters of the Cerium Oxide Cores Obtained by
Transmission Electron Microscopy (DTEM) and X-ray
Scattering (DWAXS and DSAXS)

a

CNPs DTEM (nm) sTEM DWAXS (nm) DSAXS (nm)

CNP8 7.8 0.15 2.56 1.40
CNP3@PEG1k-Ph 3.0 0.14 2.20 n.d.
CNP3@PEG2k-Ph 3.4 0.25 3.70 4.02
CNP3@PEG5k-Ph 3.3 0.18 2.32 n.d.
CNP4@MPEG2k-MPh 3.6 0.33 n.d. 4.71

asTEM is the size dispersity index for particles,
51 and it is defined as the

ratio between the standard deviation and the mean diameter of the
size distribution obtained in TEM. n.d. stands for not determined.

Figure 3. (a) X-ray scattering intensity as a function of the wave vector q for CNP8, CNP3@PEG2k-Ph, and CNP4@MPEG2k-co-MPh
nanoparticles. (b−d) Guinier representation (I(q) vs q2) showing the exponential decrease of the intensity in the range qRg ≪ 1, where Rg is the
radius of gyration of the particles.

Table 3. Hydrodynamic Diameters (DH) and Thickness (h)
of the Polymer Coating Layer of Cerium Oxide Particles
Synthesized in This Worka

CNP DH (nm)
h

(nm)
ζ

(mV)
number of polymers

per CNP

CNP3@PEG1k-Ph 14 ± 1 5.2 −8.1 58
CNP3@PEG2k-Ph 18 ± 2 6.4 −2.7 57
CNP3@PEG5k-Ph 110 ± 10 n.d. −0.3 107
CNP4@MPEG2k-
MPh

40 ± 5 16.2 −5.2 57

aThe zeta potential ζ was derived from electrophoretic mobility
measurements (Supporting Information S6), whereas the number of
polymers per particles was acquired from TGA (Supporting
Information S8). n.d. stands for not determined.
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suggests that during synthesis, the CNPs have partially
aggregated, a result that could not be seen from the TEM
images. For CNPs coated with the copolymer (MPEG2k)6-co-
MPh5, the hydrodynamic diameter was found to be higher (DH
= 40 ± 5 nm) than those of the monophosphonic acid
polymer-coated particles. From the DH-values, the thickness h
of the polymer layer surrounding the CNP cores can be
determined (Table 3). For this, we estimated the hydro-
dynamic diameter of the bare particles based on the TEM data
( =D D D( / )H

bare 8 6 1/2)55 and calculated h = (DH − DHbare)/2.
For PEG1k-Ph and PEG2k-Ph, h is 5.2 and 6.4 nm, respectively,
in good agreement with the thicknesses of the same polymers
deposited on planar56 or curved39 substrates. These values are
consistent with a stretching of the polymers tethered at the
CeO2−solvent interface of 50−80%.36 For CNPs coated with
the copolymer (MPEG2k)6-co-MPh5 of molecular weight 20.3
kDa, the coating layer value of 16 nm is higher than that of
fully stretched PEG2k chains (12.7 nm),

32 suggesting that
phosphonic acid groups are not all anchored to the surface,
some of them being dangling in the solvent. For partially
aggregated CNP3@PEG5k-Ph particles, it was not possible to
retrieve h as the diameter of the CNP aggregates could not be
pinpointed from TEM micrographs. In Table 3, we have also
added data from ζ-potential which show slightly negative
values between ζ = −0.3 and −8.1 mV. The intensities vs ζ-
potential obtained for the four coated CNPs are displayed in
Supporting Information S6. Finally, CNP powders obtained by
freeze-drying were examined by FTIR spectroscopy (Support-
ing Information S7) and TGA (Supporting Information S8) to
confirm polymer coating of CNPs and to determine the
percentage of organic matter associated with the particles.

FTIR spectra of PEGik-Ph-coated CNPs reveal absorption
bands at 2860−2870 cm−1 due to aliphatic C−H stretching.
The aliphatic C−H stretching at 1500−1300 cm−1 is due to
C−H bending vibrations. The bands due to the C−O/P−O
stretching mode were observed between 1300 and 1000 cm−1

and originate from C−O vibrations, C−O−C stretching, and
C−O−H bending vibrations of PEGik-Ph. The peaks between
960 and 800 cm−1 are related to out-of-plane C−H vibrations
(wobbling and swinging) of the PEGik-Ph chains, while the
absorption peak around 720 cm−1 can be attributed to P−C
stretching. After the coating of the polymers on the CNPs, the
FTIR spectra confirm the successful incorporation of these
polymers onto the CNP surface. As for the TGA, the
percentage of organic matter indicated values between 45
and 83% depending on the polymers (Supporting Information
S8). The numbers of polymers per CNP are found between 50
and 100 (Table 3), corresponding to polymer densities around
1 nm−2. Such densities are common for coated particles31,57,58

and slightly larger than those obtained from the two-step post-
synthesis process, for which the polymers are grafted after
nanoparticle synthesis.20,22 In conclusion of this part, we find
that under the synthesis conditions used, PEG1k-Ph and
PEG2k-Ph polymers provide a coating whose conformation can
be described in terms of a stretched polymer brush.59

3.2. X-ray Photoelectron Spectroscopy. A feature
commonly associated with the antioxidant properties of
CeO2 is the fraction f Ce(III) of surface cerium atoms in the
oxidation state Ce(III).60 For the determination of f Ce(III), XPS
experiments were performed on powdered samples obtained
by solvent evaporation (60 °C for days) or by freeze-drying of
CNP dispersions. Figure 4a displays XPS Ce 3d spectra for
CNP8 powders obtained from a 10 g L−1 dispersion using

Figure 4. (a) XPS of Ce 3d core-level spectra for CNP8 powders obtained from a 10 g L−1 dispersion. The continuous thick lines display the sum
of the different peak contributions adjusted according to the model proposed by Lykhach et al.54 The continuous thin lines in red and green refer to
the Ce(IV) and Ce(III) contributions, respectively. The Ce(III) fractions were calculated from the integrated areas of the assigned peaks. (b−e)
Same as in (a) for CNP3@PEG1k, CNP3@PEG2k, CNP3@PEG5k, and CNP4@MPEG2k-co-MPh.
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solvent evaporation. The data were adjusted using the model
proposed by Lykhach et al.,54 assuming three pairs of peaks
associated with Ce 3d electrons ejected from Ce(IV) and two
for Ce(III). Also represented in the figures are the separate
contributions from each oxidation state, illustrated by the
shaded areas in red and blue, respectively. For this sample, we
found a f Ce(III) at 16%, in good agreement with that obtained in
an earlier report.52 The uncertainty on the Ce(III) fraction
with the method of Lykhach et al. is estimated to be ±5%.54
Samples obtained by freeze-dry preparation were also
measured and evaluated for the CNP8 sample to be 8%.
Both methods gave similar results of Ce(III) fraction with
standard deviation fitting within the error estimation range.
Figure 4b−e show the decomposed Ce 3d XPS spectra for

the four coated nanoparticles, CNP3@PEG1k-Ph, CNP3@
PEG2k-Ph, CNP3@PEG5k-Ph, and CNP4@MPEG2k-co-MPh,
respectively. As mentioned above, the contributions of two
oxidation states have been included. For CNP3@PEG1k-Ph,
CNP3@PEG2k-Ph, CNP3@PEG5k-Ph, and CNP4@MPEG2k-
co-MPh, one gets f Ce(III) = 22, 19, 36, and 50%, respectively.
The high Ce(III)-fraction is recognizable on the graphs as it
shows the prominent (U′,V′) doublet at energies of 903/885
eV. These results show that the one-pot wet-chemical synthesis
provides more reduced CNPs, with f Ce(III) in the range of 19−
36%. As found in the literature, large Ce(III) fractions are
associated with smaller CNP core sizes, in relation to increased
surface lattice deformation and oxygen vacancies.10,61

Furthermore, the polymer interaction with surface Ce ions
has been reported to mediate the surface oxidation state of
CeO2, which largely depends on the interaction mechanisms
between the polymer functional groups and the surface oxygen
vacancies.12 High f Ce(III)-values for the synthesized CNPs
represent a major result as the outcome suggests that this
nanomaterial could be of interest for biomedical applications.
3.3. UV−Visible Spectrophotometry. It is well-known

that CNP dispersions change their spectroscopic properties
upon H2O2 addition.

6,12,14,62−64 For instance, Figure 5a shows
the colorimetric alteration of an 8 g L−1 CNP8 dispersion with
increasing [H2O2] from 0 to 200 mM. The CNP8 dispersions
tend to change from yellowish to orange and from orange to
garnet as [H2O2] increases. Previous reports have interpreted
these color changes as a red-shift, that is a shift of the
absorbance spectrum to higher wavelengths.12,14,16,52,64 The
first approach for quantifying these results consisted in
measuring the wavelength shift at the absorbance of 0.3 before
and after the addition of peroxide and comparing this shift
across different samples.14 Here, we opted for the method
proposed by Damatov and Mayer42 who evaluated the
absorbance excess = +A A A( ) ( ) ( )exc CNP H O CNP2 2

after
addition of H2O2 on the entire λ-range. In the previous
expression, the tilde indicates that the data have been
normalized with respect to ACNP(λ = 288 nm).
As part of this work, we investigated the effect of H2O2 on

the CNP absorption spectra as a function of the wavelength.

Figure 5. (a) Cerium oxide nanoparticles (CNP8) at the concentration of 8 g L−1 with increasing addition of H2O2. From left to right, [H2O2] = 0,
2, 20, and 200 mM. (b) Upper panel: normalized absorption spectra +A ( )CNP H O2 2

obtained for CNP8 at the cerium oxide concentration of cCNP =
2 × 10−2 g L−1 and hydrogen peroxide concentration ranging from 2 × 10−3 mM to 2 × 103 mM. Lower panel: absorbance excess

+A A( ) ( )CNP H O CNP2 2
as a function of the wavelength at the same [H2O2] concentrations. (c) Same as in (b) upper panel for CNP3@PEG1k-

Ph, CNP3@PEG2k-Ph, CNP3@PEG5k-Ph, and CNP4@MPEG2k-co-MPh nanoparticles. (d) Same as in (b) lower panel for CNP3@PEG1k-Ph,
CNP3@PEG2k-Ph, CNP3@PEG5k-Ph, and CNP4@MPEG2k-co-MPh nanoparticles.
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For this purpose, we compared CNPs with different sizes and
coatings, i.e., CNP8 and the PEGylated CNPs. In these assays,
the CeO2 concentration was set at cCNP = 2 × 10−2 g L−1 and
that of hydrogen peroxide was increased from 2 × 10−3 mM to
2 × 103 mM. The upper panel in Figure 5b shows the
normalized absorbance excess A ( )exc for CNP8 as a function
of the H2O2 concentration. With increasing hydrogen peroxide
concentrations, an increase in absorbance is observed in the
300−500 nm region, as indicated by an upward arrow. At
lower wavelengths, the spectra are well overlapped, except
those at 200 and 2000 mM which do not display the 288 nm
peak. We ascribe the missing 288 nm peaks to the increase in
the absorbance of H2O2 in the UV region. This increase
induces a spectral bias in this range, especially after the
subtraction of the solvent. The lower panel of Figure 5b shows
the absorbance excess A ( )exc in the same spectral range as
shown in Figure 5a. The data disclose the existence of an
absorbance peak centered around 365 nm, whose amplitude
increases with H2O2 concentration (Supporting Information
S9). The normalization of the 365 nm peak by its maximum
shows a good superposition of the data, suggesting that this
band is associated with a single mechanism (Supporting
Information S10).
The same protocol and data treatment were applied to the

PEGylated CNPs, CNP3@PEG1k-Ph, CNP3@PEG2k-Ph,
CNP3@PEG5k-Ph, and CNP4@MPEG2k-co-MPh, revealing
features similar to CNP8. As shown in Figure 5c,d, an increase
in absorbance in the 300−500 nm region is observed upon
increasing [H2O2], resulting in the absorption band centered
again around 365 nm. Once normalized, these peaks are
superimposable to each other. In Supporting Information S10,
we demonstrate that the 365 nm band has the same shape and
width characteristics independent of the type of investigated
particles. In conclusion of this section, for bare and PEGylated
CNPs, we find identical features for the spectrophotometric
properties induced by H2O2, namely, an additional absorbance

band centered at λ = 365 nm, attributed to the formation of
stable surface Ce−O22− peroxo-complexes.42−47,52,65
Figure 6a−e depicts the variation of the absorbance excess

[ ]A ( H O )exc 2 2 at λ = 365 nm as a function of H2O2
concentration for the five samples studied previously, CNP8,
CNP3@PEGik-Ph (i = 1, 2, and 5), and CNP4@MPEG2k-co-
MPh. We observe that [ ]A ( H O )exc 2 2 remains close to zero
until the concentration of [H2O2] = 10−2 to 10−1 mM, then
increases rapidly until reaching a plateau at the highest
concentration, i.e., above 100 mM. This behavior is similar to
that found by Damatov and Mayer for dispersions of CeO2 in
non-polar organic solvents.42 It should be noted that all three
samples coated with monophosphonic acid PEG chains behave
similarly, whereas the CNP4@MPEG2k-co-MPh sample lies
slightly lower. The [ ]A ( H O )exc 2 2 behavior was adjusted with
the Hill adsorption isotherm66

[ ] = [ ]
+ [ ]

A A
c

( H O )
H O

H Oexc 2 2 max
2 2

0 2 2 (1)

where Amax is the maximum value of absorbance excess, c0 is
the H2O2 concentration at which [ ]A ( H O )exc 2 2 is at half
maximum, and α is the Hill coefficient. For all investigated
CNPs, α was found less than 1, varying between 0.37 and 0.42
(Figure 6f), suggesting a negative cooperativity effect for the
H2O2 binding to the surface.

67,68 Despite the polymer coating,
the 3 nm core CNPs exhibit higher maximum absorbance
compared to CNP8 with a core size of 7.8 nm, a result that
could be attributed to the higher number of exposed Ce(III)
ions to the surface, as evidenced by XPS.52 On the other hand,
the value of c0 for CNP8 is 1 order of magnitude lower than
that of PEGylated CNPs. This suggests that the polymer
coatings on CNP3@PEG1k-Ph, CNP3@PEG2k-Ph, CNP3@
PEG5k-Ph, and CNP4@MPEG2k-co-MPh affect the diffusion of
H2O2 to the surface.

Figure 6. (a−e) Absorbance excess +A ACNP H O CNP2 2
at the wavelength λ = 365 nm after addition of increasing amounts of H2O2 and 1 h

equilibration time for CNP8, CNP3@PEG1k-Ph, CNP3@PEG2k-Ph, CNP3@PEG5k-Ph, and CNP4@MPEG2k-co-MPh, respectively. The
continuous line was obtained from the Hill equation (eq 1). (f) Hill parameters used to fit the absorbance excess as a function of the H2O2
concentration.
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3.4. Stability in Cell Culture Media. The biomedical
application of CNPs requires robust colloidal stability of the
nanoparticles in the biologically relevant environment. What
the cell “sees” after nanoparticles enter the human biological
fluid can be significantly different from their physicochemical
properties from the bench synthesis.12 For this reason, we
further evaluated the colloidal stability of these polymer-coated
CNPs using representative cell culture media. It was achieved
by examining the state of the CNP dispersions as a function of
time, over a period from a few seconds to several weeks. To
this aim, static and dynamic light scattering was implemented.
The cell culture medium used was DMEM supplemented with
10 vol. % FBS and antibiotics (penicillin−streptomycin).
DMEM is representative of cell biology experiments that deal
with nanoparticles for toxicology or biomedical purposes.
Based on recently established protocols,21 a dispersion is
considered stable if the scattered intensity IS(t) and the
hydrodynamic diameter DH(t) obtained are both stationary in
time, and if DH(t) is identical to its value in DI water. As for
the protocol, 100 μL of a c = 20 g L−1 concentrated dispersion
was poured and homogenized rapidly in 1 mL of the solvent to
be studied, and IS(t) and DH(t) are simultaneously measured
over 2 h and later at day 1, 2, 3, 5, 6, 10, 14, 20, and 26. This
procedure ensures that the scattering intensity of the CNPs is
much higher than that of the proteins in the culture medium,
and that the measured DHs are indeed those of the
nanoparticles. Figure 7 shows the time dependence of
CNP3@PEGik-Ph (i = 1, 2, and 5) and CNP4@MPEG2k-co-
MPh diameters for particles dispersed in complete DMEM. We
find that for the four samples, the DH-behavior as a function of
the time meets the criteria defined previously: the hydro-

dynamic diameter is constant over time, and the values are
those obtained after synthesis (Table 2). For comparison, we
show in the Supporting Information how the CNP8 sample
without polymer stabilization behaves when brought into
contact with the cell medium (Movie S1). The movie
illustrates that upon contact with the solvent, the dispersion
instantly destabilizes, and the particles aggregate into micron-
sized particles. This study concludes that the particles
synthesized in the presence of phosphonic acid PEG polymers
are colloidally stable and devoid of the protein corona.

4. CONCLUSIONS
A convenient strategy for coating CNPs in the liquid phase is
to allow hydrophilic polymers terminated by a single anchoring
group to adsorb spontaneously to the particle surface, e.g., by
electrostatic interaction. From a polymer chemistry perspec-
tive, adding a binding group to the end of a PEGylated chain is
a relatively simple process, and such polymers could represent
an all-in-one solution for coating a wide range of metal oxide
nanoparticles. Our previous work has shown that although
monophosphonic acid PEG polymers adsorb well on CNP
surfaces during post-grafting synthesis, they did not stabilize
CNPs in protein-rich cell culture media, the reason being the
progressive desorption of the polymer adlayer, the formation of
a protein corona, and finally the particle aggregation.20 In this
work, we address this problem following an alternative coating
route, namely, through the one-step wet-chemical synthesis
where the polymers are introduced along with cerium
precursors during the synthesis. Combining different techni-
ques such as TEM, X-ray, and light scattering, the synthesized
CNP3@PEGik-Ph (i = 1, 2, and 5) were found to exhibit a
core−shell structure, where the CeO2 cores are about 3 nm in
size and the shell consists of PEG polymers in a brush
configuration. The most promising results were observed with
monophosphonic acid PEG polymers of molecular weight 1
and 2 kDa while keeping a 1:1 stoichiometry between Ce(III)
ions and phosphonic acid moieties. We found that
stoichiometry and initial concentrations also played an
important role in obtaining well-dispersed particles. CNP3@
PEG5k-Ph showed also 3 nm cores, but partial particle
agglomeration during synthesis, with sizes reaching around
100 nm. We also performed a one-step synthesis with the
(MPEG2k)6-co-MPh5 copolymer for comparison and obtained
results that were globally equivalent to those of single
phosphonic acid PEG polymers. The combination of different
characterization techniques, such as XPS for the quantification
of the Ce(III) fraction, UV−vis spectrophotometry, and
colloidal stability assays by light scattering techniques, showed
that CNP3@PEG1k-Ph and CNP3@PEG2k-Ph are of potential
interest for biomedical applications, thanks to their elevated
Ce(III) fractions and improved stability in cell culture media.
This increased stability could also result from a higher density
of PEG polymers on the surface compared to the two-step
post-synthesis process, for which polymers are grafted after
nanoparticle synthesis. We also investigated the colorimetric
changes of CNPs upon H2O2 addition by UV−vis spectropho-
tometry and found that the absorbance spectra contained a
band at 365 nm in all coated and uncoated samples. This band
was attributed to the formation of stable Ce−O22− peroxo-
complexes42−45,47 and could provide quantitative information
on CNP catalytic properties. A systematic study of CNP
absorption spectra as a function of H2O2 molar concentration
showed an increase in absorbance at 365 nm, in agreement

Figure 7. Time dependence of the hydrodynamic diameter of (a)
CNP3@PEG1k-Ph, (b) CNP3@PEG2k-Ph, (c) CNP3@PEG5k-Ph,
and (d) CNP4@MPEG2k-co-MPh in a cell culture medium (DMEM
with 10 vol. % FBS and antibiotics) over a period of 26 days. The
horizontal straight lines indicate time average values, which are in
agreement with those measured in DI water (Table 2).
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with the Hill adsorption isotherm.66 From this analysis, a
comparison between bare and coated samples suggests that the
polymer coating affects the diffusion of H2O2 to the surface. In
conclusion, we find that with a one-step wet-chemical synthesis
and a convenient choice of phosphonic acid-terminated
polymers, it is possible to synthesize CNPs as antioxidants
with potential beneficial properties for nanomedicine applica-
tions.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00576.

TEM of 7.8 nm CNPs; SEC on PEGik-Ph precursors; 1H
and 31P NMR spectra from phosphonic acid PEG
polymers, copolymers, and phosphonate ester precursor;
TEM of CNP3@PEGik-Ph (i = 1, 2, and 5) CNPs;
WAXS performed on CNP3@PEGik-Ph nanoparticles;
electrophoretic mobility of cerium-coated oxide nano-
particles; FTIR spectroscopy on CNP3@PEGik-Ph;
TGA; peroxo-complex peak position as retrieved from
the UV−vis spectrometry; and normalized excess
absorbance induced by the addition of H2O2 (PDF)
7.8 nm cerium oxide nanoparticle dispersion without
polymer stabilization when brought into contact with
the cell culture medium (AVI)

■ AUTHOR INFORMATION
Corresponding Authors

Xiaohui Ju − Department of Chemistry and Biochemistry,
Mendel University in Brno, 613 00 Brno, Czech Republic;
Department of Surface and Plasma Science, Faculty of
Mathematics and Physics, Charles University, 181 00 Prague,
Czech Republic; orcid.org/0000-0002-4468-6003;
Email: xiaohui.ju@mff.cuni.cz

Jean-Franco̧is Berret − Université Paris Cité, CNRS, Matier̀e
et System̀es Complexes, 75013 Paris, France; orcid.org/
0000-0001-5458-8653; Email: jean-francois.berret@u-
paris.fr

Authors
Ameni Dhouib − Université Paris Cité, CNRS, Matier̀e et
System̀es Complexes, 75013 Paris, France

Braham Mezghrani − Université Paris Cité, CNRS, Matier̀e et
System̀es Complexes, 75013 Paris, France

Giusy Finocchiaro − Université Paris Cité, CNRS, Matier̀e et
System̀es Complexes, 75013 Paris, France; Institute of
Photonics and Electronics of the Czech Academy of Sciences,
182 51 Prague, Czech Republic

Rémi Le Borgne − Université Paris Cité, CNRS, Institut
Jacques Monod, F-75013 Paris, France

Mathéo Berthet − Specific Polymers, ZAC Via Domitia,
34160 Castries, France

Bénédicte Daydé-Cazals − Specific Polymers, ZAC Via
Domitia, 34160 Castries, France

Alain Graillot − Specific Polymers, ZAC Via Domitia, 34160
Castries, France

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.3c00576

Author Contributions
¶A.D. and B.M. contributed equally to the work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Victor Baldim and Jean-Yves Piquemal for fruitful
discussions. Delphine Talbot from the PHENIX laboratory
(Sorbonne University) is also acknowledged for TGAs. Agence
Nationale de la Recherche (ANR) and Commissariat a ̀
l’Investissement d’Avenir (CGI) are gratefully acknowledged
for their financial support of this work through Labex SEAM
(Science and Engineering for Advanced Materials and devices)
ANR-10-LABX-0096 et ANR-18-IDEX-0001. We acknowledge
the ImagoSeine facility (Jacques Monod Institute, Paris,
France) and the France BioImaging infrastructure supported
by the French National Research Agency (ANR-10-INBS-04,
“Investments for the future”). This research was supported in
part by the Agence Nationale de la Recherche under the
contract ANR-13-BS08-0015 (PANORAMA), ANR-12-
CHEX-0011 (PULMONANO), ANR-15-CE18-0024-01
(ICONS), and ANR-17-CE09-0017 (AlveolusMimics) and
by Solvay.

■ REFERENCES
(1) Asati, A.; Santra, S.; Kaittanis, C.; Nath, S.; Perez, J. M. Oxidase-
Like Activity of Polymer-Coated Cerium Oxide Nanoparticles. Angew.
Chem., Int. Ed. 2009, 48, 2308−2312.
(2) Celardo, I.; Pedersen, J. Z.; Traversa, E.; Ghibelli, L.
Pharmacological Potential of Cerium Oxide Nanoparticles. Nanoscale
2011, 3, 1411−1420.
(3) Xu, C.; Qu, X. Cerium Oxide Nanoparticle: a Remarkably
Versatile Rare Earth Nanomaterial for Biological Applications. NPG
Asia Mater. 2014, 6, No. e90.
(4) Karakoti, A.; Singh, S.; Dowding, J. M.; Seal, S.; Self, W. T.
Redox-Active Radical Scavenging Nanomaterials. Chem. Soc. Rev.
2010, 39, 4422−4432.
(5) Ma, Y.; Tian, Z.; Zhai, W.; Qu, Y. Insights on catalytic
mechanism of CeO2 as multiple nanozymes. Nano Res. 2022, 15,
10328−10342.
(6) Cafun, J.-D.; Kvashnina, K. O.; Casals, E.; Puntes, V. F.; Glatzel,
P. Absence of Ce3+ sites in chemically active colloidal ceria
nanoparticles. ACS Nano 2013, 7, 10726−10732.
(7) Hao, X.; Yoko, A.; Chen, C.; Inoue, K.; Saito, M.; Seong, G.;
Takami, S.; Adschiri, T.; Ikuhara, Y. Atomic-Scale Valence State
Distribution inside Ultrafine CeO2 Nanocubes and Its Size
Dependence. Small 2018, 14, 1802915.
(8) Campbell, C. T.; Peden, C. H. F. Oxygen Vacancies and
Catalysis on Ceria Surfaces. Science 2005, 309, 713−714.
(9) Fu, Q.; Saltsburg, H.; Flytzani-Stephanopoulos, M. Active
Nonmetallic Au and Pt Species on Ceria-Based Water-Gas Shift
Catalysts. Science 2003, 301, 935−938.
(10) Chen, B.-H.; Stephen Inbaraj, B. Various physicochemical and
surface properties controlling the bioactivity of cerium oxide
nanoparticles. Crit. Rev. Biotechnol. 2018, 38, 1003−1024.
(11) Lord, M. S.; Farrugia, B. L.; Yan, C. M. Y.; Vassie, J. A.;
Whitelock, J. M. Hyaluronan Coated Cerium Oxide Nanoparticles
Modulate Cd44 and Reactive Oxygen Species Expression in Human
Fibroblasts. J. Biomed. Mater. Res., Part B 2016, 104, 1736−1746.
(12) Ju, X.; Fucikova, A.; Smid, B.; Novakova, J.; Matolinova, I.;
Matolin, V.; Janata, M.; Belinova, T.; Hubalek Kalbacova, M.
Colloidal Stability and Catalytic Activity of Cerium Oxide Nano-
particles in Cell Culture Media. RSC Adv. 2020, 10, 39373−39384.
(13) Alpaslan, E.; Yazici, H.; Golshan, N. H.; Ziemer, K. S.; Webster,
T. J. pH-Dependent Activity of Dextran-Coated Cerium Oxide
Nanoparticles on Prohibiting Osteosarcoma Cell Proliferation. ACS
Biomater. Sci. Eng. 2015, 1, 1096−1103.
(14) Lee, S. S.; Song, W.; Cho, M.; Puppala, H. L.; Nguyen, P.; Zhu,
H.; Segatori, L.; Colvin, V. L. Antioxidant Properties of Cerium Oxide

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c00576
Langmuir 2023, 39, 8141−8152

8150

https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00576?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00576/suppl_file/la3c00576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00576/suppl_file/la3c00576_si_002.avi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohui+Ju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4468-6003
mailto:xiaohui.ju@mff.cuni.cz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Franc%CC%A7ois+Berret"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5458-8653
https://orcid.org/0000-0001-5458-8653
mailto:jean-francois.berret@u-paris.fr
mailto:jean-francois.berret@u-paris.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ameni+Dhouib"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Braham+Mezghrani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giusy+Finocchiaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Re%CC%81mi+Le+Borgne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathe%CC%81o+Berthet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Be%CC%81ne%CC%81dicte+Dayde%CC%81-Cazals"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alain+Graillot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00576?ref=pdf
https://doi.org/10.1002/anie.200805279
https://doi.org/10.1002/anie.200805279
https://doi.org/10.1039/c0nr00875c
https://doi.org/10.1038/am.2013.88
https://doi.org/10.1038/am.2013.88
https://doi.org/10.1039/b919677n
https://doi.org/10.1007/s12274-022-4666-y
https://doi.org/10.1007/s12274-022-4666-y
https://doi.org/10.1021/nn403542p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn403542p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201802915
https://doi.org/10.1002/smll.201802915
https://doi.org/10.1002/smll.201802915
https://doi.org/10.1126/science.1113955
https://doi.org/10.1126/science.1113955
https://doi.org/10.1126/science.1085721
https://doi.org/10.1126/science.1085721
https://doi.org/10.1126/science.1085721
https://doi.org/10.1080/07388551.2018.1426555
https://doi.org/10.1080/07388551.2018.1426555
https://doi.org/10.1080/07388551.2018.1426555
https://doi.org/10.1002/jbm.a.35704
https://doi.org/10.1002/jbm.a.35704
https://doi.org/10.1002/jbm.a.35704
https://doi.org/10.1039/d0ra08063b
https://doi.org/10.1039/d0ra08063b
https://doi.org/10.1021/acsbiomaterials.5b00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.5b00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4026806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Nanocrystals as a Function of Nanocrystal Diameter and Surface
Coating. ACS Nano 2013, 7, 9693−9703.
(15) Baldim, V.; Yadav, N.; Bia, N.; Graillot, A.; Loubat, C.; Singh,
S.; Karakoti, A. S.; Berret, J.-F. Polymer-Coated Cerium Oxide
Nanoparticles as Oxidoreductase-like Catalysts. ACS Appl. Mater.
Interfaces 2020, 12, 42056−42066.
(16) Ju, X.; Hubalek Kalbacova, M.; Smid, B.; Johanek, V.; Janata,
M.; Dinhova, T. N.; Belinova, T.; Mazur, M.; Vorokhta, M.; Strnad, L.
Poly(Acrylic Acid)-Mediated Synthesis of Cerium Oxide Nano-
particles with Variable Oxidation States and their Effect on Regulating
the Intracellular Ros Level. J. Mater. Chem. B 2021, 9, 7386−7400.
(17) Zhang, J.; Naka, T.; Ohara, S.; Kaneko, K.; Trevethan, T.;
Shluger, A.; Adschiri, T. Surface Ligand Assisted Valence Change in
Ceria Nanocrystals. Phys. Rev. B: Condens. Matter Mater. Phys. 2011,
84, 045411.
(18) Hao, X.; Chen, C.; Saito, M.; Yin, D.; Inoue, K.; Takami, S.;
Adschiri, T.; Ikuhara, Y. Direct Imaging for Single Molecular Chain of
Surfactant on CeO2 Nanocrystals. Small 2018, 14, 1801093.
(19) Nabavi, M.; Spalla, O.; Cabane, B. Surface Chemistry of
Nanometric Ceria Particles in Aqueous Dispersions. J. Colloid Interface
Sci. 1993, 160, 459−471.
(20) Baldim, V.; Bia, N.; Graillot, A.; Loubat, C.; Berret, J.-F.
Monophosphonic versus Multiphosphonic Acid Based PEGylated
Polymers for Functionalization and Stabilization of Metal (Ce, Fe, Ti,
Al) Oxide Nanoparticles in Biological Media. Adv. Mater. Interfac.
2019, 6, 1801814.
(21) Berret, J.-F.; Graillot, A. Versatile Coating Platform for Metal
Oxide Nanoparticles: Applications to Materials and Biological
Science. Langmuir 2022, 38, 5323−5338.
(22) Torrisi, V.; Graillot, A.; Vitorazi, L.; Crouzet, Q.; Marletta, G.;
Loubat, C.; Berret, J.-F. Preventing Corona Effects: Multiphosphonic
Acid Poly(ethylene glycol) Copolymers for Stable Stealth Iron Oxide
Nanoparticles. Biomacromolecules 2014, 15, 3171−3179.
(23) Chanteau, B.; Fresnais, J.; Berret, J.-F. Electrosteric Enhanced
Stability of Functional Sub-10 nm Cerium and Iron Oxide Particles in
Cell Culture Medium. Langmuir 2009, 25, 9064−9070.
(24) Ould-Moussa, N.; Safi, M.; Guedeau-Boudeville, M.-A.;
Montero, D.; Conjeaud, H.; Berret, J.-F. In Vitro Toxicity of
Nanoceria: Effect of Coating and Stability in Biofluids. Nanotoxicology
2014, 8, 799−811.
(25) Pautler, R.; Kelly, E. Y.; Huang, P.-J. J.; Cao, J.; Liu, B.; Liu, J.
Attaching DNA to Nanoceria: Regulating Oxidase Activity and
Fluorescence Quenching. ACS Appl. Mater. Interfaces 2013, 5, 6820−
6825.
(26) Kim, C. K.; Kim, T.; Choi, I.-Y.; Soh, M.; Kim, D.; Kim, Y.-J.;
Jang, H.; Yang, H.-S.; Kim, J. Y.; Park, H.-K.; Park, S. P.; Park, S.; Yu,
T.; Yoon, B.-W.; Lee, S.-H.; Hyeon, T. Ceria Nanoparticles that can
Protect against Ischemic Stroke. Angew. Chem., Int. Ed. 2012, 51,
11039−11043.
(27) Sehgal, A.; Lalatonne, Y.; Berret, J.-F.; Morvan, M.
Precipitation-Redispersion of Cerium Oxide Nanoparticles with
Poly(Acrylic Acid): Toward Stable Dispersions. Langmuir 2005, 21,
9359−9364.
(28) Ivanov, V. K.; Polezhaeva, O. S.; Shaporev, A. S.; Baranchikov,
A. E.; Shcherbakov, A. B.; Usatenko, A. V. Synthesis and Thermal
Stability of Nanocrystalline Ceria Sols Stabilized by Citric and
Polyacrylic Acids. Russ. J. Inorg. Chem. 2010, 55, 328−332.
(29) Song, W. S.; Soo Lee, S.; Savini, M.; Popp, L.; Colvin, V. L.;
Segatori, L. Ceria Nanoparticles Stabilized by Organic Surface
Coatings Activate the Lysosome-Autophagy System and Enhance
Autophagic Clearance. ACS Nano 2014, 8, 10328−10342.
(30) Xue, Y.; Balmuri, S. R.; Patel, A.; Sant, V.; Sant, S. Synthesis,
Physico-Chemical Characterization, and Antioxidant Effect of
Pegylated Cerium Oxide Nanoparticles. Drug Delivery Transl. Res.
2018, 8, 357−367.
(31) Jokerst, J. V.; Lobovkina, T.; Zare, R. N.; Gambhir, S. S.
Nanoparticle PEGylation for imaging and therapy. Nanomedicine
2011, 6, 715−728.

(32) Leckband, D.; Sheth, S.; Halperin, A. Grafted Poly(Ethylene
Oxide) Brushes as Nonfouling Surface Coatings. J. Biomater. Sci.,
Polym. Ed. 1999, 10, 1125−1147.
(33) Rubinstein, M.; Colby, R. H. Polymer Physics. Reprinted ed.;
Oxford University Press: Oxford, 2010; p 440.
(34) Pujari, S. P.; Scheres, L.; Marcelis, A. T. M.; Zuilhof, H.
Covalent Surface Modification of Oxide Surfaces. Angew. Chem., Int.
Ed. 2014, 53, 6322−6356.
(35) Sevrain, C. M.; Berchel, M.; Couthon, H.; Jaffres̀, P. A.
Phosphonic Acid: Preparation and Applications. Beilstein J. Org. Chem.
2017, 13, 2186−2213.
(36) Goujon, G.; Baldim, V.; Roques, C.; Bia, N.; Seguin, J.; Palmier,
B.; Graillot, A.; Loubat, C.; Mignet, N.; Margaill, I.; Berret, J.-F.;
Beray-Berthat, V. Antioxidant Activity and Toxicity Study of Cerium
Oxide Nanoparticles Stabilized with Innovative Functional Copoly-
mers. Adv. Healthcare Mater. 2021, 10, 2100059.
(37) Mosquet, M.; Chevalier, Y.; Brunel, S.; Guicquero, J. P.;
LePerchec, P. Polyoxyethylene Di-Phosphonates as Efficient Dispers-
ing Polymers for Aqueous Suspensions. J. Appl. Polym. Sci. 1997, 65,
2545−2555.
(38) Mutin, P. H.; Guerrero, G.; Vioux, A. Hybrid Materials from
Organophosphorus Coupling Molecules. J. Mater. Chem. 2005, 15,
3761−3768.
(39) Ramniceanu, G.; Doan, B. T.; Vezignol, C.; Graillot, A.; Loubat,
C.; Mignet, N.; Berret, J.-F. Delayed Hepatic Uptake of Multi-
Phosphonic Acid Poly(Ethylene Glycol) Coated Iron Oxide
Measured by Real-Time Magnetic Resonance Imaging. RSC Adv.
2016, 6, 63788−63800.
(40) Hanafy, B. I.; Cave, G. V.; Barnett, Y.; Pierscionek, B. Ethylene
Glycol Coated Nanoceria Protects against Oxidative Stress in Human
Lens Epithelium. RSC Adv. 2019, 9, 16596−16605.
(41) Karakoti, A. S.; Singh, S.; Kumar, A.; Malinska, M.;
Kuchibhatla, S. V. N. T.; Wozniak, K.; Self, W. T.; Seal, S. Pegylated
Nanoceria as Radical Scavenger with Tunable Redox Chemistry. J.
Am. Chem. Soc. 2009, 131, 14144−14145.
(42) Damatov, D.; Mayer, J. M. (Hydro)Peroxide Ligands on
Colloidal Cerium Oxide Nanoparticles. Chem. Commun. 2016, 52,
10281−10284.
(43) Issa Hamoud, H.; Azambre, B.; Finqueneisel, G. Reactivity of
Ceria−Zirconia Catalysts for the Catalytic Wet Peroxidative
Oxidation of Azo Dyes: Reactivity and Quantification of Surface
Ce(Iv)-Peroxo Species. J. Chem. Technol. Biotechnol. 2016, 91, 2462−
2473.
(44) Sardesai, N. P.; Andreescu, D.; Andreescu, S. Electroanalytical
Evaluation of Antioxidant Activity of Cerium Oxide Nanoparticles by
Nanoparticle Collisions at Microelectrodes. J. Am. Chem. Soc. 2013,
135, 16770−16773.
(45) Scholes, F. H.; Soste, C.; Hughes, A. E.; Hardin, S. G.; Curtis,
P. R. The role of hydrogen peroxide in the deposition of cerium-based
conversion coatings. Appl. Surf. Sci. 2006, 253, 1770−1780.
(46) Wei, X.; Wang, Y.; Feng, Y.; Xie, X.; Li, X.; Yang, S. Different
Adsorption-Degradation Behavior of Methylene Blue and Congo Red
in Nanoceria/H2O2 System under Alkaline Conditions. Sci. Rep.
2019, 9, 4964.
(47) Scholes, F. H.; Hughes, A. E.; Hardin, S. G.; Lynch, P.; Miller,
P. R. Influence of Hydrogen Peroxide in the Preparation of
Nanocrystalline Ceria. Chem. Mater. 2007, 19, 2321−2328.
(48) Lopés-Velasco, N. M.; Bailón-Ruiz, S. J. Effect of the Particle
Size and Ph on the Photocatalytic Performance of Cerium Oxide
(CeO2) Nanoparticles. MRS Adv. 2021, 6, 769−773.
(49) Qi, L.; Sehgal, A.; Castaing, J.-C.; Chapel, J.-P.; Fresnais, J.;
Berret, J.-F.; Cousin, F. Redispersible Hybrid Nanopowders: Cerium
Oxide Nanoparticle Complexes with Phosphonated-PEG Oligomers.
ACS Nano 2008, 2, 879−888.
(50) Truffault, L.; Ta, M. T.; Devers, T.; Konstantinov, K.; Harel, V.;
Simmonard, C.; Andreazza, C.; Nevirkovets, I. P.; Pineau, A.; Veron,
O.; Blondeau, J. P. Application of Nanostructured Ca Doped CeO2
for Ultraviolet Filtration. Mater. Res. Bull. 2010, 45, 527−535.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c00576
Langmuir 2023, 39, 8141−8152

8151

https://doi.org/10.1021/nn4026806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4026806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d1tb00706h
https://doi.org/10.1039/d1tb00706h
https://doi.org/10.1039/d1tb00706h
https://doi.org/10.1103/physrevb.84.045411
https://doi.org/10.1103/physrevb.84.045411
https://doi.org/10.1002/smll.201801093
https://doi.org/10.1002/smll.201801093
https://doi.org/10.1006/jcis.1993.1417
https://doi.org/10.1006/jcis.1993.1417
https://doi.org/10.1002/admi.201801814
https://doi.org/10.1002/admi.201801814
https://doi.org/10.1002/admi.201801814
https://doi.org/10.1021/acs.langmuir.2c00338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c00338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c00338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm500832q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm500832q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm500832q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la900833v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la900833v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la900833v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3109/17435390.2013.831501
https://doi.org/10.3109/17435390.2013.831501
https://doi.org/10.1021/am4018863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am4018863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201203780
https://doi.org/10.1002/anie.201203780
https://doi.org/10.1021/la0513757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0513757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/s0036023610030046
https://doi.org/10.1134/s0036023610030046
https://doi.org/10.1134/s0036023610030046
https://doi.org/10.1021/nn505073u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505073u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505073u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13346-017-0396-1
https://doi.org/10.1007/s13346-017-0396-1
https://doi.org/10.1007/s13346-017-0396-1
https://doi.org/10.2217/nnm.11.19
https://doi.org/10.1163/156856299x00720
https://doi.org/10.1163/156856299x00720
https://doi.org/10.1002/anie.201306709
https://doi.org/10.3762/bjoc.13.219
https://doi.org/10.1002/adhm.202100059
https://doi.org/10.1002/adhm.202100059
https://doi.org/10.1002/adhm.202100059
https://doi.org/10.1002/(sici)1097-4628(19970919)65:12<2545::aid-app24>3.0.co;2-y
https://doi.org/10.1002/(sici)1097-4628(19970919)65:12<2545::aid-app24>3.0.co;2-y
https://doi.org/10.1039/b505422b
https://doi.org/10.1039/b505422b
https://doi.org/10.1039/c6ra09896g
https://doi.org/10.1039/c6ra09896g
https://doi.org/10.1039/c6ra09896g
https://doi.org/10.1039/c9ra01252d
https://doi.org/10.1039/c9ra01252d
https://doi.org/10.1039/c9ra01252d
https://doi.org/10.1021/ja9051087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9051087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6cc03790a
https://doi.org/10.1039/c6cc03790a
https://doi.org/10.1002/jctb.4836
https://doi.org/10.1002/jctb.4836
https://doi.org/10.1002/jctb.4836
https://doi.org/10.1002/jctb.4836
https://doi.org/10.1021/ja408087s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja408087s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja408087s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2006.03.010
https://doi.org/10.1016/j.apsusc.2006.03.010
https://doi.org/10.1038/s41598-018-36794-2
https://doi.org/10.1038/s41598-018-36794-2
https://doi.org/10.1038/s41598-018-36794-2
https://doi.org/10.1021/cm063024z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm063024z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1557/s43580-021-00070-9
https://doi.org/10.1557/s43580-021-00070-9
https://doi.org/10.1557/s43580-021-00070-9
https://doi.org/10.1021/nn700374d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn700374d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.materresbull.2010.02.008
https://doi.org/10.1016/j.materresbull.2010.02.008
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(51) Dhont, J. K. G. An Introduction to Dynamics of Colloids; Elsevier:
Amsterdam, 1996.
(52) Baldim, V.; Bedioui, F.; Mignet, N.; Margaill, I.; Berret, J. F.
The Enzyme-Like Catalytic Activity of Cerium Oxide Nanoparticles
and its Dependency on Ce3+ Surface Area Concentration. Nanoscale
2018, 10, 6971−6980.
(53) Martens, U.; Janke, U.; Möller, S.; Talbot, D.; Abou-Hassan, A.;
Delcea, M. Interaction of fibrinogen−magnetic nanoparticle bio-
conjugates with integrin reconstituted into artificial membranes.
Nanoscale 2020, 12, 19918−19930.
(54) Lykhach, Y.; Kozlov, S. M.; Skala, T.; Tovt, A.; Stetsovych, V.;
Tsud, N.; Dvorak, F.; Johanek, V.; Neitzel, A.; Myslivecek, J.; Fabris,
S.; Matolin, V.; Neyman, K. M.; Libuda, J. Counting Electrons on
Supported Nanoparticles. Nat. Mater. 2016, 15, 284−288.
(55) Lindner, P.; Zemb, T. Neutrons, X-rays and Light : Scattering
Methods Applied to Soft Condensed Matter; Elsevier: Amsterdam, 2002.
(56) Giamblanco, N.; Marletta, G.; Graillot, A.; Bia, N.; Loubat, C.;
Berret, J.-F. Serum Protein-Resistant Behavior of Multisite-Bound
Poly(ethylene glycol) Chains on Iron Oxide Surfaces. ACS Omega
2017, 2, 1309−1320.
(57) Emilsson, G.; Schoch, R. L.; Feuz, L.; Höök, F.; Lim, R. Y. H.;
Dahlin, A. B. Strongly stretched protein resistant poly(ethylene
glycol) brushes prepared by grafting-to. ACS Appl. Mater. Interfaces
2015, 7, 7505−7515.
(58) Inutsuka, M.; Yamada, N. L.; Ito, K.; Yokoyama, H. High
density polymer brush spontaneously formed by the segregation of
amphiphilic diblock copolymers to the polymer/water interface. ACS
Macro Lett. 2013, 2, 265−268.
(59) Zhao, B.; Brittain, W. J. Polymer Brushes: Surface-Immobilized
Macromolecules. Prog. Polym. Sci. 2000, 25, 677−710.
(60) Mullins, D. R. The Surface Chemistry of Cerium Oxide. Surf.
Sci. Rep. 2015, 70, 42−85.
(61) Tsunekawa, S.; Ishikawa, K.; Li, Z. Q.; Kawazoe, Y.; Kasuya, A.
Origin of Anomalous Lattice Expansion In Oxide Nanoparticles. Phys.
Rev. Lett. 2000, 85, 3440−3443.
(62) Das, M.; Patil, S.; Bhargava, N.; Kang, J. F.; Riedel, L. M.; Seal,
S.; Hickman, J. J. Auto-Catalytic Ceria Nanoparticles Offer Neuro-
protection to Adult Rat Spinal Cord Neurons. Biomaterials 2007, 28,
1918−1925.
(63) Ju, X.; Smid, B.; Johanek, V.; Khalakhan, I.; Yakovlev, Y.;
Matolinova, I.; Matolin, V. Investigation of Dextran Adsorption on
Polycrystalline Cerium Oxide Surfaces. Appl. Surf. Sci. 2021, 544,
148890.
(64) Wang, Y.-J.; Dong, H.; Lyu, G.-M.; Zhang, H.-Y.; Ke, J.; Kang,
L.-Q.; Teng, J.-L.; Sun, L.-D.; Si, R.; Zhang, J.; Liu, Y.-J.; Zhang, Y.-
W.; Huang, Y.-H.; Yan, C.-H. Engineering the Defect State and
Reducibility of Ceria Based Nanoparticles for Improved Anti-
Oxidation Performance. Nanoscale 2015, 7, 13981−13990.
(65) Loridant, S. Raman spectroscopy as a powerful tool to
characterize ceria-based catalysts. Catal. Today 2021, 373, 98−111.
(66) Goutelle, S.; Maurin, M.; Rougier, F.; Barbaut, X.;
Bourguignon, L.; Ducher, M.; Maire, P. The Hill Equation: a Review
of its Capabilities in Pharmacological Modelling. Fundam. Clin.
Pharmacol. 2008, 22, 633−648.
(67) Ragg, R.; Natalio, F.; Tahir, M. N.; Janssen, H.; Kashyap, A.;
Strand, D.; Strand, S.; Tremel, W. Molybdenum Trioxide Nano-
particles with Intrinsic Sulfite Oxidase Activity. ACS Nano 2014, 8,
5182−5189.
(68) Boulos, S. P.; Davis, T. A.; Yang, J. A.; Lohse, S. E.; Alkilany, A.
M.; Holland, L. A.; Murphy, C. J. Nanoparticle−Protein Interactions:
A Thermodynamic and Kinetic Study of the Adsorption of Bovine
Serum Albumin to Gold Nanoparticle Surfaces. Langmuir 2013, 29,
14984−14996.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c00576
Langmuir 2023, 39, 8141−8152

8152

 Recommended by ACS

Gum Arabic-Assisted Polyaniline Nanofillers for Improving
Anticorrosion Performance of Waterborne Epoxy Coatings
Hanlin Shao, Wenzhong Yang, et al.
JULY 10, 2023
ACS APPLIED NANO MATERIALS READ 

Stabilizing Polymer Coatings Alter the Protein Corona of
DNA Origami and Can Be Engineered to Bias the Cellular
Uptake
Hugo J. Rodríguez-Franco, Maartje M. C. Bastings, et al.
JUNE 07, 2023
ACS POLYMERS AU READ 

Caged Colloids
Zhe Xu, Stefano Sacanna, et al.
JUNE 26, 2023
CHEMISTRY OF MATERIALS READ 

Impact of Increased Sonication-Induced Dispersion of
Sepiolite on Its Interaction with Biological Macromolecules
and Toxicity/Proliferation in Human Cells
David Adame Brooks, Bernard S. Lopez, et al.
DECEMBER 28, 2022
ACS OMEGA READ 

Get More Suggestions >

https://doi.org/10.1039/c8nr00325d
https://doi.org/10.1039/c8nr00325d
https://doi.org/10.1039/d0nr04181e
https://doi.org/10.1039/d0nr04181e
https://doi.org/10.1038/nmat4500
https://doi.org/10.1038/nmat4500
https://doi.org/10.1021/acsomega.7b00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b01590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b01590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz300669q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz300669q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz300669q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0079-6700(00)00012-5
https://doi.org/10.1016/s0079-6700(00)00012-5
https://doi.org/10.1016/j.surfrep.2014.12.001
https://doi.org/10.1103/physrevlett.85.3440
https://doi.org/10.1016/j.biomaterials.2006.11.036
https://doi.org/10.1016/j.biomaterials.2006.11.036
https://doi.org/10.1016/j.apsusc.2020.148890
https://doi.org/10.1016/j.apsusc.2020.148890
https://doi.org/10.1039/c5nr02588e
https://doi.org/10.1039/c5nr02588e
https://doi.org/10.1039/c5nr02588e
https://doi.org/10.1016/j.cattod.2020.03.044
https://doi.org/10.1016/j.cattod.2020.03.044
https://doi.org/10.1111/j.1472-8206.2008.00633.x
https://doi.org/10.1111/j.1472-8206.2008.00633.x
https://doi.org/10.1021/nn501235j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn501235j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la402920f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la402920f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la402920f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsanm.3c01990?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acspolymersau.3c00009?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01053?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01053?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01053?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01053?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01053?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
http://pubs.acs.org/doi/10.1021/acsomega.2c06391?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693528323&referrer_DOI=10.1021%2Facs.langmuir.3c00576
https://preferences.acs.org/ai_alert?follow=1

