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Ceria nanoparticles are remarkable antioxidants due to their large cerium(i) content and the possibility
of recovering cerium(i) from cerium(v) after reaction. Here we increase the cerium(n) content of
colloidally stable nanoparticles (e.g., nanocrystals) using a reactive polymeric surface coating. Catechol-
grafted poly(ethylene glycols) (PEG) polymers of varying lengths and architectures yield materials that
are non-aggregating in a variety of aqueous media. Cerium(iv) on the ceria surface both binds and
oxidizes the catechol functionality, generating a dark-red colour emblematic of surface-oxidized
catechols with a concomitant increase in cerium(i) revealed by X-ray photoemission spectroscopy
(XPS). The extent of ceria reduction depends sensitively on the architecture of the coating polymer;
small and compact polymer chains pack with high density at the nanoparticle surface yielding the most
cerium(in). Nanoparticles with increased surface reduction, quantified by the intensity of their optical
absorption and thermogravimetric measures of polymer grafting densities, were more potent
antioxidants as measured by a standard TEAC antioxidant assay. For the same core composition
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nanoparticle antioxidant capacities could be increased over an order of magnitude by tailoring the
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Introduction

By virtue of their large surface area and crystalline structure,
nanoparticles can participate in reactions that have no direct
molecular analog.’ Ceria nanoparticles, for example, can both
absorb and release oxygen giving rise to both pro- and anti-
oxidant behaviour in water depending on the conditions. Such
flexible reactivity relies on the coexistence of both Ce(m), an
oxygen-absorbing reductant, and Ce(wv), an oxidant, at the
nanoparticle surface. Essential for the between Ce(m) and
Ce(v) in nanoparticles is the stabilization of oxygen vacancies
at the particle surface leading to more Ce(m) in nanoparticles as
compared to bulk Ce0,.>* As a result ceria nanoparticles,
sometimes referred to as nanozymes, behave as antioxidants
able to neutralize many types of biologically relevant reactive
oxygen species (ROS).* While cerium(m) can be oxidized to
cerium(wv) quite efficiently in water, over days and weeks fully
oxidized nanoparticles eventually return their more reduced
state with renewed cerium(m).”” Such perpetual antioxidants
have many interesting applications especially in medicine
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length and architecture of the reactive surface coatings.

where they can act as anti-inflammatory agents, as well as
therapeutics for retinal disease and neurodegeneration.® '
Increasing the antioxidant performance of nanoparticle
ceria requires schemes that tilt the balance of cerium redox
states towards the more reduced cerium(m) character."
To date, materials strategies for achieving this goal have
primarily leveraged dimension control,"* but factors such as
particle purity,"> shape,'® and polymer architecture can also
influence antioxidant performance.” As ceria nanoparticles
become smaller, oxygen vacancy formation is promoted
increasing the content of Ce(m) with the expected increases in
antioxidant capacity.'* There are limits, though, to this
approach as even in the smallest nanoparticles only 30 to
40% of the total cerium is in a reduced form.*>'” Antioxidant
performance can also be affected by the accessibility of Ce(u)
on nanoparticle surfaces. In biological settings surface coatings
are necessary for nanoparticle stability, but they can also
present a barrier to ROS reaching the reactive particle
surface.* Bulky, grafted polymers that are not well packed at
the interface can offer a compromise between colloidal stability
and antioxidant reactivity.'® While there have been a wide
variety of polymeric coatings applied to ceria nanoparticles,
none have been used to shift the balance between the reduced and
oxidized forms of cerium towards the antioxidant Ce(m) state.*”
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Existing work suggests that with the appropriate design,
particle surface coatings could be tailored to enhance the
antioxidant capacity of this important class of materials. Small
molecules easily oxidized in water, such as catechol and its
derivatives, can bind to iron oxide materials, for example,
leading to towards an increase in more reduced Fe(u)."*"
Interestingly the oxidized molecules remained bound to the
nanoparticles.*” Similar chemistry has also been observed in
ceria nanoparticles which can both oxidize and bind small
molecules including various catechol derivatives.* This reaction
is characterized by notable colour changes as the colourless
molecules turn a dark, typically brownish red once associated
with the nanoparticle interface.*® Toxicologists studying the
effects of nanoscale ceria in biological systems have noted the
relevance of this oxidation chemistry to the transformations of
biomolecules such as dopamine.”® Additionally the colori-
metric changes observed as ceria oxidizes small molecules
can be exploited in paper-based antioxidant assays.>> As
expected from the reduction-oxidation chemistry, the oxidation
of catechol molecules by ceria nanoparticles does yield Ce(i) as
a by-product.’® While catechol-treated ceria nanoparticles are
not colloidally stable in water, the solid phase product does
have greater reactivity towards superoxide anions.”®

Here we exploit the oxidative reactivity of ceria nanoparticles
towards catechols to increase cerium(ui) content and by exten-
sion the nanoparticles’ antioxidant capacity. The colloidal
stability of the materials is preserved by using catechol-
terminated polymers as surface coatings for nanoparticle ceria.
We first synthesize catechol-functionalized polyethylene glycol
(PEG) and use it to coat uniform and crystalline ceria nano-
particles (d = 5.1 nm =+ 1.0 nm) prepared in organic media.>”
The catechol coordinates to the surface cerium atoms increas-
ing the cerium(m) content and causing a distinct colour change
representative of surface-oxidized catechols. These materials
outperform ceria nanoparticles stabilized by PEG polymers
bound to the surface with less reactive species. The impact of
catechol-polymers on the nanoparticle antioxidant properties
and cerium(m) content depends sensitively on the grafting
density of the coating. As the chain length of linear catechol-
PEG increases from 2000 to 30000, fewer polymer chains are
bound per particle and ultimately this results in lower antiox-
idant capacities as there is less surface reduction. Similarly,
branched catechol-PEG packs poorly at the particle interface
leading to faster antioxidant reactivity in standard assays but
less overall antioxidant capacity. This trend is the opposite
observed for non-reactive surface coatings in which lower
grafting densities optimize both the capacity and speed of
Ce(m) reduction reactions.*” For reactive surface coatings such
as the catechol-PEG systems, short and compact structures
lead to more grafting density and more antioxidant capacity.

Results and discussion

Ceria nanoparticles can be formed via the high-tempera-
ture thermolysis of cerium(m) salts solubilized by amines in
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organic media.”® In this reaction, cerium nitrate transforms to
a stable, light yellow amine complex in octadecene at modest
temperatures of 80 °C under an inert atmosphere (Scheme S1,
ESIt). Further heating to 240 °C leads to the thermal decom-
position of the organic amines and the generation of ceria
nanoparticles. The resulting solutions after nanoparticle for-
mation are a dark brown colour and are more intensely
coloured for larger sizes. By increasing the amount of organic
amine relative to the cerium nitrate, it is possible to tune the
diameters of the nanoparticles from 4 to 13 nm.”® This syn-
thetic strategy generates relatively monodisperse nanoparticles
with dimensional dispersity generally under 20% and products
that are highly crystalline with a monoclinic structure (Fig. 1).

Bulk ceria is a face-centered cubic crystal and crystalline
nanoparticle ceria adopts a similar structure.*® As expected, the
peak position of the (111) reflection is broadened in the
smallest particles (Fig. S1, ESIT) as expected for the smallest
crystallites. Notably, the peak also shifts to smaller two-theta or
larger d-spacings with decreasing particle dimension. This
phenomenon has been associated with an increasing amount
of oxygen vacancies and greater cerium(m) content in the
nanoparticle (Table S1, ESIT)."* The fact that the shift is more
pronounced in smaller crystallites is attributed to the fact that
cerium(m) content increases with decreasing size.*

The organic amine used in the reaction, here oleylamine,
both coats the surface of the nanoparticle ceria and exists as a
free molecule in the homogeneous nanoparticle suspensions.
Product solutions in hexanes typically contain 8000 ppm of
cerium atoms or 40 micromolar cerium (e.g., one 4.5 nm
diameter nanoceria contains ~1000 cerium atoms) in the case
of the smallest nanoparticles. Before purification the native
surface coating is present at high concentrations in solution.
The integrated infrared absorbance of the C-H stretch region
(Fig. S3, ESIt) reveals that before purification particle solutions
can contain as much as 290 millimolar of organic amine of
which only a small amount is bound to the surface. Oleylamine
packed onto a gold surface was found to have an effective
occupied surface area of 14 A%.! From this we can estimate that
a single ceria nanoparticle of 4.5 nm diameter would be coated
by several hundred oleylamine molecules contributing micro-
molar levels of oleylamine (Table S2, ESIt). Samples can be
purified, and the free amine reduced, through repeated cen-
trifugation and redispersion cycles after which the particles are
easily dispersed in organic media with their native surface
coating intact. Further purification can result in irreversible
aggregation of the nanoparticles as the native oleylamine
coating is removed by prolonged washing. Fig. S2 (ESIt) shows
the infrared (IR) spectrum of the solid product recovered from
centrifugation of the nanoceria suspensions. After repeated
washes, the organic amine features diminish in intensity
substantially. Monitoring the IR absorbance is an important
tool for optimizing the purification process such that sample
solutions have minimal free amines without loss of surface-
bound amines.

These hydrophobic oleylamine-coated nanoparticles can be
phase transferred into water using polyethylene glycol (PEG).
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Fig. 1 Transmission electron microscopy (TEM) micrographs. (A)—(D) of oleylamine-coated ceria nanoparticles with diameters: (A) 4.5 + 0.7 nm;
(B) 6.5+ 0.9 nm; (C) 85 £ 1.3 nm; (D) 12.9 &+ 1.3 nm. Histograms of the particle diameter distributions area also shown. Scale bars are 20 nm.

PEG is a biocompatible polymer widely applied to nanoparticle
coatings.*>*® It is available commercially in many different
molecular weights and structures (e.g., linear, branched) and
for this work was prepared with free acid end groups that could be
coupled to nitrodopamine through the formation of an amide
bond.*” Nitrodopamine is used here instead of dopamine because
it is more resistant to oxidation under ambient conditions. COMU
(eg, 1-Cyano-2-ethoxy-2-oxoethylidenaminooxy dimethylamino-
morpholino carbenium hexafluorophosphate) is an effective
catalyst for promoting this facile coupling chemistry.>* The
catechol-terminated polymers were purified by dialysis after which
time they could be dissolved in deuterated solvents for proton
NMR analysis.

Proton NMR reveals peaks consistent with successful for-
mation of the nitrodopamine-terminated PEG polymers
(Fig. 2(B) and Fig. S4-S8, ESIf) with yields up to 68%
(Table S3, ESIt). The proton features at low-field shifts, between
2 to 5 ppm, correspond to the polyether backbone protons as
well as those near the amide bond. The peaks occurring far
downfield can be assigned to the nitrodopamine terminus. The
ratio of the two peaks allows for a semi-quantitative assessment
of reaction yield. Briefly, the proton ratio for the aliphatic peaks
versus the dopamine peaks can be calculated stoichiometrically
and compared to the measured proton NMR results. In the case
of the shortest PEG used, 2000 molecular weight, 172 protons
are associated with the polyether backbone and give rise to the

10044 | J Mater. Chem. B, 2022, 10, 10042-10053

signal shown in the green dotted box. Conversely, only two
protons indicated by the blue dotted box are bound to the
phenyl constituent. All samples had more polymer proton
signal than would be predicted if the reaction had 100% yield
(Table S3, ESIt); these data permit a reaction yield to be
estimated by dividing the integrated ratio of polymer protons
by that expected for a pure dopamine-PEG. This approach only
provides an estimate as the intensity of proton spin signals at
very different chemical shifts is not linearly dependent on
proton concentration; however, the approach has been used
frequently in the polymer chemistry literature to estimate the
success of backbone and termini modification.’> With that
caveat, these data suggest that the yield for the modifica-
tion of PEG polymers by dopamine is on the order of 50%
(Table S3, ESIY).

Scheme 1 outlines the phase transfer methodology used to
modify the surface of nanoparticle ceria and form stable
aqueous suspensions of particles. Oleylamine-coated particles
are sedimented and resuspended in chloroform forming a
clear, brown solution (Scheme 1(A)). Typically chloroform
solution concentrations are ~2000 ppm cerium (14.3 micro-
molar in atomic cerium) and catechol-PEG polymers are added
to the same solution (Scheme 1(B)). Here a variety of different
architectures for the PEG are examined and their structures are
shown in Fig. 3(A). The nanoparticle and polymer solution is
then mixed using a magnetic stirrer for 20 minutes followed by

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Synthetic pathway and *H-NMR of nitro-dopamine-PEG. (A) Synthetic pathway for the synthesis of nitrodopamine and the coupling to get the
nitrodopamine-PEG. (B) The *H-NMR spectrum of nitroDOPA-PEG (2K) in CDCls. Red numbers at the bottom are peak areas integrated by Bruker
Topspin. The ratio: area of peak (d)/area of peak (a) can be used to estimate the yield of nitroDOPA-PEG. Peak labelled with the star (*) suggests CDCls

solvent residual peak.

the addition of water. Over 12 to 14 hours the chloroform
evaporates, leaving behind a clear, brown-yellow solution of
ceria Nanoparticles in water. Further purification using syringe
filtering and filter centrifugation ensures that free oleylamine
and any residual chloroform are fully removed.

Ceria nanoparticle solutions formed in this manner are clear
with colours ranging from pale yellow to dark yellow; typical
concentrations are 500 ppm in cerium (or 3.6 micromolar in
atomic cerium) solution with respect to nanoparticle concen-
tration. Dynamic light scattering (DLS) reveals that the hydro-
dynamic diameter (Dy) of the PEG-coated ceria ranges from 20
to 65 nm in water depending on the chain length and structure
of the PEG. The polymer coating is a significant contributor to
the overall dimensions of the material in solution and after
coating a 4.5 nm diameter nanoparticle with PEG the

This journal is © The Royal Society of Chemistry 2022

hydrodynamic diameter, including the polymer, is 24.8 nm.*®
The materials are stable in phosphate-buffered saline (PBS)
with identical hydrodynamic diameters and no visible aggrega-
tion (Fig. 4(B)). Cryogenic transmission electron microscopy of
the solutions shows nanoparticles that are well dispersed with
no evidence of aggregation in agreement with the light scatter-
ing results (Fig. 4(C) and (D)). Particles are amenable to freeze-
drying and can be resuspended in water after prolonged storage
from this dried form (Fig. S9B, ESIf).

The nature of the polymer coating, both its length and its
structure, has a notable effect on the ceria-polymer hydrody-
namic diameter as well as the number of polymer chains bound
to each nanoparticle. For the linear PEG polymer coatings, the
hydrodynamic diameter of the material increases with increas-
ing molecular weight (Fig. 4(B)). For example, nanoparticles

J. Mater. Chem. B, 2022,10,10042-10053 | 10045
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Ceria NPs A CHCl,

Scheme 1 Organic-aqueous phase transfer for forming stable aqueous
suspensions of ceria nanoparticles. (A) Dispersion of oleylamine-coated
ceria NPs in CHCls. (B) NitroDOPA-PEG and ceria NPs in CHCls. (C) The
cholorform/water solution is stirred at room temperature as the chloro-
form evaporates leaving nitroDOPA-PEG-coated ceria NPs in water.

coated with 2000 MW PEG have a Dy of 24.8 nm, while those
coated with 30 000 MW PEG have a Dy of 67.2 nm. While longer
polymers do increase the hydrodynamic diameter, the effect
is not easily predicted solely based on chain length. This is

View Article Online

Paper

because polymer chains bound to nanoparticle surfaces undergo
a rod-to-coil transition as a function of chain length. As a result,
the longer polymer chains form a mushroom structure leading to
smaller hydrodynamic diameters than that predicted if they were
extended completely.>” Interestingly, the branched PEG gives rise
to more compact structures than their linear counterparts; the
average Dy of 5000 MW linear PEG-coated ceria is 22.6 nm while
that of larger branched PEG ceria is nearly 90 nm (Fig. 4(B)). The
number of polymers bound to a ceria nanoparticle is dependent
on the conformation and chain length of the PEG coating
material.*® For a process that utilizes a ‘grafting-to’ method for
coating nanoparticles with polymers, the density of surface coat-
ing materials is limited by the polymer’s physical dimensions and
the steric interactions between adjacent chains.'® Polymers that
adopt a coil conformation, typically larger molecular weight or
branched materials, will provide the lowest grafting densities.
Conversely, compact polymers will pack tightly and coat nano-
particles at a greater density."®*® Thermogravimetric analysis
(TGA) was applied to ceria-polymer solid samples to evaluate the
grafting density of the materials (Fig. S10, ESIt). Complete
combustion of all carbon content results from this process
allowing for the number of polymer chains at the particle inter-
face, or the grafting density, to be calculated.*® Fig. 3(B) shows
that as the molecular weights of both the linear and branched
polyethylene glycol increase, there is a decrease in the grafting
density and the number of chains bound per particle (see also
Table S4, ESIt). The lower molecular weight polymers have on the
order of six times more polymer chains bound than the larger
polymer coatings, a finding in good agreement with other studies
of grafting-to nanoparticle-polymer systems.®

The oxidation of a catechol, here derived from nitrodopamine,
at the particle interface is expected to yield increased cerium(im)
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Fig. 3 Structure and grafting density of nitroDOPA-PEG with different PEG chain lengths. (A) Molecule structures of linear and branched nitroDOPA-
PEG polymers. (B) Grafting densities of linear(black) and branched(red) nitroDOPA-PEG-coated nanoparticles decrease while PEG chain lengths increase.
Thermogravimetric analysis (TGA) was collected on the Mettler Toledo TG50 Thermogravimetric with an analyzer using an alumina crucible. All samples
started with a mass at 3—5 mg. Samples were first heated to 90 °C and held for half an hour to get rid of the humidity. The heating rate of the analysis was
20 °C min~! between 100 and 950 °C, under air atmosphere with a flow rate of 80 mL min~%. All samples were tested three times.
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Fig. 4 Ceria nanoparticles in aqueous solution. (A) Ceria nanoparticles (4.5 + 0.7 nm) in aqueous solutions at 500 ppm (5K, 10K, 20K, 30K, 3KA, 5KA,
10KA, 40KY, PEGPE), and 100 ppm (2K). The solution contains more nitroDOPA-PEG presents a darker colour. (B) The mean and relative variance of the
size distributions of the ceria nanoparticles were measured by DLS in water and PBS buffer. Cryo-TEM photo of the NitroDOPA-PEG-coated ceria
nanoparticles: (C) nitroDOPA-PEG (2K) coated, and (D) 4arm NitroDOPA-PEG (10K) coated. Scale bars are 20 nm.

content (Scheme 2). The oxidation of catechols to quinones in
water is often associated with the reduction of the metal centers
to which they are bound.*** Such chemistry has been observed
on both iron oxide nanoparticles and ceria nanoparticles.*'
The Ce(v)/Ce(m) couple in water is 1.74 V while Fe(ur)/Fe(u) is
0.77 V suggesting thermodynamically such a redox reaction is
possible.**** Ceria nanoparticles can also oxidize polyphenol
compounds, such as ascorbic acid, gallic acid, caffeic acid, and
dopamine.?*?®

Ce**rich

6-nitrodopamine

The result of this reaction is the formation of oxidized
products, quinones or semiquinones, along with reduced metal
centers.”® Scheme 2 illustrates this chemistry in the case of the
ceria nanoparticles, where the initially pale-coloured fully oxi-
dized ceria is converted to a brown-red material containing
substantial amounts of cerium(m).>>***® Quinones oxidized
from r-dopamine have increasing strong optical absorption
features that can be measured in these materials.”” Andreescu
et al. noted that the colour change is due to the change of

Ce*rich

dopamine-o-quinone

Scheme 2 Nitro-DOPA functional group was oxidized to dopamine-o-quinone structure by Ce** on the surface of nanocrystal. This redox process
generates a strong binding between ceria and nitroDOPA-PEG polymer, meanwhile Ce®* content on the surface of nanocrystal increases during the
redox reaction, which improves the antioxidant capacity of ceria nanoparticles. Modified from Hayat et al. 2014.
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Fig. 5 UV absorbance of nitroDOPA-PEG grafted ceria nanoparticles. (A) Absorbance spectra of ceria nanoparticles with different nitroDOPA-PEG
coatings at a cerium concentration of 500 ppm (5K, 20K, 30K, 5KA, 40KY), and 100 ppm (2K). (B) UV-vis absorbance at 420 nm of ceria nanoparticles with
different NitroDOPA-PEG coatings is positively related to nitroDOPA grafting density on the surface of nanoparticles. The absorbance of the 2K coated
sample was multiplied by five to account for the different nanocrystal concentration.

oxidation state and formation of the surface complexes of
dopamine-o-quinone with the ceria nanoparticles.® Ceria
nanoparticles when mixed with benzoquinone had notable
colour changes that could be tracked via absorbance.>® Sharpe
et al. quantified that the colour change is linear with catechol
concentration allowing for design of a nanoceria-based antiox-
idant assay based on this property.”> The colour change of
these samples thus provides one measure of the extent of
catechol modification of the nanoparticle surface. Fig. 5(A)
shows the optical absorption spectra of the various catechol-
PEG coated ceria nanoparticles. While the spectra are relatively
featureless, the absorbance at 420 nm is a convenient measure
of the oxidative surface chemistry. Samples coated with the
smallest polymer chains exhibit the most notable visible colour
both in solid form (Fig. S9B, ESIT) and when dissolved in water
(Fig. 4(A)). Fig. 5(B) compares the absorbance after surface
modification with the grafting density of the polymer-nano-
particle samples; each polymer is terminated by a catechol.
In general, samples that have higher grafting densities of
polymer have more oxidized catechol. This suggests that
cerium(u) content increases in these samples because of the
oxidized quinone consistent with the expectations in Scheme 2.

X-ray photoemission spectroscopy (XPS) (Fig. S13-S18, ESI¥)
supports these data by providing an estimate of the Ce(m)
content and, indirectly, level of oxygen vacancies in these
materials, and finds an increase in Ce(m) content that corre-
lates well with the grafting density of the reactive polymers.
These data should be viewed cautiously as photochemistry can
be initiated by X-ray irradiation of ceria nanoparticles under
vacuum making quantification of cerium(m) content by XPS
problematic.*>° still the extent of this process is likely inde-
pendent of surface coating, and we note that the qualitative
trends observed are consistent with Fig. 5 as samples with more
oxidized catechol content also had greater cerium(m) content
(Fig. 19, ESI%).

To evaluate these materials as antioxidants, we performed
specific chemical experiments to evaluate the ability of the

10048 | J Mater. Chem. B, 2022, 10, 10042-10053

various ceria samples to block oxidation reactions. Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) equiva-
lent antioxidant capacity (TEAC) assay using sodium fluorescein
(FL) as the probe are a common method to assess the antioxidant
capacities of ceria nanoparticles in the aqueous environment
(Fig. 6). We also examined other antioxidant probe assays with
similar findings (Fig. S12, ESIt). The decay of the probe intensity
triggered by thermolysis of a radical generator (AAPH) was tracked
by a microplate reader under 37 °C with the protection of different
nanoparticles. Ceria nanoparticles with more robust antioxidant
capacity result in a slower probe decay, and the area under the
curve (AUC) can be used as a measure of this protection.

Fig. 6(D) and Table 1 show the strong correlation between
the polymer grafting density of the nanoparticles and their
antioxidant capacity. For the reactive coatings of interest here,
the best materials result from short and compact polymers
that pack tightly at the interface. Notably a phospholipid-PEG
coating (PEGPE) without any catechol content was the least
reactive ceria formulation examined. As we compare the linear
catechol-PEG coatings, ranging from 2000 to 30 000 molecular
weight, we see a clear increase in the antioxidant capacity with
the maximum reactivity occurring for particles coated with the
lower MW polymers. As is clear in Fig. 5(B) this trend reflects
the increasing oxidized catechol content of the shorter chain
coatings made possible from their more compact packing.
Similarly, the branched catechol-PEG coating also yield
ceria materials with stronger antioxidant properties when the
polymer grafting densities are higher. The one exception, the
three-arm branched (3KA), is notable as it’s the one sample for
which higher grafting densities did not translate into more
oxidized catechol content as measured by optical absorption
(Fig. 5(B)).

The data also reveals that the branched catechol-PEG poly-
mers outperformed the linear catechol-polymers. For non-
reactive polymer coatings others have noted the advantage of
bulky polymers in facilitating surface access of oxidants.*’
While this effect would more likely play a role on the kinetics

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Evaluation of antioxidant capacity for ceria nanoparticles by Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) equivalent
antioxidant capacity (TEAC) assay using sodium fluorescein (FL) as the fluorescent probe. (A) FL decay caused by radicals generation from AAPH
thermolysis under 37 °C. Numbers in the panel show the Trolox added in pM. (B) The final antioxidant capacity values were calculated using a regression
equation between the Trolox concentration and the net area under the FL decay curve (AUC). (C) FL fluorescence decay curves corrected by deducting
probe-nanocrystal interaction induced by AAPH thermolysis in the presence of ceria nanoparticles (200 ppm) with different surface coatings. (D) Trolox
equivalent antioxidant capacity (TEAC) values of ceria nanoparticles with different PEG coatings compared to their grafting densities.

Table 1 Antioxidant capacities of nitroDOPA-PEG-coated ceria nano-
particles measured from TEAC-fluorescein assay compared to ceria-based
material in other works. TEAC is expressed as pmol Trolox per gram of
cerium oxide

TEAC

Literature Samples (wmol TE g™ 1)

This work 2K 316
5K 158
10K 128
20K 67
30K 40
3KA 259
5KA 358
10KA 196
40KY 168
PEGPE 32

Lee 2013° CeO,@O0A 24
CeO,@PMAO 4

Marino 2017°* Gelatin/nanoceria nanocomposite 110
fibers

Tian 2017 Porous nanorods of ceria 44
Nonporous nanorods of ceria 13
Aggregated nanoceria 7

of the oxidation process, as opposed to the overall antioxi-
dant capacity, these could be confounded to some extent in the
TEAC assay. Finally, we compared the performance of these

This journal is © The Royal Society of Chemistry 2022

materials to those reported for other types of ceria nano-
structures (Table 1).>*"*? It is convention to report the TEAC
capacities against the net mass of cerium oxide, not available
surface area, as this is an experimentally well-defined para-
meter. The materials reported here do show greater antioxidant
capacities than nanoscale ceria produced in a similar process
as well as by nanoscale ceria made through aqueous
syntheses.>>'"?

Conclusions

The reaction between catechol-PEG and ceria nanoparticles
provides for colloidally stable nanoparticles in water with high
antioxidant capacities. In these materials the surface oxidation
of a catechol derivative by cerium(v) yields as a by-product
increased cerium(m) content and as a result more capacity for
antioxidant behaviour. By using short and compact reactive
coatings with high grafting densities, we see a tenfold increase
in antioxidant capacity for the same core ceria nanoparticle.
Additionally, a method to stabilize nanoscale ceria in a more
reduced state will also limit its oxidative reactivity, which
may reduce its propensity to oxidize important extracellular
biomolecules.
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Experimental

Synthetic procedures, materials and methods

Rhodamine B (RhB, > 96%), fluorescein sodium salt (fluores-
cein), (&)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox, 97%), 2,2’-azobis(2-methylpropionamidine)di-
hydrochloride (AAPH, granular, 97%), phosphate buffered saline
(PBS, 10x), cerium () nitrate hexahydrate(Ce(NOs);-6H,0, 99%),
sodium nitrate (NaNOs, >99%), oleylamine (70%), 1-octadecene
(90%), oleic acid (= 99%), dopamine hydrochloride, (1-Cyano-2-
ethoxy-2-oxo ethylidenaminooxy) dimethylamino-morpholino-
carbenium hexafluorophosphate (COMU, 97%), 4-methylmor-
pholine (>99%) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Poly(ethylene glycol) methyl ether thiol (mPEG-
SH, MW 10K) was purchased from Creative PEGWorks (NC, USA).
4arm PEG, 3arm-Hydroxyl, larm-Acetic Acid (MeO-PEG-COOH,
MW 3K, 5K, and 10K), and Y-PEG(40K)-NHS were purchased from
JenKem Technology USA. 1,2-Dioleoyl-sn-glycero-3-phospho-
ethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium
salt) (18:1 PEG2000-PE, > 99%) was purchased from Avanti Polar
Lipids (USA). Deionized (DI) water with a resistivity of 18.2 MQ cm
was used in all experiments.

All solutions are prepared just before the experiment. Stock
solutions of pyranine (500 pM), rhodamine B (500 uM), sodium
fluorescein (400 puM), Trolox (1500 uM) are prepared with
phosphate buffer (1x) and dilute to the concentrations of
working solutions(5-100 uM). AAPH (10-50 mM) solutions are
made respectively by dissolving the powder in PBS buffer. Ceria
nanoparticles (0.1-5 nM) were also diluted by phosphate buffer
right before the measurement.

Synthesis of ceria nanoparticles with a core diameter of 4.5 nm

The ceria nanoparticle synthesis method was modified from
Lee et al.®® Briefly, 1 mmol of Ce(NOs);-6H,0, 3.0 mmol of
oleylamine, and 4.0 g 1-octadecene were mixed in a 50 mL
3-necked flask at 80 °C for 30 min, forming a brownish-yellow
mixture. Then the temperature was increased to 120 °C for
30 min to evaporate the low-boiling point impurity. After that,
the reaction was heated up to 260 °C for 2 hours. The final
product was washed at least five times until the final product is
not viscous. One wash means nanoparticles were precipitated
with acetone (Sigma, >99.5%) and methanol (Sigma,
>99.85%) (volume ratio = 1:1). Then the sediment was col-
lected by centrifugation (9000 rpm, 15 min) and redispersed
into hexane (>98.5) or CHCl; (Sigma, >99%). The size of
nanoparticles 4.5 + 0.7 nm was determined at 200 kV by a
JEOL 2100F high-resolution transmission electron microscopy.
Synthesis of nanoparticles with larger core diameters (6.5-
12.9 nm) was using the same method while increasing the
concentrations of Ce(NO;);-6H,O (1-10 mmol) and oleylamine
(1-30 mmol) in the reaction.

Synthesis of NitroDOPA-PEG

This synthesis was modified from Lassenberger et al. (2016).>”
One gram of dopamine was first dissolved in 30 mL DI water,
and 1.3 g sodium nitrate was added into the solution under
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vigorously stirring in an ice bath. Then 10 mL sulfuric acid
(20% v/v) was added to the solution dropwise. The ice bath was
removed, and the mixture was stirred at room temperature for
at least 12 hours. Nitrodopamine hydrogensulfate (DOPA) was
obtained by filtering the final product and washed with cold DI
water several times. Then DOPA was freeze-dried into a powder
and stored in the refrigerator. To get DOPA-PEG, 0.5 mmol
MeO-PEG-COOH (4arm PEG, 3arm-Hydroxyl, 1larm-Acetic Acid,
MW 10 kDa) was dissolved in 10 mL DMF at 37 °C and cooled to
4 °C under an ice bath. COMU ((1-Cyano-2-ethoxy 2-oxoethy-
lidenaminooxy) dimethylamino-morpholino-carbenium hexa-
fluorophosphate) 0.6 mmol was dissolved in 2 mL DMF. Then
COMU solution and N-methylmorpholine (6 mmol) were added
into the mixture, and the mixture was kept at 4 °C and stirred
for 20 minutes. A nitrodopamine (0.6 mmol) solution in 2 mL
DMF was added to the mix dropwise. The reaction was stirred at
4 °C for 2 hours then at room temperature for 16 hours. The
product was dialyzed in DI water for 48 hours and collected by
freeze-drying (Fig. S9A, ESIt). "H-NMR spectra were obtained by
Bruker high field NMR 600 (MHz) in CDCl; (99.5%, Cambridge
Isotope Laboratories).

Phase transfer of ceria nanoparticles

About 10-20 mg nitroDOPA-PEG was dissolved in 1 mL chloro-
form. Ceria nanoparticles were pre-suspended in chloroform
(10 mg mL ™). 1 mL nitroDOPA-PEG solution and 1 mL ceria
colloidal solution were mixed at room temperature for 20 min.
Then 3 mL DI water was added to the system. The mixture was
kept stirred for over 24 hours to let the chloroform entirely
evaporated. The final product was purified with a 0.2-micron
syringe filter, then washed with DI water three times using a
centrifugal filter (100 KDa, Pall) under centrifugation (3000 rpm,
5 minutes). Phase transfer yield can go up to 98%.

Antioxidant capacity measurement

The method used was modified from Gregorio et al. (2010),
based on the ORAC assays method described in their paper.?
The experiments were developed under the 96-well plate with a
final concentration of 250 pL. For TEAC-pyranine and TEAC-
rhodamine B assays, Trolox or nanoparticles solution 100 pL
were mixed with 20 pL pyranine or rhodamine B and 50 pL PBS.
The mixture solution was incubated at 37 °C for 15 min. Then
80 uL AAPH was injected into the mixture placed in each well by
using a multichannel pipette. Then the plate was transferred
quickly to the plate reader. The UV absorbance signals were
collected every 30 seconds for 5 hours at 454 nm (pyranine) or
555 nm (rhodamine B) at 37 °C, with the plate was shaken
3 seconds before each reading. Each experiment was duplicated
and repeated at least three times on a different day.

ORAC assay using sodium fluorescein as the probe

Samples were assayed following the procedure described in Ou
et al. (2001).>* Trolox (0-100 ppm) or nanoparticles (0.1-5 nM)
25 pL were added to wells in a 96 black-welled plate. Then
150 puL sodium fluorescein (40 nM) was added to each well, and
the plate was incubated for 15 min at 37 °C. A 25 puL. AAPH
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solution (150 mM) was injected into all wells by using a multi-
channel pipette. The plate was transferred quickly to the plate
reader with an excitation filter of 485 nm and an emission filter
of 535 nm. The fluorescent signal was read every 30 seconds for
3 hours to reaction completion, with the plate shaken 3 seconds
before every reading. All tests were performed in triplicate.

Transmission electron microscopy (TEM)

TEM was acquired by the JEOL 2100 Field Emission Gun
Transmission Electron Microscope at an acceleration voltage
of 200 kV. Five microliters of the ceria nanoparticle solution
with a concentration of 500 ppm were dropped on a 200 mesh
carbon-coated copper grid (Polysciences, USA). After complete
evaporation of the solution, the nanoparticles were deposited
on the copper grid and were ready for TEM measurement. The
nanoparticles diameters were analyzed by Image]. The average
diameters and size distribution were determined from the
measurement of at least 1000 nanoparticles.

Zeta potential and dynamic light scattering (DLS)

All zeta potential and DLS reported in this paper were measured
at room temperature on a Zetasizer Nano ZS (Malvern Instru-
ments Ltd, Malvern, UK). Zeta potential was measured in a
folded capillary cuvette, and DLS was measured in a disposable
10 mm pathlength cuvette. All samples were measured in
triplicate (Fig. S11, ESIt).

Thermogravimetry analyzer (TGA)

Mettler Toledo TG50 Thermogravimetric with analyzer using an
alumina crucible was used in TGA measurements at a heating
rate of 20 °C min ' between 25 and 950 °C. The analysis was
performed under the air atmosphere with a flow rate of 80 mL
min~". All samples were measured in triplicate.

X-ray powder diffraction (XRD)

X-ray diffraction pattern for the ceria nanoparticles with differ-
ent diameters was taken by Bruker D8 Discovery 2D X-ray
Diffractometer (Cu Ko, / = 1.54056 A). A 0.5 mL nanoparticle
solution with a cerium concentration of 1000 ppm was dropped
on a glass sample holder. After the solution fully evaporated, a
thin layer of nanoparticles remained on the glass slide, and the
XRD diffraction pattern was taken from 10° to 90°. The crystal-
lite grain size was calculated based on the full width at half
maximum (FWHM) of the (111) peak centered at 28.75° by
using the OriginLab peak analyzer function. It was calculated as
the following Scherrer equation:*

0.94/

Grain Size = m

Fourier-transform infrared spectroscopy (FTIR) spectra

FTIR spectra of oleylaime on ceria nanoparticles were obtained
by FTIR-6000 Series Spectrometer (Jasco, Europe) with a sealed
liquid cell sample holder with CaF, window; pathlength =
0.1 mm (Jasco, Europe). Ceria nanoparticles were dispersed in

This journal is © The Royal Society of Chemistry 2022
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CCl, and injected into the liquid cell. The cell was then inserted
into the equipment, and FTIR spectra were recorded in the
region of 4000-400 cm™* at room temperature. All samples
were measured in triplicates, and the C-H stretch peak was
found and integrated by Spectra Manager Suite (Jasco).

Ceria nanoparticle concentration measured by Inductively
coupled plasma atomic emission spectroscopy (ICP-AES)

Twenty microliters of ceria nanoparticle solution were added to
1 mL HNO; and 0.5 mL H,0, (30% wt). Then the samples were
transferred into Teflon digestion vials. The vials were placed
into an ultraWAVE Single Reaction Chamber (SRC) Microwave
Digestor (Milestone), and the reaction chamber was filled
with Ar (40 bar). Samples were treated by microwave, and the
temperature in the chamber was increased to 240 °C in 20 min
and was kept for 10 min, then the chamber cooled down to
room temperature in 20 min. Ceria nanoparticles dissolved
during the microwave digestion process. The final dissolved
solution was diluted to 10 mL, and the cerium element concen-
tration was measured by iCAP 7400 ICP-OES Analyzer (Thermo
Scientific) comparing to calibration curve made by cerium
standard (1000 mg L~' Ce in HNOs;, Sigma-Aldrich). The
original ceria solution concentration was calculated by multi-
plying the dilution factor.
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