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ARTICLE INFO ABSTRACT

Keywords: Antioxidant colloids were developed via controlled heteroaggregation of cerium oxide nanoparticles (CeOy NPs)
Antioxidant and sulfate-functionalized polystyrene latex (SL) beads. Positively charged CeO, NPs were directly immobilized
Nanozyme onto SL particles of opposite surface charge via electrostatic attraction (SL/Ce composite), while negatively
ggﬁ/‘gﬁiﬁ)lym charged CeO; NPs were initially functionalized with poly(diallyldimethylammonium chloride) (PDADMAC)

polyelectrolyte and then, aggregated with the SL particles (SPCe composite). The PDADMAC served to induce a
charge reversal on CeOy NPs, while the SL support prevented nanoparticle aggregation under conditions, where
the dispersions of bare CeO, NPs were unstable. Both SL/Ce and SPCe showed enhanced radical scavenging
activity compared to bare CeO3 NPs and were found to mimic peroxidase enzymes. The results demonstrate that
SL beads are suitable supports to formulate CeO, particles and to achieve remarkable dispersion storage stability.
The PDADMAC functionalization and immobilization of CeOy NPs neither compromised the peroxidase-like
activity nor the radical scavenging potential. The obtained SL/Ce and SPCe artificial enzymes are foreseen to

Artificial enzyme

be excellent antioxidant agents in various applications in the biomedical, food, and cosmetic industries.

1. Introduction

Natural enzymes are known to be remarkable biocatalysts that play
vital roles in living organisms, they possess exceptional selectivity
including enantioselectivity due to their complex chemical structures
[1]. In addition to catalyzing metabolic reactions essential to cellular
function such as transduction of signals [2] and digestion [3], natural
enzymes are widely used in industrial applications as well [4]. For
example, enzymes find applications in pharmaceuticals, biofuels, food
processing, pulp and paper industry, therapeutic agents, and detergents
[4-8]. Despite their flawless catalytic performance, natural enzymes
possess several inherent drawbacks such as high sensitivity to opera-
tional conditions including the pH and temperature [9]. When subject to
undesignated conditions, the vital structures of the comprising proteins
gradually denature leading to permanent loss of enzymatic activity,
which has rendered their production and purification processes
considerably complicated, expensive, and time-consuming [1,9,10].
These drawbacks have prompted the need for alternative materials that
have more versatile structures yet possess equally efficient catalytic

potential. The reports on fullerene derivatives as superoxide dismutase
(SOD) mimics are one of the earliest studies on artificial enzymes [11],
and ever since, significant work on artificial enzymes of diverse struc-
tures has been reported, including nanomaterials, metal complexes, and
polymeric materials [12,13].

Particularly, artificial enzymes based on nanomaterials (nanozymes)
are expected to be the optimal alternatives to native enzymes [12-18].
They have low-cost and simple production processes and have structural
and functional stability in wide pH and temperature ranges, typically
outside the operational range of the mimicked enzymes [19,20]. Most
importantly, nanostructured materials have highly tunable physico-
chemical properties, and can be utilized under numerous industrial
conditions, where the native enzymes are non-functional [9,21].
Therefore, nanozymes have been prepared in numerous compositions
including metal oxides[22], and chalcogenides [23], carbon derivatives
[24], metal-organic frameworks [25], and metallic nanoparticles [26].

Nanoceria or cerium oxide (CeO2) nanoparticles are non-
stoichiometric crystals employed in industrial and biomedical processes
alike [27]. For instance, nanoceria has been widely used in numerous
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applications such as catalysis [28], cytochrome accelerant [29], metal
polishing agent [30], fuel cells [31], gas sensors [32], anticorrosion
processes [33] and luminescence systems [34]. The rare-earth metal
oxide also possesses neuroprotective, radioprotective, antimicrobial,
and anti-inflammatory properties as well as potential mimicry of SOD,
peroxidase, catalase, and oxidase enzymes [12,30,35,36]. The antioxi-
dant activity of nanoceria is often attributed to its intrinsic properties, it
is made of divalent oxygen anions (02’) as well as tetravalent cerium
cations (Ce*") with surface trivalent cerium cations (Ce3"). The rich
presence of neighboring oxygen vacancies within crystal defects as well
as the potential of nanoceria to reversibly switch between Ce®* and Ce**
states enable nanoceria to act as an antioxidant, i.e., a free radical
scavenger [29,36,37].

Like most metal oxides, however, CeOy nanoparticles have high
surface free energy and thus, the individual bare particles tend to
aggregate into larger clusters, which may adversely affect their usability
in certain applications, where the designated industrial conditions
would result in heavily aggregated particles. For example, the surface
charge of nanoceria approaches zero around the isoelectric point (IEP)
and thus, unless stabilized, the catalytic performance at and around IEP
is expected to be poor. Additionally, the colloidal stability is heavily
dependent on other experimental conditions including temperature,
ionic strength, the nature of the solvent, and the presence of poly-
electrolytes or surfactants. Therefore, a full understanding of colloidal
behavior is necessary for a versatile use of such materials. A common
approach to overcome the particle aggregation is through the uniform
decoration of these nanoparticles on larger support materials [38,39]
such as clays, titania nanotubes, and graphene oxide (GO), which not
only improves the poor colloidal stability, but also allows the separation
the catalytic composite after the termination of the catalytic reaction.

Our previous studies have shown that antioxidant Prussian blue and
MnO; NPs can be immobilized on larger latex particles with enhanced
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stability as well as better enzymatic activity [40,41]. Similar hetero-
aggregation processes were also utilized for the preparation of com-
posite materials of various nano or colloidal particles [42]. Therefore, in
the present work, we decorated negatively charged sulfate latex (SL)
particles with cerium oxide nanoparticles (CeOy NPs) in attempt to
design a biocatalyst with antioxidant activity (Scheme 1).

Under acidic conditions, the composites were prepared by sponta-
neous self-assembly of the particles (SL/Ce), while at alkaline pH, the
CeO, NPs were initially functionalized with polyelectrolytes to adjust
the charge balance prior to the heteroaggregation with SL (SPCe). The
CeO2 NPs, SPCe, and SL/Ce biocatalysts were thoroughly characterized
with various methods including light scattering, spectroscopy, and
electron microscopy. The horseradish peroxidase (HRP)-like activity
and free radical scavenging were assessed via standard assays using
3,3',5,5'-tetramethylbenzidine (TMB) and 2,2-diphenyl-1-picrylhydra-
zyl (DPPH) substrates, respectively.

2. Materials and method
2.1. Chemicals

H05 (30% m/m), HCl (37% m/m, AnalaR NORMAPUR), NaCl
(99.9%), ethanol absolute (AnalaR NORMAPUR), NaOH, (>99.3%,
AnalaR NORMAPUR), ammonia (25%, AnalaR NORMAPUR), methanol
(AnalaR NORMAPUR), dimethyl sulfoxide (DSMO) (AnalaR NORMA-
PUR) and ethylene glycol (AnalaR NORMAPUR) were obtained from
VWR™. Ce(NO3)3.6 HyO (99.5%) was bought from Acros Organics™,
while both PDADMAC (200,000-350,000 g/mol, 20 m/m%) and
3,3',5,5'-tetramethylbenzidine (TMB) (>99%) were obtained from
Sigma-Aldrich. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
(95%) was bought from Alfa Aesar. Acetate buffer (pH 4.0) was prepared
using glacial acetic acid (Ph.Eur./USP) and NaCH3COO-3H;O

‘ Sulfate Latex (SL) & CeO, NPs

“\_.- PDADMAC @SL/Ce OSPCG

Scheme 1. Preparation of SPCe and SL/Ce at pH 9 and 4, respectively. In basic regime, CeO, NPs (orange) were initially functionalized with PDADMAC and were
further immobilized onto SL particles (SPCe). At pH 4, CeO, NPs (brown) were directly immobilized onto SL particles (SL/Ce). Peroxidase-like activity as well as free
radical scavenging potential are also illustrated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article)
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(>99.5%), both were obtained from VWR™. Phosphate buffer (pH 7.0)
was prepared using NagHPO4 (>99%, GPR RECTAPUR®) and NaH,PO4
(99%, anhydrous), which were purchased from VWR™ and Acros Or-
ganics™, respectively. The TRIS-HCI buffer (pH 7.0) was prepared using
tristhydroxymethyl) aminomethane (TRIS) (AnalaR NORMAPUR),
purchased from VWR™. The cleaning agent Hellmanex® III was bought
from Hellma. Syringe filters (PVDF-based 0.1 um) of MILLEX-VV were
used to filter the ultrapure water, which was obtained from Puranity TU
3 UV/UF+ system (VWR™). The ionic strength was adjusted with NaCl
stock solutions.

2.2. Preparation of CeO2 NPs

The glassware was carefully cleaned with Hellmanex® III and
concentrated HCI solution. The CeO, NPs were prepared following a
reported procedure [43]. Briefly, ethylene glycol 95% (7.8 mL,
0.12 mol) was dissolved in 92 mL of ultrapure water. Then, 5.16 g of Ce
(NO3)3-6H20 were added into the solution, followed by the addition of
NH; to reach a pH of 9.6. The mixture was kept at 50 °C under mild
stirring until a yellow solution was obtained. The yellow-colored solid
product was separated by centrifugation and subsequent washing with
ethanol and water. Finally, the sample was dried overnight at room
temperature and the solid CeOy NPs were dispersed in filtered ultrapure
water to obtain a 10 g/L stock.

2.3. Preparation of SL/Ce, PCe, and SPCe particles

The SL particles were obtained and fully characterized in our pre-
vious study [41]. Here, composite preparations and characterizations
were carried out under acidic (pH 4.0) and basic (pH 9.0) conditions. At
PH 4, the CeO, NPs and SL are oppositely charged and thus, the SL/Ce
was heteroaggregated by mixing volumes of SL and CeO, NPs suspen-
sions at the proper mass ratio. At pH 9, the adsorption of PDADMAC on
CeO2 NPs was achieved by mixing PDADMAC solutions and CeO NPs
dispersions to form PCe particles, which were further mixed with SL
dispersions at pH 9 to prepare SPCe with the proper mass ratio. For
either SL/Ce or SPCe, the optimal concentration and mass ratio of the
comprising components were selected based on the colloidal properties
of resulting dispersions prepared in the corresponding mass ratio. Such
an optimization of the doses will be discussed later.

2.4. Material characterization

The as-prepared CeOy NPs were characterized by powder X-Ray
Diffraction (XRD) to ensure successful preparation of the desired phase
and crystallinity. The XRD patterns of CeOy NPs powder were recorded
over a 20 range of 20-80° and at 5°/min using Bruker D8 Advance
diffractometer, equipped with a Cu Ka source (A = 1.5406 A).

The X-ray photoelectron spectroscopy (XPS) measurements were
performed using a pass energy of 40 eV for the survey scan and 20 eV for
the high-resolution scans, under a main chamber pressure range of 10~°-
10719 mbar. The SPECS™ XPS system is equipped with a hemispherical
analyzer (PHOIBOS 150 MCD 9) and Al Ka X-ray source, operated at
150 W. Adventitious carbon (284.8 eV) peak on the surface of the
sample was used for charge referencing and the CasaXPS software was
used for spectra evaluation.

The formation of composites (SL/Ce and SPCe) was validated via
Raman spectroscopy (Bruker Senterra II Raman microscope), an average
of 128 spectra was recorded at an excitation wavelength of 785 nm and
100 mW laser power, and the exposure time was set at 6 s

Further, the morphologies of CeO, NPs, SL/Ce, and SPCe were
analyzed by transmission electron microscopy (TEM), FEI Tecnai G2-20
X-Twin. Materials were introduced onto a copper mesh grids with car-
bon support (CF200-Cu, Electron Microscopy Sciences) and the loaded
grids were left overnight to ensure complete evaporation of the solvent.
The SL/Ce and SPCe composites morphologies were also visualized via
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atomic force microscopy (AFM) using Multimode Nanoscope Illa (Dig-
ital Instruments, USA) equipped with a silicon-tip cantilever (Veeco
Nanoprobe Tips) operated at resonance frequency of 275-300 kHz.
Amplitude- and height-mode images were captured at room temperature
in air using the tapping mode and at a scan rate of 1.0 Hz. Small aliquots
of the dispersions were loaded on a newly cleaved mica (Ted Pella, Inc.)
that was then left to dry at room temperature. The images were analyzed
with Gwyddion software.

2.5. Light scattering

The colloidal properties of the obtained dispersions were assessed by
measuring the corresponding zeta potential as well as the hydrodynamic
radius at 25.0 £ 0.2 °C. The electrophoretic light scattering (ELS) was
used to obtain the zeta potential with an Anton Paar Litesizer™ 500
device equipped with a laser source having a wavelength of 658 nm. The
applied voltage throughout all ELS measurements was kept at 200 V.
The initially measured electrophoretic mobilities were converted into
zeta potentials by the Smoluchowski equation [44]. The hydrodynamic
radii and aggregation rates of the particles were obtained by dynamic
light scattering (DLS) using an ALV-NIBS/HPPS Particle sizer equipped
with a 632.8 nm laser. The scattered light data were collected at a
scatting angle of 173° and analyzed using the cumulant fit [45].

First, the dependence of zeta potential values and hydrodynamic
radii of CeO, NPs on the pH was probed in the pH range 3-11 at constant
ionic strength of 1 mM. Acidic (pH 3) and basic (pH 11) aqueous stock
dispersions (50 ppm) of CeOy NPs were prepared. Then a series of CeO4
NPs dispersions were obtained by mixing various volumes of the two
stocks, so that the pH of the series of dispersions gradually change from 3
to 11. This procedure serves to maintain constant ionic strength of 1 mM
in all the series. The pH was measured with a pH benchtop meter pur-
chased from WTW.

The resistance of CeOy NPs against salt-induced aggregation was
characterized at both pH 9 and 4. At each pH regime, a series of 100 ppm
CeO2 NPs dispersions was prepared at different ionic strengths, using
NaCl as background salt, and the corresponding zeta potential values
and aggregation rates were then measured. For the preparation of the
composites, the optimal mass ratio for SL/Ce was established by
comparing the zeta potential values and aggregation rates for a series of
SL/Ce dispersions, where the SL was kept at 125 ppm and the CeO, NPs
dose (mass ratio) was systematically and gradually changed between 0.1
and 10,000 mg/g (mg CeOy NPs/g SL) at 1 mM ionic strength and pH 4.
On the other hand, the proper determination of the optimal mass ratio in
SPCe was a two-step process. First, during the formation of PDADMAC-
functionalized CeOy NPs (PCe), the proper PDADMAC dose was deter-
mined by performing the zeta potential and aggregation rate measure-
ments for a series of PCe dispersions that were 100 ppm in CeO2 NPs and
where the PDADMAC dose was altered between 0.01 and 1000 mg/g
(mg PDADMAC/g CeO2 NPs) at 1 mM ionic strength and pH 9. Further,
the optimal PCe to SL mass ratio in SPCe was determined from the re-
sults of the zeta potential and aggregation rate measurements for a series
of SPCe dispersions that were 125 ppm in SL and with the PCe dose
systematically altered between 0.1 and 1000 mg/g (mg PCe/g SL), again
at 1 mM ionic strength and pH 9.

Zeta potential measurements were performed at 25.0 + 0.2 °C after
samples were allowed to equilibrate for 2 h at room temperature and the
zeta potential value was reported as an average of 5-8 runs. On the other
hand, the DLS measurements were initiated immediately upon the
addition of the desired volume of CeOy NPs, PDADMAC, and PCe NPs
during the preparation of SL/Ce, PCe, and SPCe, respectively. During
time resolved DLS, the change in hydrodynamic radius over time was
recorded (containing 30-100 measurement points for each sample) to
obtain apparent aggregation rate constants (kqpy,) using the following
equation [45]:
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where ngt([) is the slope of the linear fit of the hydrodynamic radius-time

data points of the sample of interest and Rp(0) is the hydrodynamic
radius of the single particles. The colloidal stability is expressed in terms
of stability ratio (W), calculated as follows [46]:

kﬂ asi
W= ipp(fast) 2

Kapp

where kgpp(fast) is the apparent aggregation rate constant at 1.0 M ionic
strength, where electrostatic forces are largely screened, and the ag-
gregation process is solely controlled by particle diffusion. The magni-
tude of stability ratio is directly proportional to the colloidal stability of
the corresponding dispersions. Rapidly aggregating dispersions have
stability ratios close to 1 while colloidally stable ones have high stability
ratio values. Additionally, aggregation half-time (Ty,2), the time
required for half of the primary particles to aggregate into dimers can be
calculated using the following equation [47]:

2
Tip=— 3
2= N 3

where k is Smoluchowski’s diffusion-controlled aggregation rate con-
stant [45] and Ny is the particle number concentration.

2.6. Radical scavenging activity

Antioxidant potential of CeOy NPs, SL/Ce and SPCe was evaluated by
the DPPH (1,1-diphenyl-2-picrylhydrazyl) assay [48]. The premise of
the DPPH assay is that most natural antioxidants have reactive hydrogen
atoms that have the potential to reduce the violet DPPH radical into
yellow reduced product, and the extent of reduction can be quantita-
tively studied by UV-Vis spectrophotometry. Thus, the assay is regarded
as a good measure of the standard antioxidant profile. In a typical
experiment, different amounts of the relevant nanozyme are added to a
fixed amount of DPPH. Due to the poor aqueous solubility of DPPH,
methanol serves as the solvent in the DPPH assay. Therefore, in each of
the 3000 pL samples, 1800 pL of 25 ppm DPPH was added to different
amounts of nanozyme so that the CeO; concentration (or the CeO,
content in SL/Ce or SPCe) varied between 1 and 400 ppm. Additional
volume of methanol was then added to obtain identical final volume.
Upon addition of all components, the samples were rapidly vortexed and
introduced into the spectrophotometer (Thermo Scientific Genesys S10
spectrophotometer). The decrease in absorbance of the DPPH radical
was monitored at 517 nm using 10 mm polystyrene cuvettes (VWR). The
final absorbance values at steady state were recorded. The ratio of
unreacted DPPH (DPPH%) was obtained using the following equation:

A
DPPH% = a 100% 4

0

where A is the final absorbance and A initial absorbance of the sample.
The effective concentration (ECs) is the nanozyme concentration that
reduces 50% of the DPPH, which was obtained from the DPPH% versus
nanozyme concentration curves. The error of precision of the method is
5%.

2.7. Horseradish peroxidase assay

The HRP-like activity was assessed via the TMB assay [49]. It is based
on the oxidation of the colorless TMB substrate in the presence of HyO4
as well as native HRP or its mimetic nanozyme. The oxidation of TMB
leads to the formation of blue product (oxidized TMB), which has a
characteristic absorption peak at 652 nm. The HRP activity of CeOs,
SL/Ce, and SPCe was probed at pH 4.0, 7.0, and pH 9.0 using acetate,
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phosphate, and TRIS-HCI buffers, respectively. Due to its poor solubility
in water, the TMB was dissolved in DMSO, and its concentration was
varied between 0 and 1.5 mM, while the concentrations of HyO5 and the
enzymatic material were kept constant. Therefore, in each of the
2000 pL samples, a varied volume of 5 mM TMB stock solution was
mixed with 100 pL of 500 ppm CeO2 NPs dispersion (or a dispersion of
SL/Ce or SPCe that is 500 ppm in CeO; NPs), 500 pL of 200 mM buffer
(acetate, phosphate, or TRIS) and a volume of ultrapure water to obtain
1900 pL sample. Finally, 100 pL of 100 mM H>0, were added before the
sample was immediately homogenized prior to recording the spectra.
The increase in absorbance at 652 nm was recorded for 10 min. The
slopes of the resulting lines represent the reaction rates (v), measured in
absorbance unit per second, which can be converted to molar rates (M/s)
using Beer-Lambert law, given that the optical light path is 1 cm and the
molar extinction coefficient of the oxidized TMB is 39,000 M 'em ™.
Finally, the reaction rate was plotted against the corresponding TMB
concentration [S], and the kinetics of the nanozyme-catalyzed TMB
oxidation was assessed by fitting the rate data with the
Michaelis-Menten model, expressed within the following equation:

Vinax [S ]
y =
K, + (5]

(5)

where Vpay is the maximum concentration-independent possible reac-
tion rate and Ky, is the Michaelis-Menten constant. The latter parameter
is equal to the TMB concentration corresponding to a reaction rate half
that of Viay.

3. Results and discussion
3.1. Characterization of the CeO2 NPs

The successful preparation of CeOy NPs was verified by several
techniques. Fig. Sla shows the X-ray diffraction (XRD) patterns of
powder CeOy NPs sample. Within the measured 26 range, all the char-
acteristic XRD reflections of CeO2 NPs are present that match well with
the standard patterns of cerium oxide (JCPDS card no. 34-0394).
Similar XRD patterns were reported elsewhere [50]. Thus, all reflections
can be indexed to CeO5 with a fluorite structure (Fm3m space group)
and the sharp peaks indicate that the formed particles were highly
crystalline.

In addition, surface chemical composition of CeO5 NPs was explored
with XPS. The XPS survey scan, shown in Fig. S1b, reveals the occur-
rence of Ce, C, O, and Fe elements on the surface of the sample, with the
presence of Fe attributed to the sample holder. Similar spectra for
nanoceria were reported in literature [50,51]. The quantitative XPS
composition analysis resulted in the following surface chemical
composition of the sample: 14.8 at% Ce, 24.8 at% C, and 60.4 at% O
(Table S1, see Supplementary material (SM)). In addition, the
high-resolution Ce 3d core-level spectrum (Fig. S2a) shows two sets of
multiplets. The multiplet comprising of (v%, v/) and (u°, u’) are related to
surface Ce(III), while the multiplet of (v, v”, and v'”’) and (u, u”, and u’”)
peaks refer to surface Ce(IV) [51,52]. The exact binding energy values of
the ten peaks along with the reference values are listed in Table S2 and
indicate a mixed valence state of Ce(III) Ce(IV). The contribution of Ce
(Il) to the overall composition is ~15 at%, which signals a
sub-stoichiometric oxide surface [53]. The high-resolution C 1 s spec-
trum in Fig. S2b can be attributed to the presence of adventitious carbon
on the surface of the CeOy NPs. The peaks at 286.37 eV and 298.07 eV
correspond C-OH and O-C—O functionalities, respectively while the
peak at 284.82eV refers to C-C/C-H states. The resolved
high-resolution O 1 s spectrum is presented in Fig. S2c. Two peaks at
529.62 eV and 531.62 eV correspond to lattice oxide and surface hy-
droxide, respectively. Their position and relative contribution suggest
the prevalence of hydroxide species on the sample surface, as reported
elsewhere [54]. The lattice oxide is 43.7% of the overall O 1 s peak and



N.B. Alsharif et al.

thus, the surface stoichiometry is CeO; g, which is close to CeO,.

Fig. 1a shows the Raman spectrum for CeOz NPs. The intense peak at
462 cm™! is attributed to the symmetrical stretching mode of the Ce-O
vibration. The inset graph further shows the peak at 462 cm™! in the
Raman shift range of 350-550 cm™!, which is characteristic for CeO,
[55,56]. Moreover, the UV-Vis spectrum, shown in Fig. 1b and recorded
in the 250-550 nm wavelength range, shows a broad peak around
300 nm, which is characteristic for CeOs, as reported in the literature
[57,58]. Additionally, the CeOy NPs morphology was analyzed via TEM
and high-resolution TEM (HR-TEM). Fig. 1c shows a TEM image of the
prepared CeO; NPs, the particles are characterized by well-established
boundaries with semi-cubic morphology. The aggregated state of CeO,
NPs is attributed to the drying process during sample preparation. The
HR-TEM image (Fig. 1d) of CeOy NPs shows differently oriented crystal
fringes. The squared region in the HR-TEM image appears to have
several distinct and superimposed lattice spacings and thus, fast
Fourier-transform (FFT) analysis was carried out. The extracted pattern,
shown in Fig. le, indicates the presence of three lattice spacings, which
were obtained by inverse FFT analysis. The three inverse FFT images and
the corresponding lattice spacing values are shown in the inset images of
Fig. le. The obtained ~0.25 nm lattice spacing correspond to that ob-
tained from the (200) peak, while ~0.36 nm is close to the one obtained
from the (111) peak, which is typically ~0.31 nm, but cannot be
unambiguously assigned. The lattice spacing of ~0.75 nm corresponds
to a 20 value outside the range of the utilized XRD instrument, and thus
could not be unambiguously assigned as well.

The pH-dependent surface charge of ceria materials is known [59],
therefore, zeta potential values and hydrodynamic radii of CeO, NPs
were determined at different pH conditions (Fig. S3). In highly acidic
media, CeOy NPs have high positive charge due to the protonated sur-
face OH groups reaching 32.7 + 0.7 mV at pH 4. As the pH increases,
however, the extent of protonation and thus, the zeta potential values
decrease. At the IEP (pH ~6.17) CeO, NPs undergo charge reversal,
where the emerging negative charge originates from the deprotonation
of surface OH groups. Its extent increases as the pH becomes more basic,
which is reflected in the high corresponding zeta potential values,
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reaching — 29.2 + 1.0 mV at pH 9. On the other hand, the increase in
the magnitude of zeta potential is accompanied by decrease in the hy-
drodynamic radii reaching as low as 181.2 + 24.2 nm and 180.0

+ 31.4 nm at pH 4.0 and 9.0, respectively. In the pH range 5.5-8.5, the
zeta potential drops to values between — 10 and 10 mV, accompanied
by a sudden and significant rise in hydrodynamic radii, indicating
rapidly aggregating dispersions. Low zeta potential of particles indicates
weak electrostatic repulsive forces and leads to subsequent formation of
large aggregates due to attractive van der Waals forces.

3.2. Homoaggregation of CeO2 NPs

The salt-induced aggregation of CeOy NPs was also assessed at
different ionic strengths both at pH 4 and pH 9. Eq. (2) was used to
obtain the stability ratio at distinct ionic strengths. As shown in Fig. S4a,
at pH 4 regime, increasing the salt content gradually decreases the sta-
bility ratio of CeOy NPs dispersions until it reaches unity at a NaCl
concentration of 60.0 mM. This value is the so-called critical coagula-
tion concentration (CCC), at which the system changes from slow ag-
gregation to fast aggregation. Further addition of NaCl at or higher than
60 mM does not change the stability ratio. According to the DLVO the-
ory, the addition of salt reduces the Debye length of the electric double
layer around CeO3 NPs, and the resulting surface charge screening leads
to weakening of the repulsive electrical double layer (EDL) forces and
hence, CeO2 NPs undergo rapid aggregation under the influence of the
van der Waals forces [60].

Similar conclusions are reached when the zeta potential values of
CeO2 NPs at different ionic strengths are measured. Accordingly, the
CeO2 NPs possess high zeta potential indicating strong EDL repulsion at
low ionic strength owing to the deprotonated OH groups. As the ionic
strength is raised, the surface charge on CeO, NPs become increasingly
screened, which is reflected in gradual drop in the zeta potential, i.e., in
weakening of electrostatic repulsion.

The tendencies for CeO, NPs at pH 9 were the same, as shown in
Fig. S4b. The stability ratio as well as the magnitude of zeta potential
gradually decreased with the increase in the ionic strength as a result of
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Fig. 1. (a) Raman spectrum of bare CeO, NPs (Inset graph: the magnified peak at 462 cm ™), (b) the UV-Vis absorption spectrum of bare CeO, NPs, (c) TEM image of
CeO, NPs, (d) HR-TEM image of CeO, NPs, (e) the extracted pattern, obtained by FFT analysis, of the squared section in the HR-TEM image. The inset images and
lattice spacing values are obtained by inverse FFT analysis of the FFT pattern, using ImageJ software.
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charge screening and subsequent aggregation [60]. However, the CCC is
located at 5.5 mM, which indicates significantly lower colloidal stability
of CeOy NPs at pH 9 owing to the lower magnitude of zeta potential,
compared to pH 4. Thus, in acidic pH conditions, the CeO2 NPs possess
higher surface charge and stronger resistance against salt-induced ag-
gregation, compared to alkaline pH conditions. Additionally, the
mechanism of CeO, NPs aggregation aligns with the prediction of the
DLVO theory at both pH regimes, similar to other colloidal systems of
charged particles dispersed in salt solutions [39,47,61]. Table S3 shows
the hydrodynamic radii and zeta potential values along with other
colloidal properties of CeOy NPs at pH 4 and pH 9.

3.3. Heteroaggregation of CeO2 NPs with SL

In our previous work, we characterized the SL particles by probing
the aggregation tendency of SL at different SL concentrations and 1.0 M
ionic strength as well as at different pH conditions in attempt to optimize
the experimental conditions for later aggregation rate measurements
[41]. Setting the background salt concentration at 1.0 M screens elec-
trostatic repulsive forces, which leads to rapid aggregation according to
the DLVO theory. Our previous results indicated that applying 125 ppm
SL provides sufficient intensity of scattered light, but not high enough to
trigger higher rank aggregates [41]. Therefore, here, the concentration
of negatively charged SL was kept at 125 ppm as the dose of oppositely
charged CeO, NPs (in mg CeO2 NPs/g SL) was gradually adjusted. Since
the intensity of scattered light is directly proportional to the 6th power
of the particle size [46], the scattered light thus originates mostly from
SL particles rather than CeOy NPs due to the considerable size difference.

Fig. 2 shows the zeta potential and stability ratio values of SL/Ce
composite at different CeO; NPs doses. At low CeO; NPs doses, the SL/
Ce particles maintained high negative charge and thus, high stability
ratio. However, as the dose was raised, the magnitude of the overall
negative charge as well as the stability ratio decreased indicating
significantly increased adsorption of CeO2 NPs on the SL particles.
Around the IEP, which occurred at 100 mg CeOy NPs/g SL, the zeta
potential of SL/Ce particles approached zero and the stability ratio of the
corresponding dispersion dropped to 1, indicating heavily aggregating
SL/Ce composite particles. Higher CeO5 NPs doses led to the formation
of increasingly overall positively charged SL/Ce particles with
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Fig. 2. Stability ratio (squares) and zeta potential (circles) values of dispersions
of SL at different concentrations of CeO, NPs at pH 4 and 1 mM ionic strength.
The concentration of SL was fixed at 125 ppm and the mg/g unit refers to mg
CeO, NPs per one gram of SL. The solid lines serve as eye guidance only and the
graphical representation of SL/Ce composite is not to scale.
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increasing stability ratio. The zeta potential reached a maximum value
at and beyond a CeO3 NPs dose of 1000 mg CeO5 NPs/g SL, the onset of
the adsorption saturation plateau (ASP), where SL particles became
saturated with adsorbed CeO5 NPs.

Since the experimental conditions were set so that individual CeO4
NPs and SL are highly charged, the homoaggregation is negligible.
Moreover, in particle-particle systems, two regimes of interparticle
forces are established. First, electrostatic attraction as well as van der
Waals forces between SL and CeO, NPs, which drive the hetero-
aggregation and give rise to SL/Ce composite particles. Second, EDL
forces and attractive van der Waals forces exist among the individual SL/
Ce hybrid particles. In the second regime, electrostatic repulsion forces
dominate at low and high CeO, NPs doses and provide stable hybrid
dispersion, while the van der Waals forces are significant around the IEP,
where the overall charge on the SL/Ce particles approaches zero. Thus,
hybrid particles in particle-particle systems are formed. Similar patterns
were also obtained in other studies [40,61].

The immobilization of CeOy NPs on SL at pH 4 was visualized by TEM
and AFM techniques. The TEM images in Fig. 3(a, b) clearly indicate the
successful immobilization of CeO5 NPs on SL particles, where the CeO4
NPs dose was set at 1000 mg/g (the onset of the ASP in Fig. 2). The
resulting SL/Ce composite is characterized by uniform distribution of
the CeO NPs on the SL particle surface. Similar morphology is observed
with the AFM imaging technique. Fig. 3(c,d) shows the amplitude and
height AFM images as well as the height profiles of SL/Ce system
(Fig. 3e). These images provide direct evidence that positively charged
CeO, NPs were successfully and firmly immobilized on the surface of SL
particles.

3.4. PDADMAC functionalization of CeO2 NPs

At pH 9, CeO, NPs are negatively charged, and thus, the immobili-
zation of CeO, NPs onto the similarly charged SL particles by electro-
static attraction requires surface modification of the CeO2 NPs that gives
rise to overall positive surface charge. Thus, the CeO, NPs were surface
modified with PDADMAC polyelectrolyte. Such charged macromole-
cules are known for their strong adsorption on oppositely charged sur-
faces [41,62]. Therefore, the surface of CeO5 NPs is expected to have an
overall positive charge upon addition of proper amount of PDADMAC.
The precise PDADMAC dose was tuned to obtain stable dispersions of
functionalized CeO2 NPs (PCe). The zeta potentials of CeOy NPs,
determined at different PDADMAC doses, are shown in Fig. S5.

The addition of PDADMAC gradually reduced the negative charge on
CeO2 NPs until enough PDADMAC was added to fully neutralize the
negative charge of CeOy NPs at the IEP, at which the zeta potential of
CeO2 NPs is zero. The IEP was located around a dose of 1 mg PDAD-
MAC/g CeO3 NPs, and larger PDADMAC doses caused charge reversal
leading to positively charged PCe particles. The zeta potential reached a
maximum value at the onset of the ASP, that occurred around at 10 mg/
g dose, where the surface of CeOy NPs became saturated with PDAD-
MAGC, and further added polyelectrolytes remain dissolved in the solu-
tion, and the corresponding magnitude of zeta potential remained
constant.

Besides, the stability ratios were measured under the same experi-
mental conditions to assess the colloidal stability of the PCe dispersions.
As shown in Fig. S5, changes in the stability ratios occurred with the
gradual decrease in zeta potential values. Like the SL/Ce system at pH 4,
high magnitude of zeta potential is accompanied by high stability ratio,
while significant destabilization occurs when the PDADMAC doses
correspond to those around the IEP, where the stability ratios drop to
unity, and the dispersion undergoes heavy PCe particle aggregation.
Such pattern is commonly observed in oppositely charged particle-
polyelectrolyte systems [62-64]. Unlike particle-particle systems,
however, non-DLVO-type forces may play a role in the colloidal stability
of particle-polyelectrolyte systems. Accordingly, repulsive steric as well
as attractive bridging and patch-charge forces may play a part along
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Fig. 3. (a,b) TEM images, (c) amplitude and (d) height AFM images of SL/Ce composite deposited on a mica substrate along with (e) the height profiles taken along

the indicated white lines.

with DLVO forces during homoaggregation of the PCe particles [63,65].
Lastly, since the CeOy NPs surface saturation occurred at PDADMAC
doses around 30 mg/g, the functionalized CeO NPs prepared at 40 mg
PDADMAC/g CeO2 NPs dose are denoted as PCe. They possess high
positive charge and high stability ratio, which render them suitable for
heteroaggregation with negatively charged SL.

3.5. Heteroaggregation of PCe with SL

Fig. 4 shows the zeta potential and stability ratio values of SPCe at
different PCe (prepared at 40 mg PDADMAC/g CeO2 NPs) doses. The
SPCe particles maintained high negative charge and thus, high stability
ratio at low PCe doses. As the dose was increased, however, the
magnitude of the negative charge as well as the stability ratio decreased
indicating increased adsorption of PCe on the SL particles. Around the
IEP, which occurred at 16 mg/g dose, the zeta potential of SPCe particles
approached zero and the stability ratio of the corresponding dispersion
dropped to unity indicating highly aggregating SPCe particles. Higher
PCe doses led to the formation of increasingly overall positively charged
SPCe particles with increasing stability ratio. The zeta potential reached
a maximum value at and beyond a PCe dose of 55 mg PCe/g SL, the
onset of the ASP, where SL particles became saturated with adsorbed
PCe. Such particle-polyelectrolyte-particles are far less commonly re-
ported, compared to simpler polyelectrolyte-particle or particle-particle
systems [41]. However, the tendencies in mobilities and stability ratios
resemble those of the SL/Ce (Fig. 2).

The morphology of SPCe composite, formed at pH 9, was visualized
with TEM and AFM techniques. The TEM images in Fig. 5(a, b, c) clearly
show immobilization of PDADMAC-functionalized CeO5 NPs onto SL
particles. Fig. 5(d, e) represents the amplitude and height AFM images of
SPCe system along with the height profile (Fig. 5 f). The PDADMAC dose
was 40 mg/g (the onset of ASP in Fig. S5), and the CeO, NPs dose was
200 mg/g (the onset of ASP in Fig. 4). It is important to note that the SL
particles in the SPCe composite are not covered to the same extent as the
SL particles in SL/Ce composite as shown in the TEM images in Fig. 3,
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Fig. 4. Stability ratio (squares) and zeta potential (circles) values of SL particles
in the presence of PCe at different doses at pH 9 and 1 mM ionic strength. The
concentration of SL was fixed at 125 ppm, and the PCe composition was
maintained at 40 mg PDADMAC/g CeOy NPs. The mg/g unit refers to mg PCe
per one g of SL. The solid lines serve as eye guidance only and the graphical
representation of SPCe is not to scale.

even though the CeO5 NPs and PCe doses used for imaging correspond to
doses at the onset of saturation plateau in both systems. The potential
reason is that the PDADMAC is highly effective in the charge modifi-
cation and neutralization, as evident in the IEP values of the SL/Ce and
SPCe systems, which are 100 mg/mg and 10 mg/g, respectively. For the
same SL concentration (125 ppm), the presence of PDADAMC signifi-
cantly lowered the IEP dose by one order of magnitude and thus, less
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Fig. 5. (a,b,c) TEM images of SPCe composite at different magnification. (d) Amplitude and (e) height AFM images of SPCe composite deposited on a mica substrate
along with (f) the height profile curve taken along the indicated white lines. In the composite dispersion, the PDADMAC dose was 40 mg/g (the onset of ASP in

Fig. S5) and the CeO, NPs dose was 200 mg/g (the onset of ASP in Fig. 4).

CeO2 NPs are required to cause charge reversal in the SPCe system.
Therefore, the SPCe particles are expected to be less decorated with
functionalized CeO2 NPs compared to the extent of SL/Ce composites
decoration with bare CeOy NPs.

The immobilization of CeO2 NPs and PCe particles on SL was further
proved by Raman spectroscopy. In addition to Raman spectrum of CeO
NPs, the individual Raman spectra of SL and PDADMAC dispersions as
well as those of SL/Ce and SPCe were recorded (Fig. S6). The charac-
teristic peaks in the Raman spectrum of SL at 620 cm ™+ and 1000 cm ™!
was attributed to different deformation mode bands of the aromatic ring,
while C-C stretches (1150-1200 cm ™) and the ring skeletal stretch
(1602 cm™!) were identified as well. These peaks of the individual
components agree very well with those reported elsewhere in the liter-
ature [66]. The peaks in the Raman spectrum of PDADMAC were
identified as the N-C stretches (790 cm’l) and the CHj stretching vi-
bration (1449 cm’l) [67]. The vibrational modes that give rise to
Raman peaks are assigned in Table 54.

As Fig. S6 shows, Raman spectra of SL/Ce and SPCe composites
contain all the characteristic Raman peaks of SL (indicated by circles)
and the lone peak of CeOy NPs (indicated by squares) in the same peak
positions, compared to the spectra of the individual materials. The
immobilization, however, resulted in weakening of peak intensity of
CeO; NPs, but had no effect on the intensities of SL peaks. An interesting
observation is the absence of characteristic PDADMAC peaks in the
spectrum of SPCe due to the 10 times lower Raman intensity of PDAD-
MAC (the actual intensity values are labeled on the graph) [67].
Accordingly, to probe the antioxidant activity, these colloidally stable
composites have been prepared at 1000 and 200 mg/g (mg CeO2 NPs/g
SL) for SL/Ce and SPCe systems, respectively.

3.6. Antioxidant activity

The radical scavenging potential of the CeOy NPs, SL/Ce, and SPCe
particles was assessed via standard DPPH assay, based on the reduction
of the purple DPPH radicals to yellow molecules. The decrease in
absorbance of the violet DPPH radical was monitored at 517 nm and the
percentage of unreacted DPPH (abbreviated as DPPH%) was obtained
using Eq. (4). Fig. 6 shows the DPPH% as a function of the nanozyme
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Fig. 6. Radical scavenging activity of CeO, NPs, SL/Ce, and SPCe. The DPPH
concentration in all samples was kept at 15 ppm. The solid/dashed lines only
serve as eye guidance and DPPH% was calculated according to Eq. (4). The
inset image shows that the intensity of the yellow color increases with the
increased nanozyme concentration. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article)

concentration (referring to bare CeOy NPs or the CeO5 NPs content in
either SPCe or SL/Ce). Accordingly, DPPH% decreased with the increase
in nanozyme concentration, indicating less radicals remain, when more
nanozymes are present.

Fig. 6 also shows that while SL/Ce and CeOy NPs have comparable
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radical scavenging potential, SPCe has better antioxidant activity, as
indicated by the steeper decrease. The enhanced antioxidant perfor-
mance can be attributed to the less aggregated state or greater accessible
particle area of the immobilized PCe compared to the bare CeOy NPs,
since the latter are more likely undergo aggregation, which leads to
reduced antioxidant activity because of the increased number of un-
available active sites. The calculated ECsq values of bare CeO5 NPs and
the composites are shown in Table S5.

The CeOy NPs were also found to exhibit HRP-like activity. As
mentioned earlier, the HRP assay is based on the oxidation of the
colorless TMB substrate in the presence of HyO» as well as native HRP or
its mimetic nanozyme such as CeOy NPs, where the oxidation of TMB
leads to the formation of a blue product (oxidized TMB). Native
peroxidase or its mimetic nanozymes catalyzes the reduction of HyO5 to
water in the presence of some hydrogen donor substrate such as TMB
substrate. Fig. 7 demonstrates the HRP-like activity of CeOy NPs and
shows that the oxidized TMB has a characteristic wavelength of 652 nm.

In the TMB/CeO; combination, no absorption peak was observed,
and the reaction mixture remained colorless indicating no oxidation of
TMB had taken place (Fig. 7 inset: cuvette o). For TMB/H,05 mixture, a
very weak peak appeared indicating an insignificant amount of TMB
underwent oxidation, and the mixture exhibited a very pale blue color
(Fig. 7 inset: cuvette B). The uncatalyzed oxidation of TMB may be
attributed to the slow decomposition of the HyO5 substrate into hydroxyl
radicals that lead to TMB oxidation. However, when the three compo-
nents were present, i.e., TMB, Hy0,, and CeO,, the mixture exhibited a
deep blue color (Fig. 7 inset: cuvette y) and had a strong absorption peak
at 652 nm indicating substantial oxidation of TMB occurred, which
demonstrates that CeOy NPs possess peroxidase-like activity.

Fig. S7a shows the reaction rate of TMB oxidation at various TMB
concentrations at 25 ppm CeO5 NPs as well as 5 mM HyO,. The TMB
concentration was changed between 0 and 1.5 mM, rate measurements
with higher TMB levels were not feasible due to poor solubility and
precipitation of TMB during the measurement. Further, the obtained
experimental rate data for CeOy NPs, SL/Ce, and SPCe were fitted with
the Michaelis-Menten kinetic model (Eq. 5), as Fig. S7a shows. The
resulting Michaelis-Menten parameters are listed in Table S5. The
maximum velocity (Vinay) is the maximum experimentally observed rate
that remains unchanged regardless of the TMB concentration, this
possibly occurs as a result of saturation of the catalytic sites. On the
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Fig. 7. The UV-Vis spectra of TMB/CeO, (orange/a spectrum), TMB/H50,
(blue/p spectrum) and TMB/H30,/CeO; (black/y spectrum). The inset graphics
shows the real samples, measured at pH 4. Samples prepared with the following
relevant concentrations: 1 mM TMB, 25 ppm CeO, NPs, and 5 mM H,0,.
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other hand, Michaelis-Menten constant (K,) is the TMB concentration
that corresponds to half vpax. It is @ measure of the affinity between the
catalyst and the substrate, where a lower K, value indicates a higher
affinity between the enzyme-like material and the substrate. Interest-
ingly, Ky, for SL/Ce (0.200 mM) is nearly two times lower than that for
bare CeOy NPs (0.359 mM) indicating stronger affinity of TMB towards
immobilized CeO3 NPs. On the other hand, the K, for SPCe (0.467 mM)
is comparable to that of bare CeOy NPs and thus, the TMB has similar
affinities towards both SPCe and bare CeOy NPs.

The trends in vpy,x of the composites also indicate either similar (SL/
Ce) or higher (SPCe) vpax compared to bare CeOy NPs. Thus, the SL
immobilization and PDADMAC functionalization of CeO2 NPs not only
had no effect on the HRP-like activity, but rather resulted in lower Ky,
and higher vy for SL/Ce and SPCe, respectively. Further, Table S5
shows that both bare CeO5 NPs and SL/Ce have lower K, than native
HRP, while SPCe has comparable K, [68]. In addition, the HRP-like
activity of CeO5 NPs was further evaluated at pH 7 and pH 9. Fig. S7b
shows that the CeO NPs do not possess HRP-like activity in neutral and
alkaline conditions, this trend for pH-dependent HRP activity for TMB
has been reported in the literature [69,70]. Thus, the kinetics of the
nanoceria-catalyzed oxidation reaction of TMB was only evaluated at pH
4 (Fig. S7a). Accordingly, the results of HRP and DPPH assays suggest
that the SPCe and SL/Ce hybrids possess remarkable antioxidant po-
tential as well as HRP-like activity that is comparable to native enzyme.
These features, coupled with the colloidal and structural stability of the
composites, render them versatile materials for industrial applications,
where cheap and stable enzyme alternatives are desired.

4. Conclusions

Composites of CeOz NPs were formulated by immobilization onto
negatively charged sulfate latex support particles via heteroaggregation
under the influence of electrostatic attraction forces. In acidic regime,
the positively charged CeO2 NPs were directly immobilized onto SL (SL/
Ce composite), while surface functionalization of negatively charged
CeO2 NPs with PDADMAC polyelectrolyte was necessary at alkaline
conditions to induce charge reversal and enable subsequent immobili-
zation onto SL (SPCe composite). Microscopy techniques, however,
showed lower surface distribution of nanoceria catalytic centers in SPCe.
Depending on the mass ratio of bare and functionalized CeOy NPs,
negatively or positively charged hybrid particles could be obtained with
high colloidal stability as a result of strong electrostatic repulsion. At
mass ratios corresponding to that at the IEP, however, the overall charge
on the hybrid particles approached zero, resulting in significant aggre-
gation under the influence of van der Waals forces. Both composites
showed excellent potential as radical scavengers and possessed
remarkable HRP-like activity with Michaelis constants comparable to
the native enzyme. These findings demonstrate that SL/Ce and SPCe
composites are promising antioxidants in heterogeneous systems due to
the accumulation of catalytic centers in small volumes, the ease of
separation from the reactions mixture, and the high colloidal stability.
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