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Engineering Nanoceria for Enhanced Peroxidase Mimics: A

Solid Solution Strategy

Wenjing Guo*,” Mian Zhang*,”’ Zhangping Lou*,”” Min Zhou,” Peng Wang,**"® and

Hui Wei*®

Nanoceria has been developed as a biocompatible and robust
enzyme mimic (called ceria nanozyme) and applied in bioanal-
ysis and therapeutics. However, its catalytic activity such as
peroxidase mimic is still moderate, which in turn has limited its
promising applications. To tackle this issue, herein we reported
an effective strategy to modulate the peroxidase mimicking
activity of nanoceria by doping transition metals. We discovered
that doping of the first row of transition metals (i.e., Mn, Fe, Co,
Ni, and Cu) modulated the activity of nanoceria and with the
same doping ratio the activities followed the below order:
Mn,Ce,, > Co,Ce,, > Fe,Ce;, > Cu,Ce;, > CeO, > Ni;Ce;,. By fur-
ther varying the Mn/Ce ratio, Mn,Ce; with the highest

1. Introduction

Nanoceria (CeO,), as one of the most important nanocatalysts,
has been widely explored for a variety of industrial applications,
including carbon monoxide oxidation, nitrogen oxide conver-
sion, and water splitting.” Recently, it has attracted enormous
interests in mimicking various natural enzymes, such as super-
oxide dismutase (SOD), catalase, oxidase, peroxidase, phospha-
tase, etc”? Among the developed enzyme mimicking nano-
materials (i.e,, nanozymes),”’ ceria nanozymes are notable in
several aspects, such as their multiple enzyme mimicking
activities, remarkable robustness, and excellent biocompatibil-
ity. Therefore, ceria nanozymes have been utilized for broad
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peroxidase mimicking activity was obtained (13-fold higher
compared with the pristine CeO,). Meanwhile we found that
the homogenous doping of Mn into the nanoceria matrix
without phase segregation ensured the formation of Mn,Ce;
solid solution. From our experiments and discussion, we
concluded that the surface oxygen (Og) and the synergistic
effect between Ce and Mn played key roles in the enhancement
of Mn,Ce; peroxidase mimicking activity. This study not only
demonstrates that Mn-doped nanoceria exhibits higher active
peroxidase mimics but also provides a promising strategy to
modulate the catalytic activity of nanozymes.

applications, ranging from glucose detection and immunoassay
to ischemic stroke protection and anti-biofouling.2>*"4

Despite of the substantial progress, the catalytic activities of
ceria nanozymes are still moderate. Till now, numerous
strategies have been developed to modulate the activities of
nanozymes.”) Among them, a few have been proposed to
improve the catalytic activities of ceria nanozymes. For example,
the SOD mimicking activity of nanoceria was significantly
enhanced through electron transfer® The peroxidase mimick-
ing activities of nanoceria were tuned by controlling the
nanomaterials’ morphology and structure.”” We have showed
that the oxidase mimicking activities of nanoceria could be
modulated by using small molecules.”” With the success of the
above developed strategies, more interests are focused on
searching for effective strategies to enhance the enzyme
mimicking activities of nanoceria.

On the other hand, recent studies showed that the doping
of redox active aliovalent transition metals into the matrix of
nanoceria to form M,Ce;,0,, solid solution, which significantly
enhanced the catalytic activities of nanoceria towards carbon
monoxide and hydrocarbon oxidation."®® The enhancement
was attributed to the increased concentration and migration of
oxygen vacancies.”” We reason that such transition metal-
doping could also be an effective strategy for modulating the
redox enzyme mimicking activities of nanoceria since similar
oxygen species are involved in the biomimetic catalysis.
Encouragingly, a few recent studies indicated that it was
possible to improve the catalytic activities of ceria nanozymes
by doping with Mo, Fe, or Zr.2<*' However, no systematic
studies have been carried out to elucidate the mechanistic roles
of the doped metal in the enzyme mimicking activities.

To fill this gap, herein we showed the peroxidase mimicking
activity of nanoceria could be effectively modulated by doping
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Figure 1. (a) Schematic illustration of engineering nanoceria by transition metal doping for enhanced peroxidase mimics. (b) Peroxidase-like nanozyme

catalyzes the oxidation of TMB with hydrogen peroxide.
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Figure 2. (a) Time evolution of calibrated absorbance at 652 nm (4A;s,) during the catalytic oxidation of TMB with 500 uM H,0, in pH 4.5 acetate buffer at
25°C, in the presence of 10 pg/mL of CeO,, Mn,Ce,,, Fe,Ce,,, Co,Ce,q, Ni;Ce,,, and Cu,Ce;, nanozymes. Inset: photo of each reaction system containing
nanozymes in the above order. (b) Normalized peroxidase mimicking activities of CeO, and M-doped CeO, nanozymes. The activity of CeO, was defined as
100%. Each error bar shows the standard deviation of three independent measurements, the error bar of CeO, is too narrow to be seen.

the first row of transition metals (i.e., Mn, Fe, Co, Ni, and Cu)
(Figure 1). Among the doped nanoceria, we found that Mn-
doped nanoceria solid solution exhibited the highest catalytic
activity. Further systematic studies revealed that surface oxygen
(Op) and the synergistic effect between Ce and Mn played
critical roles in the enhancement of nanoceria peroxidase
mimicking activities.

2. Results and Discussion

2.1. Transition Metal Doped Nanoceria as Peroxidase Mimics
Several representative first row of transition metals (i.e., Mn, Fe,
Co, Ni, and Cu) were used to modulate the peroxidase

mimicking activity of nanoceria. CeO, and transition metal-
doped CeO, nanozymes were synthesized via a low-temper-
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ature hydrothermal method. Citrate was then used to treat the
as-prepared nanozymes, which made the nanozymes more
water soluble and more stable (Figure S1). TEM and XRD
techniques were used to characterize the morphology and the
phase composition of CeO, and doped CeO,. As shown in
Figure S2, both CeO, and doped CeO, had similar sizes (around
3-5 nm) and irregular shapes. As shown in Figure S3, the XRD
patterns of all the doped CeO, matched well with the standard
cubic fluorite structure of ceria (JCPDS card No. 43-1002).
Moreover, since no multiple phases were observed, demonstrat-
ing the formation of phase-pure solid solution of M,Ce;.,O,.s.
The peroxidase mimicking activities of the doped CeO,
nanozymes were then evaluated by monitoring the catalytic
oxidation of TMB with the corresponding nanozyme in the
presence of H,0,. As shown in Figure 2a, compared with CeO,,
Fe,Ce,o, Co,Ce;o and Mn,Ce,, showed faster kinetic rates while
Ni,Ce;, and Cu,Ce,, showed slower or similar kinetic rates.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) Time evolution of calibrated absorbance at 652 nm (4A;s,) during the catalytic oxidation of TMB with 500 uM H,0, in pH 4.5 acetate buffer at
25°C, in the presence of 10 pg/mL of CeO,, Mn,Ce,,, Mn,Ces, Mn,Ce;, and MnsCe, nanozymes. Inset: photo of each reaction system containing nanozymes in
the above order. (b) Normalized peroxidase mimicking activities of CeO, and Mn-doped CeO, nanozymes. The activity of CeO, was defined as 100%. Each
error bar shows the standard deviation of three independent measurements, the error bar of CeO, is too narrow to be seen.
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Figure 4. (a) XRD patterns of CeO,, Mn;0,, and Mn-doped CeO, with different Mn to Ce ratios. The red and blue lines at the bottom mark the reference
patterns of CeO, and Mn,0, from the JCPDS database, respectively. (b) Enlarged patterns around (111) plane of CeO,.

Further analysis showed that the peroxidase mimicking activ-
ities of the doped CeO, exhibited the following order:
Mn,Ce,, > Co,Ce,, > Fe,Ce,;o > Cu,Ce,;, > CeO, > Ni;Ce;q (Fig-
ure 2b). Since the Mn doping promoted the catalytic activity in
the most extent, we then focused on the Mn-doped CeO,
nanozymes to elucidate the mechanisms responsible for the
enhanced catalytic activity.

2.2. Mn-Doped Nanoceria as Peroxidase Mimics

Having identified Mn as the best doping transition metal for
enhancing the peroxidase-like activity of nanoceria, we pre-
pared a series of Mn-doped CeO, nanozymes by varying the Mn
to Ce ratios and studied their activities. As shown in Figure 3,
with the increasing Mn content, the activity of Mn-doped CeO,
nanozymes reached the highest value when the ratio of Mn/Ce
was 1:5, later with the ratio above 1:5 the activities showed
some decrease but still higher than the pristine CeO,. The
obtained Mn,Ce; nanozyme exhibited the highest peroxidase-
like activity, which was more than 13-fold higher compared
with CeO,.
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Further control experiments were also performed to confirm
the intrinsic peroxidase-like activity of Mn,Ce; nanozyme. First,
in Figure S4, after incubating at 37°C for 10 min, the reaction
system including Mn,Ce; nanozyme, TMB and H,0, showed a
dark blue color. In contrast, nearly no color changes were seen
with TMB alone or TMB combined with H,0,. It is worthy to
noticed that the reaction system with TMB and Mn,Ce; also
showed slight color change, which was contributed to the
oxidase-like activity of Mn,Ce;. Second, the peroxidase-like
activity of Mn,Ce; was also evaluated using other typical
substrate likes ABTs and OPD. As shown in Figure S5, obvious
color changes were observed after adding Mn,Ce; nanozyme.
All the above control experiments demonstrating the intrinsic
peroxidase-like activity of Mn,Ce; nanozyme.

To understand the Mn/Ce ratio dependent activity of Mn-
doped CeO, nanozymes, their crystalline structures were first
investigated by XRD. Figure 4a showed XRD patterns of CeO,,
Mn;0,, and Mn-doped CeO, with different Mn/Ce ratios. For
Ce0,, the characteristic peaks at 20 =28.5°, 33.1°, 47.5°, and
56.3° corresponding to (111), (200), (220), and (311) reflection
planes were observed, which indicated the cubic structure of
CeO,. For Mn;0,, the characteristic peaks could be assigned to

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. (a, e) STEM-HAADF images of several and single Mn,Ce; nanoparticles. (b-d, f-h) The elemental maps of Ce, Mn, and overlay.

the tetragonal hausmannite structure (see Sl for detailed
assignments).

As shown in Figure 4a, upon doping of Mn into the CeO,
matrix, the crystalline structure started showing the tetragonal
hausmannite structure of Mn;0,, and finally dominant tetrago-
nal hausmannite structure of Mn;O, formed. Compared with
pure CeO,, Mn,Ce,, and Mn,Ce; still had the cubic structure of
CeO, but their diffraction peaks showed a clear shift towards
higher Bragg angles in the range of 27.0-30.0° (Figure 4b). The
shift could be attributed to the incorporation of smaller Mn ions
into the lattice of Ce (ionic radii: Mn*™: 0.083 nm; Mn®":
0.065 nm; Mn**: 0.053 nm; Ce3*: 0.114 nm; Ce**: 0.097 nm).”®
As the ratio of Mn/Ce reached 1:1, the diffraction pattern
showed a clear representative peak of Mn;O, with tetragonal
hausmannite structure (i.e., the peak at 36.1°). For MnCe;, more
pronounced peaks of Mn;0, appeared while the peaks of CeO,
nearly disappeared.

The crystalline structures were further analyzed by TEM
imaging (Figures S7 and S8). For CeO, and Mn,Ce,, the
interplanar spacing was predominated with 0.315/0.316 nm,
which could be attributed to the stable (111) plane of cubic
Ce0,. For Mn,Ce;, the interplanar spacing was shrunk to
0.308 nm. This result was consistent with XRD data. However,
for Mn,Ce, and Mn,Ce,, the inter-planar spacing increased to
0.312 nm and 0.317 nm, respectively. These could be assigned
to the (112) plane of tetragonal hausmannite structure Mn;0O,.
The increase was reasonable since phase segregation was
observed for both Mn,Ce, and MnsCe, (see the XRD results
above). For Mn;O,, an interplanar spacing of 0.212 nm was
observed, which was attributed to the (220) plane.

For both Mn;Ce;,, and Mn,Ce;, the absence of phase
segregation as well as the XRD peak shift and lattice shrink
indicated the formation of solid solution after doping of smaller
size Mn ions into CeO..
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Since Mn,Ce; had the highest peroxidase mimicking activity,
its solid solution phase was further investigated by analyzing its
element distribution with STEM-EDS mapping. As shown in
Figure 5a-d, homogeneous dispersion of Ce and Mn within
Mn,Ce; nanoparticles was observed. The well-dispersion of Ce
and Mn was further confirmed by imaging a single Mn,Ces
nanoparticle (5e-h). Figure 5d and 5 h also revealed that Mn
atoms entered into the lattice structure of CeO, by replacement
of Ce atoms. Moreover, no segregation was observed. The
STEM-EDS mapping analysis further confirmed the formation of
homogeneous Mn,Ce; solid solution.

2.3. XPS Analysis

To get further insights into the Mn/Ce ratio dependent activity
of Mn-doped CeO, nanozymes, their composition and oxidation
state were analyzed by XPS analysis. The survey spectrum in
Figure 6a confirmed the presence of Ce, Mn, and O elements in
the Mn-doped CeO, nanozymes.

As shown in Figure 6b, five pairs of spin-orbit coupling of
Ce 3d spectra could be assigned to two orbits 3ds,, and 3d;,,
labeled as v and u, respectively. Among them, v, v’, v'/, u, u”,
and u”’ were attributed to Ce*" while v, V/, u, and u’ were
attributed to Ce*"."" These results demonstrated that the Ce*"
and Ce’'co-existed in the Mn-doped CeO, and Ce*" was
dominant. As shown in Figure 6d, the fraction of Ce*"
decreased with the increasing content of Mn, which was not
well correlated with the catalytic activity. So we summarized
that Ce** was not the main factor for enhancement of activity.
Apart from the valence of Ce, there was another important
factor (i.e., oxygen species) could be worth to study. Therefore,
we further analyzed the oxygen species.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. (a) XPS survey scan, (b) Ce 3d core level XPS spectra, (c) O 1s core level XPS spectra, (d) surface fraction of ce** and O species of different

nanozymes.

Figure 6¢c showed the O 1s spectra at the binding energy of
526.0-534.0 eV, which was broad with shoulder peaks. The
curves were deconvoluted into three peaks, which were
attributed to the lattice oxygen (528.9-529.5 eV; O*"; O,), the
surface oxygen species (531.0-531.5 eV; 0,7, 0,>7, O7; 0Op), and
the chemisorbed water and/or carbonates (533.1eV; O,),
respectively."" Compared with CeO,, the binding energy of the
O1s species shifted to higher binding energy value after Mn
doping, which was probably due to the environment change of
oxygen due to the interaction between the Ce—O and Mn—0.'"?
It is known that Oy from defective sites plays an important role
in most of catalysis processes.”™™ ' Compared Figure 6d with
Figure 3b, it clearly showed that Mn,Ce; with the most
abundant Oy (i.e., 43.2%) had the highest peroxidase mimicking
activity. Moreover, the abundance of Oy of CeO, and Mn-doped
CeO, had a strong correlation with the peroxidase mimicking
activity. Interestingly, a similar correlation was also found in the
other transition metal doped nanoceria (Figure S10). These
results indicated the Op played a dominant role in the
peroxidase mimicking activity of CeO, and Mn-doped CeO,. As
shown in Figure S11, the mixture of CeO, and Mn;O, nano-
particles showed much lower activity than the same amount of
Mn,Ce;, demonstrating the synergistic effect between Ce and
Mn with more active oxygen species on the catalytic activity.

2.4. Kinetics Analysis
After optimizing the reaction pH and temperature (Figure S12),

the steady-state kinetics assays of Mn,Ce; and CeO, were
performed (Figures S13 and S14). Michaelis-Menten constants

ChemCatChem 2019, 11, 737-743 www.chemcatchem.org

(K,) and maximum initial velocity (V,,,,) were summarized in
Table S2. Compared with CeO,, the lager K, value of Mn,Ce;
with H,0, indicated the weaker affinity of Mn,Ce; towards H,0..
However, a smaller K, value of Mn,Ce; with TMB was observed,
indicating the stronger affinity of Mn,Ce; towards TMB. More-
over, the V,,,, values of Mn,Ce; for TMB and H,O, were 2.5- and
30-fold higher than that of CeO,, respectively. These results
confirmed that catalytic efficiency of CeO, could be greatly
enhanced by Mn doping.

2.5. Superior Peroxidase Mimicking Activity of Mn,Ce;

To demonstrate the superior peroxidase mimicking activity of
Mn,Ce;, we compared its pH and thermal stability with several
representative peroxidase mimicking nanozymes (i.e., Au, Fe;O,,
and Cu(OH),). As shown in Figures S15, Mn,Ce; exhibited better
pH and thermal stability than other nanozymes. As shown in
Figures S16, Mn,Ces; also exhibited better pH and thermal
stability than natural peroxidases (such as horseradish
peroxidase).

Recently, it was reported that Cu(OH), nanocages exhibited
comparable catalytic activity as natural horseradish
peroxidase.'” Therefore, we synthesized Cu(OH), nanocages
(Figures S17) and compare their peroxidase mimicking activity
with Mn,Ces; nanozyme (Figures S18). Encouragingly, Mn,Ces
exhibited 9-fold higher activity than Cu(OH), nanocages,
demonstrating the superior peroxidase mimicking activity of
Mn,Ce..
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3. Conclusion

In summary, we developed an effective solid solution strategy
to modulate the peroxidase mimicking activity of nanoceria by
doping transition metals. We showed that the activity of
nanoceria was significantly enhanced after Mn doping. We
further revealed that homogenous Mn,Ce; solid solution with
the highest Mn content exhibited the highest peroxidase
mimicking activity. Systematic mechanism study indicated that
both the surface oxygen (Og) and the synergistic effect between
Ce and Mn played key roles in the peroxidase mimicking
activity of the Mn doped nanoceria. The obtained nanozymes
were also advantageous over natural enzymes and other typical
peroxidase mimics in several aspects, such as lower cost, higher
stability, and good biocompatibility. This study not only
demonstrates Mn doped nanoceria as promising peroxidase
mimics but also provides an effective and facile strategy for
modulating the catalytic activity of nanozymes. It may also help
to understand the catalytic mechanism of ceria-based nano-
zymes.

Experimental Section

Chemicals and materials: Cerium (lll) nitrate hexahydrate (Ce
(NO3);-6H,0, 99%), manganese acetate (Mn(CH;COO),, 99%),
ethylene glycol (99%), ammonium hydroxide (NH;-H,O, AR),
trisodium citrate dehydrate (99%), hydrogen peroxide (H,O,, AR),
and acetone (AR) were obtained from Sinopharm Chemical Reagent
Co., Ltd. Cobalt acetate (Co(CH;COO), 99.5%), iron nitrate (Fe
(NOs);, 98.5%), 3,3',5,5'-tetramethylbenzidine dihydrochloride hy-
drate (TMB, 98%), and glycine (ACS, 98.5%) were from Aladdin
Chemical Reagent Co., Ltd. Sodium acetate (CH;COONa, 99%) and
disodium hydrogen phosphate (Na,HPO,, 99%) were from Nanjing
Chemical Reagent Co., Ltd. Nickel nitrate (Ni(NO,),, 98.0%) was
from Guangdong Guanghua Sci-Tech Co., Ltd. Cupric acetate (Cu
(CH;CO0),, 99.0%) was from Shanghai Xinbao Fine Chemical
Factory. All chemical reagents were used as received without
further purification. All aqueous solutions were prepared with
deionized water (18.2 MQ-cm, Millipore).

Instrumentation: Transmission electron microscopy (TEM) images
were obtained on a FElI Tecnai G2 F20S-TWIN microscope at an
acceleration voltage of 200 kV. Scanning TEM-high-angle annular
dark field (STEM-HAADF) images and energy-dispersive spectro-
scopy (EDS) elemental mappings were acquired using a FEI Titan®
G2 60-300 microscope, operated at an accelerating voltage of
60 kV, equipped with double aberration correctors and Super-X EDS
detectors. Powder X-ray diffraction (XRD) patterns were collected
on a Thermo Fisher Scientific XTRA diffractometer in the 26 range
of 20-85° by using Cu Ko radiation. X-ray photoelectron spectro-
scopy (XPS) was obtained using a PHI 5000 VersaProbe (Ulvac-Phi,
Japan). The C 1s binding energy 284.8 eV was used as a reference
to calibrate the binding energy of other elements. UV-visible
absorption spectra were recorded using a TU-1900 spectrophotom-
eter (Beijing Purkinje General Instrument Co. Ltd., China). The
contents of Ce and Mn were measured by an inductive coupled
plasma optical emission spectrometer (ICP-OES) (OPTIMA 530DV,
PerkinElmer).

Synthesis of MxCe,.,O, nanoparticles: M,Ce,.0,.s (M=Mn, Fe, Co, Ni,
and Cu) nanoparticles were prepared as follows (see sample names
in Table S1).1*! Cerium nitrate (1.16 mM, 503.70 mg) and appropri-
ate amount transition metal acetate (or transition metal nitrate)
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were dissolved in 20 mL water-ethylene glycol (1:1) mixed solvent.
The reaction solution was bath-heated under stirring until the
temperature reached 60°C. Then, 3.2 mL NH;-H,0 was quickly
added to the reaction solution. After 3 h vigorously stirring at 60 °C,
the corresponding product was obtained, which was washed
multiple times with water. (Note: pure CeO, was yellowish.)

To enhance the water solubility of the above-synthesized nano-
particles, these obtain nanoparticles were further treated with
citrate according to our reported protocol.” Briefly, the nano-
particles were first precipitated via centrifugation. Then, 10 mL
water and 2 mL sodium citrate solution (60 mg/mL) were added.
After 10 min sonication, the solution was further centrifuged
(10000 r/min, 10 min) to remove free citrate. To obtain better
dispersed and highly concentrated nanoparticles, the citrate treat-
ment could be repeated via adding 10 mL sodium citrate solution
(60 mg/mL) into the precipitate, which was followed by sonicating
and centrifugation. The citrate modified nanoparticles should be
highly transparent, which were stored for further studies.

Evaluation of the peroxidase mimicking activity of the nanozymes:
The peroxidase mimicking activity of the as-prepared nanozymes
was measured by using a peroxidase chromogenic substrate TMB
as the reporter. Typically, 20 pL of 25 mM H,0, and 20 pL of 25 mM
TMB were added to 940 plL of reaction buffer. After 1 min vortexing,
20 uL of 0.5 mg/mL nanozymes was quickly added. The mixed
solution was immediately used for absorption spectroscopy meas-
urement by monitoring the absorbance value at 652 nm (Ags,) with
a UV-visible spectrophotometer. (See Figure S6 and associated
discussion about details for the peroxidase-mimicking activities
calculations.)
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