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ABSTRACT: One of the current challenges in nanozyme-
based technology is to rationally control the enzyme
mimicking activities with suitable modulation strategies to
mimic the complexity and functions of natural systems. In this
regard, nanoceria has recently emerged as a promising
nanozyme because of its unique enzyme mimicking properties.
Herein, we demonstrated that the oxidase-like catalytic activity
of nanoceria was rationally modulated in situ via proton-
producing/consuming enzyme-catalyzed bioreactions, which

formed the basis of self-regulated bioassays for determining the @ Slow
corresponding enzyme activity, as well as other important HZO"’/ s TMB,,
targets, such as nerve agents, drugs, and bioactive ions. More

interestingly, the oxidase-like activity of nanoceria was

cooperatively modulated with the aid of adenosine triphosphate, thus improving the analytical performance of such self-
regulated bioassays. The current study not only demonstrated regulatory strategies to modulate the nanozymes’ activities, but
also established a facile approach to designing self-regulated bioassays.
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N atural enzymes play central roles in all biological On the other hand, the catalytic activities of natural enzymes
processes.”” They have also been widely exploited for are sophisticatedly modulated via numerous regulatory
various practical applications such as in biomedical analysis, mechanisms in biological systems. For instance, previous
food industry, and environmental protection.” However, their investigation provided evidence in support of a proton-
great potential has not yet been fully achieved owing to their dependent regulatory mechanism for mitochondrial nicotina-
intrinsic drawbacks, such as ease-of-denaturation and high cost. mide-nucleotide transhydrogenase.40 Moreover, the activities of

Therefore, intensive efforts have been devoted to mimicking
natural enzymes with various materials.” Among them, a
number of catalytic nanomaterials have recently been explored
to imitate natural enzymes.’”” These nanomaterial-based
mimics (i.e., nanozymes) have attracted considerable attentions
due to their unique advantages over natural enzymes and even
conventional enzyme mimics.”>* For example, oxidase has
been successfully imitated using gold nanoparticles, nanoceria,
and so forth.”>™*” Despite considerable progress made in the
field of nanozymes, most of the currently developed nanozymes
still face several challenges such as limited specificities and
catalytic activities when compared with their natural counter-
parts.”” To circumvent these challenges, tremendous efforts
have recently been made such as in functionalizing the exterior

natural enzymes are modulated at multiple levels. For example,
the proteolytic activity of HtrA, (high-temperature requirement
protease A,) was additively enhanced by sequentially
modulating the N-terminal and C-terminal with corresponding
ligands.”" With this deep understanding in modulating natural
enzymes’ activities, a few promising strategies to efficiently tune
the catalytic activity of nanozymes have been recently
demonstrated.”®*”**~*" Despite of these developments, the
strategies for modulating the activities of nanozymes, especially
in an in situ manner, are still quite limited. Moreover, the
multilevel modulation of nanozymes has also remained largely
unexplored. Encouraged by the previous success of natural
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Figure 1. Oxidase-like activity of nanoceria. (A) O,-dependent catalytic oxidation of S00 #M TMB with 100 pg/mL nanoceria in 100 mM PBS (pH
4.5). (B) pH-dependent catalytic oxidation of 500 M TMB with O, in the absence and presence of 100 yg/mL nanoceria. Insets: the corresponding
photo of the reaction solutions. (C) Oxidation of a substrate with O, catalyzed by oxidase-like nanoceria, producing oxidized product and water.

enzymes and nanozymes modulation, here we developed
versatile self-regulated bioassays by in situ modulating the
oxidase-like activity of nanoceria through proton-producing (or
proton-consuming) enzymatic reactions. We further demon-
strated that the bioassays could be cooperatively modulated
when bioactive molecules (e.g., adenosine triphosphate (ATP))
were introduced as a secondary modulator. With the currently
developed bioassays, several biomedically important enzymes
(such as acetylcholinesterase (AChE), esterase, and urease),
bioactive small molecules (such as organophosphorus based
nerve agents and drugs) and ions (such as F~) have been
facilely detected.

B RESULTS AND DISCUSSION

Nanoceria with Oxidase-like Activity. The nanoceria was
prepared with the method previously developed by one of us.*’
The formation of nanoceria was confirmed by transmission
electron microscopy (TEM) imaging, showing an average size
of 3.8 nm (Figure S1). It was consistent with dynamic light
scattering (DLS) measurement (Figure S2). The nanoceria was
further characterized by X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS), showing highly crystalline
features and mixed valence states of Ce®* and Ce*" (Figures S3
and S4A), which would play key roles in its enzyme mimicking
properties.

The oxidase-like activity of nanoceria was then investigated.
Numerous studies have demonstrated that nanoceria exhibited
multienzyme mimicking activities (such as superoxide dis-
mutase and catalase mimicking activities), which were
originated from its mixed valence states of Ce*" and Ce*, as
well as the presence of oxygen vacancies.*”**™* Recently, it
was suggested that nanoceria also exhibited oxidase-like
catalytic activities.”® However, there are still concerns in
whether nanoceria acts as an oxidase mimic or just as an
oxidant.>' In this regard, it is essential to investigate the
catalytic behavior and mechanism of oxidase-like property of
nanoceria.

First, the O,-dependent catalytic activity of nanoceria was
investigated to confirm its oxidase-like property. As shown in
Figure 1A, TMB (3,3',5,5'-tetramethylbenzidine), a typical
oxidase chromogenic substrate, was oxidized to its colored

1337

product (ie, oxidized TMB, TMB,) in the air-saturated
reaction solution containing nanoceria. The characteristic
absorption peak of TMB,, centered at 652 nm was also
monitored by absorption spectroscopy. In contrast, the TMB
oxidation was significantly inhibited in the N,-saturated
reaction solution. These results indicated that O, was necessary
for the catalytic reaction, validating the oxidase-like activity of
nanoceria.

Previous studies have showed that the catalytic activity of
nanoceria was pH-dependent and the optimal activity was
usually observed at acidic conditions.””*”* Therefore, the
oxidation of TMB with oxidase-like nanoceria was also
evaluated at different pH values. As shown in Figure 1B,
when the catalysis was carried out in neutral solution (i.e., 100
mM PBS, pH 7.0) containing nanoceria, the reaction solution
remained colorless and the corresponding absorption spectrum
did not show any obvious peak at 652 nm. This indicated that
no TMB,, was produced, which in turn demonstrated that the
catalytic reaction did not proceed due to the extremely low
activity of nanoceria at neutral pH. On the other hand, TMB
was efliciently oxidized to colored TMB,, when the catalytic
reaction was performed in acidic solution (i.e., 100 mM PBS,
pH 4.5) containing nanoceria. Further detailed pH-dependent
study revealed that the oxidase-like activity of nanoceria quickly
increased along with the decrease of pH value of reaction
solutions and reached its plateau at ca. pH 4.5 (Figure S6).
Therefore, taking account of these similarities between oxidases
and nanoceria, we proposed that the nanoceria indeed acted as
an oxidase mimic rather than an oxidant under the currently
studied conditions (Figure 1C).

Reaction Mechanism for Oxidase-like Activity of
Nanoceria. The possible mechanism for the oxidase-like
activity of nanoceria was then elucidated. The steady-state
kinetics studies under acidic conditions (i.e,, 100 mM PBS, pH
4.5) showed that the nanoceria-catalyzed TMB oxidation
reaction obeyed the Michaelis—Menten kinetics (Figure S7
and Table S2). The obtained Michaelis—Menten constant (K,)
of the nanoceria for TMB was ca. 042 mM, which was
comparable to or even smaller than that for other nanoceria-
based oxidase mimics, suggesting that our nanoceria possessed
a higher affinity toward TMB.*
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To further elucidate the molecular mechanism for the
oxidase mimicking activity of nanoceria, the possible reaction
intermediates (such as H,0,, OH®, and O,"”) that always
involved in oxidase-catalyzed reactions were then identified.
First, whether H,O, was one of the intermediates was
investigated, as H,O, is the reduction product of O, for a
large number of natural oxidases (such as glucose oxidase) and
their mimics (such as Au nanoparticles).” Furthermore, if
H,0, were produced, it would further trigger the peroxidase
mimicking property of nanoceria. This would in turn catalyze
the oxidation of TMB with the intermediate H,O,, presenting
nanoceria with an apparent oxidase-like activity. With such
hypothesis, the adding of catalase, an enzyme that efficiently
catalyzes the disproportionation of H,0, into O, and H,O,
would substantially eliminate the produced intermediate H,0,
and thus inhibit the catalytic oxidation of TMB. As shown in
Figure S8, the adding of catalase into the catalytic reaction
solution containing nanoceria and TMB at pH 4.5 still led to a
blue-colored solution. More interestingly, the kinetics of the
produced TMB,, was not significantly different from that
obtained by using the same amount of bovine serum albumin
(BSA) as a control. Both of these experiments suggested that
H, 0O, may not play a critical role in the catalytic reactions at pH
4.5. Then, the possibility of in situ forming OH® at the surface
of nanoceria was studied. Terephthalic acid, a specific
fluorescence probe for OH®, was chosen to detect OH®. No
fluorescence emission peaks were observed after the addition of
nanoceria, suggesting that no OH® was produced (data not
shown). Interestingly, when hydroethidine, an O,*~ specific
fluorescence probe, was added into the nanoceria solution at
pH 4.5, a pronounced fluorescent emission at 610 nm appeared
(Figure S9), demonstrating the formation of O,"” at the
surface of nanoceria. However, when hydroethidine was added
into nanoceria solution at pH 7.0, only extremely weak
fluorescent emission peak was observed, suggesting that very
limited O,°~ was produced under the neutral condition.
Previous studies have suggested that defect sites on nanoceria
played critical roles in its enzyme-mimicking property.*”>>>’
On the other hand, several studies also reported that the defects
on the surface of nanomaterials were active sites for
catalysis.”*>° In this regard, it was reasonable to suppose that
the absorbed O, at the defect sites of nanoceria could be
reduced to O," by Ce®" (Figure 2). Taking together the
above-discussed results, it suggested that O,*~ was the main
intermediate involved in the oxidase mimicking activity of
nanoceria.

0, + Ce¥ (Ce0,) O,~ + Ce* (CeO,) (1)
0,;” + TMB,, H,0 + TMB,, (2)
CeO, + TMB,, Ce,0, + TMB,, (3)
Ce,0, + O, + 2H* Ce0, + H,0 (4)

Figure 2. Proposed mechanism for the oxidase-like activity of
nanoceria

Furthermore, the surface states of nanoceria before and after
catalytic oxidation of TMB were monitored by using XPS. As
shown in Figure S4, the XPS spectra of Ce(3d) peaks of
nanoceria remained almost unchanged before and after the
catalysis. Moreover, the quantitative analysis revealed the slight
variation of Ce®" content before and after the catalysis (Table
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S1), which essentially suggested that Ce**/Ce*" at the surface
of nanoceria had been recycled. This substantially demon-
strated that nanoceria served as an oxidase-like catalyst toward
TMB oxidation. Based on these results, a possible mechanism
for the oxidase-like activity of nanoceria was proposed (Figure
2). Briefly, under acidic solutions, O, would be first adsorbed
onto the surface of nanoceria, where it was converted into
0,°”. Meanwhile, the surface Ce*" of nanoceria was reduced to
Ce* with concomitant oxidation of TMB to TMB,,. The
reduced Ce** was subsequently reoxidized to Ce** by the in situ
produced O,°. Alternatively, TMB could also be directly
oxidized to TMB,, with O,* .

In Situ Modulating Oxidase-like Activity of Nanoceria.
After understanding of the oxidase-like activity of the nanoceria,
the in situ modulation of its catalytic activity was explored. As
demonstrated above, the oxidase-like activity of nanoceria was
pH-dependent. Therefore, a proton-dependent regulatory
mechanism for in situ modulating its activity was proposed
by introducing proton-producing (or proton-consuming
enzymes.

To demonstrate the hypothesis, AChE, a proton-producing
enzyme, and its substrate acetylcholine (ACh) were employed
as a proof-of-concept to in situ modulate the catalytic activity of
nanoceria (Figure 3). AChE catalyzes the hydrolysis of ACh to
produce choline and acetic acid (i.e., the source of proton). As
shown in Figure 3A, when the catalysis was carried out in 5 mM
PBS (pH 7.0) containing nanoceria, TMB, and ACh but no
AChE, very limited amount of TMB,, was formed as indicated
by the almost colorless solution and very weak absorption peak
at 652 nm. In sharp contrast, when AChE was added into the
reaction solution, prominently colored TMB,, along with the
strong absorption peak at 652 nm was observed. These results
demonstrated that the in situ produced protons by the AChE
catalyzed reaction acted as a modulator to activate the oxidase-
like activity of nanoceria, which in turn enhanced the catalytic
oxidation of TMB. To further confirm that the enhanced
catalytic activity of nanoceria was originated from the in situ
produced protons, the pH values of the reaction solutions were
continuously monitored. As shown in Figure 3B, the pH of the
reaction solution with AChE gradually decreased from 6.7 to
4.3 within around 10 min, while the pH of the reaction solution
without AChE remained almost unchanged during the
measurement. These results thus demonstrated that the
nanoceria’s catalytic activity could be effectively modulated by
in situ forming protons with proton-producing enzymes (such
as AChE).

Self-Regulated Bioassays with Oxidase-like Nano-
ceria. By exploring the in situ regulatory mechanism, we
envisioned that versatile self-regulated bioassays could be
developed by modulating the oxidase-like activity of nanoceria
with proton-producing (or proton-consuming) enzymes. The
demonstration of such bioassays was first exemplified by facile
colorimetric detection of AChE using nanoceria. AChE plays a
key role in the central and peripheral nervous systems, as the
substantial accumulation of its natural substrate ACh might
result in organ failure and even death.>® Furthermore, the
overhydrolysis of ACh by AChE can also lead to Alzheimer’s
disease by accelerating the aggregation of amyloid S-peptides
into amyloid plaques.””*® Therefore, detection of AChE is of
great irngportance for bioanalytical and biomedical applica-
tions.”>>

As shown in Figure S10, in the absence of AChE, since no
acetic acid was produced, the detection solution of 5 mM PBS
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mM ACh in the absence (A) and presence (C) of 1 mM ATP. Dependence of A, on AChE concentrations in the absence (B) and presence (D) of
1 mM ATP. Insets: linear range of A4, versus concentrations of AChE. Error bars indicate standard deviations of three independent measurements.

at pH 7.0 remained neutral and nearly no TMB,, was formed.
In the presence of AChE, however, the produced acetic acid
lowered the pH of the detection solution, thus positively
regulating the nanoceria catalyzed oxidation of TMB to TMB,,.
The bioassay of AChE was performed by monitoring the time-
dependent absorption at 652 nm (ie, Agp). As shown in
Figure 4, by using Ags, at 600 s as the signal readout, the
recorded Ag;, increased with the increase of AChE activity and
exhibited a linear response toward AChE activity ranging from
35 mU to 175 mU (Ags, = 0.0012 X [AChE] mU™" + 0.0012).
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The detection limit was determined to be around 25 mU (S =
30).

To improve the analytical performance of the proposed assay
for AChE, the activity of nanoceria should be further enhanced.
Previous study suggested that bioactive molecules like ATP
could modulate the activities of nanozymes.***>°' For instance,
it was reported that the oxidase mimetic activity of nanoceria
could be enhanced by the energy released from ATP
hydrolysis.** Encouraged by these interesting phenomena,
here ATP was introduced as a secondary modulator to
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cooperatively modulate the oxidase-like activity of nanoceria for
enhanced bioassay toward AChE. The introduction of ATP
indeed effectively enhanced the analytical performance of the
self-regulated colorimetric assay. As shown in Figure 4C, as low
as 7 mU AChE resulted in a distinguished difference of Ags,
from that without AChE. As a comparison, 14 mU AChE
exhibited almost identical A4, as that without AChE when
ATP was absent (Figure 4A). Moreover, a linear response from
7 to 175 mU for AChE activity to Ag, (Ag, = 0.0024 X
[AChE] mU™" + 0.137) and an improved detection limit of 3.5
mU (S = 30) were obtained (Figure 4D). The performance of
the current bioassay was compared with conventional method,
showing several advantages (such as high temporal solution,
small sample volume and enzymatic turnovers) (Figure S11 and
Table S3). The selectivity of the current bioassay was also
evaluated, showing excellent specificity toward AChE detection
(Figure S12). Careful analysis of Figure 4A and C revealed that
ATP initially promoted the catalytic reaction but potentially
inhibited the catalytic reaction in prolonged reactions. Such a
phenomenon could not be well explained by the previously
proposed mechanism,”* suggesting that ATP played quite
complicated roles in modulating the nanoceria’s oxidase
mimicking activities. For instance, the presence of ATP may
eventually interact with the nanoceria by forming potential Ce—
PO, complexes and thus inhibit its catalytic activity through
shielding its active centers. The exact mechanism for the effects
of ATP on the catalytic reactions is currently under
investigation and will be reported in due course.

It should be pointed out that our self-regulated bioassay
strategy is versatile and could be extended to other proton-
producing enzymes (such as esterase, glutathione transferase,
etc.). To demonstrate such versatility, the colorimetric
detection of esterase was successfully carried out (Figure S13).

Moreover, the biomedical applications of the self-regulated
bioassay strategy were further validated by determination of
organophosphorus-based nerve agents. These organophosphate
neurotoxins, as extensively used in modern agriculture, pose a
great danger to our environment and health.”” They can
irreversibly inhibit the activity of AChE and cause acute
toxicity.”> Based on such inhibitory effects, a facile colorimetric
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method for monitoring these neurotoxins was established here
(Figure S14). For this purpose, methyl-paraoxon, one of the
most commonly used nerve agents, was chosen as a model to
demonstrate the feasibility for nerve agent assay. As shown in
Figure S, after incubation of AChE with methyl-paraoxon, a
distinct color gradient was observed for the different
concentrations of methyl-paraoxon. This could be ascribed to
the gradual inhibition of AChE activity with the increase
amount of methyl-paraoxon, which in turn led to a
deaccelerated activation of nanoceria activity toward TMB
oxidation. When the assay was quantitatively followed by
absorption spectroscopy (Figure SB), as low as 10 nM methyl-
paraoxon led to observable an inhibition of Ags,. As shown in
Figure SB, by plotting the absorption ratios of Ags, (A;/Ag, Ao
and A, represent the Ag;, values in the absence and presence of
methyl-paraoxon, respectively) versus the logarithm of the
methyl-paraoxon concentrations, a sigmoidal profile was
obtained. The ICg, (half-maximal inhibitory concentration)
was calculated to be ca. 300 nM, which was consistent with
previous reports.”” It should be noted that the current bioassay
is also applicable to screening other inhibitory reagents (such as
potential drugs) toward AChE (Figure S15).

In nature, both positive and negative regulatory mechanisms
are involved in finely modulating enzymes activities. Inspired by
this, after achieving the positive modulation of the oxidase-like
activity of nanoceria with proton-producing enzymes, we
reasoned that the catalytic activity of nanoceria should be
suppressed with proton-consuming enzymes. For this purpose,
urease, a proton-consuming enzyme, was employed as an
example to demonstrate our hypothesis. As shown in Figure
S16, when the catalytic reaction was performed in the absence
of urease, prominently colored TMB,, was formed, indicating
the catalytic oxidation of TMB. On the contrary, in the
presence of urease, the reaction solution remained colorless and
no absorption peak at 652 nm was observed. These results
demonstrated that the catalytic activity of nanoceria was
substantially suppressed by urease-catalyzed hydrolysis of urea
and subsequent pH increase of the reaction solution (Figure
S17).
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mM urease in the absence (A) and presence (C) of 1 mM ATP. Dependence of A4, on urease concentrations in the absence (B) and presence (D)
of 1 mM ATP. Error bars indicate standard deviations of three independent measurements.

Based on this negative regulatory mechanism, a colorimetric
approach for determining urease activity was developed (Figure
S18). The bioassay of urease was performed by monitoring the
time-dependent absorption at 652 nm (i.e., Ags,). As shown in
Figure 6A and B, A4, decreased with the increase of urease
activity from O to 75 mU. Then a plateau was reached.
Interestingly, the introduction of ATP as the secondary
modulator into the bioassay not only led to remarkably
enhanced Ags, values but also significantly broadened the
dynamic range of urease activity (ie, from 0—75 to 0—750
mU) (Figures 6C and D, and S20—S22). Compared to the
AChE bioassay in the absence and presence of ATP, the
significant difference for urease bioassay in the absence and
presence of ATP might be attributed to the ATP-induced pH
changes (Figure S19). As a further demonstration of the
versatility of the above negatively modulated bioassay, we
applied the assay for evaluating the potency of the proton-
consuming enzymes' inhibitors. In this regard, fluoride ion
(F7), an inhibitor of urease, was investigated in our proof-of-
concept experiments (Figure S23). As shown in Figure S24,
with the increase of F~ concentration from 0 to S mM, a clear
color gradient from colorless to blue was observed,
accompanied by the increase of Ag,. As shown in Figure
S$24B, by plotting the absorption ratios of Ags, (A,/Ag, A and
A, represent the Agg, values in the absence and presence of
urease, respectively) versus the logarithm of the F~
concentrations, a sigmoidal profile was obtained. The ICs, for
1.5 U urease was calculated to be around 750 M.

B CONCLUSIONS

In summary, in situ modulation of the oxidase-like catalytic
activity of nanoceria was achieved with both proton-producing
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and proton-consuming enzymes. Highly sensitive self-regulated
bioassays have been subsequently developed for detection of
biomedically important enzymes and other bioactive targets
(such as nerve agents, drugs, ions) via cooperatively modulating
the activity of nanoceria. The current bioassays exhibited
unique advantages (such as wider dynamic range) with respect
to previously reported methods (Table S4). Though in the
current study, only the colorimetric substrates were used for the
bioassays, other substrates (such as fluorescent ones and
Raman-active ones) could also be employed in the future study
for even better performance. Moreover, other nanozymes with
pH-dependent activities could be explored for developing such
bioassays. When the proton-producing (or proton-consuming)
enzymes are further conjugated with other biorecognition
elements (such as antibodies, aptamers, DNAzymes, etc.), more
targets of interest would be detected based on the currently
developed strategies. These investigations are currently under-
way and will be reported in due course. In short, the current
study not only provides a new strategy to rationally modulate
the nanozymes activity,">** but also opens an innovative
approach to constructing facile bioassays.
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