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ABSTRACT: The phosphatase-like activity of Ce(IV) ions was applied for

chemiluminescence (CL) analysis for the first time. Ce(IV) can catalyze the hydrolysis 5001 /”’_’_— *
CDP-star + Ce(lV) ions

of CDP-star, which is a phosphatase substrate, to produce strong CL emission. The CL

performance of the Ce(IV)/CDP-star system can be significantly improved by the s 2000

addition of ionic liquids. In the presence of 1-butyl-3-methylimidazolium tetrafluor- g

oborate, the selective and sensitive CL detection of Ce(IV) ions was achieved with a & 2%]

detection limit of 460 nM. The proposed CL system was also used for the detection of g 100

ascorbic acid and CIO™. It is based on the phenomenon that Ce(IV) can catalyze the o] CDP-star Weak CL
hydrolysis of CDP-star, while Ce(III) cannot. The introduction of reductive ascorbic 5 10 20 3 40 %0 60 70

acid into the mixture of Ce(IV)/CDP-star can turn off the CL signal, while the addition Time /s

of oxidative ClO™ into the solution of Ce(III)/CDP-star can turn on the CL emission.
Finally, Ce(IV)/CDP-star CL was successfully applied for evaluating the total antioxidant capacity in commercial fruit juice samples.

B INTRODUCTION cancer therapy, biosensors, bioimaging, and environmental
. 21-98 . o
protection. Due to the excellent catalytic activity,

Chemiluminescence (CL) is a light-emission phenomenon
nanoceria has attracted considerable attention among the

initiated by chemical reactions." As a powerful analytical

technology, CL has been widely used in a variety of areas currently available nanozymes.”” Nanoceria has been reported
including enzyme-linked immunoassays, forensic analysis, to exhibit multienzyme-like activities, including superoxide
DNA probe detection, and bioimaging.z_s Most of the oxidase, catalase, oxidase, laccase, and phosphatase mimetic
known CL systems produce light through redox reactions, activities.”” "> The enzyme-like activities of nanoceria are
such as the frequently investigated luminol CL, peroxyoxalate usually demonstrated using chromogenic and/or fluorogenic
CL, and lucigenin CL systems,6_8 These CL systems are substrates of natural enzymes.33 Recently, the phosphatase-like
usually activated by strong oxidizing reagents such as H,0,, activity of nanoceria was demonstrated using CDP-star as the
potassium permanganate, and hypochlorites.” "' Nevertheless, CL substrate.”* The nanoceria/CDP-star CL system has
these oxidizing reagents are easy to decompose due to their further been used for imaging of AI’* in living cells.
thermodynamic instability, which may result in poor Nevertheless, nanoceria/CDP-star CL still has significant
reproducibility of the CL systems. Unlike other CL deficiencies. First, the nanoceria particles have poor solubility
luminophores, the CL emission of phenoxy 1,2-dioxetane in aqueous solution and tend to aggregate during use. Second,
compounds is not oxidation dependent.'” The light emission different batches of nanoceria particles may show dissimilar
of phenoxy 1,2-dioxetane luminophores is tri%gered by the catalytic activities, which would result in poor reproducibility
removal of the phenol-protecting group.B_ The most in CL assays.

recognized phenoxy 1,2-dioxetane luminophore is CDP-star, Herein, the Ce(IV)/CDP-star CL system is proposed based
which has been used as the substrate of alkaline phosphatase on the phosphatase-like activity of Ce(IV) ions instead of

(ALP) in enzyme-linked immunoassays. In the presence of
ALP, the CL of CDP-star is activated through enzyme-
catalyzed phenol deprotection.'” However, natural alkaline
phosphatase has inherent drawbacks such as high cost in
purification and low stability due to denaturation, which limit
the broad applications of CDP-star CL.

Artificial enzyme mimics have received increasing attention
due to their unique characteristics such as high stability and
suitability for large-scale preparation. In recent years, nano-
materials with enzyme-like activity (nanozymes) have gained
tremendous interest in the field of artificial enzymes.'®™*
Nanozymes have found wide applications in the fields of

nanoceria particles. In the presence of Ce(IV) ions,
dephosphorylation of CDP-star occurred and was accompa-
nied with strong CL emission. In contrast, Ce(III) ions showed
negligible phosphatase-like activity. The effect of ionic liquids
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(ILs) on Ce(IV)/CDP-star CL was also investigated using 1-
butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF,])
as the model case. After introducing [BMIM][BF,] into the
system, the CL intensity of Ce(IV)/CDP-star was significantly
increased. With the aid of [BMIM][BF,], the sensitive and
selective CL detection of Ce(IV) ions was demonstrated.
Finally, the CL system was used for ascorbic acid (AA) and
CIO™ detection by utilizing the reversible Ce(III)/Ce(IV)
redox switch. AA is an antioxidant, which has excellent reactive
oxygen species (ROS) scavenging ability in living organisms.”
The CL of Ce(IV)/CDP-star can be efficiently quenched by
the addition of AA due to the reduction of Ce(IV) to Ce(III).
ClIO™ is one kind of ROS that plays important roles in
metabolic processes.”® The addition of ClIO™ into the solution
of Ce(III)/CDP-star will lead to the oxidation of Ce(III) to
Ce(IV), which was accompanied with strong CL emission. To
further demonstrate the practical usage of Ce(IV)/CDP-star
CL, the CL detection of the total antioxidant capacity (TAC)
in fruit juices was also achieved with satisfactory results.

B RESULTS AND DISCUSSION

Phosphatase-like Activity of Ce(lV) lons. CDP-star is a
commercially available CL substrate of ALP. It can produce
strong CL emission upon enzyme-catalyzed phenol depro-
tection. The phosphatase-like activity of nanoceria has been
demonstrated using CDP-star as the CL substrate.’® It is
interesting to investigate the catalytic activity of Ce(IIl) and
Ce(IV) ions because nanoceria particles have both Ce(III) and
Ce(IV) on their surfaces. As shown in Figure 1, CDP-star itself
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Figure 1. (A) Reaction scheme of Ce(IV) ion-catalyzed dephosphor-
ylation of CDP-star. (B) CL kinetic curves of 25 yuM CDP-star (a), 25
UM CDP-star in the presence of 600 uM Ce(I1I) ions (b), and 25 uM
CDP-star in the presence of 600 M Ce(IV) ions (c). The
experiments were carried out in 20 mM N-(2-hydroxyethyl)-
piperazine-N’-ethanesulfonic acid (HEPES) buffer (pH 7.0).

showed almost no CL emission in aqueous solution. However,
strong CL emission was observed upon the addition of 600 yM
Ce(IV) ions. In comparison, only a negligible CL signal
appeared after the addition of 600 yM Ce(IIl) ions. This
suggests that Ce(IV) ions have intrinsic phosphatase-like
activity similar to nanoceria particles (Figure 1A), while the
phosphatase-like activity of Ce(III) ions could almost be
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ignored. The result is similar to a recent report using p-NPP as
the chromogenic substrate.>”

The catalytic activity of Ce(IV) ions was then studied under
different pH values. Figure S1 shows the effect of pH on the
CL intensity of 25 uM CDP-star in the presence of 600 yM
Ce(IV) ions. The CL intensity of the Ce(IV)/CDP-star system
increased with increasing pH until pH 7, and then the CL
intensity decreased in alkaline pH conditions. This is different
from the nanoceria/CDP-star CL system, which has an
optimum condition of pH 9.0.>* Ce(IV) ions tend to
precipitate in alkaline solution, which may result in the
decrease of Ce(IV)/CDP-star CL in alkaline solution. The
robust CL emission of Ce(IV)/CDP-star at neutral pH is
beneficial for its further application in biological samples. The
phosphatase-like activity of Ce(IV) ions was then investigated
using steady-state kinetics. As shown in Figure S2, a typical
Michaelis—Menten curve was obtained for Ce(IV) ions with
CDP-star as the CL substrate. The comparison of the kinetic
parameters of Ce(IV) ions with nanoceria and ALP at pH 7 is
shown in Table S1. The apparent K, value of Ce(IV) ions with
CDP-star as the substrate is even lower than that of nanoceria
and ALP, although the K, of Ce(IV) ions is much lower. The
CL intensities of 25 yM CDP-star in the presence of different
concentrations of Ce(IV) ions at pH 7 are shown in Figure S3.
The CL intensity of CDP-star increased with increasing
concentrations of Ce(IV) ions in the range from 50 to 600 M,
and a detection limit of 39.51 uM for Ce(IV) ion detection
was calculated (Figure S4).

Enhancement of Ce(IV)/CDP-Star CL by ILs. Recently,
ILs have been used as a modulator in artificial enzymes or as a
stabilizin% mediator to thermally stabilize the enzymatic
product.”’ > The CL of the Ce(IV)/CDP-star system was
then evaluated in the presence of ILs. A representative IL,
[BMIM][BF,], was selected as a model molecule. Figure 2
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Figure 2. CL kinetic curves of 25 yuM CDP-star (a), 25 uM CDP-star
in the presence of 100 uM Ce(IV) ions (b), 25 uM CDP-star in the
presence of 100 uM Ce(IV) ions and 2% (v/v) [BMIM][BF,] (c),
and 25 yM CDP-star in the presence of 2% (v/v) [BMIM][BF,] (d).

shows the CL kinetic curves of 25 uM CDP-star and 100 uM
Ce(IV) ions without and with the addition of [BMIM][BF,].
In the presence of 2% (v/v) [BMIM][BF,], the CL intensity of
the Ce(IV)/CDP-star system was significantly increased. The
effect of different amounts of [BMIM][BF,] on the CL
performance of the Ce(IV)/CDP-star system is shown in
Figure SS. The CL of Ce(IV)/CDP-star increased with
increasing concentrations of [BMIM][BF,] in the range from
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0.3 to 2% (v/v) and then decreased when the concentration of
[BMIM][BF,] was higher than 2% (v/v). Therefore, 2% (v/v)
[BMIM][BF,] was used in the following CL assays. The effect
of [BMIM][BF,] on the catalytic activity of Ce(IV) ions
toward the dephosphorylation of fluorogenic and chromogenic
substrates was also investigated. As shown in Figure S6, the
fluorescence signals of the Ce(IV)/4-methylumbelliferyl
phosphate system were decreased in the presence of
[BMIM][BF,], while the absorbance values of the Ce(IV)/p-
nitrophenyl phosphate system were almost unchanged after the
addition of [BMIM][BF,]. This indicates that the addition of
[BMIM][BF,] could not improve the catalytic activity of
Ce(IV) ions. ILs have been widely used as a sensitizer in CL
studies. For example, Baader et al. had reported that
peroxyoxalate CL could be enhanced in the presence of
[BMIM][BF,], as the quantum vyield of the CL emitter was
increased in the mixture solution of water and ILs.*" The
enhancement of Ce(IV)/CDP-star CL by ILs might follow a
similar mechanism.

With the aid of [BMIM][BF,], the sensitive detection of
Ce(IV) ions was demonstrated. Figure 3 shows the CL
intensities of 25 M CDP-star and 2% (v/v) [BMIM][BF,]
with the addition of different concentrations of Ce(IV) ions.
The CL intensity increased with increasing concentrations of
Ce(IV) ions in the range from 0.5 to 100 #M, and a detection
limit of 460 nM was obtained (Figure S7). The result shows
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Figure 3. (A) CL kinetic curves of 25 uM CDP-star in the presence of
different concentrations of Ce(IV) ions and 2% (v/v) [BMIM][BE,]
(from bottom to top: 0, 0.5, 3, S, 20, 30, 50, 100, 300, and S00 xM).
(B) Corresponding CL intensities of 25 uM CDP-star in the presence
of different concentrations of Ce(IV) ions and 2% (v/v) [BMIM]-
[BE,].

6381

that the addition of [BMIM][BF,] could greatly improve the
sensitivity of the Ce(IV)/CDP-star CL system. Traditional
methods for Ce(IV) ion detection include atomic emission
spectrometrz, fluorescence analysis, and electrochemical
methods.*"** Compared with these methods, the presented
CL method for Ce(IV) ion detection shows advantages such as
easy operation and high sensitivity.

The selectivity of the CL method for Ce(IV) ion detection
was also studied. Figure 4 shows the CL intensity of 25 yuM
CDP-star in the presence of different metal ions. The CL
intensity of CDP-star was greatly increased after the addition
of 100 uM Ce(IV) ions. In contrast, the addition of 1 mM
other common metal ions showed a negligible effect on the CL
of CDP-star. In Figure 4A, the CL signals of CDP-star in the
presence of other metal ions were too weak to be observed.
Therefore, the original data are given in the amplified version
in Figure S8. All of these data suggest the excellent selectivity
of the CL method for Ce(IV) ion detection. The high
selectivity of the method is attributed to the intrinsic
phosphatase-like activity of Ce(IV) ions, while other tested
metal ions do not have the phosphatase-like activity.

CL Detection of AA and CIO™. Due to the reversible
redox switch between Ce(III) and Ce(IV), the CL method
could be used for the detection of AA and ClO™. As shown in
Figure SA, the CL intensity of Ce(IV)/CDP-star was
significantly decreased upon the addition of 6 uM AA. AA
can reduce Ce(IV) ions into Ce(III) ions, which results in the
decrease of the CL intensity. The phenomenon was further
applied for the CL detection of AA. The CL intensity versus
AA concentration is linear in a concentration range from 0.5 to
6 uM (Figure S9), and a detection limit of 0.26 uM was
obtained. It should be noted that other antioxidants may also
result in the decrease of Ce(IV)/CDP-star CL due to their
reducibility. The effect of CIO™ on the CL of the Ce(III)/
CDP-star system was also investigated. As shown in Figure 5B,
the mixture of 25 yM CDP-star and 100 yM Ce(III) ions
showed almost no CL emission. However, strong CL emission
was observed after adding 100 yuM ClO™ into the system. The
CL increase is ascribed to the oxidation of Ce(III) ions into
Ce(IV) ions by the strong oxidizing reagent CIO™. The finding
was then used for the CL detection of CIO™. The CL intensity
increased linearly with the CIO™ concentrations from S to 150
uM (Figure S10), and the detection limit for CIO™ was 1.26
UM. It should be noted that the CL of CDP-star can be
reversibly operated due to the reversible switch between
Ce(Ill) and Ce(IV). As shown in Figure S11, the cycled
switch-on and switch-off of CDP-star CL was carried out by
the cyclic treatment of CIO™ and AA.

CL Antioxidant Sensing in Fruit Juices. Fruit juice is
one kind of good exogenous source of natural antioxidants.
The TAC value of fruit juices is usually tested to assess their
health beneficial effects. As the antioxidants in fruit juices (AA
and other reducing substances) can result in the decrease of
the CL intensity of the Ce(IV)/CDP-star system due to their
reducibility, the CL method could be used for evaluating the
TAC values in fruit juices. To demonstrate the possibility, the
TAC values of three kinds of commercial fruit juices were
measured and the results were expressed in AA concentration.
As shown in Table S2, the TAC values of orange, peach, and
pear juices were 30.25, 38.6S, and 19.96 mM, respectively. To
further demonstrate the effectiveness of the CL method, the
TAC values were also measured using the standard addition
method. As shown in Table S2, the CL recoveries range from

https://dx.doi.org/10.1021/acsomega.0c06301
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Figure 4. CL kinetic curves (A) and the corresponding histogram (B) of 25 yuM CDP-star and 2% (v/v) [BMIM][BF,] in the presence of different
metal ions. The concentration of Ce(IV) ions was 100 M while the concentrations of other metal ions were 1 mM.
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Figure 5. (A) CL kinetic curves of 25 uM CDP-star (black curve), 25 yM CDP-star with 100 uM Ce(IV) ions (red curve), and 25 yuM CDP-star in
the presence of 100 uM Ce(IV) ions and 6 M AA (green curve). (B) CL kinetic curves of 25 uM CDP-star (black curve), 25 uM CDP-star with
100 uM Ce(IlI) ions (green curve), and 25 uM CDP-star in the presence 100 uM Ce(III) ions and 100 M ClO~ (red curve). The experiments
were performed in 20 mM HEPES buffer (pH 7.0) containing 2% (v/v) [BMIM][BF,].

95.58 to 102.57%. All of these data suggest that the CL method
has great potential for the detection of TAC values in
commercial fruit juices.

B CONCLUSIONS

The Ce(IV)/CDP-star CL system was proposed based on the
intrinsic phosphatase-like activity of Ce(IV) ions. The CL
intensity of the Ce(IV)/CDP-star system can be significantly
increased by the addition of ILs. The proposed Ce(IV)/CDP-
star CL system was used for the detection of Ce(IV) ions with
excellent selectivity. In addition, the CL detection of AA and
ClIO™ was also demonstrated by utilizing the reversible
Ce(Il1)/Ce(IV) switch. Due to the robust catalytic activity
of Ce(IV) ions and the reversible Ce(IIl)/Ce(IV) switch, the
Ce(IV)/CDP-star CL system shows great potential in the
fields of Ce(IV) ion detection and redox-sensing.

B EXPERIMENTAL SECTION

Materials and Instrumentation. CDP-star, alkaline
phosphatase (ALP), 1-butyl-3-methylimidazolium tetrafluor-
oborate ([BMIM][BF,]), and the malachite green phosphate
assay kit were purchased from Sigma. Cerium(III) nitrate
hexahydrate, ammonium cerium(IV) nitrate, and other metal
salts were obtained from Sinopharm Chemical Reagent Co.,
Ltd. The solutions were prepared with water purified by a
Milli-Q system.

CL data were collected from a CL analyzer (Xi'an Remex
Analyse Instrument Co. Ltd). Absorption spectra were
obtained on a UV-2550 UV-Vis spectrophotometer (Shi-

6382

madzu, Japan). Fluorescence spectra were obtained on a
PerkinElmer model LS-5S Luminescence spectrometer (Perki-
nElmer).

Procedure for the CL Assays. For the CL detection of
Ce(IV) ions, different concentrations of Ce(IV) ions were
added into 20 mM HEPES buffer (pH 7.0) containing 25 uM
CDP-star and 2% (v/v) [BMIM][BF,]. Then, the CL
intensities of the mixtures were measured immediately at
room temperature. The photomultiplier tube of the CL
detector was set at a voltage of 600 V.

For the detection of AA, different amounts of AA were first
mixed with 20 mM HEPES buffer (pH 7.0) containing 100
uM Ce(IV) ions and 2% (v/v) [BMIM][BF,], and the
mixtures were reacted for 10 min to ensure the reduction of
Ce(IV) ions into Ce(IIl) ions. Then, 25 uM CDP-star was
introduced into the solution, and the CL intensities of the
solution were measured immediately. For the detection of
CIO7, different concentrations of CIO~ were added into 20
mM HEPES buffer (pH 7.0) containing 100 M Ce(III) ions
and 2% (v/v) [BMIM][BF,]. After 10 min, 25 M CDP-star
was added and the CL intensities were recorded. For
commercial juice sample detection, the orange, peach, and
pear juices were first diluted using 20 mM HEPES buffer (pH
7.0), then the diluted juice samples were measured following
the procedure for AA sensing.

Kinetic Analysis and Relative Activity Comparison.
The phosphatase-like activity of Ce(IV) ions was evaluated by
steady-state kinetics. The reaction rates were obtained
according to the speed of inorganic phosphate formation.

https://dx.doi.org/10.1021/acsomega.0c06301
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The concentration of inorganic phosphate was tested by a
commercial malachite green phosphate assay kit. The experi-
ments were carried out by mixing 100 uM Ce(IV) ions with
different concentrations of CDP-star in 20 mM HEPES buffer
(pH 7.0). After a reaction time of 2 minutes, the amounts of
inorganic phosphate production were measured. The Michae-
lis—Menten constant and the maximal reaction velocity were
calculated using the Lineweaver—Burk plot. The kinetic
parameters of nanoceria particles and ALP were obtained by
the same protocol.
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