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ABSTRACT: Nanozymes are functional nanomaterials with enzyme-mimick-
ing activities, which have found wide applications in various fields. Investigation
on nanozyme inhibitors not only helps to apply nanozymes in a controlled
manner but also deepens our insight into the catalysis mechanism. Herein, we
report an inorganic ion inhibitor, HCO3−, which can significantly inhibit the
alkaline phosphatase-mimicking activities of Ce6 cluster-based metal−organic
framework (Ce-MOF) nanozymes. The inhibition of adsorption of the
negatively charged fluorescence sodium on Ce6 clusters in Ce-MOF
nanoparticles (NPs) by HCO3− proves that HCO3− ions occupy and deactivate
Ce6 clusters (i.e., catalytic active sites), leading to the activity inhibition of Ce-
MOF nanozymes. Tris(hydroxymethyl)aminomethane hydrochloride (Tris−
HCl) buffer is widely employed as the alkaline reaction medium. HCO3− ions
can be formed in Tris−HCl buffer through adsorption of CO2 in the air during
storage in a sealed tube, which significantly inhibits the activity of Ce-MOF nanozymes. To our knowledge, this study is the first to
demonstrate an air-derived inhibitor of nanozymes.
KEYWORDS: nanozymes, inhibitors, HCO3

−, Ce-MOF, air

■ INTRODUCTION
Nanozymes are functional nanomaterials with enzyme-
mimicking activities, which have found wide applications in
the fields of bioanalysis,1−5 diagnosis,6,7 therapeutics,8−10

agriculture,11,12 and environmental protection.13,14 Nanozymes
possess several advantages, including low cost, easy fabrication,
and good stability, but the moderate activity of nanozymes
compared with their natural counterparts has restricted their
further development.15−19 Considerable efforts have been
devoted to the rational design and synthesis of highly active
nanozymes.20−23 It is also essential to achieve their best
activities during the employment of nanozymes. Similar to
natural enzymes, inhibitors can weaken the activities of
nanozymes, resulting in poor application performance.24,25

Study of nanozyme inhibitors not only helps to realize their
maximal activities but also guarantees their optimal application
performances.
Over the last several years, some inorganic ions, small

molecules, and macromolecules have been reported to serve as
inhibitors of peroxidase/oxidase-mimicking nanozymes, lead-
ing to decreased activities.26 In general, some of the reported
inhibitors are target analytes.24,27 Other inhibitors have been
added by scientists for the design of “turn-off−turn-on”
sensors.28,29 For hydrolytic nanozymes, phosphate ions or
phosphate derivatives have been widely reported to signifi-
cantly inhibit their activities.30 An interesting study reported
that the product, dimethyl phosphate, formed during the
hydrolysis of dimethyl 4-nitrophenylphosphate catalyzed by

Zr6 cluster-based metal−organic frameworks (Zr-MOFs) can
inhibit the activity of Zr-MOFs, as dimethyl phosphate can
occupy and deactivate the catalytic sites (i.e., Zr6 clusters).

31

Basically, all of the reported inhibitors are derived from
solutions. It has rarely been reported that ambient air can also
result in the formation of inhibitors, which further deactivate
nanozymes insensibly, leading to underestimated activities and
inferior application performances of nanozymes.
Herein, we report a unique inorganic ion inhibitor, HCO3−,

which could be formed in a widely used alkaline buffer,
tris(hydroxymethyl)aminomethane hydrochloride (Tris−
HCl), through adsorption of CO2 in the air even in a sealed
tube. For alkaline phosphatase, its inhibitors, phosphate ions,
compete with substrates in binding to the catalytic active sites
(Figure 1a). Similar to alkaline phosphatase, HCO3− can serve
as an inhibitor of Ce6 cluster-based MOF (Ce-MOF)
nanozymes by occupying and deactivating the catalytic active
sites (i.e., Ce6 clusters) (Figure 1b). This study demonstrates
an air-derived inhibitor of alkaline phosphatase-mimicking
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nanozymes and will offer us an insight into the activity
measurements and applications of nanozymes.

■ RESULTS AND DISCUSSION
Phosphate ions are inhibitors of alkaline phosphatase.32,33 We
first monitored the influence of HPO42− concentration on the
activity of alkaline phosphatase. As expected, the activity of
alkaline phosphatase decreased with increasing concentrations
of added HPO42− (Figure S1). Ce6 cluster-based MOF (Ce-
MOF) NPs are well known for their alkaline phosphatase-
mimicking activities, and Ce6 clusters serve as catalytic active
centers.34−37 We first chose Ce-MOF-808 NPs as our study
model, which were fabricated as reported.38 As shown in
Figure 1c, the experimental Ce-MOF-808 NPs exhibited an
irregular morphology. The X-ray diffraction (XRD) pattern of

the experimental Ce-MOF-808 NPs corresponded well to the
simulated MOF-808, which indicated the successful synthesis
of Ce-MOF-808 NPs (Figure 1d). The catalytic reaction was
carried out in Tris−HCl buffer with a pH of 8.0. We first
proved the stability of Ce-MOF-808 NPs in the reaction
medium. The supernatant of Ce-MOF-808 NPs in Tris−HCl
buffer exhibited no catalytic activity, proving that the catalytic
activity came from Ce-MOF-808 NPs rather than possibly
released cerium species (Figure S2). Ce-MOF-808 NPs after
soaking in the reaction medium exhibited identical XRD
patterns to the simulated MOF-808, indicating their intact
crystal structures (Figure S3). The activity of Ce-MOF-808
NPs remained unchanged after three weeks of storage,
demonstrating their good storage stability (Figure S4). We
then monitored the influence of HCO3− concentration on the
alkaline phosphatase-mimicking activity of Ce-MOF-808 NPs.
As shown in Figure 1e,f, the activity of Ce-MOF-808 NPs was
lowered when the HCO3− concentration increased. A relatively
low HCO3− concentration of 0.2 mM inhibited half of the
activity of Ce-MOF-808 NPs.
In addition to Ce-MOF-808 NPs, we also fabricated three

other Ce-MOF NPs, including Ce-MOF-801 NPs, Ce-UiO-66
NPs, and Ce-UiO-67 NPs. As shown in Figure 2a, SEM images
showed that the three Ce-MOF NPs exhibited irregular
morphologies. The XRD patterns of the three Ce-MOF NPs
corresponded well to their simulated counterparts, proving the
successful fabrication of NPs. Furthermore, we monitored the
influence of HCO3− concentration on the alkaline phospha-
tase-mimicking activities of Ce-MOF-801 NPs, Ce-UiO-66
NPs, and Ce-UiO-67 NPs. As expected, the increase of HCO3−
concentration could significantly lower the catalytic activities
of the three Ce-MOF NPs (Figures 2b−d and S5−S7). We
speculate that HCO3− can occupy Ce6 clusters in Ce-MOF
NPs, which inhibits the substrate adsorption on Ce6 clusters.
Hence, HCO3− can decrease the alkaline phosphatase-
mimicking activity of not only Ce-MOF-808 NPs but also
other Ce-MOF NPs, including Ce-MOF-801 NPs, Ce-UiO-66
NPs, and Ce-UiO-67 NPs. We also monitored the influence of
HCO3− on the alkaline phosphatase-like activity of CeO2. It
was shown that the addition of HCO3− could also inhibit the
activity of CeO2, although not as significantly as Ce-MOF NPs
(Figure S8).
Before verifying the deactivation of Ce6 clusters by HCO3−,

we first excluded the possible influence of HCO3− addition on
the pH of the reaction medium. The absorbance of the
reaction product, p-nitrophenol (pNP), was pH-dependent.
When the pH decreased, the absorbance of pNP at 407 nm
also decreased (Figure S9). However, the addition of HCO3−
did not change the absorbance of pNP (Figure S10).
Therefore, the addition of HCO3− would not change the pH
value of the Tris−HCl buffer adopted in the reaction. After
exclusion of the possible influence of HCO3− on the reaction
system pH, we then investigated the possible occupation of
HCO3− on the Ce6 clusters in Ce-MOF-808 NPs. Negatively
charged dyes have been widely adsorbed by MOFs due to the
interaction between functional groups such as the carboxyl
groups of dyes and the metal nodes of MOFs.39,40

Fluorescence sodium (FS) is a typical negatively charged dye
containing carboxyl groups and phenol groups, which is
supposed to be adsorbed on the Ce6 clusters in Ce-MOF-808
NPs. We speculate that the addition of HCO3− could not only
inhibit the adsorption of FS but also release the adsorbed FS
on Ce6 clusters (Figure 3a). As shown in Figure 3b, Ce-MOF-

Figure 1. Inhibition of the alkaline phosphatase-mimicking activity of
Ce-MOF-808 NPs by HCO3−. (a) Schematic illustration of activity
inhibition of an alkaline phosphatase by phosphate ions. (b)
Schematic illustration of inhibition of the phosphatase-mimicking
activity of a Ce-MOF nanozyme by HCO3−. (c) Representative SEM
image of Ce-MOF-808 NPs. (d) XRD patterns of Ce-MOF-808 NPs
and simulated MOF-808. (e) UV−vis spectra of 0.5 mM bNPP before
and after a 10 min incubation with 200 μg/mL Ce-MOF-808 NPs in
the presence of HCO3− at varying concentrations. (f) Influence of
HCO3− concentration on the relative activity of Ce-MOF-808 NPs.
Data are expressed as the mean ± standard error of three experiments.
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808 NPs exhibited a yellow color after incubation with FS,
while a green color was found in the presence of HCO3−. We
further added HCO3− into the suspension containing Ce-
MOF-808 NPs and FS, and the color of the suspension turned
from yellow to green. Besides, the addition of HCO3− did not
change the color of Ce-MOF-808 NPs or FS (Figures S11 and
S12). The phenomenon demonstrated that HCO3− might
compete against FS in binding to Ce6 clusters in Ce-MOF-808
NPs.

FS has an absorption peak at 490 nm. We further monitored
the UV−vis spectra of Ce-MOF-808 NPs and FS with or
without HCO3−. It was shown that the presence of HCO3− led
to a higher absorbance at 490 nm compared with the absence
of HCO3−. Furthermore, the additional introduction of
HCO3− could recover the absorbance of Ce-MOF-808 NPs
and FS at 490 nm to almost the same value as those in the
presence of HCO3− (Figure 3c,d). We also monitored the
fluorescent intensity at 525 nm of Ce-MOF-808 NPs and FS

Figure 2. Inhibition of the alkaline phosphatase-mimicking activities of other Ce-MOF nanozymes by HCO3−. (a) Crystal structures, representative
SEM images, and XRD patterns of the other three Ce-MOF NPs. UV−vis spectra of bNPP after incubation with (b) Ce-MOF-801 NPs, (c) Ce-
UiO-66 NPs, and (d) Ce-UiO-67 NPs in the presence of HCO3− with varying concentrations. Data are expressed as mean ± standard error of three
experiments.
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with or without HCO3−. An identical trend was demonstrated
(Figure S13). The results indicated that HCO3− competed
with FS in binding to Ce6 clusters. When HCO3− was absent,
FS occupied Ce6 clusters, leading to a lower absorbance at 490
nm, which might be ascribed to two possible reasons. One
reason is that Ce-MOF-808 NPs could scatter the incident
light so that FS in Ce-MOF-808 NPs could not absorb the
light. The other reason might be that the lone electron pair of
FS occupies the d orbital of Ce in Ce6 clusters, leading to a
lower absorbance at 490 nm. To figure out the reason, we
directly incubated Ce4+ with FS in the absence or presence of
HCO3−. We found that the presence of HCO3− also led to a
higher absorbance of Ce4+ and FS at 490 nm compared with
the absence of HCO3− (Figure S14). As expected, HCO3−
could also inhibit the alkaline phosphatase-mimicking activity
of Ce4+ (Figure S15). Hence, it was speculated that the
presence of HCO3− can break the interaction between FS and
Ce6 clusters, thus leading to a higher absorbance at 490 nm. To
exclude the potential influence of increased ionic strength
caused by HCO3−, we studied the inhibition of FS adsorption
by employing NaCl with an identical concentration to that of
HCO3−. Different from HCO3−, the presence of NaCl could

not significantly lead to a higher absorbance value at 490 nm
compared with the absence of NaCl (Figures 3e and S16a). It
is widely known that phosphate ions can bind to metal nodes
in MOFs.41 We studied the inhibition of FS adsorption using
HPO42−. Similar to HCO3−, the presence of HPO42− could
also result in a much higher absorbance at 490 nm compared
with the absence of HPO42−. In addition, the additional
introduction of HPO42− could also recover the absorbance at
490 nm (Figures 3f and S16b). Hence, it was expected that
HPO42− could also significantly inhibit the activity of Ce-
MOF-808 NPs (Figures S17 and S18). Overall, HCO3− could
bind to Ce6 clusters, inhibiting the alkaline phosphatase-
mimicking activities of Ce-MOF NPs.
The hydrolysis reaction catalyzed by MOFs is usually

performed under mild basic conditions. Tris−HCl buffer is an
ideal choice because of its buffering range of 7.0−9.0.
However, Tris−HCl is very prone to adsorb CO2 from the
air. We speculate that HCO3− could be formed in Tris−HCl
buffer after exposure to air, which could inhibit the alkaline
phosphatase-mimicking activity of Ce-MOF NPs (Figure 4a).
To prove our hypothesis, we directly exposed Tris−HCl buffer
with a pH of 8.0 to air. After 1 day of exposure, we adopted
Tris−HCl buffer as the reaction medium to measure the
activity of Ce-MOF-808 NPs. Exposure to the air of Tris−HCl
buffer significantly lowered the activity of Ce-MOF-808 NPs
by approximately 70% (Figure 4b,c). In addition to Ce-MOF-
808 NPs, exposure to the air of Tris−HCl buffer could also
significantly decrease the activities of Ce-MOF-801 NPs, Ce-
UiO-66 NPs, and Ce-UiO-67 NPs (Figures S19−S21). To
prove the formation of HCO3− in Tris−HCl buffer after
exposure to air, we adopted the CaCO3 precipitation method.
We exposed a Tris solution containing CaCl2 with a pH of 10.9
to the air under stirring for 1 day. We observed the formation
of white precipitates (Figure 4d). The precipitate was
confirmed to be calcite, a kind of CaCO3 crystal, by XRD
and SEM images (Figure 4e,f). The results indicated the
formation of CO32− in Tris solution at pH 10.9. According to
the Bjerrum plot of H2CO3, it is supposed that HCO3− could
be formed in Tris−HCl buffer with pHs of 8.0−9.0 (Figure
S22). We also speculate that exposure of Tris−HCl buffer to
the air sealed in a vessel such as a centrifuge tube could also
form HCO3−, which inhibits the activity of Ce-MOF NPs. We
employed a 50 mL centrifuge tube in which different volumes
of Tris−HCl buffer were added, and parafilm was further used
to seal the tube (Figure 4g). The volume of the tube used in
our hand is around 57 mL. By controlling the volume of the
added Tris−HCl buffer, the air volume in the sealed tube can
be finely tuned. When 50 mL of Tris−HCl buffer was sealed in
the tube and stored for 1 day, there was no activity inhibition
of Ce-MOF-808 NPs. However, when the ratio of air volume
to buffer volume increased from 32/25 to 52/5, a significant
decrease in the activity was demonstrated (Figure 4h,i). The
inhibition effect was enhanced with an increase in the air
volume in the sealed tube. Not only was the activity of Ce-
MOF-808 NPs inhibited using Tris−HCl buffer after exposure
to air in the sealed tube, but the activities of Ce-MOF-801
NPs, Ce-UiO-66 NPs, and Ce-UiO-67 NPs were also
decreased (Figures S23−S25). It is widely known that the
content of the greenhouse gas CO2 in the atmosphere has been
increasing gradually over the last several decades. A recent
paper shows that the ambient CO2 content is around 410
ppm.42 Hence, the calculated ambient CO2 molar concen-
tration is around 18.3 μM. Assuming that CO2 in the sealed

Figure 3. Inhibition of fluorescein sodium (FS) adsorption on Ce6
clusters in Ce-MOF-808 NPs by HCO3−. (a) Schematic illustration of
inhibition of FS adsorption on Ce6 clusters by HCO3−. (b) Photos of
Ce-MOF-808 NPs in Tris−HCl buffer before and after incubation
with FS, HCO3− and FS, and FS followed by the addition of HCO3−.
(c) UV−vis spectra of Ce-MOF-808 NPs and FS after 2 min
incubation with or without 1 mM HCO3− and recovered by 1 mM
HCO3−. (d) Absorbance values at 490 nm (A490 nm) corresponding to
panel c. (e) A490 nm of UV−vis spectra of Ce-MOF-808 NPs and FS
after 2 min incubation with or without 1 mM NaCl and recovered by
1 mM NaCl. (f) A490 nm of UV−vis spectra of Ce-MOF-808 NPs and
FS after 2 min incubation with or without 0.2 mM HPO42− and
recovered by 0.2 mM HPO42−. Data are expressed as the mean ±
standard error of three experiments.
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tube was fully converted to HCO3− in Tris−HCl buffer, we
estimated that when the ratio of air volume to buffer volume
increased, the HCO3− concentration increased rapidly (Figure
S26). Notably, when the ratio increased to 52/5, around 0.2
mM HCO3− could be formed in the buffer, a concentration,
which could significantly inhibit the activity of Ce-MOF NPs.
The result demonstrated above reminded us that the air
volume in the sealed tube storing Tris−HCl buffer should be
controlled to a relatively low value to avoid the formation of
HCO3−, which inhibits the alkaline phosphatase-mimicking
activities of Ce-MOF NPs.

■ CONCLUSIONS
In summary, we have reported an air-derived inhibitor,
HCO3−, which can significantly inhibit the alkaline phospha-
tase-mimicking activities of Ce-MOF nanozymes. The
inhibition effect mainly came from the occupation and
deactivation of the catalytic active sites, i.e., Ce6 clusters, by
HCO3−, according to an FS adsorption inhibition experiment.
A widely employed alkaline buffer, Tris−HCl, was found to
adsorb CO2 easily from the air in the sealed tube during
storage, leading to the formation of HCO3−, which significantly
inhibited the activities of Ce-MOF nanozymes. It was

Figure 4. Inhibition of the alkaline phosphatase-mimicking activity of Ce-MOF-808 NPs by CO2 adsorption in Tris−HCl buffer. (a) Schematic
illustration of HCO3− formation in Tris−HCl buffer after exposure to air. (b) UV−vis spectra of 0.5 mM bNPP after 10 min incubation with 200
μg/mL Ce-MOF-808 NPs in 0.2 M Tris−HCl buffer with a pH of 8.0 before and after 1 day of exposure to air. (c) Influence of exposure to air on
the relative activity of Ce-MOF-808 NPs. (d) Photographs of 0.2 M Tris in the presence of 20 mM CaCl2 with a pH of 10.9 before and after 1 day
exposure to air under stirring, showing the formation of CaCO3. (e) XRD patterns of the formed CaCO3 and simulated calcite. (f) Representative
SEM image of the formed CaCO3. (g) Schematic illustration of HCO3− formation in Tris−HCl buffer in a parafilm-sealed tube. (h) UV−vis
spectra of 0.5 mM bNPP after 10 min incubation with 200 μg/mL Ce-MOF-808 NPs in 0.2 M Tris−HCl buffer with a pH of 8.0 after 1 day
exposure to air with varying volumes in a parafilm-sealed tube. (i) Influence of the air volume in the tube on the relative activity of Ce-MOF-808
NPs. Data are expressed as the mean ± standard error of three experiments.
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reminded that the air in the sealed vessel storing Tris−HCl
buffer should be controlled as little as possible. We speculate
that this study will broaden our insight into the inhibitors of
nanozymes.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Diammonium cerium(IV) nitrate

[(NH4)2Ce(NO3)6], acetic acid, tris(hydroxymethyl)aminomethane
(Tris), hydrogen chloride (HCl), dimethylformamide (DMF),
sodium phosphate dibasic dodecahydrate (Na2HPO4·12H2O),
sodium bicarbonate (NaHCO3), sodium chloride (NaCl), dimethyl
sulfoxide (DMSO), acetone, formic acid, FS, calcium chloride
(CaCl2), and p-nitrophenol (pNP) were bought from Sinopharm
Chemical Reagent Co., Ltd. Trimesic acid, fumaric acid, terephthalic
acid, and 4,4′-biphenyldicarboxylic acid were bought from Aladdin.
Alkaline phosphate from porcine kidney was bought from Sigma.
Disodium p-nitrophenyl phosphate (pNPP) was bought from
Bidepharm. Sodium bis(4-nitrophenyl) phosphate (bNPP) was
bought from Meryer. Ultrapure water (18 MΩ·cm−1) was obtained
from a Milli-Q purification system.
Fabrication of Ce-MOF NPs. For Ce-MOF-808 NPs, in a typical

procedure,38 (NH4)2Ce(NO3)6 (470 mg) was dissolved in 1.6 mL of
water in a 50 mL flask. The solution was heated at 100 °C in an oil
bath for 5 min under stirring, followed by the introduction of 5.85 mL
of acetic acid. The solution was further heated for 5 min at 100 °C.
Trimesic acid (60 mg) was dissolved in 4.8 mL of DMF, which was
added into the flask dropwise. The solution was heated at 100 °C for
1 h under stirring. After cooling down to room temperature, Ce-
MOF-808 NPs were obtained by centrifugation and washed with
DMF three times over a total period of 24 h. Ce-MOF-808 NPs were
further washed with acetone once, soaked in acetone overnight, and
dried under vacuum.
For Ce-MOF-801 NPs, in a typical procedure,37 fumaric acid (870

mg) was added to a 50 mL beaker. (NH4)2Ce(NO3)6 (470 mg) was
dissolved in 13.868 mL of water and 1.132 mL of formic acid. The
solution was poured into the beaker under stirring. After a 10 min
reaction, Ce-MOF-801 NPs were obtained by centrifugation and
washed with DMF three times over a total period of 24 h. Ce-MOF-
801 NPs were further washed with acetone once, soaked in acetone
overnight, and dried under vacuum.
For Ce-UiO-66 NPs, in a typical procedure,43 (NH4)2Ce(NO3)6

(1.17 g) was dissolved in 4 mL of water and 244 μL of acetic acid in a
30 mL vial. The vial was heated at 60 °C for 30 min in an oven, which
was further cooled down at 4 °C in a refrigerator. Terephthalic acid
(355 mg) was dissolved in 18.76 mL of DMF and added to the vial.
The vial was further heated at 80 °C for 30 min. After cooling down
to room temperature, Ce-UiO-66 NPs were obtained by centrifuga-
tion and washed with DMF three times over a total period of 24 h.
Ce-UiO-66 NPs were further washed with acetone once, soaked in
acetone overnight, and dried under vacuum.
For Ce-UiO-67 NPs, in a typical procedure, (NH4)2Ce(NO3)6

(585 mg) was dissolved in 2 mL of water and 122 μL of acetic acid in
a 10 mL vial. The vial was heated at 60 °C for 30 min in an oven,
which was further cooled down at 4 °C in a refrigerator. 4,4′-
Biphenyldicarboxylic acid (258 mg) was dispersed in 9.38 mL of
DMF in a 50 mL flask and sonicated for 3 min. The (NH4)2Ce-
(NO3)6 solution in the vial was added to the flask, which was further
heated at 80 °C for 45 min under stirring. After cooling down to room
temperature, Ce-UiO-67 NPs were obtained by centrifugation and
washed with DMSO four times over a total period of 24 h. Ce-UiO-66
NPs were further washed with acetone once, soaked in acetone
overnight, and dried under vacuum.
Activity Inhibition of Alkaline Phosphatase. Typically, 5 μL of

alkaline phosphate (20 U/mL) was added to 480 μL of Tris−HCl
buffer with a pH of 9.0, followed by the addition of 10 μL of
Na2HPO4 with varying concentrations (0, 10, 20, 50, and 100 mM).
After 30 min of incubation at room temperature, 5 μL of 10 mM
pNPP was added to initiate the reaction. After a 20 min reaction at
room temperature, 200 μL of the reaction solution was placed into a

96-well plate, and the optical density at 407 nm was measured using a
microplate reader.
Activity Inhibition of Ce4+. Typically, 10 μL of 50 mM pNPP

and 10 μL of NaHCO3 with varying concentrations (0, 10, 25, 50, and
100 mM) were added into 470 μL of 0.2 M Tris−HCl buffer with a
pH of 9.0. Then, 10 μL of 5 mg/mL (NH4)2Ce(NO3)6 was
introduced to initiate the reaction. After a 10 min reaction, 200 μL of
the reaction solution was placed into a 96-well plate, and the optical
density at 407 nm was measured using a microplate reader.
Activity Inhibition of CeO2. Bare CeO2 nanozymes were

fabricated according to a reported method.44 For activity inhibition
of CeO2, typically 10 μL of 50 mM pNPP and 10 μL of NaHCO3 with
varying concentrations (0, 10, 25, 50, and 100 mM) were added into
475 μL of 0.2 M Tris−HCl buffer with a pH of 9.0. Then, 5 μL of 5
mg/mL CeO2 was introduced to initiate the reaction. After 1 h of
reaction, 200 μL of the reaction solution was placed into a 96-well
plate, and the optical density at 407 nm was measured using a
microplate reader.
Activity Inhibition of Ce-MOF NPs. For Ce-MOF-808 NPs,

typically 20 μL of 25 mM bNPP (in DMSO) and 10 μL of NaHCO3
with varying concentrations (0, 5, 10, 20, and 50 mM) were added
into 950 μL of 0.2 M Tris−HCl buffer with a pH of 8.0. Then, 20 μL
of 10 mg/mL Ce-MOF-808 NPs was introduced to initiate the
reaction. After a 10 min reaction at room temperature, Ce-MOF-808
NPs were removed by centrifugation (13,000, 10 min), and 800 μL of
the supernatant was taken for activity measurement using a
spectrophotometer.
For Ce-MOF-801 NPs, typically 20 μL of 100 mM bNPP (in

DMSO) and 10 μL of NaHCO3 with varying concentrations (0, 5, 10,
20, and 50 mM) were added into 950 μL of 0.2 M Tris−HCl buffer
with a pH of 9.0. Then, 20 μL of 10 mg/mL Ce-MOF-801 NPs was
introduced to initiate the reaction. After a 20 min reaction at room
temperature, Ce-MOF-801 NPs were removed by centrifugation
(13,000, 10 min), and 800 μL of the supernatant was taken for activity
measurement using a spectrophotometer.
For Ce-UiO-66 NPs, typically, 20 μL of 25 mM bNPP (in DMSO)

and 10 μL of NaHCO3 with varying concentrations (0, 5, 10, 20, and
50 mM) were added into 960 μL of 0.2 M Tris−HCl buffer with a pH
of 8.0. Then, 10 μL of 10 mg/mL Ce-UiO-66 NPs was introduced to
initiate the reaction. After 20 min reaction at room temperature, Ce-
UiO-66 NPs were removed by centrifugation (13,000, 10 min), and
800 μL of the supernatant was taken for activity measurement using a
spectrophotometer.
For Ce-UiO-67 NPs, typically 20 μL of 10 mM bNPP (in DMSO)

and 10 μL of NaHCO3 with varying concentrations (0, 5, 10, 20, and
50 mM) were added into 960 μL of 0.2 M Tris−HCl buffer with a pH
of 9.0. Then, 10 μL of 10 mg/mL Ce-UiO-67 NPs (in DMSO) was
introduced to initiate the reaction. After a 20 min reaction at room
temperature, Ce-UiO-67 NPs were removed by centrifugation
(13,000, 10 min), and 800 μL of the supernatant was taken for
activity measurement using a spectrophotometer.
Stability Tests of Ce-MOF-808 NPs. To exclude the potential

activity of the supernatant of Ce-MOF-808 NPs at pH 8.0, 20 μL of
10 mg/mL Ce-MOF-808 NPs was added into 980 μL of Tris−HCl
buffer with a pH of 8.0. After 10 min of incubation, Ce-MOF-808 NPs
were removed by centrifugation (13,000, 10 min), and 784 μL of the
supernatant was taken, followed by the addition of 16 μL of 25 mM
bNPP (in DMSO). After a 10 min reaction, the solution was
measured using a spectrophotometer.
For storage stability, Ce-MOF-808 NPs (powder) in a tube were

sealed and stored at room temperature for three weeks. The activity of
Ce-MOF-808 NPs was measured before and after storage using the
method mentioned above.
For XRD measurements, 20 mg Ce-MOF-808 NPs were soaked in

5 mL of Tris−HCl buffer with a pH of 8.0 for 1 h in the absence or
presence of 10 mM NaHCO3. After soaking, Ce-MOF-808 NPs were
washed twice with water, twice with methanol, once with acetone, and
soaked in acetone overnight. Ce-MOF-808 NPs were dried under
vacuum before XRD measurements.
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pH-Dependent Absorbance of pNP. To investigate the
influence of pH on the absorbance of pNP, 10 μL of 10 mM pNP
(in DMSO) was added to 990 μL of 0.2 M buffer with a pH of 5.0,
7.4, or 9.0 (pH 5.0 acetic acid/sodium buffer, pHs 7.4 and 9.0 Tris−
HCl buffer). The solution was further measured using a
spectrophotometer.
Inhibition of FS Adsorption. Typically, 20 μL of 10 mg/mL Ce-

MOF-808 NPs was added to 465 μL of 0.2 M Tris−HCl buffer,
followed by the addition of 10 μL of water, 50 mM NaHCO3, 50 mM
NaCl, or 10 mM Na2HPO4. Then, 5 μL of 5 mM FS was introduced.
After 2 min of incubation, the suspension was transferred to a cuvette
with a light path of 1 mm and measured using a spectrophotometer.
For the recovery experiment, typically 20 μL of 10 mg/mL Ce-

MOF-808 NPs was added into 465 μL of 0.2 M Tris−HCl buffer,
followed by the addition of 5 μL of 5 mM FS. After 2 min of
incubation, 10 μL of 50 mM NaHCO3, or 50 mM NaCl, or 10 mM
Na2HPO4 was added. After 2 min incubation, the suspension was
transferred to a cuvette with a light path of 1 mm and measured using
a spectrophotometer.
For the fluorescence measurement, 100 μL of the suspension after

2 min of incubation was placed into a 96-well plate. The fluorescent
intensity at 525 nm was measured using a microplate reader with an
excitation wavelength of 490 nm.
Inhibition of FS Absorbance by Ce4+. Typically, 10 μL of 50

mM (NH4)2Ce(NO3)6 was added into 975 μL of 0.2 M Tris−HCl
buffer with a pH of 8.0, followed by the addition of 10 μL of water or
50 mM NaHCO3. Then, 5 μL of 2 mM FS was introduced. After 2
min of incubation, the solution was sonicated for seconds to dissolve
possibly formed precipitated complexes and measured using a
spectrophotometer.
For the recovery experiment, 10 μL of 50 mM (NH4)2Ce(NO3)6

was added into 975 μL of 0.2 M Tris−HCl buffer with a pH of 8.0,
followed by the addition of 5 μL of 2 mM FS. After 2 min of
incubation, 10 μL of 50 mM NaHCO3 was added. After 2 min of
incubation, the solution was sonicated for seconds to dissolve possibly
formed precipitated complexes and measured using a spectropho-
tometer.
Storage of Tris−HCl Buffer. To investigate the influence of

exposure to air on the alkaline phosphatase-mimicking activities of
Ce-MOF NPs, 25 mL of Tris−HCl buffer with a pH of 8.0 or 9.0 was
added into a 50 mL centrifuge tube. The tube was further placed at
room temperature without a cap. After 1 day placement, the buffer
was further employed for the activity measurements using the method
mentioned above.
To investigate the influence of air volume in the sealed tube on the

alkaline phosphatase-mimicking activities of Ce-MOF NPs, varying
volumes of Tris−HCl buffer (5, 10, 25, 50 mL) with a pH of 8.0 or
9.0 were added into a 50 mL centrifuge tube with a cap sealed by
parafilm. After 1 day placement, the buffer was further employed for
the activity measurements using the method mentioned above. The
50 mL centrifuge tube used in our laboratory has a total volume of
around 57 mL.
CaCO3 Formation. To identify that Tris can adsorb CO2 from air,

forming carbonate species, 50 mL of 0.2 M Tris with a pH of 10.9 was
added to a 100 mL beaker. CaCl2 (110 mg) was introduced and
dissolved in the beaker. After one day of stirring in air, the formed
CaCO3 was obtained by centrifugation and washed three times with
water and three times with ethanol. After drying in vacuum, the
obtained CaCO3 was employed for XRD measurement.
Characterizations. The alkaline phosphatase-mimicking activities

of Ce-MOF NPs, pH-dependent absorbance of pNP, stability tests of
Ce-MOF-808, inhibition of FS adsorption, and inhibition of FS
absorbance by Ce4+ were studied using a UV−vis spectrophotometer
(UV-3600 Plus, Shimadzu). The activity inhibition of alkaline
phosphatase, Ce4+, CeO2, and the fluorescence intensity of FS were
studied using a microplate reader (SpectraMax M2e, Molecular
Device). The morphology of Ce-MOF NPs and CaCO3 was studied
using a scanning electron microscope (Zeiss Ultra 55 microscope) at
an acceleration voltage of 3 kV. The XRD patterns of Ce-MOF NPs

and CaCO3 were collected through a D8 ADVANCE diffractometer
(Bruker) with a scanning rate of 3−5°/min.
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