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Abstract
The oxidase-like activity of nanoceria is low. This limits its practical applications. It is demonstrated here that pyrophosphate ion
(PPi) can improve the oxidase-like activity of nanoceria. Specifically, nanoceria catalyzes the oxidation of colorless 3,3′,5,5′-
tetramethylbenzidine (TMB) to give a blue product (oxTMB) with an absorption peak at 645 nm in the presence of PPi. If,
however, alkaline phosphatase (ALP) is present, it will hydrolyze PPi, and this results in a decreased oxidase-like activity of
nanoceria. Hence, less blue oxTMB willl be formed. On the other hand, if the ALP inhibitor Na3VO4 is added to the system, the
oxidase-like activity of nanoceria is gradually restored. On the basis of the above results, a spectrophotometric method was
developed for determination of the activity of ALP. It works in the 0.5 to 10 mU.mL−1 activity range and has a 0.32 mU.mL−1

detection limit. Na3VO4 causes a 50% ALP inhibition if present in 71 μM concentration. The assay was successfully applied to
the determination of ALP in spiked human serum and gave good recoveries.
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Introduction

Alkaline phosphatase (ALP), an essential and universal en-
zyme in mammalian body fluids and tissues, can dephosphor-
ylate phosphoryl esters into inorganic phosphates in metabolic
pathways [1]. As a result, ALP plays key roles in many cellu-
lar functions through the dephosphorylation of proteins [2].
The abnormal level of ALP is closely associated with several
diseases, such as bone disease [3], liver dysfunction [4], breast
and prostate cancers [5] and diabetes [6]. Thus, developing
highly sensitive methods for ALP activity detection is of great
significance.

To date, many analytical methods have been established for
ALP activity detection, including spectrophotometry [7], fluo-
rimetry [8], electrochemistry [9], surface-enhanced Raman
scattering method [10] and chemiluminescence [11]. Among
them, spectrophotometry is much more attractive due to its
simplicity, easy readout and low cost. The most widely used
spectrophotometric method for ALP activity detection in clin-
ical laboratories is based on the ALP-catalyzed p-nitrophenyl
phosphate to p-nitrophenol with an intense absorption band at
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405 nm. Though this method is simple and efficient, it suffers
from low selectivity and poor anti-interference ability [12]. By
using ascorbic acid 2-phosphate (AAP) as the ALP substrate,
another kind of spectrophotometric method for ALP activity
detection is carried out. In this method, AAP is hydrolyzed to
form ascorbic acid that can reduce silver ions to the metal
silver and coats on the surface of Au nanorod or nanostar,
resulting in a blueshift in longitudinal localized surface plas-
mon resonance peak of Au nanorod or nanostar with obvious
color changes [13, 14]. Although these methods show high
sensitivity, the preparation procedures for Au nanorod or
nanostar are time-consuming and complex. In order to over-
come these shortcomings, Shi et al. reported a spectrophoto-
metric method for ALP detection without the preparation of
nanomaterials based on the Cu(II)-horseradish peroxidase
(HRP)-3,3′,5,5′-tertramethylbenzidine (TMB)-H2O2 system
[15]. Despite its simplicity in operation only by mixing all
these reagents together, it is limited by the utilization of
HRP due to its time-consuming separation and purification.
As alternatives of nature enzymes, nanozymes (nanomaterials
with enzyme activity) especially the peroxidase and oxidase
mimetics have attracted great attention due to their easy prep-
aration, low cost and high stability over the past years [16, 17].
Peroxidase mimetics, such as Cu-MOFs and Cu(II)-G20 have
been used for spectrophotometric detection of ALP [18, 19].
These nanozymes are found to be promising candidates in the
construction of spectrophotometric method. The oxidase mi-
metics can oxidize the peroxidase substrates (such as TMB)
directly without the addition of unstable H2O2, which makes
them a much simpler choose than peroxidase mimetics-based
spectrophotometric methods. However, to one’s disappoint-
ment, few nanozymes show the oxidase-like activity [20–22].

The best example of oxidase mimetics is CeO2 nanoparti-
cles (nanoceria) that is firstly reported in 2009 [23]. Since
then, nanoceria has received extensive attention. However,
the nanoceria usually shows low oxidase-like activity.
Therefore, great efforts have been paid to enhance its catalytic
activity. For example, the oxidase-like activity of nanoceria
can be improved by the aid of fluoride capping [24], protons
[25], sulfate ions [26] and nucleoside triphosphates [27].
Inspired by the previous success of the modulation of
nanozymes activity, here, we find an interesting fact that the
oxidase-like activity of nanoceria can be significantly acceler-
ated by the introduction of pyrophosphate (PPi). It is found
that the catalytic activity of nanoceria towards TMB is dra-
matically enhanced after the addition of PPi to the detection
system. In the presence of ALP, PPi is hydrolyzed to phos-
phate (Pi) that triggers the decrease of the oxidase-like activity
of nanoceria.While, when the ALP is firstly incubated with its
inhibitor Na3VO4, the hydrolysis of PPi is greatly inhibited
and thus the oxidase-like activity recover. Based on these
facts, a highly sensitive and selective assay for ALP and
Na3VO4 is established.

Experimental section

Chemicals and materials

Sodium orthovanadate, potassium antimony tartrate, lyso-
zyme, pepsin and pancreatin were purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China, www.
macklin.cn). Sodium pyrophosphate, sodium citrate,
ethylenediaminetetraacetic acid (EDTA), ammonium
molybdate tetrahydrate, bovine serum albumin (BSA),
trypsin, TMB and magnesium chloride were obtained from
Aladdin Reagent Company (Shanghai, China, www.aladdin-
e.com). ALP, ascorbic acid (AA) and Trizma base were ac-
quired form Sigma-Aldrich (St. Louis, USA, www.
sigmaaldrich.com). Cerium nitrate and ammonium
hydroxide (50% v/v aqueous solution) were obtained from
Alfa Aesar (Tianjin, China, www.alfa.com). All these
reagents were used as received. Ultrapure water was used
throughout all the experiments. The preparation procedure of
nanoceria method and its characterization (Fig. S1) of
nanoceria were shown in the electronic supporting material.

Apparatus

UV-vis absorption spectra were collected using a UV-8000
spectrophotometer (Shanghia Metash Instruments Co.,Ltd.,
China, www.metash.com). Transmission electron
microscopy (TEM) images were obtained on JEM-2010,
200 kV (JEOL Ltd., Japan, www.jeol.co.jp). Powder X-ray
diffraction (XRD) patterns was conducted on a Bruker diffrac-
tometer with Cu Kα radiation (D8 Advanced X-ray diffrac-
tometer, λ = 1.5406 Å) (Bruker Corporation, Germany, www.
bruker.com).

Determination of ALP activity and inhibition
by Na3VO4

For the spectrophotometric detection of ALP, 70 μL of Tris-
HCl buffer (pH 7.4), 10 μL of 7 mM PPi, 10 μL of 1 mM
MgCl2 and 10 μL of various concentrations of ALP were
added sequentially into a 1.5 mL calibrated test tube and incu-
bated at 37 °C for 1 h. Then, 700 μL of acetate buffer (pH 4.0),
100 μL of 2.5 mg mL−1 nanoceria and 100 μL of 5 mM TMB
were added individually. The solutions were allowed to stand at
37 °C for 3 min the UV-vis absorption spectra measurement by
scanning from 550 to 750 nm and the maximum absorbance at
645 nm is used for quantitative analysis.

For Na3VO4 detection, 60 μL of Tris-HCl buffer (pH 7.4),
10μL of 2 UmL−1 ALP and 10μL of different concentrations
of Na3VO4 were added sequentially into a 1.5 mL calibrated
test tube and incubated at 37 °C for 30 min. Then, 10 μL of
7 mM PPi were introduced and incubated for another 1 h.
After that, 700 μL of acetate buffer (pH 4.0), 100 μL of
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2.5 mg mL−1 nanoceria and 100 μL of 5 mM TMB were
added, mixed thoroughly and incubated at 37 °C for 3 min.
Finally, the mixture was transferred for the UV-vis absorption
spectra measurements.

The phosphatase-like activity of nanoceria

To investigate the phosphatase-like activity of nanoceria, 80 μL
of Tris-HCl buffer (pH 7.4), 10 μL of 7 mM PPi, 110 μL of
distilled water and 100 μL of 2.5 mg mL−1 nanoceria were
added sequentially into a 1.5 mL calibrated test tube containing
700 μL of acetate buffer (pH 4.0) and incubated at 37 °C for
3 min. Then, 100 μL of the above mixture was added into a
1.5 mL calibrated test tube containing 800 μL of distilled water.
After that, 60 μL of solution 1, 40 μL of solution 2 were intro-
duced. Finally, the solution was thoroughly mixed and trans-
ferred for the UV-vis absorption spectra measurement after in-
cubation at room temperature for 10 min.

Specifically, solution 1was firstly prepared by addition of 1 g
AA and 0.05 g EDTA into 20 mL of distilled water. Then
0.8 mL formic acid was added after the dissolution. Finally,
distilled water was introduced to the above solution to fix the
volume to 50 mL. Solution 2 was prepared by the following
method. In detail, 1.3 g ammonium molybdate and 0.05 g po-
tassium antimony tartrate were added to 23 mL of 50% H2SO4

solution. After the thorough dissolution, distilled water was in-
troduced to the above solution to fix the volume to 50 mL.

Results and discussion

The mechanism of this assay for ALP and Na3VO4

detection

Previous reports have shown that nanoceria possess oxidase-
like catalytic activity [23]. In this regard, we utilize TMB as
the peroxidase substrate to investigate its catalytic behavior.
TMB is colorless (a, inset of Fig. 1) and shows no obvious
absorption peak in the wavelength ranging from 550 to
750 nm (a, Fig. 1). However, when nanoceria is introduced
to the TMB solution, a slight blue color (c, inset of Fig. 1) with
an absorption peak at 645 nm (c, Fig. 1) appears, suggesting
the formation of oxTMB. Interestingly, when PPi is added into
the nanoceria-TMB solution, both a deep blue color (d, inset
of Fig. 1) and enhanced absorption intensity are observed (d,
Fig. 1). As we known, PPi itself is not an oxidizing reagent
and it cannot oxidize TMB. And thus, directly mixing PPi and
TMB cannot result in either color change (b, inset of Fig. 1) or
absorption peak (b, Fig. 1). Surprisingly, a slight blue color (e,
inset of Fig. 1) and decreased absorption intensity (e, Fig. 1)
are obtained after the addition of ALP.While when Na3VO4 is
added to the above system, a dark blue color (f, inset of Fig. 1)
and increased absorption intensity (f, Fig. 1) appears again.

Moreover, it is well-studied that nanoceria shows
phosphatase-like activity [27, 28], making it possible to cata-
lyze the hydrolysis of PPi. We utilize standard molybdenum-
blue method, which is based on the facts that the presence of
phosphate ion (Pi) will induce an obvious absorption peak at
710 nm, to investigate the phosphatase-like activity of
naoceria. When PPi (a, Fig. S2) or nanoceria (b, Fig. S2) is
individually introduced into the solution, no absorption peak
at 710 nm is observed. However, an obvious absorption peak
at 710 nm is obtained when PPi and nanoceria are introduced
simultaneously (c, Fig. S2). Moreover, enhanced absorption
intensity is obtained when ALP and PPi were firstly incubated
(d, Fig. S2). All these results show that Pi is liberated to the
solution during the hydrolysis of PPi catalyzed by nanoceria.
By the standard molybdenum-blue method, the amounts of Pi
for the nanoceria-PPi and nanoceria-PPi-ALP are calculated to
be 70.4 μM and 133.8 μM, respectively. Furthermore, we
study the effects of 70.4 μM and 133.8 μM of Pi on the
oxidase-like activity of nanoceria. As shown in Fig. S3, both
of them show negligible impact on the oxidase-like activity of
nanoceria. All the results above show that the inhibited
oxidase-like activity of nanoceria after the introduction of
ALP is unrelated to the increased concentrations of Pi.

On the basis of the above facts, a possible mechanism is
proposed (Scheme 1). The hydrolysis process of PPi can be
catalyzed in-situ by nanoceria with large energy release
[29–31], which may enhance the oxidase-like activity and
promote the oxidation reaction of TMB in return. On one
hand, when ALP is firstly incubated with PPi, ALP can hy-
drolyze PPi toward to Pi, inhibiting the hydrolysis of PPi by
nanoceria and the release of energy resulting in the inhibition
of TMB oxidation. On the other hand, Na3VO4 can inhibit
ALP activity, which promotes the oxidation of TMB again.
However, the mechanism of PPi-promoted oxidase-like activ-
ity of nanoceria for ALP detection needs further study.

Fig. 1 UV-vis absorption spectra of TMB (a), TMB+ PPi (b), TMB+
nanoceria (c), TMB + nanoceria + PPi (d), TMB+ nanoceria + PPi +
ALP (e) and TMB + nanoceria + PPi + ALP +Na3VO4 (f). Inset shows
the corresponding photos of the solutions under visible light. The final
concentrations of the TMB, PPi, nanoceria, ALP and Na3VO4 are
0.5 mM, 70 μM, 0.25 mg mL−1, 20 mU mL−1 and 0.1 mM, respectively
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Optimization of detection conditions

Several parameters are needed to optimize before the applica-
tion of this assay for ALP detection, including the pH of ace-
tate buffer, the concentrations of nanoceria and TMB, incuba-
tion temperature and time. Here, we utilize ΔA (A0-A) as a
criteria to obtain the optimum condition, where A0 and A are
the absorption intensity of nanoceria-TMB before and after
the introduction of ALP, respectively.

The optimal detection conditions for ALP are as follows:
(1) the pH of acetate buffer is 4.0 (Fig. S4), (2) the concentra-
tions of nanoceria is 0.25 mg mL−1 (Fig. S5), (3) the concen-
trations of TMB is fixed at 0.5 mM (Fig. S6), (4) the incuba-
tion temperature is 37 °C (Fig. S7), (5) the incubation time is
3 min (Fig. S8).

Analytical performances of this assay for PPi and ALP
detection

Under the optimized conditions, the analytical performances
of this assay for PPi and ALP detection were systematically
investigated. We firstly investigate the effect of PPi concen-
tration on the oxidase-like activity of nanoceria. As shown in

Fig. 2, obvious color changes from light blue to dark blue and
drastic absorption intensity enhancement are found with the
increasing concentration of PPi. It is found that the absorption
intensity at 645 nm show a linear relationship with PPi con-
centration ranging from 5 to 70 μM. The regression equation
is ΔA = 0.0095 + 0.0056c (c, PPi concentration, μM; R2 =
0.9896), in which ΔA refers to the enhancement of absorption
intensity at 645 nm after the introduction of PPi. Therefore,
this assay can be utilized for PPi detection. It is believed
higher PPi concentration can achieve better enhancement of
the oxidase-like activity of nanoceria, however, it is not ben-
eficial for the highly sensitive detection of ALP. Taken the
good sensitivity into account, the final concentration of PPi
in the following assays is set as 70 μM.

Then, this assay is further used for ALP detection. With the
increasing ALP concentration, the absorption intensity de-
crease continually (Fig. 3a), while the ΔA increase gradually
and keep almost unchanged when the concentration of ALP is
higher than 10 mU mL−1 (Fig. 3b). It is clearly found that the
color of the solution change from dark blue to light blue with
the increasing ALP concentration and an obvious color chang-
es is found when the concentration of ALP exceeds
4 mU mL−1 (inset of Fig. 3b), indicating the high sensitivity

Scheme 1 Schematic illustration
of the PPi-accelerating the
oxidase-like activity of nanoceria
for ALP activity and its inhibitor
detection

Fig. 2 a UV-vis absorption spectra of the nanoceria-TMB solution after
the introduction of various concentrations of PPi (From down to top, the
concentration of PPi are 0, 5, 10, 15, 25, 30, 40, 50, 60, 70, 80, 90, 100,
130, 150 μM). b PPi concentration dependent changes of the absorption

intensity at 645 nm. Inset shows the relationship between the ΔA and PPi
concentration and the color changes of nanoceria-TMB solution after the
addition of PPi (from left to right, the concentration of PPi are 0, 5, 10, 15,
25, 30, 40, 50, 60, 70 μM)
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of this assay. Moreover, a good linear relationship between
ΔA and ALP concentration is obtained with a linear equation
ΔA = -0.0031 + 0.0293c (c, ALP concentration, mU mL−1;
R2 = 0.9995) when the ALP concentrations are in the range
from 0.5 to 10 mUmL−1. The detection limit for ALP activity
detection is estimated to be 0.32 mUmL−1 at a signal-to-noise
ratio of 3. In addition, we compare the analytical performances
of this method with previously reported methods for ALP
activity detection. As shown in Table S1, the linear range
and detection limit of this method are comparable or even
better than other methods. Furthermore, the short detection
time (3 min) after incubation PPi and ALP for 1 h and obvious
color changes of this assay may make it possible for ALP
detection in real samples. To further evaluate its potential in
practical application, detection of ALP in diluted human se-
rum samples (1%) are carried out by using standard addition
method. As shown in Table S2, recoveries are in the range
from 86.3 to 109% with the relative standard deviation (RSD)
less than 4.89%. The good recoveries and acceptable RSD
indicate that this assay is promising for ALP detection in com-
plicated biological samples.

In order to testify the specificity of this assay for ALP
detection, we investigate the effects of BSA, lysozyme, pep-
sin, trypsin, pancreatin, thrombin, hemoglobin and bilirubin
on the detection assay when they are added individually or
coexistently with ALP. The results in Fig. 4 conceivably val-
idate that none of them can induce absorption intensity chang-
es in this detection system and show negligible impact on
ALP detection. Consequently, this assay is highly selective
for ALP detection.

ALP inhibitor screening

Since the inhibition of ALP activity is closely related to drug
screening and disease therapy, we also explore the possibility

of this assay for ALP inhibitor screening. Na3VO4, a typical
and common inhibitor for ALP, is used as a model to study the
inhibitory activity assay. The inhibition efficiency (IE) is cal-
culated by the following equation: IE (%) = 100 × (Ai-A)/(A0-
A), where Ai represents the absorbance at 645 nm of
nanoceria-TMB in the presence of PPi, PPi-ALP and PPi-
ALP-Na3VO4. When Na3VO4 is introduced to the detection
assay, the activity of ALP is inhibited and the hydrolysis of
PPi is restricted, resulting in the absorption intensity recovery.
As given in Fig. 5a, the absorbance at 645 nm increases con-
tinually with the increasing amounts of the added Na3VO4.
The IC50 value (the concentration of Na3VO4 needed for 50%
inhibition of ALP activity) is calculated to be 71 μM (Fig. 5b),
which is close to those reported by other ALP activity assays
[32, 33].

Fig. 3 a UV-vis absorption spectra of the nanoceria-TMB-PPi solution
after the introduction of various concentrations of ALP (From top to
down, the concentrations of ALP are 0, 0.5, 1, 2, 4, 6, 8, 10, 20 and
40 mUmL−1). bALP concentration dependent changes of the absorption
intensity at 645 nm. Inset shows the relationship between the ΔA and

ALP concentration and the color changes of nanoceria-TMB-PPi solution
after the addition of ALP (from left to right, the concentration of ALP are
0, 0.5, 1, 2, 4, 6, 8, 10 mU mL−1). Error bars illustrate the standard
deviation of three independent measurements

Fig. 4 The absorbance of nanoceria-TMB-PPi solution in the presence of
these possible interfering substances only or coexistence with ALP. The
final concentrations of these substances are 1μgmL−1. Error bars indicate
the standard deviation of three independent measurements
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Conclusion

A highly sensitive assay for ALP and its inhibitor detection is
successfully developed based on the finding that PPi can ac-
celerate the oxidase-like activity of nanoceria. To the best of
our knowledge, this assay shows several distinctive advan-
tages as follows. (1) It is time-saving and cost-effective by
mixing nanoceria, TMB and PPi together. (2) It shows high
sensitivity and good selectivity for ALP detection. Therefore,
this assay displays promising potential for detection of ALP in
real samples. Moreover, it may not only provide a new ap-
proach to boost the mimetic enzyme activity of nanozymes
but also make great contribution to explore the bioanalytical
applications of nanoceria.
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