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Alkaline phosphatase (ALP) activity and pyrophosphate ion (PPi) levels are remarkable for the human body functions such as
signal transduction pathways and metabolism. Current quantitative methods mainly focus on developing complicated organic
substrates or employing unstable metal ions as signal-regulated medium. Herein, we have developed a facile hydrothermal
method for preparing FeWO4 nanomaterials with intrinsic peroxidase-like activity and further confirmed that such a catalytic
activity could be significantly enhanced by adjusting the size and oxygen vacancy content. More encouragingly, PPi can easily
inhibit the catalytic activity of FeWO4, whereas orthophosphate ions (Pi) cannot. Therefore, we constructed an FeWO4-based
colorimetric assay for sensing PPi by means of the classical 3,3′,5,5′-tetramethylbenzidine-peroxidase chromogenic reaction. A
facile and reliable ALP activity assay was also designed and developed because of the logical regulation of the peroxidase-like
activity of FeWO4 through the ALP-catalyzed hydrolysis of PPi into Pi. Based on the clear mechanism and mimetic-enzyme
FeWO4-catalyzed amplification, the sensing system exhibited excellent performance and was able to evaluate ALP activity in
real serum samples and screen for potential ALP inhibitors. The proposed mimetic enzyme-involved colorimetric assay provides
an alternative pathway, and FeWO4 nanomaterials with excellent performance have great potential for further biosensing and
biomedical applications.

FeWO4 nanomaterials, mimetic enzyme, oxygen vacancy, colorimetry, pyrophosphate ion, alkaline phosphatase

Citation: Tang X, Chen J, Zhang M, Sun J, Yang X. Tunable catalytic activity of FeWO4 nanomaterials for sensitive assays of pyrophosphate ion and alkaline
phosphatase activity. Sci China Chem, 2023, 66: 1860–1868, https://doi.org/10.1007/s11426-023-1583-8

1 Introduction

As a zinc-containing dimer enzyme, alkaline phosphatase
(ALP) is widely distributed in various tissues (liver, kidney,
bone, placenta, and intestine) [1]. It plays a vital role in the
hydrolysis process of various phosphate esters in organisms,
and can achieve a high catalytic rate under an alkaline en-
vironment [2]. Thus, ALP plays a key role in the cell cycle,
growth, apoptosis, and signal transduction pathways, and is
involved in the transduction and regulation of intracellular

processes [3]. Meanwhile, abnormal ALP levels have been
linked to various diseases (breast cancer, diabetes, ovarian,
and bone diseases), making it a useful biomarker in clinical
diagnosis [4,5]. Therefore, it is important to develop a sen-
sitive method for evaluating ALP activity [6,7].
ALP activity assays mainly involve the differentiation

between a phosphoryl substrate and the corresponding en-
zymatic product, and several substrates have been developed
in the past, such as pyrophosphate (PPi) [8], ascorbic acid
phosphate [9], p-nitrophenyl phosphate [10], and 5-bromo-4-
chloro-3-indolyl phosphate [11]. As the simplest substrate
molecule among these substrates, PPi is an important bio-
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logical inorganic phosphate and participates in many im-
portant biological systems [12,13]. For instance, PPi is in-
volved in several biological processes, such as gene
replication [14], gene transcription [15], signal transduction
[16], and regulation of various enzymatic reactions [17].
Meanwhile, abnormal PPi levels are closely linked to certain
severe diseases [18,19]. Therefore, efficient PPi identifica-
tion and detection can not only realize the evaluation of ALP
levels, but also have the potential to be used for environ-
mental protection and human health monitoring.
In recent years, nanomaterials with enzyme mimetics have

garnered considerable attention for their excellent perfor-
mance in catalyzing certain substrates and producing read-
able signals in bioanalytical applications [20]. Among them,
the catalytic activity of transition metal-based materials is
often affected by phosphate groups because of their strong
binding ability [21]. Inspired by this phenomenon, transition
metal-based materials, such as transition metal oxides (MnO2

microspheres) [22], hydroxides (CoOOH) [23], and frame-
work materials (Cu-MOF) [24], have been developed to
determine and evaluate PPi levels and ALP activity. Despite
their potential, there are still challenges to be overcome
owing to the inherent defects of such materials and their
ambiguous catalytic mechanism.
Thus, the development of enzyme-mimetic nanomaterials

with excellent stability and responsiveness is important for
the construction of analytical determination of PPi and ALP.
As one of such materials, the recently emerged novel na-
nomaterial iron tungstate (FeWO4), has exhibited an ex-
cellent catalytic effect in photocatalysis and electrocatalysis
and possesses a significant potential in enzyme-mimetic
catalysis [25,26]. Herein, FeWO4 nanomaterials with ex-
cellent peroxidase-like properties were prepared through a
facile hydrothermal method in one step. By adjusting their
size and oxygen vacancy content to regulate their catalytic
activity, it was verified that a variety of reactive oxygen
species were generated during the catalytic reaction with Fe
atoms as the active center. In this regard, the size and defect
effects of the mimetic enzyme enhance its peroxidase-like
activity by favoring the exposure of Fe atoms and vacancies.
More interestingly, FeWO4 nanomaterials can selectively
bind with PPi, inhibiting its peroxidase-like activity, while
the inhibition efficiency of Pi is low. Accordingly, ALP can
restore the catalytic activity of the FeWO4 nanomaterials by
cleaving the PPi substrate into Pi. Based on this, we suc-
cessfully constructed an evaluation system for ALP and PPi
using the as-prepared FeWO4 nanomaterials with the best
catalytic performance. The experimental results demonstrate
that the proposed sensing system has a lower detection limit
and higher sensitivity than most previously reported bio-
sensors, indicating that this system has significant potential
for future biosensing applications.

2 Experimental

2.1 Chemical and materials

Ethylene glycol (EG), H2O2 30%, iron(II) sulfate heptahy-
drate (FeSO4·7H2O), nickel chloride hexahydrate (NiCl2·
6H2O), iron(III) sulfate (Fe2(SO4)3), anhydrous calcium
chloride (CaCl2), magnesium chloride hexahydrate
(MgCl2·6H2O), ammonium sulfate ((NH4)2SO4), potassium
thiocyanate (KSCN), potassium chloride (KCl), and anhy-
drous potassium carbonate (K2CO3) were purchased from
Xilong Scientific Co, Ltd. (China). Sodium tungstate dihy-
drate (Na2WO4·2H2O), sodium pyrophosphate (PPi), po-
tassium phosphate tribasic (K3PO4), acetic acid (HAc),
cadmium acetate (CdAc), zinc sulfate (ZnSO4·7H2O), and
sodium chloride (NaCl) were purchased from Aladdin
Co, Ltd. (China). Chromium(III) chloride hexahydrate
(CrCl3·6H2O) was purchased from Sinopharm Chemical
Reagent Co, Ltd. (China). Copper chloride (CuCl2·2H2O),
sodium nitrate (NaNO3), aluminum nitrate nonahydrate
(Al(NO3)3·9H2O), ammonium chloride (NH4Cl), and sodium
bromide (NaBr) were purchased from Beijing Chemical
Corp. (China). Cobalt chloride (CoCl2), diethanolamine
(DEA), tyrosinase (TYR, from mushroom), cholesterol
oxidase (Cholx, from recombinant expressed E. coli), glu-
cose oxidase (Gox, from Aspergillus niger), acet-
ylcholinesterase (AChE, from Electrophorus electricus),
lysozyme (LYZ, from chicken eggs), choline oxidase (ChOx,
from Alcaligenes sp.), and trypsin (TRY, from bovine pan-
creas) were purchased from Sigma-Aldrich (USA). Sodium
orthovanadate dodecahydrate (Na3VO4·12H2O) and
3,3′,5,5′-tetramethylbenzidine dihydrochloride (TMB) were
purchased from Sangon Biotech Co, Ltd. (China). Normal
adult serum samples were donated by the Secondary Hos-
pital of Jilin University.

2.2 Instrumentation

Scanning electron microscopy (SEM) images were obtained
using an XL-30 field-emission scanning electron micro-
scope. UV-VIs absorption spectra were recorded on a CARY
50UV-Vis-NIR Varian spectrophotometer. Transmission
electron microscopy (TEM) images were obtained using a
TECNAI F20 microscope (FEI, USA) at an accelerating
voltage of 200 kV. X-ray powder diffusion (XRD) patterns of
all the samples were obtained using a D8 ADVANCE
(Bruker, Germany). Fourier-transform infrared spectroscopy
(FTIR) images were obtained using a Vertex 70 spectrometer
(Bruker, Germany). X-ray photoelectron spectroscopy (XPS)
was performed using a Thermo ESCALAB 250XI spectro-
meter (UK). Electron paramagnetic resonance (EPR) spec-
troscopy was performed using a Bruker EMXPLUS
instrument (Germany). The Brunauer-Emmett-Teller (BET)
surface area was determined from N2 adsorption-desorption
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isotherms obtained at 298 K using an Autosorb iQ Station 1
instrument (USA).

2.3 Preparation and purification of FeWO4

FeWO4 was prepared using a one-step hydrothermal method
as follows: 0.83 mmol FeSO4·7H2O was dissolved in certain
H2O, and EG was subsequently added to the solution. Fi-
nally, the preconfigured 0.83 mmol Na2WO4·2H2O solution
was added to the obtained solution. The total volume of the
solution was approximately 33 mL. After stirring for 30 min,
the solution became uniform and was transferred into an
autoclave and heated at 160 °C for 12 h. The resulting pre-
cipitates were washed thrice with deionized water, ethanol,
and a mixture of deionized water and ethanol through cen-
trifugation, respectively. Finally, the resulting product was
placed in a vacuum-drying oven at 50 °C overnight and
stored for future use.

2.4 Peroxidase-mimetic activity and kinetic parameters
of the obtained FeWO4 nanocrystal

The peroxidase-like catalytic behavior of the FeWO4 nano-
materials was investigated through the oxidation of TMB in
the presence of H2O2 and four groups were studied: H2O2 +
TMB, FWO + H2O2, FWO + TMB, and FWO + H2O2 +
TMB. The mimetic-enzyme activity assays were performed
as follows: 100 μL of FeWO4 (1 mg/mL), 40 μL of TMB
(7.5 mM), and 2,660 μL of sodium acetate buffer (50 mM,
pH 4.0) were added. Subsequently, 200 μL of H2O2

(7.5 mM) was mixed thoroughly. After incubation at room
temperature for 15 min, the mixture was transferred to a UV-
vis spectrophotometer, and the absorbance at 652 nm was
recorded. The tolerance of FeWO4 peroxidase mimetic ac-
tivity to temperature (10–80 °C) and pH (2.5–9.0) was also
investigated, and the maximum activity values measured in
each group were expressed as 100% after normalization.
The absorbance variation of the FWO/H2O2/TMB system

at 652 nm was recorded at regular intervals in scanning ki-
netic mode using a UV-vis spectrophotometer. The kinetic
data of the FWO peroxidase mimetic were determined using
the Lineweaver-Burk equation as follows:

v V S
K S= × [ ]

+ [ ]m
0

max

where v0 represents the initial velocity of the reaction, Vmax is
the maximum velocity of the reaction, [S] is the substrate
(TMB or H2O2) concentration in the reaction solution, and
Km is the Michaelis-Menten constant.

2.5 Procedure for the assay of PPi

Briefly, 100 μL of FeWO4 (1 mg/mL), different concentra-

tions of PPi, and 40 μL of TMB (7.5 mM) were added to a
5 mL centrifugation tube, and the solution was supplemented
with sodium acetate buffer (50 mM, pH 4.0) to 2,800 μL.
After mixing, 200 μL H2O2 (7.5 mM) was added. After in-
cubation at room temperature for 15 min, the solution was
transferred to a UV-vis spectrophotometer to record the
spectra.

2.6 Procedure for the assay of ALP

Typically, 100 μL of PPi (60 μM), 50 μL of different con-
centrations of ALP, and 350 μL of DEA buffer (4 mM, pH
9.8) were mixed in a 5 mL centrifugation tube and incubated
at 37 °C for 60 min. Subsequently, 2,260 μL of sodium
acetate buffer (50 mM, pH 4.0), 100 μL of FWO (1 mg/mL),
40 μL of TMB (7.5 mM), and 200 μL of H2O2 (7.5 mM)
were added to the obtained solution and incubated at 25 °C
for 15 min. Finally, the absorption spectra of the solution
were collected using the UV-vis spectrophotometer.

3 Results and discussion

3.1 Preparation and characterization of FeWO4

As illustrated in Scheme 1, a series of FeWO4 nanomaterials
were prepared through a one-step hydrothermal method
using FeSO4·7H2O and Na2WO4·2H2O as precursors in the
presence of different volume proportions of EG and H2O.
Depending on the added concentrations of EG (0, 10%, 30%,
50%, 70%, and 90%,) to the total reaction solutions, the as-
obtained products are named as FWO-0, FWO-0.1, FWO-
0.3, FWO-0.5, FWO-0.7 and FWO-0.9, respectively.
TEM characterization indicated that the size of the nano-

particles decreased from FWO-0 to FWO-0.9 (Figure 1a–f
and Figure S1, Supporting Information online). This could
be attributed to the fact that the addition of EG limited the
growth of FWO nanoparticle crystals, resulting in a reduc-
tion in the size of the formed nanoparticles [27]. When there
was no EG or a very low EG concentration, the as-prepared
FWO-0 and FWO-0.1 were both composed of nanosheets
and nanoparticles, while when the added EG content reached
30% and beyond, the obtained products (FWO-0.3, FWO-
0.5, FWO-0.7, and FWO-0.9) contained only nanoparticles.
Taking FWO-0.7 as an example, the scanning transmission
electron microscopy (STEM) and element mapping images
exhibited a uniform distribution of Fe, W, and O in the re-
sultant FWO-0.7 nanoparticles (Figure 1h–k). At the same
time, high-resolution TEM (HRTEM) images showed that
the as-prepared FWO-0.7 nanoparticles had interplanar
spacings of 0.478 and 0.298 nm, which corresponded to the
(100) and (111) crystal planes of FeWO4, respectively
(Figure 1g) [28]. Furthermore, the BET results indicated that
the specific surface areas of the as-prepared FWO-0,
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FWO-0.1, FWO-0.3, FWO-0.5, FWO-0.7, and FWO-0.9
nanomaterials were 40.25, 32.53, 15.01, 23.92, 78.46, and
98.74 m2/g, respectively (Figure S2). It could be observed
that the specific surface area of the nanomaterials gradually
increased from FWO-0.3 to FWO-0.9, which may be at-
tributed to the gradual increase in specific surface area as the
size of the prepared nanomaterials decreased. By compar-
ison, nanomaterials with large specific surface areas provide
more binding sites for the adsorption and desorption of re-
actions, which facilitates further catalytic activity enhance-
ment [29]. Besides, the specific surface area of FWO-0.3 was
smaller than that of FWO-0 and FWO-0.1, which may be due
to the mixing of nanosheets and nanoparticles in FWO-0 and
FWO-0.1, and the fact that the nanosheets increased the

specific surface area. This result is consistent with that of
previous TEM characterizations.
The FTIR spectra showed that the main peaks of the as-

prepared FWO nanomaterials were similar (Figure S3). The
peaks at approximately 3,423 and 1,624 cm−1 can be attrib-
uted to –OH stretching and the bending vibration of water in
the FWO solution, respectively. The 864 and 625 cm−1

characteristic peaks are attributed to the W–O and Fe–O
stretching vibrations, respectively [30,31]. Besides, the Ra-
man spectrum (Figure S4) indicates that the peak at 866 cm−1

is attributed to the endpoint ν1 symmetric Ag mode of WO2,
whereas the broad peak at 675 cm−1 originates from the ν3
antisymmetric bridge mode associated with the tungstate
chain [32,33]. The peak at 340 cm−1 corresponds to the ν2
bending model, and the peaks at 278 and 210 cm−1 corre-
spond to the ν4 bending model of the tungstate anion [34].
The peaks at 125 and 81 cm−1 are attributed to lattice vi-
brations [35]. It was demonstrated that the as-prepared pro-
ducts were consistent with those of previously reported
FeWO4 nanomaterials.
Furthermore, the XRD spectra of FWO-0–FWO-0.9

showed that the peaks of all the FWO nanomaterials are in
accordance with the standard XRD diagram of FeWO4

(JCPDS.No.85-1354), indicating the successful preparation
of FeWO4 (Figure 2a). In addition, it was observed that the
width of the FWO peaks gradually broadened from FWO-0
to FWO-0.9, indicating the reduction of the crystallinity.
This may be related to the appearance of oxygen vacancies
and the reduction in the nanomaterial size [36]. To further
confirm the existence of oxygen vacancies, we selected
FWO-0, FWO-0.3, and FWO-0.7, and used EPR to further
characterize the vacancies. Figure 2b shows that the prepared
FeWO4 nanomaterials exhibit characteristic oxygen vacancy
signals with a g-factor of approximately 2.003. The
progressively increasing signal intensity from FWO-0 to
FWO-0.7 confirms the increase in the oxygen vacancy
concentration.

Scheme 1 Preparation of FeWO4 and establishment of a sensing platform for PPi concentration and ALP activity assays (color online).

Figure 1 (a–f) TEM images of FWO-0–FWO-0.9. (g) HRTEM image of
FWO-0.7. (h) HAADF-STEM image and (i) Fe; (j) W, and (k) O element
mapping images of FWO-0.7 (color online).
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The XPS survey spectrum illustrated in Figure S5a shows
that the as-prepared sample contains three elements: Fe, W,
and O, and their signals are approximately 709.67, 36.21,
and 530.98 eV, respectively [37]. In the Fe 2p XPS spectrum,
the peaks are approximately 709.37 and 724.33 eV (Figure
2c), which correspond to Fe2+ (2p3/2) and Fe2+ (2p1/2), re-
spectively [38]. This result confirmed that the prepared
sample contained Fe2+, indicating the successful preparation
of FeWO4. Figure S5b shows the XPS spectra of W 4f; the
peaks at 35.22 and 37.37 eV correspond to W6+ (4f7/2) and
W6+ (4f5/2), respectively [39]. The XPS spectrum of O 1s
shows that the α peak at 530.29 eV corresponds to lattice
oxygen, which is formed by the combination of W and O
bonds. The β peak at 531.71 eV corresponds to the defective
oxygen and the γ peak of 533.16 eV corresponds to the
chemisorbed oxygen on the sample surface (Figure 2d) [40].
The increase in the relative area of oxygen vacancies (Ov)
from FWO-0 to FWO-0.7 shows that the oxygen vacancy
content of the prepared FeWO4 increases gradually, which is
consistent with the EPR results. These results not only
confirmed the successful preparation of FeWO4 but also
demonstrated that with the increase in EG concentration
added in the initial reaction, the size of the FeWO4 nano-
materials gradually decreased but the content of oxygen
vacancies gradually increased.

3.2 Peroxidase-mimetic activity and catalytic mechanism
of FWO

In this study, we used the TMB/H2O2 system to evaluate the
peroxidase-mimetic activity of FeWO4. As shown in Figure
3a, the FWO-0.7/TMB/H2O2, FWO-0.7/TMB, FWO-0.7/

H2O2, and TMB/H2O2 systems were incubated, and the so-
lutions were recorded in the UV-vis absorption spectra.
Obviously, only FWO-0.7/TMB/H2O2 was observed to have
a clear absorption peak at 652 nm, whereas no obvious ab-
sorption peak was observed in the other systems. The results
demonstrated that FWO-0.7 facilitated the oxidation of col-
orless TMB to colored oxTMB in the presence of H2O2.
However, FWO-0.7 could not oxidize TMB on its own, re-
vealing its peroxidase-like properties.
The peroxidase-like activity of the FeWO4 nanomaterials

was evaluated and the order of activity was as FWO-
0.7≈FWO-0.9>FWO-0.5>FWO-0.3>FWO-0.1>FWO-0
(Figure 3b). It was demonstrated that the reduced size and
increased oxygen vacancies may be beneficial for increasing
the catalytic activity of FeWO4. Among them, because
FWO-0.9 may be too small in size and thus prone to stacking
and is not easily dispersed, FWO-0.7 was used in the sub-
sequent sensing experiments. In addition, bulk FeWO4 was
prepared by employing Fe3+ as a precursor to explore the
effects of Fe3+ and Fe2+ on the catalytic activity (Figure S6).
The results demonstrate that the small nanoparticles of FW0-
0.7 prepared from Fe2+ exhibit better catalytic activity than
the Fe3+-participated bulk FeWO4. This difference may be
due to the gradual reduction of Fe3+ to Fe2+ by EG during the
reaction, which constantly generated Fe2+, forming new
FeWO4 gradually wrapped on the surface of the old FeWO4

crystal, and causing the FeWO4 crystal to grow larger and
larger. Instead, Fe2+ is directly combined with WO4

2− to
produce a smaller FWO-0.7 [41]. Therefore, the smaller
FWO-0.7, synthesized directly using Fe2+, has a larger spe-
cific surface area and higher catalytic activity than Fe3+-
participated bulk FeWO4.

Figure 2 (a) XRD patterns of the series of FeWO4 nanomaterials and (b) room-temperature EPR spectra of FWO-0, FWO-0.3, and FWO-0.7. XPS spectra
of (C) Fe 2p and (d) O 1s for FWO-0, FWO-0.3, and FWO-0.7 (color online).
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Similar to natural horseradish peroxidase (HRP), the re-
action time, pH, and temperature of the as-prepared FeWO4

mimetic enzyme are also important factors that affect en-
zyme activity. Therefore, these conditions were optimized,
and the optimal reaction time, pH, and temperature condi-
tions were 25 min, 4.0, and 35 °C, respectively (Figure S7).
In addition, we examined the reproducibility of the catalytic
activity of FWO-0.7. Figure S8a shows that several different
batches of FWO-0.7 were prepared, and there was no sig-
nificant difference in the activity of these products under the
same catalytic conditions, indicating that the prepared FWO-
0.7 exhibited excellent reproducibility of the catalytic ac-
tivity. Besides, the stability of FWO-0.7 (Figure S8b)
showed that under the same catalytic conditions, the pre-
pared FWO-0.7 did not exhibit a significant decrease in re-
activity within 30 days. Figure S8c, d show that the prepared
FWO-0.7 nanomaterials still have good reusability and sta-
bility despite multiple reuse and extreme conditions treat-
ment, respectively.
Kinetic analyses of FWO-0, FWO-0.3, and FWO-0.7 were

conducted to quantify the peroxidase-mimetic activity of
FWO. As shown in Figure S9, using H2O2 and TMB as
substrates, typical Michaelis-Menten curves were obtained
by fixing the concentration of one substrate and varying the
concentration of the other. Regarding the kinetics of either
TMB or H2O2 as substrates, Vmax gradually increased from
FWO-0 to FWO-0.7. Meanwhile, the km values of FWO-0.7
using TMB and H2O2 as substrates were 0.080 and
0.878 mM, respectively, both of which are lower than those
of HRP and most mimetic-enzymes reported so far, in-
dicating that FWO-0.7 has a high affinity to substrates, fa-
cilitating catalyst-substrate binding and substrate activation
(Table S1, Supporting Information online) [42].
To further reveal the catalytic mechanism of FWO, se-

lective scavengers such as p-benzoquinone (PBQ), trypto-
phan (Trp), and isopropanol (IPA) were used to eliminate
superoxide anions (O2

•−), singlet oxygen (1O2), and hydroxyl
radicals (·OH), respectively, to verify the type of reactive
oxygen species (ROS) in the catalytic reaction (Figure 4a)
[43,44]. It was observed that IPA slightly decreased the re-

action activity, whereas Trp and PBQ significantly decreased
the relative reaction activity after adding these three sub-
stances, respectively, indicating that the ROS produced in the
reaction are mainly O2

•−, 1O2, and a small amount of ·OH.
Furthermore, terephthalic acid (TA) was used as a fluor-
escent indicator to detect ·OH generation in the reaction [45].
As shown in Figure 4b, a significant fluorescence enhance-
ment was observed at 435 nm after the addition of FWO-0.7,
indicating that ·OH was indeed generated in this reaction,
which is consistent with previous experimental results of the
trapping agent. Similarly, the EPR spectra showed that when
FWO-0.7 was mixed with H2O2, a total of three free radical
peaks appeared, which was consistent with previous ex-
perimental results (Figure 4c). KSCN is one of the classical
chelating agents used for Fe atom poisoning, which is used to
investigate the catalytic activity of Fe atom in reactions. As
illustrated in Figure 4d, the absorbance of the reaction sys-
tem was significantly reduced after KSCN was added to the
FWO-0.7/H2O2/TMB system, perhaps suggesting that the Fe
atom of FWO-0.7 may be an important active site in the
reaction system [46]. In summary, it is speculated that the
reaction mechanism may be that H2O2 first combines with Fe
atoms to produce O2

•−, 1O2, and ·OH under the catalysis of
the Fe atom, some 1O2 may be further transformed into O2

•−,
and the O2

•−, 1O2, and ·OH radicals oxidize TMB into blue
oxidized TMB (oxTMB) [47].

3.3 Sensitive measurement of PPi content

FWO-0.7 was selected for further bioanalytical applications
owing to its excellent catalytic properties and dispersion.
And it was observed that the oxidation of colorless TMB to
blue oxTMB was inhibited after adding PPi to the FWO-0.7/
TMB/H2O2 system, perhaps suggesting that PPi can bind to
the catalytic central Fe site, thus decreasing the catalytic
activity [48].
As shown in Figure 5a, b, PPi with different concentrations

(0–10,000 nM) was added to the FWO-0.7/TMB/H2O2 sys-
tem respectively, and the absorbance at 652 nm gradually
weakened with the increase in PPi concentration. Mean-

Figure 3 (a) UV-vis absorption spectra of different reaction systems. Inset shows the photos of the corresponding systems. (b) UV-vis absorption spectra of
FWO prepared using different EG concentrations reacted with TMB-H2O2 for 15 min (color online).
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while, when the curve range was 50–2,000 nM, the con-
centration of PPi was linear with the absorbance at 652 nm,
and the linear equation was obtained by fitting the curve: y =
−0.00024x + 0.880 (R2 = 0.995) (Figure 5c). The limit of
detection (LOD) was determined as 30.2 nM (3σ/S). In
comparison with most reported PPi sensing systems, the
obtained results exhibited a lower detection limit and a more

sensitive detection range, which has significant potential for
future applications (Table S2). To further verify the anti-
interference ability of the proposed sensing system, a series
of ions were selected as interference substances, including
Na+, K+, NH4

+, Ca2+, Mg2+, Cd+, Mn2+, Ni2+, Zn2+, Al3+, Co2+,
Cu2+, Cl−, Br−, NO3

−, SO4
2−, CO3

2−, and PO4
3−. As illustrated

in Figure 5d, the corresponding ions added to the system only

Figure 4 (a) Effect of different free radical scavengers on the catalytic reaction. (b) Fluorescent spectra of TA with different reaction systems. (c) EPR
spectra of FWO-0.7 + H2O2. (d) UV-vis absorption spectra and the corresponding color of TMB-H2O2 (line a), TMB-H2O2 with FWO-0.7 (line b), and FWO-
0.7 + SCN− (line c) (color online).

Figure 5 (a) UV-vis absorption spectra and (b) absorbance of the FWO-0.7 colorimetric system with different concentrations of PPi at 652 nm. (c) The
fitting linear curve of absorbance and PPi concentration at 652 nm. (d) The changes of the absorbance at 652 nm refering to the interference to the FWO-0.7
colorimetric system in the presence of PPi or other substances (absorbance change refers to the difference of absorbance values in the absence and presence of
interference). The concentrations of interfering substances are 100 μM of Na+, K+, NH4

+, Ca2+, Mg2+, Cd+, Mn2+, Ni2+, Zn2+, Al3+, Co2+, Cl−, Br−, NO3
−, SO4

2−,
and CO3

2−; 50 μM of Cu2+; 3 μM of PO4
3−; and 2 μM of PPi (color online).
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slightly change the absorbance change at 652 nm, indicating
that the sensor based on the FWO-0.7/H2O2/TMB system for
PPi assays has excellent selectivity and anti-interference
ability. Considering the excellent sensitivity and selectivity
of the FWO-0.7/H2O2/TMB system, real samples (tap and
lake water) were further applied to the PPi assay (Table S3).
The recoveries ranged from 100.41% to 106.74%, and the
relative standard deviations (RSD) were less than 3.28%,
indicating that the proposed system can be used for practical
applications.

3.4 Sensitive evaluation of ALP activity

In particular, it was observed that Pi induced a slight change
in activity in the PPi selectivity test (Figure 5d). Likewise,
ALP hydrolyzed PPi and degraded it into Pi fragments, re-
storing the catalytic activity of the inhibited FWO-0.7/H2O2/
TMB system. This result indicates that it is possible to
evaluate the activity of ALP through the re-oxidation of
colorless TMB to blue oxTMB. As illustrated in Figure 6a, b,
the absorbance at 652 nm of the inhibited FWO-0.7/TMB/
H2O2 system increased with an increase in ALP activity,
indicating that the inhibited color development system gra-
dually recovered. Figure 6c shows that the absorbance cen-
tered at 652 nm has an excellent linear relationship with ALP
activity in the range of 0.05–0.6 mU/mL. The linear equation
resulting from the fitting can be expressed as y = 0.604x +
0.372 (R2 = 0.995), and the LOD was evaluated as
0.0079 mU/mL (3σ/S), indicating that this method exceeds
the detection limit and sensitivity of previously reported
methods (Table S4). Subsequently, several enzymes such as

AChE, ChOx, GOx, TRY, TYR, LYZ, and COD were added
to test the effect on the color system with or without ALP,
and the results are illustrated in Figure 6d. All added en-
zymes did not significantly affect the signal of the reaction
system or interfered with the ALP activity, manifesting an
excellent selectivity. Inspired by the excellent performance
of the colorimetric system for ALP activity, the ALP activity
in diluted serum was further evaluated. Table S5 lists ex-
cellent recoveries ranging from 98.46% to 105.11% with
RSD less than 3.42%, indicating potential for future clinical
diagnosis.
Screening inhibitors are of great significance in drug dis-

covery and development. Here, we took Na3VO4, a classic
inhibitor of ALP, as an example to develop the screening of
inhibitors based on the determination of ALP. As illustrated
in Figure 6e, f, as the concentration of Na3VO4 increases
from 0.1 to 500 μM, we obtained a classical S-shaped curve
of the change between the absorbance at 652 nm and the
logarithmic concentration of Na3VO4. The half-maximal
inhibitory concentration (IC50) value obtained was approxi-
mately 8.36 μM, which is comparable to previously reported
results [49]. This result confirmed the potential of the pro-
posed sensing system for screening inhibitors.

4 Conclusions

In conclusion, FeWO4 nanomaterials with intrinsic perox-
idase activity were prepared through a one-step hydro-
thermal synthesis, and FWO-0.7, with the best catalytic
activity, was selected and successfully applied in the PPi and

Figure 6 (a) UV-vis spectra and (b) absorbance of the FWO-0.7 colorimetric system with different activities of ALP at 652 nm. (c) The fitting linear curve
of absorbance at 652 nm and ALP levels. (d) The effect of other substrates on the UV absorption spectrum at 652 nm with and without ALP, and other
substrate concentrations of 100 mU/mL of GOx, TRY, TYR, LYZ, and COD; 10 mU/mL of AChE and Chox. (e) UV-vis spectra of the FWO-0.7 colorimetric
system with different concentrations of Na3VO4. (f) The IC50 fitting curve of Na3VO4 concentration and inhibition efficiency in the presence of ALP (color
online).
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ALP assays. In detail, FeWO4 nanomaterials with varied
catalytic activities could be obtained by adjusting their size
and oxygen vacancy of FeWO4, and the order of the catalytic
activities was as FWO-0.7 ≈ FWO-0.9 > FWO-0.5 > FWO-
0.3 > FWO-0.1> FWO-0. The kinetic data indicated that the
catalytic activity of the resulting mimetic enzyme exceeded
those of most reported mimetic enzymes. Furthermore, the
reaction mechanism experiments indicated that H2O2 first
bound to the Fe atoms on the FeWO4 nanomaterials, gen-
erating various ROS, which subsequently oxidized TMB to
blue oxTMB. Therefore, a highly sensitive mimetic enzyme-
based sensing platform for ALP and PPi was successfully
established with a low detection limit, and it performed
better than most of the current mimetic-enzyme-based sen-
sors in the determination of ALP and PPi levels. Based on
this, the assay system was further successfully used in real
samples and inhibitor screening experiments. Finally, we
expect that this study will provide new insights and potential
applications for the design of mimetic enzyme materials in
biological analysis.
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