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ABSTRACT

Precise screening of ATP has become an issue of paramount significance for biochemical research and clinical diagnosis. Herein, a

facile electrochemical sensing strategy was developed based on the one-step hydrothermal synthesis method of ALP-encapsulated

MOFs (ALP@ZIF-90) composites using zeolitic imidazolate framework-90 (ZIF-90) as the support to realize the sensitive detection

of ATP. The controlled-release sensing system is based on the dissolution of ALP@ZIF-90 composite that can respond to ATP,

resulting in the unlocking of the pore to release ALP molecules. Then, the ALP molecules triggered the hydrolysis of p-nitrophenol

phosphate, generating a strong diffusion current. The stimulus-responsive nanoprobes can enable sensitive detection of ATP

targets with an ultralow detection limit of 0.39 pM(S/N = 3). Its practical application potential was verified by detecting ATP

in serum samples with a standard addition method. The concept proposed in this work could be further extended to an accurate
early diagnosis of tumors and demonstrates significant potential for the detection of future biomarkers.

1 | Introduction

Adenosine triphosphate (ATP), composed of adenosine and three
phosphate groups, can serve as the direct source of energy
required for life activities [1-3]. Monitoring ATP provides impor-
tant information for disease prevention and chronic disease treat-
ment, which can effectively reduce the occurrence of diseases
and increase the cure rate of patients. Detecting abnormal ATP
concentration is distinctly important for a series of diseases such
as hypertension, cardiovascular diseases, Parkinson’s syndrome,
and inflammation [4-8]. It is thus of great reference value to
detect ATP for biochemical research and clinical diagnosis [9-11].
The usual analytical methods for ATP include mass spectrometry
(MS), high-performance liquid chromatography (HPLC), and
enzyme-linked immunosorbent assay (ELISA) [12-14]. How-
ever, these traditional methods commonly involve complicated
pretreatments, expensive instrumentation, and time-consuming
operations, which hardly meet the requirements of the detection

© 2025 Wiley-VCH GmbH

sensitivity. More importantly, it is difficult to distinguish ATP
from analogs such as CTP, which may eventually influence the
results [15, 16]. Undoubtedly, it needs more focus to establish a
rapid and sensitive method for the detection of ATP.

Metal-organic frameworks (MOFs), a class of crystalline porous
materials composed of metal ions and organic ligands, have
attracted researchers’ attention. Compared with other materials,
they are given the properties of large specific surface area,
abundant metal active sites, and convenient modification [17-
21]. These properties make MOFs suitable for various fields
such as separation, gas adsorption, energy storage, and catalysis
[22-24]. Tt cannot be ignored that the structural properties of
MOFs contribute to the sensitivity of MOF-based electrochemical
sensors. As is well known, the pore environment is an important
factor affecting the mass transfer rate of the substrate and has
a decisive effect on the sensitivity of sensors [25-28]. The large
specific surface area makes it possible to increase the contact
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SCHEME 1 |

probability between analytes and the active sites, leading to
the enhancement of the sensing signal and improving sensor
performance. Meanwhile, the large pore volumes are of great
importance to load a large number of molecules, which is a
significant factor concerning the rate of mass transfer and is
decisive for detection sensitivity. Consequently, the following
characteristics of MOFs make them ideal carriers to load small
molecules, enzymes, and other nanomaterials for biosensing [29-
32]. For example, Xie et al. reported Fe-MIL-88 as a carrier for
loading hemin and glucose oxidase, achieving a cascade catalysis
for thrombin detection with a low detection limit of 0.068 pM
[33]. Au nanoparticle@ZIF-8(NiPd) with intrinsic peroxidase-like
activity was used as a signal probe and promising nanocarriers
for biomarker detection by Zhang et al., achieving a catalysis
for H,0O, reduction with a low detection limit of 15 fM [34].
Furthermore, MOFs can serve as potent carriers to accommodate
guest molecules, which can then be released controllably through
external unique physical and chemical stimuli. For instance, ZIF-
90 is a type of MOF formed by self-assembly of Zn?** and imidazole
acid-2-carboxylic acid (2-ICA) [35]. By taking advantage of its
responsiveness to ATP, the ZIF-90 degrades due to the compet-
itive coordination between ATP and Zn?*" of nanoparticles [36,
37]. Therefore, encapsulation of ZIF-90 and stimulus-responsive
release of guest molecules have become a promising strategy in
the construction of an ATP biosensing system.

Inspired by these, a sensitive and reusable electrochemical
biosensing platform was designed for monitoring ATP, relying on
combining ATP-responsive material with catalytic hydrolysis of
ALP. Herein, a one-pot self-assembly method was employed to
encapsulate phosphatase (ALP) into ZIF-90 to form ALP@ZIF-90
composites. The as-prepared ALP@ZIF-90 nanoparticles were
directly employed for the construction of the ATP sensing system,
where ZIF-90 was employed to enable selective ATP recognition.
When ALP was introduced, the competitive synergistic effect of
ATP and Zn*" led to the decomposition of ZIF-90 (Scheme 1).
Therefore, the hydrolysis activity of ALP was reactivated, fur-

Schematic illustration of ALP@ZIF-90 development and its application for ATP bioanalysis.

ther catalyzing p-nitrophenol phosphate (p-NPP) to form the
electroactive p-nitrophenol [38]. The concentration of ATP can
be directly quantified by monitoring the electrochemical signal
of p-nitrophenol without extra recognition and amplification
elements. Based on this strategy, the electrochemical biosensing
platform exhibits a wide linear range of 1 x 1071 x 10> M
with a low limit of detection of 0.39 pM, which is far superior to
those of the reported sensing systems. The detection of ALP in
real serum samples can also be achieved, and it has an acceptable
level of accuracy. The concept proposed in this work could be
further extended to an accurate early diagnosis of the tumor
and demonstrated significant potential for the detection of future
biomarkers.

2 | Experimental Section

2.1 | Materials and Instruments

The chemicals used in this study are as follows: imidazole-
2-formaldehyde (2-IAC), phosphatase (ALP), adenosine
triphosphate  (ATP), p-nitrophenol phosphate (p-NPP),
Zn (CH;COO),, adenosine diphosphate (ADP), adenosine
monophosphate (AMP), bovine serum albumin (BSA) and
glucose were purchased from Shanghai Macklin Biochemical
Technology (Shanghai, China). N, N-Dimethylformamide
(DMF), HCl, and NaOH were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

All chemical reagents were of analytical grade and used as
received without further purification. In these experiments,
phosphate-buffered saline (0.1 M PBS, pH 9.0) was employed as
the working buffer. Doubly distilled water was used throughout
the work.

The morphology of the as-prepared sample was characterized
by transmission electron microscopy (TEM, JEM-F200, Japan).
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Powder X-ray diffraction (PXRD) patterns were conducted on
a Germany Bruker D8 Advance X-ray powder diffractometer
using Cu Ka radiation (1 = 1.5418 A). Fourier transform IR
(FT-IR) spectra were recorded in the range of 4000-500 cm™!
using KBr pellets on a Bruker Vertex 70 FI-IR (Germany).
Differential pulse voltammetry (DPV) measurements were per-
formed on a CHI660E electrochemical workstation (Shanghai
Chen Hua Instrument, China) by using a platinum wire as the
counter electrode, a saturated calomel electrode (SCE) as the
reference electrode, and the modified glassy carbon electrode
(GCE, @ = 3 mm) as the working electrode.

2.2 | The Preparation of ZIF-90

ZIF-90 was synthesized on the basis of a previously reported
method with minor modifications [39]. Briefly, 48.1 mg of 2-ICA
in 10.0 mL DMF was vigorously stirred for 15 min. Thereafter,
54.8 mg of Zn (CH;COO), in 5.0 mL DMF was slowly added
to the solution, and the final solution was stirred continuously
for 15 min. The obtained products were washed with DMF and
ultrapure water via centrifugation (10,000 rpm, 5 min). Finally,
the obtained nanoparticles were dispersed in ultrapure water
(2 mg mL™). Yield: 59.5% (based on Zn?").

2.3 | The Preparation of ALP @ZIF-90

ALP @ZIF-90 was synthesized on basis of a previously reported
method with minor modifications [40]. To fabricate ALP@ZIF-
90, 5 mL of 1 mg mL~'ALP was added to 1 mL of 0.1 mol L 7! 2-IAC
with continuous stirring, and then Zn (CH;COOH), was added to
the mixture, which was stirred for 15 min in an ice bath. Following
that, the ALP@ZIF-90 products were washed three times via
low-temperature centrifugation and dispersed in ultrapure water.
Finally, the prepared composites were washed with sodium
dodecyl sulfonate to remove unencapsulated enzyme from the
solution and yield pure ALP@ZIF-90 nanocomposites. (2 mg
mL™). Yield: 49.5% (based on Zn**).

2.4 | Detection of ATP

The fabrication process of the electrochemical biosensor involved
three steps. First, 2 mL of varying concentrations of ATP (1 x 107,
1x10M1x10%°,1%x107° 1x108 1x107,1x 10°° M,
1 x 10~ M) were added to the 1 mL ALP@ZIF-90 solution and
allowed to incubate for 5 min. After centrifugation at 10000 rpm,
2 mL of 1.0 mM p-NPP solution was added to the above solution
and incubated at room temperature for 10 min. Ultimately, the
supernatant was exposed to DPV measurement.

3 | Results and Discussion
3.1 | Principle of the Electrochemical
Modification Method

The as-prepared ALP@ZIF-90 nanoparticles were directly
employed for the construction of an ATP sensing system, where
ZIF-90 served as a host. As illustrated in Scheme 1, this sensing

system also contained ATP as the recognition component. Once
the target analyte, ATP, was introduced into the solution, it
decomposed ZIF-90 due to the fact that the phosphate group and
adenosine group in ATP have stronger coordination with Zn**
than the iminazole group in 2-ICA, leading to the breakdown of
ALP@ZIF-90 nanoparticles. Then, the ALP molecules would be
released and further trigger the hydrolysis of p-NPP, generating a
strong diffusion current. On the contrary, in the absence of ATP,
because of the electrical insulation of ZIF-90, the “locked” ATP
molecules in the ALP@ZIF-90 composites produced a very weak
electrochemical signal. Based on the ATP-responsive MOFs
composites, the electrochemical determination of ATP with good
selectivity, sensitivity, and anti-interference ability was readily
achieved.

3.2 | Characterization of Synthesized ALP
@ZIF-90

The ALP @ZIF-90 nanoparticles were obtained through a one-
step reaction, which introduced ALP to Zn?**and 2-ICA mixed
solution. The structure and morphology of ZIF-90 and ALP
@ZIF-90 nanoparticles were characterized by PXRD, TEM, and
FT-IR. X-ray diffraction (XRD) characterizations were shown in
Figure 1a; the diffraction peaks match well with the prepared
ZIF-90 and simulated pure ZIF-90, implying the successful
preparation of ALP@ZIF-90. Moreover, the XRD peaks of ALP
in the pattern of ALP@ZIF-90 were not observed, further proving
that ALP was wrapped inside the ZIF-90 rather than physically
adsorbed on its surface. In addition, from the FT-IR spectra, in
comparison to ZIF-90, ALP@ZIF-90 displayed new peaks at 1029
and 789 cm™, which were attributable to ALP. All of the above
adequately proved the successful preparation of ALP @ZIF-
90. TEM and energy-dispersive X-ray spectrometer (EDS) were
used for further characterization. As shown in Figure 2b,c, the
obtained ZIF-90 and ALP @ZIF-90 showed a uniformly dispersed
structure with an average diameter of 100 nm. Moreover, the N,
Zn, C, and O elements were uniformly distributed in the ALP
@ZIF-90 nanoparticles (Figure 2d). The above obtained results
indicated that ALP molecules were successfully encapsulated in
the framework of ZIF-90, and exhibit promising potential for
application in the determination of ATP.

3.3 | Optimization of Detection Conditions

To establish the validity of the MOFs-based homogeneous electro-
chemical strategy, DPV responses of the ALP@ZIF-90 composites
under different experimental conditions were monitored and
shown in Figure 3. Because the amount of ALP directly affected
the DPV signals, we investigated the incubation time of ATP.
As shown in Figure 3a, the DPV signals rose with increasing
incubation time, demonstrating that more ALP molecules can
be released from the pores of ZIF-90. When the incubation
time was extended from 5 to 7 min, the DPV signals leveled
off. So, 5 min was utilized as the optimal incubation time
of ATP. Another important aspect to be investigated was the
concentration of p-NPP, seven different p-NPP concentrations
(0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 mM) were studied. From
Figure 3b, the peak current rose significantly as the p-NPP
concentration increased from 0.2 to 1.0 mM. Subsequently, the
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FIGURE 1 | PXRD patterns (a) and FT-IR spectra (b) of ZIF-90 and ALP@ZIF-90.
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FIGURE 2 | Particle size distribution diagram of ZIF-90 (a) TEM images of ZIF-90 (b) and ALP@ZIF-90 samples (c). EDS mapping images of
ALP@ZIF-90 and the corresponding distribution of C, N, O, and Zn elements (d).

addition of p-NPP from 1.0 to 1.4 mM caused the peak current
to gradually decrease. Therefore, 1.0 mM was set as the optimal
p-NPP concentration. Optimization of the reaction time of ALP
catalysis is shown in Figure 3c. By comparing the strength of
the peak signal, it was found that the peak current remarkably
increased with the reaction time increased from 5 to 10 min,
and then stabilized after 10 min, probably because the ALP
incubation was almost completed at 10 min. Accordingly, 10 min
was chosen as the best reaction time of ALP catalysis for further
testing. Additionally, the pH of the buffer is essential to evaluate
the sensitivity of the biosensors as the bioactivity of the ALP
depends on the pH of the solution. Figure 3d showed the
relationship between the DPV currents with the pH of PBS
from 5 to 10, the largest response current was obtained at pH
9. Hence, an optimum pH of 9 was adopted for the following
experiments. Eventually, 5 min ATP incubation time, 1.0 mM of
p-NPP concentration, 10 min ALP catalysis time, and pH 9.0 of

PBS substrate were determined to be the optimal parameters for
sensing experiments.

3.4 | Analytical Performance of Constructed ATP
Biosensor

Temperature directly dominates the catalytic activity of ALP,
affects the sensing signal production, and further decides the
detection limit and performance of the sensor. Before testing,
the relationship between inhibition effect and incubation tem-
perature of ALP was explored. From Figure S1, the response
rapidly enhanced with the incubation time was increased to
37°C, then the peak current levels off, suggesting that 37°C
is the optimum incubation temperature. Under the optimized
conditions, the effect of ATP on the analytical response of the
assembled biosensor is examined by DPV. As shown in Figure 4a,
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the oxidation peak current signals at about 0.9 V increased
successively with increasing the concentration of ATP from
1x 107 to 1 x 107 M, which could be attributed to the sensing
principle that more target ATP triggered the release of more
ALP. Obviously, the proposed ATP sensor exhibited outstanding
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(a) DPV responses of the sensor to different concentrations of ATP, (b) The corresponding calibration plot for ATP detection.

electrochemical sensitivity. As can be seen from Figure 4b, a good
linear dependence between the peak current and the logarithm
of ATP concentration (lgc) is obtained with a low detection of
0.39 pM according to the 3o rule, and the equation for the linear
regression was y = 2.366 lgc + 1.458 (R* = 0.998). According to
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FIGURE 5 | (a) Stability test of the developed biosensor incubated with 107> M ATP for intermittent DPV scanning (n = 8), (b) Reproducibility of

the proposed biosensor incubated with 107> M ATP, (c) DPV responses of the sensing system with the interfering substances (10~ M).

the comparison with reported electrochemical detection or other
methods compared with the obtained sensor in Table Sl1, the
proposed biosensor exhibited promising detection performance
with a satisfactory LOD and a favorable linear range. The high
performance may result from ZIF-90’s porous structure and one-
step preparation strategy, increasing the loading of ALP. More
exactly, the strong ability to recognize ATP could increase the
concentration of released ALP when only a small amount of ATP
is added.

Overall, this ALP@ZIF-90-based biosensor possessed apparent
advantages of simple operation, fast analysis, and low price, and
therefore it was regarded as a more popular tool for ultrasensitive
analysis of ATP, favoring the rapid, early, and accurate diagnosis
of ATP-related diseases.

3.5 | Stability, Reproducibility, and Selectivity of
Proposed ATP Biosensor

For the study of the stability of the proposed biosensor, the sensing
platform was checked under consecutive DPV tests for 8 times for
intermittent DPV scanning after being treated with 10> M ATP.
As shown in Figure 5a, the DPV response remains stable at about
17 pA with a relative standard deviation (RSD) 0f1.84%, suggesting
an excellent operational stability of the MOF-based biosensor.
Moreover, six different ALP@ZIF-90 biosensors were prepared
using the same process. The current responses of the biosensor
were recorded in 0.1 M PBS (pH = 9.0) towards 1 x 10> M
ATP after being treated with 2 mL 1.0 mM p-NPP solution. The
RSD of intra and inter-assays are found to be 2.35% and 3.07%,
respectively, indicating a desirable reproducibility of the proposed
biosensor (Figure 5b).

Selectivity study is another requisite criterion for actual sample
detection. To further study the stability, a range of common
interfering substances in the actual sample detection, includ-
ing ADP, AMP, glucose, BSA, and CEA, were evaluated. The
concentration of ATP was 1 X 10> M, and the concentration
of all these interferences was 1 X 107* M. As illustrated in
Figure 5c, in the presence of ATP, the electrochemical signal
with the interfering substances exhibited a very limited response

TABLE 1 | Recovery tests of ATP detection in serum samples.

Added
Samples (pM) Found (pM) Recovery (%) RSD (%)
1 10.00 9.91 99.10 3.24
2 100.00 97.94 97.94 2.98
3 1000.00 996.64 99.66 3.12
4 5000.00 5034.72 100.69 3.13
5 10000.00 9995.39 99.95 1.94

compared with ATP alone. Furthermore, the intensity of the
sensor was almost unchanged after the addition of interfer-
ing substances coexisting with ATP, indicating that the above
substances have little effect on the detection of ATP. Besides,
metal ions, including Co**, Ni**, Fe?*, Mn?**, Zn?*, and K*, were
employed to check the sensing performance of the as-synthesized
biosensor. In the presence of ATP, the biosensor system with
metal ions showed a negligible current change when compared
to ATP (Figure S2). Moreover, when ATP and all the interferences
were mixed in the solution, the DPV current responses were
almost identical to those from only ATP. The results demonstrated
that the possible interfering substances did not cause interfer-
ence in the ATP assay, and the biosensor exhibited enhanced
selectivity.

3.6 | ATP Determination in Serum

To validate the efficacy and precision of the proposed ATP sensor
for real sample analysis, different concentrations of ATP were
added to real serum samples (100-fold diluted), which were
provided by Shenyang Medical College. As shown in Table 1, the
recoveries ranged from 97.94% to 100.69% and the RSDs were in
the range of 1.94-3.24 for the electrochemical technique, which
confirmed that the sensor demonstrates satisfactory performance
and can effectively detect ATP in serum samples, demonstrating
a workable application prospect of the ATP detection in clinical
samples.
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4 | Conclusions

In summary, this work proposed an electroanalytical method
based on the one-step hydrothermal synthesis method of ALP-
encapsulated MOFs composites to realize the sensitive detection
of ATP. In this strategy, it is confirmed that the composites could
be easily disintegrated in the presence of ATP, which conse-
quently contributed to the release of numerous ALP molecules
for generating detectable electrochemical signals.

The ALP@ZIF-90-based sensing system has the advantages of
simple preparation, high stability, rapid response to the target,
and good selectivity, which exhibits a wide linear range of
1 x 1072-1 x 10~ M and a very low detection limit of 0.39 pM,
far superior to those of the reported sensing systems. Moreover,
this strategy was also successfully applied for ATP determination
in real samples, demonstrating a promising prospect in clinical
diagnosis.
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