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Abstract

Quantitative detection of alkaline phosphatase (ALP) activity is crucial in clinical diagnosis
and bioanalysis. Herein, we have developed a highly sensitive electrochemiluminescence
(ECL) biosensor that employs a biomimetic zirconia interface as its core sensing platform.
The interface was constructed by immobilizing o-phosphorylethanolamine (PEA) onto
zirconium oxide nanofilms (ZrO2NFs), forming a surface rich in Zr-O-P bonds. This design
mimics phosphate recognition and enzyme-triggered dephosphorylation processes, where
ALP catalyzes the hydrolysis of these bonds, triggering a direct switch in the ECL signal
from Ru(bpy)3

2+-loaded gold nanocage (Ru-AuNCs) emitters. This sensor achieves a
wide linear range of 0.100–100 U/L and a low detection limit down to 0.0899 U/L. Its
practical utility was validated through the accurate detection of ALP in fetal bovine serum
samples, confirming high recovery and reliability. This strategy highlights the potential of
biomimetic zirconia interfaces in developing robust biosensors for early disease diagnosis.

Keywords: ECL biosensing; alkaline phosphatase; Zr-O-P bond; bond cleavage

1. Introduction
Alkaline phosphatase (ALP) is a kind of hydrolase found in human bones, liver, and

other organs, where it catalyzes the hydrolysis of various phosphorylated substances
in the body, such as nucleic acids, proteins and so on. A typical dephosphorylation
reaction catalyzed by ALP involves the reactant, the products, and a phosphate ion (Pi).
There is a lot of evidence that the abnormal expression of ALP is closely associated with
numerous diseases, including bone disease, liver disease, and even prostate cancer [1,2].
For example, the concentration for a normal person is below 190 mU/mL, while the level
for some patients reaches 250 mU/mL [3]. Therefore, accurate determination of ALP
is imperative in biomedical applications and the development of sensitive and reliable
methods for ALP is a significant task. To date, researchers have proposed some methods for
the detection of ALP, including chemiluminescence [4], surface-enhanced Raman scattering
(SERS) [5], colorimetric assay [6], electrochemical methods [7], fluorescent detection [8,9],
electrochemiluminescence (ECL) [10] and so on. Among these, ECL, which integrates the
unique advantages of both electrochemical analysis and chemiluminescence analysis, has
emerged as a powerful analytical technique due to its high sensitivity, fast response time,
low cost, and low background interference [11–14]. It is widely applied in disease diagnosis,
food safety, and environmental monitoring [15,16]. In recent years, the fabrication of
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some sensors for ALP has required the participation of an additional enzyme for signal
amplification [7,17]. However, the detection is limited by the time-consuming and tedious
process and is susceptible to some environmental factors like temperature and pH, and
thus does not meet the demands of point-of-care testing. In addition, the electron transfer
at the electrode interface is also limited. Therefore, the rational construction of electrode
interfaces for efficient electron transfer and signal amplification is desirable.

Metal oxides as electrode modification materials are popular owing to their ability
to improve the specific surface area of the electrodes and enhance the electron transfer
rate [18]. Among these, zirconium oxide (ZrO2) has played a prominent role due to its
excellent biocompatibility and chemical stability [19–22]. Notably, the unique phosphorus
affinity of ZrO2 is a key design concept that is critical to its selection as the substrate for the
biomimetic interface. Our previous research has demonstrated that zirconium (Zr) exhibits
a strong affinity for phosphate-containing groups, enabling efficient and specific recognition
and immobilization through the formation of stable Zr-O-P bonds [23,24]. Interestingly, a
previous study found that ALP can hydrolyze inorganic pyrophosphate (PPi), increasing
the concentration of inorganic phosphate (pi), which is beneficial for mineralization [25,26].
Mimicking this key event, our biomimetic ZrO2 interface is designed to undergo ALP-
triggered hydrolysis of a surface-anchored phosphate ester, leading to a change in the
interfacial properties that can be detected electrochemically. In this work, the core concept
involves using o-phosphorylethanolamine (PEA) as a key hydrolysable molecular bridging
unit. On one hand, its phosphate terminus forms a robust Zr-O-P linkage with zirconium
oxide nanofilms (ZrO2NFs), thereby stably constructing the biomimetic interface. On the
other hand, its phosphoester bond serves as a specific enzymatic cleavage site for ALP.
In the presence of ALP, it catalyzes the hydrolysis of the phosphoester bond in PEA [27],
severing the molecular bridge and precisely triggering the switching of the physicochemical
properties of the interface. So, in this work, the PEA acts as an analogue of PPi, which
contains a hydrolysable P-O-P or P-O-C linkage recognized by ALP. Upon ALP catalysis,
the PEA bridge is cleaved, altering the surface Ru-AuNCs density, generating an analogue
to the pi in the natural system. This change in the chemical state of the interface then
modulates the ECL signal, achieving direct ALP-responsive signal transduction that mimics
the biological phosphate-based regulatory mechanism. This integrated design mimics the
processes of specific recognition, the hydrolysis of phosphate-containing substrates by ALP,
and the associated molecular recognition and signal transduction in biological systems,
providing an innovative interfacial platform for constructing high-performance and highly
selective ECL biosensors.

In a typical ECL system, luminophores, co-reactants, and the electrode interface are
important components. Ru(bpy)3

2+ is a common commercial ECL luminophore owing
to its strong emission signal and recovery ability under cyclic potential scanning [28–30].
Nevertheless, the good solubility of Ru(bpy)3

2 makes it difficult to fix the molecule on
the electrode surface. In our previous work, we found that gold nanocages (AuNCs) can
load more Ru(bpy)3

2+ and produce steady and strong ECL signals [11]. In this work, we
first synthesized the stable and excellent luminophores Ru-AuNCs. Then, ZrO2NFs were
electrodeposited on the glassy carbon electrode (GCE), providing abundant P binding sites,
followed by efficient linking with PEA. Then Ru-AuNCs were fixed onto the electrode
modified by ZrO2NFs and PEA. When ALP is present, the phosphate ester bonds will be
hydrolyzed, leading to the cleavage of Zr-O-P linkages and the detachment of Ru-AuNCs
from the electrode surface. As a result, the increased distance between the luminophore
and the electrode suppresses the electron transfer, decreasing the ECL intensity (Scheme 1).
The fabricated sensor shows a wide linear range of 0.100–100 U/L and a low detection limit
down to 89.9 mU/L, highlighting its proposing potential for early disease diagnosis.
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Scheme 1. Strategy of the ECL biosensor for detecting ALP.

2. Materials and Methods
2.1. Materials and Reagents

Tris (2,2′-bipyridyl) ruthenium dichloride (II) hexahydrate (Ru (bpy)3Cl2·6H2O),
zirconium (IV) chloride oxide octahydrate (ZrOCl2·8H2O), thiol polyethylene glycol
thiol (HS-PEG-SH, Mw ≈ 5000 Da), dopamine hydrochloride (DA), glutathione (re-
duced, GSH), acetic acid (HAC), sodium acetate (NaAC), hydrochloric acid (HCl) and
o-phosphorylethanolamine (PEA) were purchased from Aladdin (Shanghai, China).
Tripropylamine (TPrA), gold trihydrate (III) (HAuCl4·3H2O), polyvinylpyrrolidone (PVP,
Mw ≈ 29,000, 55,000), acetylcholinesterase (AchE), glutathione S-transferase (GST), glucose
oxidase (GOx), bovine serum albumin (BSA), β-galactosidase (GAL), tris(hydroxymethyl)
aminomethane hydrochloride (Tris) and Nafion (D-520 dispersion, 5% w/w in water and
1-propanol, ≥1.00 meq/g exchange capacity) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). ALP was obtained from Machlin. Na2S·9H2O, NaH2PO4, Na2HPO4, K3Fe(CN)6,
K4Fe(CN)6, KCl, NaCl, AgNO3, ethylene glycol and ascorbic acid (AA) were purchased
from Sinopharm (Shanghai, China). Fetal bovine serum (FBS) was purchased from Gibco
(Waltham, MA, USA). All purchased chemicals and solvents were at least analytical-grade
and were used directly in the experiments without any treatment. All ultrapure water was
treated with a Millipore-Q purification system.

2.2. Characterization

The ECL and cyclic voltammetry (CV) data were collected on MPI-A instrumentation
(Xi’an Remax Electronic Science & Technology Co., Ltd., Xi’an, China) with a classic three-
electrode system, which includes a GCE (4 mm in diameter) as the working electrode, an
Ag/AgCl (saturated KCl aqueous) as the reference electrode, and a platinum rod as the
counter electrode. The scanning electron microscope (SEM) images were acquired by a
Nova NanoSEM 450 (FEI, Hillsboro, OR, USA). The transmission electron microscope (TEM)
images were obtained on a H7650 apparatus (Hitachi, Tokyo, Japan) at an accelerating
voltage of 80 kV. The X-ray photoelectron spectroscopy (XPS) spectrum was obtained by
the ESCALAB Xi system (Thermo Fisher Scientific, Waltham, MA, USA). Electrochemical
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impedance spectroscopy (EIS) was carried out by an Autolab potentiostat/galvanostat
PGSTAT302N workstation (Metrohm, Utrecht, The Netherlands) from 0.1 Hz to 100 kHz in
KCl solution (0.1 M) containing a K3Fe(CN)6/K4Fe(CN)6 (5.0 mM, 1:1) as a redox probe
with an amplitude of 0.005 V. Zeta potential analysis was performed using a Nano-Zetasizer
(Malvern instruments, Malvern, UK).

2.3. Synthesis of AuNCs

Firstly, the silver nanocubes (AgNCs) were obtained based on a previously pub-
lished report [11]. Ethylene glycol (6 mL) was heated to 150 ◦C. Then, the Na2S solution
(100 µL, 3 mM) was added and reacted for 10 min. Afterwards, the PVP solution (1.5 mL,
20 mg/mL (Mw ≈ 29,000)) and the AgNO3 solution (0.5 mL, 48 mg/mL) were pipetted
into the mixture. The reaction was conducted in a water bath at room temperature for
10 to 15 min. Then, the mixture was centrifuged for 30 min at 2000 g. Later, the settled
material was washed with water three times and centrifuged at 9000 g for 8 min. Then, the
washed AgNCs were transferred to a scintillation vial and diluted to 4 mL with ultrapure
water. AuNCs were obtained by a galvanic replacement reaction using AgNCs as sacrifi-
cial templates as follows: The as-stored AgNCs dispersion (200 µL) was added into the
PVP solution (10 mL, 1 mg/mL, Mw ≈ 55,000), which was heated, and HAuCl4 solution
(0.1 mM, 1.2 mL) was slowly added for 5 min. After the experiment finished, the solution
was cooled to room temperature, followed by centrifugation at 14,000 rpm for 15 min; it
was then washed 3 times with water.

2.4. Functionalization of AuNCs for Ru(bpy)3
2+ Loading

Ru(bpy)3Cl2 (500 µL, 10 mM) was added to the AuNCs pellet and the mixture was
sonicated for 30 min. Next, HS-PEG-SH (500 µL, 30 mg/mL) was added, and the reaction
lasted for 45 min at 4 ◦C, and then mixture was centrifuged at 12,000 rpm and washed
with water.

2.5. Preparation of the ZrO2NFs-Modified GCE Electrode

The ZrO2NFs were synthesized based on previously published research [31]. The GCE
was polished with aluminum oxide powder (0.3 and 0.05 µm) and was ultrasonicated in
ethanol and water for 1 min, respectively. A ZrO2NFs film was electrochemically deposited
on the GCE by CV with potential scanning between −1.1 and 1.15 V (vs. saturated calomel
electrode, SCE) with a sweep rate of 50 mV s−1 at room temperature for 10 cycles in a
fresh aqueous solution containing 5.0 mM ZrOCl2 and 0.1 M KCl. An inert atmosphere
was maintained by passing N2 over the solution during the experiments. In the whole
experiment, the error bar represents the standard deviation (SD) of measurements.

2.6. Construction of the ECL Biosensor

PEA (20 µL, 30 mg/mL) was dropped on the ZrO2NFs/GCE and incubated at 37 ◦C
for 2 h. Then, Ru-AuNCs (10 µL, 1.0 mg/mL) were added and incubated at 37 ◦C for 1 h.
The obtained Ru-AuNCs/PEA/ZrO2NFs/GCE were incubated with ALP with different
concentrations for 10 min, followed by gentle washing with buffer (PBS, pH 7.4) solution
before testing. For ECL measurement, the ECL biosensor for ALP was carried out in a
quartz cell with 0.1 M buffer solution (pH 8.5) containing 10 mM TPrA as a co-reactant
at room temperature. A voltage of 800 V was recommended for the photomultiplier tube
(PMT), and the continuous potential range was intended to be from 0 to 1.0 V (vs. Ag/AgCl
(saturated KCl aqueous)) at a scan rate of 100 mV/s.
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3. Results and Discussion
3.1. Characterization of ZrO2NFs and ZrO2NF-Modified GCE

SEM was employed to investigate the nature of the ZrO2NFs nanocomposite film.
Figure 1A shows the smooth and flat GCE surface (Figure 1A). The typical SEM images of
ZrO2NFs film (Figure 1B,C) compared with bare ITO (Figure 1A) showed that ZrO2NFs
grew regularly and uniformly and presented nodule-like nanoparticle morphology. In
addition, the CV responses for the formation processes of the formed ZrO2NFs on the GCE
(Figure S1) showed a cathodic peak and the emergence of an irreversible peak at around
0.55 V (vs. SCE), which corresponded to the reduction of water at the electrode surface,
generating OH− and inducing a pH increase. The alkalinity promoted the hydrolysis of
ZrOCl2, leading to the precipitation of ZrO2 on the electrode surface, in which the element
Zr remained at a +4 state during the deposition process [31–33], in which the hydrolysis of
ZrOCl2 could take place as the following equation (1) [32]:

 

Figure 1. (A) SEM of ITO. (B,C) SEM images of the electrodeposited ZrO2NFs onto ITO.
(D–F) High-resolution P 2p, Zr 3d, and O 1s XPS spectra of ZrO2NFs and ZrO2NFs with PEA
(curve a: ZrO2NFs, curve b: background, and curve c: ZrO2NFs with PEA).

ZrOCl2 + H2O = ZrO2 + 2HCl (1)

The connection between the ZrO2NFs and PEA molecules was further characterized
by XPS. Figure 2D–F present the high-resolution P 2p, Zr 3d, and O 1s XPS spectra of
ZrO2NFs and ZrO2NFs connected with PEA. What can be observed is the obvious P 2p
peak for ZrO2NFs/PEA compared with ZrO2NFs (Figure 1D), implying the successful
connection of PEA onto ZrO2NFs. For the Zr 3d spectra for ZrO2NFs and ZrO2NFs/PEA,
the red shift of the Zr 3d peak indirectly indicated the successful combination of ZrO2NFs
and PEA (Figure 1E). The reason for the phenomenon of red shift is mainly due to the
difference in electronegativity. Briefly, the electronegativity of Zr is inferior to that of P, and
the existence of Zr-O-P bonds reduces the electron cloud density at Zr, which impairs the
shielding effect from external electrons and enhances the binding energy. This phenomenon
and the reason behind it were consistent with our previous report [23]. In addition, the
peak at 531 eV for O 1s further verifies the formation of Zr-O-P bonds (Figure 1F) [23,34].
The above characterization demonstrated the successful combination of PEA and ZrO2NFs
in the role of Zr-O-P bonds.
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Figure 2. TEM images of (A) AgNCs, (B) AuNCs, and (C) Ru-AuNCs. (D) The comparison of zeta
potential of AuNCs, Ru(bpy)3

2+, Ru-AuNCs, PEA and PEA/RuAuNCs (n = 3). (E) EIS curves of
the bare GCE (curve a), ZrO2NFs/GCE (curve b), Ru-AuNCs/PEA/ZrO2NFs/GCE (curve c), and
Ru-AuNCs/PEA/ZrO2NFs/GCE with ALP (curve d). (F) The CV curves and ECL responses with
and without ALP.

3.2. Characterization of the Constructed ECL Sensor

TEM was used to characterize the morphology of AgNCs, AuNCs, and Ru-AuNCs
(Figure 2). Figure 2A shows that AgNCs possess a cubic structure with a uniform diameter
of about 45 nm. For AuNCs, Figure 2B displays the unique topology of the hollow structure
with a diameter of about 45 nm. The lattice stripe spacing of AuNCs was 0.232 nm
(Figure 2B insert), which was affiliated with the (111) lattice plane of Au [35]. The above
characterization demonstrates the successful conversion from AgNCs to AuNCs by the
galvanic replacement reaction. The introduction of the Ru element did not change the
structure of AuNCs (Figure 2C), which is consistent with our previous report [11].

To demonstrate the successful connection of each component, Zeta potential measure-
ments were used to characterize the successful fabrication of the ECL electrode interface
(Figure 2D). It showed that the potentials were −19.9 mV, 7.86 mV, and −5.60 mV for
AuNCs, Ru(bpy)3

2+, and Ru-AuNCs, respectively, which manifested that the Ru-AuNCs
were easy to form under the electrostatic interaction due to the opposite potential of AuNCs
and Ru(bpy)3

2+. Subsequently, a strong Au-S bond can form between the thiol group (-SH)
and AuNCs. In addition, SH-PEG-SH can promote the formation of a loop structure,
preventing the aggregation of AuNCs [36] (Scheme S1). For the interaction between NH2

and Ru-AuNCs, it relied on hydrogen bond formation between NH2 and SH-PEG-SH on
Ru-AuNCs [37]. Furthermore, when PEA was linked to Ru-AuNCs, the negative poten-
tial of PEA conferred more negative potential (−11.6 mV) to Ru-AuNCs, which further
demonstrated that PEA was modified on Ru-AuNCs successfully. In addition, EIS is an
essential tool to characterize the interfacial properties of modified electrodes. In the EIS
curves, the semicircle part at high frequency represented the charge transfer resistance
and the line part at low frequency represented the diffusion process [38]. As shown in
Figure 2E, the bare GCE (curve a) showed a low electron transfer resistance (Ret value of
45.0 Ω). When the ZrO2NFs film was successfully electrodeposited on the GCE surface, the
fitted Ret value rose to 352 Ω (curve b), which demonstrated that ZrO2NFs caused blockage
in the electron transfer at the electrode surface. Subsequently, with the modification of PEA
and Ru-AuNCs, the impedance of the electrodes increased to 554 Ω (curve c). Then, after
ALP treatment and washing, the Zr-O-P bonds were broken under the hydrolysis of ALP,
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which caused most of the Ru-AuNCs material to move away from the electrode surface and
led to the impedance of the electrodes decreasing to 400 Ω (curve d). These modifications
indicate that an ECL biosensor has been successfully constructed to detect ALP.

To better investigate the ECL sensor of ALP, ECL and CV performance assessments
were carried out. As shown in Figure 2F, it can be observed that an oxidation peak at about
1.07 V corresponded to the oxidation of TPrA, confirming that ECL emission originated
from Ru-AuNCs and the co-reactant pathway. Understanding the mechanism is imperative
to design efficient sensors. As in our previous work, we found that the ECL mechanism
mainly results from the redox reaction between luminophores and TPrA. In this work,
the luminophores Ru-AuNCs and TPrA are oxidized by losing electrons on the electrode
surface firstly, producing Ru-AuNCs+ and TPrA*+, respectively. Then, deprotonation of
TPrA*+ generated the reduced state (TPrA*), which was used to reduce Ru-AuNCs+ to
achieve the excited state Ru-AuNCs*. Ultimately, the unstable Ru-AuNCs* emitted an ECL
signal from the excited state to the ground state [11]. After ALP treatment, the current
decreased. At the same time, the ECL signal decreased at the introduction of ALP, which is
due to the cleavage of Zr-O-P bonds; this increased the distance between the luminophore
and the electrode and weakened the ECL signal.

3.3. Performance of the ECL Biosensor
3.3.1. Optimization of Experimental Conditions

To improve the sensitivity of the ECL sensors, we optimized the content of Ru-AuNCs,
PEA, and TPrA, and we also optimized the CV cycles of ZrO2NFs, the incubation time and
the pH, as shown in Figure 3. The optimization of Ru-AuNCs concentration was carried out
in 10 mM TPrA using electrodes modified with ZrO2NFs (deposition cycles were chosen as
10) and PEA (30 mg/mL) with ALP incubation time at 10 min, following the variation of
the concentration of Ru-AuNCs from 0.2 to 1.2 mg/mL. It can be seen in Figure 3A that
the concentration of Ru-AuNCs was related to the ECL signal and directly affected the
detection performance of the ECL biosensor, which showed that the intensity of the ECL
response increased with the Ru-AuNCs concentration until the concentration was up to
1.0 mg/mL. When the concentration of Ru-AuNCs was higher than 1 mg/mL, the ECL
signal did not change, which may be due to stacked layers being too thick to block the
interfacial electron transfer [39]. Therefore, the concentration of Ru-AuNCs (1.0 mg/mL)
was chosen. Since the state and quantity of ZrO2NFs film formation on the electrode surface
were influenced by the electrodeposition time [40], we optimized the CV scan cycle number
during the formation of ZrO2NFs film by electrodeposition (Figure 3B). For the optimization
of CV scan cycles, the number of scan cycles varied from 2 to 12 with 1 mg/mL for the
concentration of Ru-AuNCs, 30 mg/mL for PEA concentration, 10 min for incubation time,
and pH 8.5 for the buffer solution containing 10 mM TPrA. The ECL intensity gradually
increased with the increase in cycles until the number of cycles reached 10. When there
were more than 10 cycles, the ECL intensity decreased, which may be because of the
limited electron transfer due to the thickness of the films. So, the number of CV scan cycles
performed for the electrodeposition of ZrO2NFs was 10. The PEA is an important molecule
that played a connecting role in the assembly process of the sensor. Its presence had a direct
effect on the stability of the material connection, and then affected the ECL signal of sensor,
so we also optimized the concentration of PEA. For the optimization of the concentration of
PEA, the experiment was carried out at varied concentrations of PEA from 10 to 35 mg/mL
at scan cycles 10, with a 1 mg/mL Ru-AuNCs concentration, incubation time of 10 min, and
pH 8.5 for the buffer solution containing 10 mM TPrA. The relationship between the ECL
intensity and PEA concentration (Figure 3C) indicated that when the PEA concentration
increased to 30 mg/mL, the ECL intensity gradually increased and eventually became
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constant. So, the concentration of PEA was selected as 30 mg/mL. After the successful
sensor assembly, we needed to co-incubate ALP at different concentrations in the detection
process to enable the sensor to play its role. Insufficient incubation prevents the sensor from
performing fully. The incubation time refers to the process of placing ALP with the sensing
interface Ru-AuNCs/PEA/ZrO2NFs/GCE materials in PBS buffer solution (pH = 7.4) for
a certain period of time. Therefore, we further investigated the co-incubation time of the
sensor with ALP (Figure 3D). For the optimization of the incubation time, the experiment
was performed at varied incubation times from 2 to 12 min, following a concentration of
1mg/mL for Ru-AuNCs, 10 cycles for the CV scan cycles, 30 mg/mL for PEA concentration,
and pH 8.5 for the buffer solution containing 10 mM TPrA. The ECL intensity increased
with the extension of ALP incubation time and remained constant after 10 min. Thus, the
optimum incubation time was 10 min.

 

Figure 3. Optimization of parameters in the ECL biosensor of (A) concentration of Ru-AuNCs,
(B) CV scan cycle of ZrO2NFs film, (C) concentration of PEA, (D) incubation time for ECL measure-
ment, (E) different pH values, and (F) concentration of TPrA (n = 3).

In addition, some measurement conditions of the ALP ECL biosensor were also
investigated. For the optimization of pH, we carried out experiments at different pH values
from 4.5 to 9.5 (the buffer solution at different pH values was adjusted by HAC-NaAC
buffer in the range of 4.5–5.5, PBS buffer in 6.5–8.0, and Tris-HCl buffer when the pH was
over 8, respectively) with a 1 mg/mL Ru-AuNCs concentration, 10 cycles for scan cycles, a
30 mg/mL PEA concentration, a 10 min incubation time, and a 10 mM TPrA concentration.
For the optimization of TPrA concentration, it was performed under the same conditions
as above, except that the TPrA concentration was varied from 2 to 12 mM at pH 8.5. The
effect of pH and TPrA concentration on the ALP ECL biosensor (Figure 3E,F) showed that
the ECL intensity was the strongest when the pH value was 8.5 and the TPrA concentration
was 10 mM. Consequently, a 0.1 M phosphate solution with a pH of 8.5 and 10 mM TPrA
concentration was used throughout the assay.

3.3.2. Detection of ALP with the ECL Biosensor

Under the optimal conditions, the ECL biosensor was used for ALP detection with
different concentrations by measuring ECL responses. The ECL signals (Figure 4A) showed
that the ECL intensity gradually decreased with the increasing concentration of ALP in the
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range of 0.100 U/L to 100 U/L in 0.1 M buffer solution (pH 8.5) containing 10 mM TPrA.
The ECL signals (Figure 4B) showed a good linear relationship with the logarithm of ALP
concentration, while the calibration equation was ∆E = 3.52 × 103 − 2.77 × 103 lg[ALP]
(R2 = 0.998) with a detection limit of 0.0899 U/L (S/N = 3). Here, ∆E = E0 − E1, where E0

was the initial ECL signal without ALP and E1 was the ECL signal response to ALP.

 
Figure 4. (A) ECL values versus different concentrations of ALP ((a) 0, (b) 0.10, (c) 0.25, (d) 1.0, (e) 5.0,
(f) 10, (g) 25, (h) 50, (i) 100, and (j) 150 U/L). (B) Linear calibration plot of ∆E (n = 3). (C) Bar graph
for the specificity of the ECL biosensor for ALP detection: control, ALP (10.0 U/L), GAL (100 U/L),
GOx (100 U/L), GST (100 U/L), AchE (100 U/L), BSA (1 mg/mL), GSH (20 mM), AA (20 mM), and
DA (20 mM) (n = 3). (D) Stability of the ECL biosensor under 10 consecutive cyclic potential scans.

To evaluate its specificity, the ECL biosensor was challenged with various potential
interferents, including four other enzymes (GAL, GST, GOx, and AChE), BSA, and three
small molecules (GSH, AA, and DA). The ECL responses of this ECL biosensor (Figure 4C)
were obtained in 10 U/L ALP, 100 U/L GAL, 100 U/L GOx, 100 U/L GST, 100 U/L AchE,
1 mg/mL BSA, 10 mM GSH, 10 mM AA, and 10 mM DA. The stability of the ALP biosensor
(Figure 4D, with 1.0 U/L ALP) was further tested by performing 10 cycles of continuous
ECL scans. There was no significant change in the ECL peak, and the RSD was 1.23%. All
of these results demonstrated the sensor’s excellent performance with superior selectivity
and stability. In addition, we have compared the sensor’s performance with other detection
methods, as shown in Table 1. From Table 1, it can be seen that the constructed ECL sensor
for ALP detection displayed a wider linear detection range and lower detection limit, which
is in favor of the disease diagnosis in the future.

Table 1. Comparison of the analytical performance of different techniques in ALP detection.

Method Linear Range (U/L) LOD (U/L) Reference

EC 20–100 1.48 [7]
SERS 0.1–70 0.079 [41]

Colorimetry 0.5–8 0.46 [42]
FL 0.1–50 0.075 [43]
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Table 1. Cont.

Method Linear Range (U/L) LOD (U/L) Reference

FL 1–100 0.1 [44]
CL 0.08–5 0.049 [45]

ECL 0.1–6 0.037 [46]
ECL-RET 5–50 0.8 [47]

FL 20–180 2.3 [48]
Chemiluminescence

imaging - 0.039 [49]

ECL 0.100–100 0.090 This work

The detection of ALP in actual samples was an important index with which to evaluate
the analytical performance of the biosensor. As shown in Table S1, 1.00, 3.00, 5.00, 10.0, and
20.0 U/L ALP were spiked into FBS, and the results were in good agreement with the total
amount. The recovery rate of the standard addition was 99.5 -113%, which showed that the
method was applicable for the detection of ALP in actual samples.

4. Conclusions
In summary, a simple and effective ECL sensor for ALP was constructed based on

ZrO2NFs-PEA-Ru-AuNCs biomimetic interface. The fabrication of the ECL sensor was
based on the strategy of the cleavage of Zr-O-P bonds under the hydrolysis of ALP, which
weakens the ECL intensity, showing a wide linear range (0.100–100 U/L) with a low limit
of detection (89.9 mU/L). The sensor displayed superior selectivity and stability and can
be used for the detection of ALP in fetal bovine serum samples with satisfactory results,
demonstrating the potential for disease diagnosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors14040098/s1, Figure S1: Cyclic voltammograms
of 5 mM ZrOCl2 at GCE in 0.1 M KCl aqueous solutions at a scan rate of 50 mV/s (the dotted
line represented the position of the cathodic peak); Scheme S1: (A) Scheme illustration of chemical
structure of SH-PEG-SH and Au. (B) Scheme illustration of the role of SH-PEG-SH on the aggregation
of AuNCs; Table S1: Detection of ALP in FBS (n = 3).
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