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ABSTRACT: When consumed, excess progesterone (P4)—found in food and the
environment—can lead to severe illnesses in humans. Therefore, quantitative analysis
of P4 is critical for identifying its hazardous levels. In this study, a novel signal “on-
amplified-off” P4 detection mode was proposed, which was based on the utilization of
hafnium oxide (HfO,) as a unique electrochemiluminescence (ECL) emitter,
produced by calcining UiO-66(Hf). This is the first time that HfO, has been used as
an ECL emitter. HfO, displayed excellent conductivity and a high specific surface
area, allowing it to connect with numerous aptamers and produce a “signal-on” effect.
Ni-doped ZnO (Ni-ZnO) acted as a coreaction accelerator, enhancing the ECL
strength of HfO, by generating more tripropylamine radicals. cDNA was labeled with

Ni-ZnO, and Ni-ZnO was linked to the aptamer via base complementary pairing,

affording “signal-amplified”. The presence of the target molecule P4 instigated a specific binding process with the aptamer, triggering
the shedding of cDNA-Ni-ZnO and resulting in “signal-off”. This novel “on-amplified-off” strategy effectively improved the
sensitivity and specificity of P4 analysis, introducing a practical method for detecting biomolecules beyond the scope of this study,

which holds immense potential for future applications.

B INTRODUCTION

Progesterone (P4) is a bioactive hormone secreted by the
ovary, but it is also found in the environment and food.' ™ P4
can be present in wastewater, surface water, and food products
such as meat, milk, and eggs owing to the use of P4-based
veterinary drugs in animal husbandry and the excretion of P4
by humans and animals. High concentrations of P4 in the
environment may exert detrimental effects on fish and
amphibians and promote algal growth and eutrophication in
water bodies, disturbing the biodiversity and ecological
stability of aquatic ecosystems. Consuming P4-rich food may
disrupt the production, transportation, and metabolism of
normal endocrine substances in the human body.” Hence,
accurate detection of P4 levels in environmental and food
samples with high sensitivity is crucial.

Aptamers are short oligonucleotide sequences that are
screened in vitro to specifically bind to target molecules such
as proteins or small molecules.”” They offer advantages over
antibodies, including simple chemical synthesis or modifica-
tion, high stability, easy storage, and a wide range of target
recognition.”” Their high affinity and selectivity render them
ideal for numerous applications, including cell imaging, disease
treatment, and biosensor analysis.'~"> An electrochemilumi-
nescence (ECL) aptasensor, created by combining an aptamer
as a recognition module with the ECL technology, offers
superior sensitivity, low background signal, simple operation,
and rapid analysis.'"”'” An ECL aptasensor typically

© 2023 American Chemical Society

7 ACS Publications

immobilizes the aptamer onto an electrode surface and
employs a luminescent molecule to label it. The emergence
of the ECL aptasensor has immensely enhanced the sensitivity
and specificity of analyzing small molecular targets such as
toxins, antibiotics, and hormones.'*~

Recently, hafnium (Hf)—which belongs to the same group
as titanium and zirconijum—has been receiving increasing
attention. Hafnium dioxide (HfO,), the primary oxide of Hf, is
commonlgf used in optical coatings, refractory materials, and
catalysts.””~>> At a nanoscale, HfO, displays improved
properties, such as an enlarged surface area and increased
catalytic activity.”*"*® In this study, a fluorine-containing
organic ligand, tetrafluoroterephthalic acid, was used to
synthesize the metal—organic framework (MOF) material
UiO-66(Hf). This material was subsequently calcined to
obtain HfO,. The resultant HfO, exhibited a large specific
surface area and satisfactory conductivity, crystallinity, and
stability. This is the first study to investigate and report the
ECL properties of HfO,, offering new application prospects for
the development of HfO,.
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The ECL binary system of “luminophore/coreagent”
typically comprises an ECL emitter and a coreagent with
high electrochemical redox activity, enhancing the lumines-
cence intensity and stability of the luminophore.”” ' The
ECL ternary system includes a coreaction accelerator that
interacts with the coreagent to increase the generation of
intermediates, thus boosting the luminescence intensity of the
luminophore through the interaction between the intermedi-
ates.”*° The “coreaction accelerator” concept marks a major
step toward constructing a novel and efficient ECL ternary
system.

In this study, HfO, was used as the substrate material and
the aptamer was connected to this substrate via the Hf—O—P
bonds formed between Hf and phosphate groups.’>”” HfO,
served as the luminophore for generating the initial
luminescence signal (“signal-on”). cDNA was labeled with
Ni-doped ZnO (Ni-ZnO) nanomaterials that were used as
coreaction accelerators. The ECL signal of HfO, was
effectively enhanced after the complementary base pairing of
cDNA with the aptamer (“signal-amplified”). However, the
introduction of target P4 caused the detachment of cDNA
from the electrode, resulting in a reduced luminescence signal
(“signal-off”). The aptasensor built based on the signal “on-
amplified-off” strategy can sensitively detect the P4 content.

B EXPERIMENTAL SECTION

Detailed descriptions of the reagents and materials, apparatus,
and ECL measurement parameters of P4 are displayed in the
Supporting Information.

Preparation of HfO, and HfO,-Aptamer. HfO, was
obtained by calcining the MOF material UiO-66(Hf). First,
UiO-66(Hf) was synthesized on the basis of literature
reports:*® 5 mmol of tetrafluoroterephthalic acid and 5 mmol
of HfCl, were dissolved in a solution of water (30 mL) and
acetic acid (20 mL). The resultant mixture was stirred at 100
°C for 24 h, followed by centrifugation, washing, and drying to
obtain UiO-66(Hf) powder. UiO-66(Hf) was calcined at 700
°C for 4 h in a muffle furnace with a heating rate of 2.5 °C/min
to obtain HfO,. Aptamer solution (1 mL) (10 gmol/L) was
mixed with HfO, and shaken for 12 h. The resulting mixture
was subsequently centrifuged once to obtain HfO,-aptamer.

Preparation of Ni-ZnO and ¢cDNA-Ni-ZnO. The ZnNi-
MOF was synthesized using a method described in previous
literature.” Zn(NO;),-6H,0 (490 mg), Ni(NO;),-6H,0 (95
mg), and 2-methylimidazole (1.23 g) were thoroughly
dissolved in 60 mL of ethanol and stirred at room temperature
for 24 h. Subsequently, the mixture was centrifuged at 13,000
rpm and washed twice with methanol. After drying and
grinding, the resulting light violet precipitate was identified as
ZnNi-MOF. ZnNi-MOF was calcined at 400 °C for 3 h in a
muffle furnace with a heating rate of 2 °C/min to obtain Ni-
ZnO nanomaterials. cDNA solution (1 mL) (10 gmol/L) was
mixed with Ni-ZnO and shaken for 12 h. Subsequently, the
mixture was centrifuged once to obtain cDNA-Ni-ZnO.

Fabrication of the ECL Aptasensor. To prepare the
aptasensor, it was necessary to begin by polishing the bare glass
carbon electrode (GCE) with polishing powder until a mirror
surface was achieved. Prior to oxidation of the bare electrode, 8
uL of HfO,-aptamer was added to the electrode surface and
left to dry for approximately 1 h. Next, 3 uL of BSA (1%) was
dripped on the electrode and rinsed with PBS once the
electrode had dried. Whereafter, 8 uL of cDNA-Ni-ZnO was
dispersed on the modified electrode and allowed to dry for

approximately 1 h. The modified electrode can then be
immersed in different concentrations of P4 solution to enable
full binding of the aptamer to the target. The prepared
aptasensor was ready for subsequent testing (Scheme 1).

Scheme 1. Fabrication Scheme of the ECL Aptasensor

B RESULTS AND DISCUSSION

Characterization of HfO, and Ni-ZnO. The synthesized
nanomaterials were characterized using SEM, TEM, XPS, and
XRD techniques. The SEM images revealed that UiO-66(Hf)
exhibited a large flower-shaped structure (Figure 1A), while

5 1/nm

Figure 1. SEM images of (A) UiO-66(Hf) and (B) HfO,; (C) TEM,
(D) HRTEM, (E) TEM diffraction, and (F) mapping of HfO,.

HfO, obtained after calcination assembled from thinner
nanosheets with a size range of 300—500 nm (Figure 1B).
The mapping diagram of HfO, nanomaterials showed that the
three elements Hf, O, and F are evenly distributed (Figure 1F).
The XRD spectra of Figure 2A confirmed that UiO-66(Hf)
had good crystallinity and was consistent with literature
reports,”® while XRD of HfO, indicated the synthesis of the
monoclinic structure (JCPDS card 34-0104). Furthermore, the
lattice spacing of 0.31 and 0.28 nm in Figure 1D corresponded
to the (—111) and (111) crystal planes of HfO,, respectively.
The crystal planes of HfO, were further analyzed by
diffraction. Figure 1E shows that the diffraction rings of a—f
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Figure 2. XRD of (A) UiO-66(Hf) and HfO, and (B) ZnNi-MOF and Ni-ZnO; (C) N, adsorption—desorption isotherm and pore size
distribution (illustration) of HfO,; XPS spectra of HfO, and Ni-ZnO: (D) Hf 4f, (E) O 1s, (F) F 1s, (G) Zn 2p, (H) Ni 2p, and (I) O 1s.

corresponded to the (011), (—111), (111), (200), (022), and
(—311) crystal planes of HfO,. The N, adsorption—desorption
isotherm of HfO, is shown in Figure 2C. The BET specific
surface area of the synthesized HfO, was 61.63 m”/g, and the
average pore size was 26.59 nm (illustration of Figure 2C).
Meanwhile, Figure 2D exhibits two separate peaks at 16.7 and
18.3 eV in the XPS spectra, which were attributed to the Hf
4t,,, and 4f;,, orbitals, respectively. The two peaks at $30.2
and S31.5 eV in Figure 2E represented the lattice oxygen of
HfO, and surface oxygen, respectively. The peak at 685.9 eV in
Figure 2F corresponded to the F 1s orbital.

The morphology, crystal form, and structure of the
synthesized ZnNi-MOF and Ni-ZnO were analyzed. ZnNi-
MOF was found to be a bulk nanomaterial with an
approximate diameter of SO nm (Figure 3A), while the size
of Ni-ZnO decreased to around 35 nm after calcination
(Figure 3B). Figure 3E reveals a uniform distribution of Zn, Ni,
and O throughout the materials based on the mapping
characterization. The crystal structure of both materials is
tested in Figure 2B, and the XRD results confirmed that the
crystal structure of ZnNi-MOF was consistent with literature.*
The Ni-doped ZnO showed no distinct change compared to
undoped ZnO, indicating a zincite structure (JCPDS card 36-
1451), which was likely due to the low level of Ni doping. The

12186

Figure 3. TEM images of (A) ZnNi-MOF and (B) Ni-ZnO; (C)
HRTEM, (D) TEM diffraction, and (E) mapping of Ni-ZnO.

HRTEM revealed a corresponding relationship between lattice
spacing of 0.28 and 0.25 nm and crystal planes (101) and
(100), respectively (Figure 3C). Moreover, the existence of the
crystal planes (100), (101), (102), (110), (103), and (112)
was confirmed by measuring the diffraction rings a—f (Figure
3D). The utilization of the XPS spectrum on Ni-ZnO
facilitated the determination of surface elemental composition

https://doi.org/10.1021/acs.analchem.3c02861
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Figure 4. (A) ECL intensity of GCE/HfO, in PBS (a) and PBS containing 15 mmol/L TPrA (b), GCE/HfO,/ZnO (c), and GCE/HfO,/Ni-ZnO
(d) in PBS containing 15 mmol/L TPrA; (B) ECL emission spectrum and (C) PL spectrum of HfO,; (D) DPV curves of GCE/HfO, in PBS (a),
bare GCE (b), and GCE/HfO, (c) in PBS containing 15 mmol/L TPrA; (E) DPV curves of bare GCE (a) and GCE/Ni-ZnO (b) in PBS
containing 15 mmol/L TPrA; (F) UV—vis diffuse-reflectance spectra of ZnO (a) and Ni-ZnO (b).

as well as the chemical structure.*® In Figure 2G, the presence
of Zn*" was confirmed by the two peaks at 1021.8 and 1044.9
eV corresponding to Zn 2p;;, and Zn 2p;,, respectively.
Meanwhile, Figure 2H shows that the peaks observed at 856.3
and 872.9 eV represented the Ni 2p;,, and Ni 2p,/, orbits,
respectively. In Figure 21, the lattice oxygen of Ni-ZnO and the
surface oxygen were distinguished by the peaks observed at
530.6 and 531.7 eV, respectively.

Mechanism Investigation of ECL and Amplification.
The main signal output of the constructed aptasensor comes
from the HfO, luminophore. Therefore, the luminescence
mechanism of HfO, had been studied and discussed. The
luminescence of ECL emitters typically involves two pathways:
annihilation type and coreactant participation type.*"** To
investigate the luminescence type, HfO, modified electrodes
were preliminarily tested in both PBS and PBS containing
coreactant. At a potential range of —1.3 to 1.3 V, the orderly
ECL emission of HfO, using PBS as the electrolyte had not
been observed, indicating that the ECL emission of HfO, was
not carried out through an annihilation pathway (Figure 4A,
curve a). Subsequently, the potential was adjusted to 0—1.3 'V,
and an ECL test was conducted on the modified electrode with
tripropylamine (TPrA) as a coreactant. The experimental
results demonstrated a noteworthy enhancement in the ECL
emission of HfO, (Figure 44, curve b). The ECL emission
spectrum (Figure 4B) and photoluminescence (PL) spectrum
(Figure 4C) of HfO, were measured, and the PL spectrum
exhibited a redshift of 360 nm in comparison to the ECL
emission position situated at 650 nm. This observation
suggested the surface state emission of HfO,.* The oxidation
state of the HfO, modified electrode in different solutions was
investigated. As shown in Figure 4D, the electrochemical
properties of HfO, were evaluated by performing differential
pulse voltammetry (DPV) in PBS with and without TPrA.

12187

Under a scanning voltage of 0—1.3 V, HfO, exhibited a peak
potential of 0.637 V in PBS without TPrA (curve a). The bare
electrode showed an oxidation peak at 0.748 V in PBS
containing TPrA (curve b). When the GCE/HfO, was tested
in PBS containing TPrA, two peaks corresponding to the
oxidation of HfO, and TPrA were observed (curve c), along
with an obvious increase in the oxidation current. The
experimental results provided positive evidence supporting
the ECL mechanism of HfO,. Drawing upon experimental
observations and prior research, the ECL mechanism of HfO,
had been postulated.**** Specifically, when a positive potential
was applied to the electrode, the loss of electrons from TPrA
and HfO, yielded TPrA* and HfO,", respectively (eqs a and
b). The former was subsequently deprotonated to engender
TPrA free radicals, denoted as TPrA® (eq c). The interaction
between TPrA® and HfO,* culminated in the production of
excited state HfO,* (eq d), with ECL emission being realized
during the ensuing transition of HfO, from its excited state
back to the ground state (eq d).

TPrA — e — TPrA" (a)
HfO, — e - HfO," (b)
TPrA" — HY — TPrA (c)
HfO,* + TPrA — HfO,* (d)
HfO,*—~HfO, + hv (e)

The aptasensor was equipped with a signal amplification
mechanism to ensure or enhance its sensitivity, thus requiring a
thorough investigation into the ECL amplification mechanism.
The ECL signals were tested for GCE/HfO,, GCE/HfO,/
ZnO, and GCE/HfO,/Ni-ZnO modified electrodes. Figure 4A
shows that the ECL signal of HfO, was amplified from 5000
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Figure S. (A) CV curves of HfO, with the scanning rates from 60 to 380 mV/s; (B) calibration curve of reduction peak current I, and the square
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concentration of (G) TPrA, (H) HfO,, and (I) Ni-ZnO.

a.u. (curve b) to approximately 8000 a.u. (curve c) by undoped
ZnO, while the Ni-ZnO modified electrode yielded an ECL
intensity increase up to about 16,000 a.u. (curve d). The
oxidation potential of TPrA was measured using DPV (Figure
4E). The bare electrode displayed an oxidation peak at
approximately 0.5 V with a maximum value of 0.748 V. After
modification with Ni-ZnO, the oxidation potential of TPrA
was reduced by 0.022 V and the current value notably
increased. Therefore, it was speculated that Ni-ZnO can
facilitate the oxidation of TPrA, thereby increasing the ease of
oxidation and production of TPrA free radicals.*® Furthermore,
the bandgap energy (Eg) of ZnO and Ni-ZnO was determined
and calculated (Figure 4F). Notably, when contrasted with
ZnO, the E, of Ni-ZnO was narrowed by 0.18 eV, thus
implying that Ni-ZnO was more susceptible to electronic
transitions. Once the internal electrons in Ni-ZnO transitioned
from the valence band to the conduction band, the electrons
produced in the TPrA oxidation reaction reacted with the
holes, thereby facilitating the oxidation reaction of TPrA and
promoting the production of a greater abundance of free
radicals.”’

ECL Efficiency of the Luminophore. The ECL efficiency
of the luminophore was evaluated employing [Ru(bpy);]** as
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the benchmark according to the reported method.*
Subsequently, the relative ®@gc; was determined utilizing the
following formula:

Dy, = (I)OECL(IQOf/QfIO)

The aforementioned ®%;; corresponded to the ECL
annihilation efficiency of 1 mmol/L [Ru(bpy);]** in 0.1
mol/L TBAPF/acetonitrile and yields a value of 5.0%. The
parameter @ value was determined by examining the
luminophore in PBS containing 15 mmol/L TPrA (pH = 8.0)
at a potential of 0—1.3 V. I and Q; indicated the ECL intensity
and corresponding Faraday charges of the luminophore,
respectively, whereas I° and Q' stood for the ECL intensity
and corresponding Faraday charges of [Ru(bpy);]**. Based on
the above methodology, the calculated ECL efficiencies for
HfO, and HfO,/Ni-ZnO were 1.1 and 4.6%, respectively,
demonstrating that the loading of Ni-ZnO effectively
heightened the ECL efficiency of the luminophore.

Characterization and Optimization on the Aptasen-
sor Construction Process. The electrochemically active area
of the substrate material served as a critical indicator in the
construction of the aptasensor. The cyclic voltammetry (CV)
of HfO, was conducted at different scanning rates ranging
from 0.06 to 0.38 V/s (Figure SA,B). Analysis and calculations
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Figure 6. (A) Linear relationship between the logarithm of P4 concentration and ECL intensity; (B) ECL intensity for a range of P4 concentrations
(0.001, 0.01, 0.1, 1, S, 10, 50, 100, and 200 ng/mL); (C) 7 days’ stability of the aptasensor with different P4 concentrations; (D) specificity of the

aptasensor.

of the results revealed that the electrochemically active area of
HfO, reached 0.4012 cm? which was observably greater than
the 0.1256 cm? of the bare electrode (® = 4 mm). This
observation underscored the ability of HfO, to enhance
aptasensor sensitivity via its increased capacity to accom-
modate more aptamers.

To ensure the successful assembly of the aptasensor, a
combination of electrochemical impedance spectroscopy (EIS)
(Figure SC), CV (Figure SD), and ECL (Figure SE) tests were
employed. The bare electrode exhibited excellent conductivity,
which resulted in low impedance and high current (curve a).
However, due to the absence of the luminophore, the ECL
signal was negligible (curve a). Upon modification of the
electrode with HfO,-aptamer, the resistance increased while
the current decreased (curve b). Meanwhile, the ECL signal of
approximately 4000 a.u. was observed (curve b). The addition
of BSA resulted in a reduced conductivity and ECL signal
(curve c). Subsequent modification of the electrode with
cDNA-Ni-ZnO further attenuated the conductivity (curve d).
However, the Ni-ZnO as a coreaction accelerator observably
amplified ECL emission of HfO, (curve d). Finally, the
addition of target P4 triggered the detachment of some cDNA-
Ni-ZnO from the electrode, leading to a slight change in the
conductivity and a notable decrease in the ECL signal (curve
e). Taken together, these experimental findings serve as strong
evidence to confirm the successful construction of the
aptasensor.

To achieve the optimal detection performance of the
aptasensor for P4, various experimental parameters, including
the pH (Figure SF) of PBS and the concentration of TPrA
(Figure SG), HfO, (Figure SH), and Ni-ZnO (Figure SI),
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were optimized through multiple parallel tests. Ultimately, the
aptasensor was constructed using 10 mg/mL HfO, and 5 mg/
mL Ni-ZnO, with the detection solution consisting of PBS
containing 15 mmol/L TPrA at pH 8.0.

Performance of the ECL Aptasensor. The performance
of the aptasensor in detecting P4 is of crucial importance. As
depicted in Figure 6B, the aptasensor response was evaluated
for a range of P4 concentrations. The results indicated that the
aptasensor assembled using varying concentrations of P4
(0.001—200 ng/mL) demonstrated remarkable stability
following multiple scans. Furthermore, the elevation in the
P4 concentration led to an increased detachment of DNA-Ni-
ZnO from the electrode, thereby causing a gradual decline in
the signal value of the aptasensor. Based on calculations and
fitting, the linear correlation was observed between the
logarithm of P4 concentration and ECL intensity, as evidenced
by the linear equation I = 9549.53—1890.3 lg ¢ (R* = 0.9770)
(Figure 6A). The aptasensor demonstrated a remarkable
sensitivity with a minimum detection limit of 0.39 pg/mL.
To thoroughly assess the analytical capacity of the developed
aptasensor for P4, a comparative analysis was conducted with
previously reported methods. The results illustrated in Table
S1 demonstrated that our method exhibited a broad linear
range and a lower detection limit, highlighting its exceptional
performance for P4 analysis. Additionally, the aptasensors
fabricated with five distinct concentrations of P4 displayed
excellent stability within a period of 7 days (Figure 6C). To
assess the specificity of the aptasensor in detecting target P4
(10 ng/mL), DES (100 ng/mL), E3 (100 ng/mL), and E2
(100 ng/mL) were employed as interference factors. Five
identical electrodes were utilized for detecting diverse target
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substances, and the outcomes confirmed the superior
specificity and repeatability of the aptasensor (Figure 6D).

Sample Analysis. The detection capability of P4 in both
environmental and food samples holds equal importance for
the aptasensor. In this study, spiked recovery methodology was
utilized to evaluate the analytical performance of the samples.
Pre-treatment was not necessary for tap water. For milk
samples, 5 mL of milk was diluted with 90 mL of PBS and §
mL of 18 mmol/L CaCl, was added for thorough blending.
The supernatant of the mixture after centrifugation (6000 rpm,
10 min) was collected. P4 standard solutions with varying
concentrations were added to both tap water and milk samples.
As indicated in Table S2, no content of P4 was detected in the
samples without the addition of P4 standard solutions. The
sample recovery rates for standard solutions with concen-
trations of 10 pg/mL, 1 ng/mL, and S ng/mL P4 were found
to be between 97.0 and 103%, with an RSD between 2.4 and
4.9%, which demonstrated the high potential of the aptasensor
for detecting P4 in environmental and food samples.

B CONCLUSIONS

Herein, HfO, was developed as a novel ECL emitter for the
first time, with a comprehensive investigation of its
morphology, performance, and luminescence mechanism. A
novel aptasensor construction strategy based on the ECL
emitter HfO, was presented, referred to as signal “on-
amplified-off”. HfO, was used as a luminophore for the
“signal-on” phenomenon, and Ni-ZnO served as the coreaction
accelerator for the “signal-amplified” response. The introduc-
tion of the target molecule P4 caused the detachment of Ni-
ZnO, resulting in a “signal-oft” response. This newly developed
sensing strategy demonstrated high sensitivity and specificity in
detecting P4, indicating promising potential for its application
in environmental and food samples.
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