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A B S T R A C T

17β-Estradiol (E2) is a common environmental estrogen that can interfere with the endocrine systems of humans 
and animals, and poses a carcinogenic risk even at picomolar concentrations. In this study, a functionalized Ru 
(bpy)3

2+-embedded metal-organic framework (ZnRuMOF) is synthesized, in which Ru(bpy)3
2+ served as an 

electrochemiluminescence (ECL) indicator and the porous structure of ZnRuMOF acts as a nanoreactor to 
enhance the ECL signal. Based on this, we developed an E2 detection method combining a highly specific 
CRISPR-Cas12a system and dual-template exponential amplification. This method utilizes the trans-cleavage 
activity of CRISPR-Cas12a to control a light switch, achieving precise and ultra-sensitive detection of E2. The 
sensing platform demonstrates excellent performance in detecting E2 concentrations ranging from 1 fg mL− 1 to 
150 ng mL− 1, with a detection limit of 0.27 fg mL− 1 (S/N = 3). This study provides a reliable approach for 
diagnosing and treating diseases related to E2, aiming to protect environmental quality and human health.

1. Introduction

17β-estradiol (E2) is an important sex hormone, widely present in the 
environment, and has a significant impact on the endocrine systems of 
humans and animals [1,2]. E2 interferes with endocrine activities, affect 
growth, metabolism and reproduction, and may even cause cancer [3]. 
The widespread presence of E2 in the environment has become an 
emerging public health issue, potentially threatening human health and 
aquatic organisms. This has increased the demand for E2 detection, 
especially concerning food safety and human health [4]. The main 
methods for detecting E2 in food are liquid chromatography-mass 
spectrometry and high-performance liquid chromatography (HPLC), 
which can accurately measure E2 levels [5,6]. However, these methods 
have the limitations of poor selectivity, low sensitivity, and slow 
detection speed. Therefore, developing an E2 detection method with 
high selectivity, sensitivity, and rapid response is of significant 

importance [7].
ECL is a method that combines chemiluminescence with electroan

alytical techniques, offering excellent performance [8]. Its low detection 
limit can reach the picomolar level, with background noise as low as a 
few picoamperes, and a wide linear range, typically covering concen
trations from 10− 4 M to 10− 12 M [9–11]. However, when analyzing 
small molecules (such as environmental hormones), ECL still faces some 
challenges. Particularly, when the sample contains complex matrix 
components and the analyte concentration is extremely low, matrix 
interference can occur, potentially affecting the accuracy of the final 
detection results.

One approach to enhance the sensitivity of ECL sensors is to incor
porate nanomaterials, especially metal-organic frameworks (MOFs) and 
their metal ion clusters [12]. In recent years, MOFs have shown signif
icant advantages in the field of electrochemical sensing [13]. MOFs have 
a large specific surface area, providing abundant active sites that 
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enhance sensor sensitivity [14,15]. By adjusting the metal and organic 
ligands, their pore size and chemical environment can be optimized to 
improve selectivity for specific analytes [16]. Incorporating Ru(bpy)3

2+

into MOFs can significantly enhance its light absorption and catalytic 
activity. This photosensitizer exhibits high luminescence efficiency 
(quantum yield of 0.5–0.9) and excellent luminescent stability, making 
it suitable for ECL biosensing and environmental monitoring [17]. 
However, its high solubility in aqueous solutions and tendency to detach 
may affect the stability and sensitivity of sensors. Encapsulating Ru(bpy) 
3
2+ within the pores of MOFs can improve its stability, prevent detach
ment, degradation, and side reactions, thereby enhancing the perfor
mance of ECL heterogenous detection [18–20]. This experiment 
employs a heterogeneous reaction mechanism, where free radicals are 
generated through the reaction of triethylamine (TEA), which then un
dergo further reaction with Ru(bpy)3

2+ to form the excited state Ru 
(bpy)3

2+*. Ultimately, orange light at 610 nm is emitted as the system 
relaxes from the excited state to the ground state [21].

In addition, by integrating nucleic acid signal amplification strate
gies into the ECL detection system, its specificity and sensitivity can be 
significantly enhanced [22]. In recent years, the CRISPR/Cas12a system 
has gained widespread attention for its ability to highly specifically 
cleave double-stranded DNA (cis-cleavage) and independently cleave 
single-stranded DNA (non-sequence-specific cleavage), making it widely 
used in genome editing and medical diagnostics, thus providing greater 
flexibility for the design of biosensors [23–25]. In recent years, various 
isothermal amplification methods have been developed for sensor signal 
amplification, among which the Exponential Amplification Reaction 
(EXPAR) uses specific primers and DNA polymerase to achieve expo
nential amplification of target nucleic acids under isothermal condi
tions, significantly improving sensitivity and efficiency (signal can be 
amplified up to millions of times) with a short reaction time (from a few 
minutes to tens of minutes) [26,27]. This technique is widely used in 
molecular detection and quantification. Integrating the CRISPR/Cas12a 

system into a new ECL platform is expected to further enhance its 
sensitivity and selectivity.

In this study, a luminescent ZnRuMOF is synthesized hydrother
mally, and a dual-template exponential amplification reaction is com
bined with the CRISPR/Cas12a system to develop a new method for 
detecting E2. As shown in Scheme 1, ZnRuMOF is synthesized under 
hydrothermal conditions using oxalic acid as the ligand and zinc nitrate 
as the Zn2+ source (Scheme 1A). In Scheme 1B, we design a dual- 
amplified ECL strategy based on the CRISPR/Cas12a system and 
EXPAR for high-sensitivity detection of E2. Firstly, ssDNA (DNA1) hy
bridizes with the aptamer to form a stable double-stranded DNA struc
ture (dsDNA), and then E2 opens the dsDNA structure and competitively 
replaces ssDNA. During the replacement process, ssDNA is first directed 
to the template X′-Y′ for amplification cycles and extends under the ac
tion of Bst 2.0 DNA polymerase to generate dsDNA with an upper- 
stranded cleavage enzyme recognition site. Subsequently, the specific 
amplification product Y is released by the endonuclease (Nt.BstNBI) 
cutting the nucleic acid chain X′-Y′, which is further bound to another 
template, Y′-Y′ to trigger a new double-stranded extension and release 
cycle, thereby generating a large number of Y. The Y then binds with 
crRNA, triggering nonspecific excision features in the CRISPR/Cas12a 
system. As shown in Scheme C, the ZnRuMOF modified on the surface of 
the glassy carbon electrode (GCE) produces a significant initial ECL in
tensity due to the large amount of Ru(bpy)3

2+ loaded, and then AuNPs 
are electroplated and the chain ssDNA-P (P-DNA) is fixed to the elec
trode surface (ssDNA/AuNPs/ZnRuMOF) through gold-sulfur bonds, 
resulting in a gradual weakening of the ECL signal. Ferrocene (Fc) is 
introduced to the electrode surface through hybridization chain re
actions (HCR) and reacts with Ru(bpy)3

2+, resulting in a significant 
weakening of ECL intensity. Finally, on the modified GCE surface, the 
Fc-linked ssDNA is cleaved through the CRISPR/Cas12a system, and the 
ECL intensity is restored.

Scheme 1. (A) Diagram illustrating the synthesis process of ZnRuMOF material; (B) Dual template exponential amplification reactions and activation of the CRISPR- 
Cas12a System; (C) ECL detection of E2 with the modified electrode.
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2. Experimental section

2.1. Reagents and instrumentation

For detailed information on the experimental instruments and re
agents, please refer to the supporting information.

2.2. Preparation of ZnRuMOF materials

ZnRuMOF was prepared according to a previous report [28]. Two 
hundred microliters of oxalic acid (0.75 M) and 3 mL of hydrochloric 
acid (1 M) were combined in 45 mL of a 2:1 (V/V) DMF and water 
mixture. Then, 15 mg of Ru(bpy)3Cl2⋅6H2O and 100 mg of Zn(NO3)2 
were added to the mixture. After a 5-min sonication, the mixture was 
refluxed at 60 ◦C for 24 h. An orange-red precipitate was collected after 
copious sequential washing with DMF, ethanol, and ultrapure water, 
followed by an overnight vacuum drying at 50 ◦C.

2.3. Preparation of DNA products

The aptamer strand was complexed with the DNA single strand to 
form a ds-structure through base complementary pairing. When the 
target molecule E2 was present, its strong specific binding capability 
facilitated the release of the ssDNA single strand. Two distinct 20 μL 
EXPAR reaction mixtures, A and B, were prepared. Mixture A consisted 
of 10 μL of a desired concentration of ssDNA, 2 μL template strand-X′-Y’ 
(5 μM), 2 μL template strand-Y′-Y’ (2.5 μM), and 6 μL dNTP (500 μM). 
Mixture B consisted of 10 μL of 0.4 U/μL Nt.BstNBI [2 μL buffer + 2 μL 
cut-off nucleic acid endonuclease + 6 μL enzyme-free water] and 1 μL 
NEBuffer™, 1 μL Bst 2.0 DNA polymerase (0.08 U/μL) and 8 μL 
isothermal amplification buffe. After thoroughly mixing A and B, the 
ssDNA released was added dropwise to the mixture and incubated at 
55 ◦C for 2 h to obtain the amplified product Y strand. Then, 10 μL of Y- 
strand was mixed with 5 μL of 100 nM crRNA and 5 μL of 100 nM 
Cas12a. The mixture was then incubated together at 25 ◦C for 30 min.

2.4. Preparation of ECL biosensing platform

Firstly, a GCE was polished using 1.0 μm Al2O3 powder. The elec
trode were ultrasonically cleaned using ethanol and distilled water, 
respectively, followed by a stream of nitrogen. Then, 9 μL aliquots of a 
0.5 mg mL− 1 ZnRuMOF solution was applied to the electrode surface 
and was allowed it to dry naturally at room temperature. Subsequently, 
CV was employed to uniformly deposit a 1 mg mL− 1 HAuCl4 solution 
onto the electrode surface. The experimental scanning range was set 
from − 1 V to 1.15 V, with a scanning rate of 0.1 mV s− 1, and two 
scanning cycles were conducted. Then, 6 μL of 4 μM ssDNA with sulf
hydryl groups was added on the electrode and kept at 37 ◦C for 4 h. Next, 
10 μL of 1 mM MCH solution was added and incubated for 30 min to 
block the active sites. Subsequently, excess DNA strand was washed off 
with phosphate buffered saline (PBS) (0.1 M, pH 7.4). Subsequently, the 
Fc-labeled DNA strands were uniformly coated onto the electrode and 
enriched at 37 ◦C for 80 min to promote HCR. Finally, the activated 
Cas12a protein was added to the electrode for an 80 min reaction, 
effectively cleaving the Fc-DNA single strands modified on the HCR 
framework, thereby restoring the luminescence.

2.5. Pretreatment of real-life real samples

The milk used in this study was purchased from a school supermar
ket. In our work, 1 mL of E2 standard solution of increasing concen
tration from 0.0003 to 1500.0 ng mL− 1 ng⋅mL− 1 was added to 2 mL of 
the sample, followed by mixing with 7 mL of ethanol, before being 
centrifugation at 10000 rpm for 10 min. Subsequently, 1 mL of the su
pernatant was filtered through a 0.45 μm membrane, and then diluted 
with 0.01 M PBS (pH 7.4) to a total volume of 10 mL.

2.6. Chromatography conditions setting

For chromatography detection, an Agilent eclipse C18 chromatog
raphy column was used. The column temperature was maintained at 
30 ◦C. The injection volume was 10 μL. Mobile phase A was a 60 % 
methanol solution, and mobile phase B was 40 % water, with a flow rate 
of 1.0 ml min− 1. The wavelength for quantitative detection was 280 nm.

2.7. Sensor assembly and testing

The detailed data on sensor assembly and testing, please refer to the 
supporting information.

3. Results and discussion

3.1. Characterization of nanomaterials

The structure of the ZnRuMOF material is analyzed using SEM and 
TEM. The micrographs in Fig. 1A to C present the ZnRuMOF material as 
small star-like polyhedral, where the micrograph in Fig. 1B is magnified 
6.7 times that of Fig. 1A. The energy dispersive spectroscopy analysis 
results presented in Fig. S1 indicate that the composition of Zn is 18.15 
% and that of Ru is 9.97 %. This suggests that the nanomaterials are 
primarily composed of Zn and Ru elements, with an atomic ratio close to 
2:1. In addition, Fig. 1D reveals the distribution of Zn, Ru, C, and O 
within the MOF material. The results indicate a uniform distribution of 
these elements, further confirming the successful synthesis of the 
ZnRuMOF material. The presence of Ru can be accounted for by the 
uniform distribution of Ru(bpy)3

2+ within the framework structure. We 
have used these results to infer a successful synthesis of the ZnRuMOF 
material.

Fig. 1E illustrates the FTIR sprays of Ru(bpy)3
2+ (black), H2C2O4 

(blue) and ZnRuMOF (red) that illustrate two notable changes after Ru 
(bpy)3

2+ is encapsulated in the MOF skeleton. In the infrared spectrum of 
ZnRuMOF, the disappearance of the characteristic carbonyl peak of 
carboxylic acids (1712 cm− 1) and the hydroxyl peak (around 3394 
cm− 1), as the characteristic peak of free COO− induced by H2C2O4 
diminished, it indicated the consumption of COO− in the synthesis of 
ZnRuMOF. This phenomenon can be regarded as a direct result of the 
formation of the ZnRuMOF structure. Moreover, the prominent ab
sorption bands observed in the range of 1752-1482 cm− 1 may arise from 
the vibrations of the carboxyl groups in H2C2O4, and they may also be 
associated with the stretching vibrations of the C––C double bonds in Ru 
(bpy)3

2+. To further confirm the successful incorporation of Ru into the 
MOF, we conduct X-ray diffraction and the results are shown in Fig. S2. 
The results indicate that the positions of the diffraction peaks and the 
crystallinity of the samples remain similar before and after the incor
poration of Ru(bpy)3

2+. A series of diffraction peaks are observed at 
12.8◦, 14.1◦, 18.7◦, 20.8◦, 22.6◦, 23.1◦ and 30.2◦, corresponding to the 
(102), (103), (004), (104), (210), (203) and (205) crystal planes. This 
demonstrates that the structural integrity of the MOF framework is 
maintained, and the introduction of Ru(bpy)3

2+ did not significantly 
affect its original morphology.

Chemical composition and electronic valence states of the materials 
are also analyzed by X-ray photoelectron spectroscopy (XPS). As illus
trated in Fig. 1F, the survey spectrum of ZnRuMOF shows the presence 
of Zn, Ru, O, and C. Fig. 1G indicates two distinct peaks at 1043.7 eV and 
1021.0 eV, consistent with the 2p1/2 and 2p3/2 orbitals of zinc. At the 
same time, the Ru 3p spectrum in Fig. 1H show peaks at 461.7 eV, which 
corresponds to a Ru 3p3/2 orbital. In the Ru 3d spectrum in Fig. 1I, the 
two distinct peaks located at 279.8 eV and 284.0 eV are corresponding to 
the Ru 3d5/2 and 3d3/2 orbitals, respectively. These features demonstrate 
the fact that Ru(bpy)3

2+ is successfully encapsulated in a MOF construct. 
Additionally, fluorescence testing of the material (Fig. 1J) reveals that 
under excitation at 480 nm, both Ru(bpy) 3

2+ and ZnRuMOF exhibit a 
broad emission peak centered at 625 nm, indicating that there is a strong 
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interaction between the two, which further confirmed the successful 
integration of Ru(bpy) 3

2+ with the MOF. Under room temperature 
conditions, we conducted systematic measurements of the zeta potential 
of H2C2O4, Ru(bpy)3Cl2⋅6H2O and ZnRuMOF and the results are shown 
in Fig. 1K. In these experiments, the pH of 5 mg mL − 1 of each aqueous 
sample is adjusted to 7.0. Under the influence of an applied electric field 
of 100 V m− 1, the migration velocity of the charged particles is accu
rately determined by laser scattering, which is then used to evaluate the 
zeta potential (− 20.88 V m− 1 based on the Smoluchowski equation, ζ =
ηU/εrεo, denotes viscosity of solvent, U the electrical mobility (obtained 
from the migration velocity and the electric field strength), the specific 
dielectric constant of solvent the dielectric constant in vacuum (8.854 ×
10− 12 C V− 1 m− 1) [29,30]. To ensure the reliability of the results, each 

sample is measured at least three times. Among them, ZnRuMOF ex
hibits the highest zeta potential, suggesting a significant electrostatic 
adsorption capacity along with excellent dispersion and stability.

3.2. ECL performance and mechanism study

Fig. 2 shows the ECL responses of different electrodes. As indicated in 
Fig. 2A, the GCE does not exhibit any ECL in the presence of TEA (curve 
a). In contrast, after immobilizing ZnRuMOF on the GCE surface, the 
luminescent agent Ru(bpy)3

2+ produces an ECL response of 12,066 in the 
presence of TEA, as shown by curve b. When Fc is modified onto the 
electrode through HCR, the ECL response is suppressed. This is primarily 
due to the formation of Fc* upon energy absorption, which can react 

Fig. 1. Scanning electron microscopy (A, B) and transmission electron microscopy (C) of ZnRuMOF spectra (D) of (from left to right) the Zn, Ru, C, and O elements 
micrograph in ZnRuMOF. FTIR spectra (E) of Ru(bpy)3

2+ (black) and H2C2O4 (blue) ZnRuMOF (red). Survey X-ray photoelectron spectrum of ZnRuMOF (F); high- 
resolution X-ray photoelectron spectra of Zn 2p (G), Ru 3d (H) and Ru 3p (I). Ru 3p region and other elements of ZnRuMOF are analyzed using XPS, (J) Fluores
cence spectra of Ru(bpy)3

2+, H2C2O4 and ZnRuMOF Fig. (K) The zeta potential of the Ru(bpy)3
2+, H2C2O4 and ZnRuMOF.
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with the excited state of Ru(bpy)3
2+* (curve c). When the Cas12a protein 

activated by the double-template exponential amplification reaction is 
added to the Fc-modified GCE surface, Cas12a cleaves the Fc-labeled 
DNA strand, causing the DNA strand to detach from the electrode and 
significantly restoring the ECL signal (curve d). However, when the 
Cas12a protein activated by the single-template exponential amplifica
tion reaction is added to the same electrode surface, the ECL signal can 
only be restored to 7000 (curve e), indicating that the double-template 
exponential amplification reaction is more effective than the single- 
template reaction in enhancing Cas12a activity and ECL response.

Fig. 2B shows the ECL response at each step of the preparation 
process of the sensing platform in 0.1 M PBS containing 20 mM TEA (pH 
7.4). The GCE does not exhibited any obvious ECL response (curve a). 
After the electrode modification with ZnRuMOF, the ECL intensity 
significantly increases to 12011 a.u. (curve b). However, with the suc
cessive addition of AuNP, ssDNA, and MCH, the ECL response of the 
electrode decreases by 11203 a.u. (curve c), 10605 a.u. (curve d), and 
9941 a.u. (curve e), respectively. Further modification of the Fc- 
functionalized electrode through HCR, the ECL intensity significantly 
decreases to 2934 a.u. (curve f). This can be attributed to the interaction 
between ferrocene and Ru(bpy)3

2+, which severely hinders the electron 
transfer process. When activated Cas12a-crRNA is incubated with H1-Fc 
+ H2-Fc/MCH/ssDNA/AuNPs/ZnRuMOF/GCE, it can cleave DNA single 
strands with Fc groups, thereby restoring the ECL response to a certain 
extent to 9582 a.u. (curve g). In addition, the DNA backbone generated 
by the HCR also hinders electron transfer, resulting in further attenua
tion of the ECL signal from ZnRuMOF. Overall, these results validate the 
successful construction of the sensor platform.

As shown in Fig. 2C, due to its good conductivity, ZnRuMOF medi
ates the injection of a large number of electrons, which leads to an in
crease in the half-life of the TEA⋅+, causing it to shed more protons on 
the α-carbon, resulting in the generation of the highly reducing inter
mediate TEA⋅. A large number of radicals can transfer electrons to the π* 

orbitals of Ru(bpy)3
2+, thus promoting the reduction of Ru(bpy) 33+ to Ru 

(bpy) 32+. When Ru(bpy)3
2+* returns to its ground state, it emits energy as 

an optical signal. The specific luminescence mechanism of Ru(bpy)3
2+ in 

the presence of TEA as a co-reactant can be described by the following 
equations [31]: 

TEA-e→TEA⋅+

TEA⋅+-H+→TEA* 

TEA*+Ru(bpy)2+
3 → Ru(bpy)+3 + product 

Ru(bpy)+3 +TEA⋅+ → Ru(bpy)2+*
3 + product 

Ru(bpy)2+*
3 → Ru(bpy)2+

3 + hv 

3.3. Electrochemical characterization and feasibility study

Electrochemical impedance spectroscopy of 0.1 M [Fe(CN)6] 3- is 
conducted at a GCE in 1 ng mL− 1 E2 as a supporting electrolyte to 
monitor changes in the modified electrode surface during each assembly 
step. The results obtained are shown in Fig. 3A. The AC impedance 
spectrum of [Fe(CN)6] 3- at the bare GCE shows a small semicircle in the 
high frequency region and a linear impedance in the low frequency re
gion. By estimating the charge transfer resistance (Rct) by the diameter 
of the semicircle, this is measured directly from curve a in Fig. 3A to be 
2.64 Ω. After modification with the ZnRuMOF material, the resistance 
value significantly increases to 26.33 Ω, as shown in curve b. This 
phenomenon can be attributed to the uneven contact or poor contact 
quality between ZnRuMOF and the electrode surface, which hinders 
charge transfer and subsequently increases the interfacial resistance. 
After depositing AuNPs on the electrode used in curve c, Rct is reduced 
to 11.76 Ω, owing to the enhanced conductivity. This is mainly 

Fig. 2. (A) ECL intensity versus potential plot at bare GCE (a), ZnRuMOF/GCE (b), H1-Fc + H2-Fc/ZnRuMOF/GCE (c), Cas12a-crRNA (Dual-template exponential 
amplification reaction)/H1+H2/ZnRuMOF/GCE (d), Cas12a-crRNA (Single-template exponential amplification reaction)/H1+H2/ZnRuMOF/GCE (e)in 0.1 M PBS 
containing 20 mM TEA (pH 7.4); (B) ECL intensity time plots of bare GCE (a), ZnRuMOF/GCE (b), AuNPs/ZnRuMOF/GCE (c), ssDNA/AuNPs/ZnRuMOF/GCE (d), 
MCH/ssDNA/AuNPs/ZnRuMOF/GCE (e), H1-Fc + H2-Fc/MCH/ssDNA/AuNPs/ZnRuMOF/GCE (f), and Cas12a-crRNA/H1+H2/MCH/ssDNA/AuNPs/ZnRuMOF/ 
GCE (g) in 0.1 M PBS containing 20 mM TEA (pH 7.4); (C) A schematic diagram of the ECL mechanism. The reaction medium is 0.1 M PBS containing 20 mM TEA 
(pH 7.4).
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attributed to the excellent conductivity of the AuNPs, which allows for 
more efficient electron conduction, thereby enhancing the overall con
ductivity and ultimately reducing the resistance. After modifying a 
AuNP/ZnRuMOF/GCE with an ssDNA, Rct increases to 30.90 Ω in curve 
d. This is due to the long-chain structure of the DNA, which generates a 
noticeable spatial hindrance on the electrode surface, restricting the 
migration of electrons and ions, thereby increasing the resistance to the 
charge transfer process. In addition, the self-assembled monolayer forms 
on the electrode surface after MCH modification occupies nonspecific 
sites, causing spatial hindrance that restricted the migration of electrons 
and ions. This effect further leads to a significant increase in the Rct, 
reaching 35.08 Ω (curve e). After modifying the electrode with hairpin 
H1 and hairpin H2 (curve f), the Rct of the electrode significantly in
creases to 41.24 Ω. This phenomenon is attributed to the larger volume 
of the ferrocene groups, leading to spatial hindrance on the electrode 
surface, thereby restricting the migration of electrons and ions. Finally, 
when the activated Cas12a protein is added to the electrode (curve g), 
the Rct value decreases to 40.23 Ω. This phenomenon can be attributed 
to the cleavage of the Fc groups from hairpin H1 and H2 by the Cas12a 
protein. The removal of the Fc groups reduces the spatial hindrance on 
the electrode surface, allowing electrons and ions to migrate more 
freely, thereby effectively lowering the charge transfer resistance.

Cyclic voltammetry of 1 ng mL− 1 E2 in 0.1 M K3[Fe(CN)6]/K4[Fe 
(CN)6] as a supporting electrolyte is performed to characterize every 
step of the sensor fabrication procedure, and the results obtained are 
displayed in Fig. 3B. Curve a shows a [Fe(CN)6] 3- oxidation peak of 
72.04 μA at 0.23 V, and a reduction peak of 72.20 μA at 0.13 V at the 
bare GCE. Due to the introduction of greater interfacial impedance be
tween the electrode and the electrolyte by the ZnRuMOF composite 
material, electron transfer is inhibited. As a result, the oxidation peak 
current of the ZnRuMOF-modified GCE decreases to 56.10 μA, and the 
reduction peak current is 61.81 μA (curve b), which represents a 
decrease of 15.94 μA in the oxidation peak current and an increase of 
10.39 μA in the reduction peak current compared to the bare GCE. After 
further gold deposition treatment, the oxidation peak current increases 
to 58.81 μA, while the reduction peak current is 62.23 μA (curve c). 
Compared to the GCE modified with ZnRu MOF materials, the oxidation 
peak current rises by 2.71 μA and the reduction peak current increases 
by 0.42 μA. This change is attributed to the superior conductivity of 
AuNPs, which significantly enhances the rate of electron transfer. After 
the modification of the DNA single strand on the Au NPs/ZnRuMOF/ 
GCE, the oxidation peak current is observed to be 55.47 μA, while the 
reduction peak current is 61.61 μA (Curve d). This phenomenon is 
attributed to the electrostatic repulsion between the DNA and the 
ferrocyanide probe. When MCH is used to block the active sites, a self- 
assembled monolayer forms on the electrode surface. This layer signif
icantly hinders the free approach of reactants, thereby affecting their 

concentration and reaction rate, ultimately leading to a positive shift in 
the CV peaks. Moreover, this film interferes with the electron transfer 
processes at the electrode surface, resulting in a decrease in current. 
Additionally, the oxidation peak current decreases to 54.94 μA, while 
the peak current increases to 53.18 μA (curve e). After applying the H1 
and H2 hairpin modifications on the GCE, the current values decrease 
significantly, with the oxidation peak current dropping to 38.16 μA and 
the reduction peak current rising to 38.24 μA. This phenomenon is 
attributed to the increased electrostatic repulsion between deoxy
ribonucleic acid and the potassium ferricyanide probe (curve f). Finally, 
after the activated Cas12a protein modified the GCE, the deoxy
ribonucleic acid undergoes significant separation, mitigating the elec
trostatic repulsion with the potassium ferricyanide probe. This makes an 
increase of the oxidation peak current to 47.16 μA, while the reduction 
peak current decreases to 45.77 μA (curve g). These characterizations 
further confirm the successful assembly of the sensor.

3.4. Optimization of experimental conditions

The experimental conditions play a crucial role in the analytical 
performance. To achieve the best biosensor performance, three main 
parameters affecting the assay performance are optimized, such as the 
amount of ZnRuMOF material, the concentration of Nt.BstNBI enzyme, 
the concentration of Bst 2.0 DNA polymerase, amplification reaction 
time, HCR reaction time, and Cas12a reverse cutting time. As shown in 
Fig. 4A, as the amount of ZnRuMOF material modified on the GCE 
surface increases, the ECL intensity gradually enhances. The highest 
intensity of ECL response is obtained when the amount of ZnRuMOF 
material increases to 9 μL. This is because the limited surface area of 
GCE cannot accommodate additional composite material effectively, 
and a thick ECL-sensitive membrane is detrimental to detection effi
ciency. Therefore, further increasing the dosage does not enhance ECL 
intensity. As a result, it is found that 9 μL of ZnRuMOF material is ideal 
for subsequent measurements. Fig. 4B illustrates the effect of Nt.BstNBI 
enzyme concentration ranging from 0.1 U/μL to 0.6 U/μL. As the 
enzyme concentration increases, there is a noticeable increase in ECL 
intensity. However, higher enzyme concentrations may trigger side re
actions, leading to increased background noise and experimental errors. 
Considering the overall experimental performance, a concentration of 
0.4 U/μL was selected as the optimal enzyme concentration. Fig. 4C il
lustrates the effect of Bst 2.0 DNA polymerase concentration ranging 
from 0.04 U/μL to 0.2 U/μL on the reaction. Excessively high enzyme 
concentrations may lead to the rapid depletion of substrates (such as 
dNTPs) during the early stages of amplification, resulting in substrate 
scarcity, which in turn affects the continuity and efficiency of the re
action. After considering the stability and performance of the reaction, a 
concentration of 0.08 U/μL was selected as the optimal enzyme 

Fig. 3. Assessing step-by-step fabrication of EIS (A) and CV (B) for biosensors:(a) Bare electrodes, (b) ZnRuMOF/GCE, (c) AuNPs/ZnRuMOF/GCE, (d) ssDNA/AuNPs/ 
ZnRuMOF/GCE, (e) MCH/ssDNA/AuNPs/ZnRuMOF/GCE, (f) H1-Fc + H2-Fc/MCH/ssDNA/AuNPs/ZnRuMOF/GCE, (g) Cas12a-crRNA/H1+H2/MCH/ssDNA/ 
AuNPs/ZnRuMOF/GCE.
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concentration. Fig. 4D shows the effect of amplification reaction time, 
ranging from 30 min to 150 min, on the ECL signal. The results indicate 
that the ECL signal peaked at 120 min, after which the signal began to 
decrease. This decline may be due to the prolonged reaction time 

causing a gradual reduction in enzyme activity, which in turn affects the 
reaction efficiency. Therefore, 120 min was determined as the optimal 
reaction time for the exponential amplification. As shown in Fig. 4E, the 
HCR is performed by hairpin H1-Fc and hairpin H2-Fc after base 

Fig. 4. The effect of amount of ZnRuMOF material (A), concentration of Nt.BstNBI enzyme (B), concentration of Bst 2.0 DNA polymerase (C), amplification reaction 
time (D), HCR time of hairpin H1 and H2 (E) and Cas12a trans cutting time (F).

Fig. 5. (A) ECL response at different concentrations of E2 (a–i: 10− 6, 10− 5, 10− 4, 10− 3, 10− 2, 10− 1, 1, 10, and 102 ng mL− 1); (B) Logarithmic relationship between E2 
concentrations and ECL intensity; (C) Repeatability of the proposed biosensor; (D) Selectivity of biosensors for different substances. (E) The stability of the biosensor. 
(F) Testing with different electrodes at the same concentration.
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complementary pairing to form ssDNA modified on P-DNA/AuNPs/ 
ZnRuMOF/GCE. The ECL intensity tends to decrease in the reaction time 
range of 20–100 min. The results show that the best inhibition of 
luminescence is achieved when the reaction time is 80 min, and the 
luminescence intensity remains unchanged when the time is further 
extended. Fig. 4F shows the effect of Cas12a reverse cutting time. As the 
reaction time extends from 20 min to 60 min, there is an increasing trend 
in ECL intensity. With increasing reaction time, the ECL intensity in
creases. Considering detection efficiency, 80 min is selected as the 
optimal incubation time to enhance detection efficiency. In this study, 
when conducting optimization experiments using the traditional one- 
variable-at-a-time approach, we did not consider any potential in
teractions between parameters.

3.5. Analytical performance

The ECL sensing platform is employed to detect varying concentra
tions of E2 under optimal experimental conditions, with five parallel 
samples conducted for each concentration to calculate the average 
value. In Fig. 5A, as the E2 concentration increases from 1 fg mL− 1 from 
100 ng mL− 1, the intensity of the ECL response gradually increases. By 
plotting the ECL response in Fig. 5A against lgCE2, shown in Fig. 5B, the 
coefficient of determination (R2) reached 0.997, indicating a significant 
linear correlation. The regression equation derived from fitting is Y =
1041.5 lgC +9667.6. Based on a calculation of 3 times the standard 
deviation (3σ), the detection is estimated to be 0.27 fg mL− 1.

The comparison with other E2 sensors is detailed in Table 1. Our 
method significantly improves the efficiency and signal amplification 
capability of the sensor, effectively lowers its detection limit, and 
broadens its linear measurement range. The reproducibility of this ECL 
method is validated by testing five electrodes prepared under identical 
conditions for the detection of E2 at 1 ng mL− 1. As shown in Fig. 5C, the 
ECL sensing platform exhibits acceptable reproducibility with a relative 
standard deviation (RSD) of 0.7 %. Selectivity is crucial for validating an 
analysis, and we selected five potential interferents: estrone (E1), estriol 
(E3), testosterone (testred), hexestrol (DES), and bisphenol A (BPA). 
Fig. 5D shows that the change in ECL response signal intensity between 
the control and intervention groups is negligible, indicating that the 
sensing platform has good anti-interference ability. Moreover, at lower 
concentrations of the substance (Fig. S5), the biosensor still demon
strates significant selectivity for E2, further confirming its excellent 
recognition performance. Fig. 5E demonstrates the ECL response for 1 
ng mL− 1 E2 over 12 consecutive cycles on a single sample, with an RSD 
of 0.25 %, indicating significant stability. The ECL intensity remains 
stable with no significant variation, and using different electrodes to 
detect the same concentration yields relatively stable ECL response 

values. These results confirm that the biosensor possesses excellent 
selectivity, reproducibility, and stability, making it suitable for complex, 
real-life samples.

3.6. Real-life sample analysis

The applicability of this ECL biosensor is assessed using the standard 
addition method. Prior to detection, all samples are pre-treated as 
described in Section 2.5. Different concentrations of E2 are added to the 
three types of milk samples, and then the constructed ECL platform is 
used for five separate detections, with the average value taken to obtain 
the response signal. The results, presented in Table 2, demonstrated the 
recoveries ranging from 90.0 % to 101.4 %.

Table S2 indicates that the ECL method achieves a recovery rate of 
97.3 %–101.0 % for spiked samples, with a low relative standard devi
ation (RSD) between 1.1 % and 3.6 %. To further assess the performance 
of our developed biosensor, we utilized HPLC. HPLC analysis of various 
E2 concentrations demonstrated excellent separation in both standard 
and spiked blank sample chromatograms (Fig. S5 A-G). The standard 
calibration curve presented in Fig. S5 H shows recovery rates consis
tently between 98.6 % and 101.2 %, confirming HPLC’s reliability in 
milk sample analysis. The high consistency between results from both 
ECL and HPLC methods for detecting E2 levels in real samples un
derscores their exceptional accuracy. The proposed ECL method holds 
significant potential for the effective detection of E2 in milk.

4. Conclusion

This study prepares ZnRuMOF materials encapsulating Ru(bpy)3
2+

and develops a method for ultrasensitive detection of E2 based on the 
quenching of the ECL signal of Ru(bpy)3

2+ by ferrocene. This method 
employs a cascade isothermal amplification strategy with the CRISPR/ 
Cas12a system. By combining the CRISPR-Cas12a system with the 
traditional EXPAR method, the new approach effectively minimizes 
interference signals from non-specific amplification in EXPAR, with a 
slope of 1041.5, significantly enhancing the sensitivity and specificity of 
the method. The ECL biosensing platform exhibits exceptional perfor
mance, featuring a low detection limit for E2, a wide detection range, a 
low detection limit of 0.27 fg mL− 1 (S/N = 3), and a broad linear range 

Table 1 
Comparison with other sensors for E2 detection.

Measurement 
technique

Combination 
method

Linear range LOD Ref

ECL E2-Monoclonal 
antibody

0.1 pg⋅mL− 1-0.2 
pg mL− 1

10.0 fg 
mL− 1

[32]

ECL E2- Aptamer 0.01 pg⋅mL− 1- 
0.01 ng mL− 1

3.0 fg 
mL− 1

[33]

PEC E2-Antibody 0.5 pg⋅mL− 1-20 
ng mL− 1

300 fg 
mL− 1

[34]

ECL E2-Antigen 0.1 pg⋅mL− 1-30 
ng mL− 1

2.51 fg 
mL− 1

[35]

Fluorescent E2- Aptamer 0.4 pg⋅mL− 1- 0.8 
ng mL− 1

370 fg 
mL− 1

[36]

LICA E2- Aptamer 7.2 pg mL− 1 - 13 
ng mL− 1

0.02 ng 
mL− 1

[37]

PEC E2-Antibody 13.6 pg⋅mL− 1- 
0.23 ng mL− 1

268 fg 
mL− 1

[38]

ECL E2- Aptamer 1.0 fg mL− 1-150 
ng mL− 1

0.27 fg 
mL− 1

This 
work

Table 2 
The results of standard addition method for real-life samples (n = 3).

Samples E2 Concentration 
(ng⋅mL− 1)

ECL 
Intensity

Recovery 
(%)

RSD 
(%)

Added Found

Fresh milk / 3.16 ×
10− 7

2896.7 / 3.3

3.0 ×
10− 5

2.87 ×
10− 5

4937.0 95.7 2.1

2.0 ×
10− 3

1.90 ×
10− 3

6830.7 99.6 2.6

1.0 ×
10− 1

0.98 ×
10− 1

8577.0 98.4 1.7

Low-fat milk / 4.71 ×
10− 7

3078.4 / 2.3

3.0 ×
10− 5

2.70 ×
10− 5

4909.4 90.0 2.8

2.0 ×
10− 3

1.89 ×
10− 3

6831.0 94.4 1.1

1.0 ×
10− 1

0.97 ×
10− 1

8612.3 97.4 2.5

Breakfast 
milk

/ 4.96 ×
10− 7

3102.3 / 2.1

3.0 ×
10− 5

3.02 ×
10− 5

4960.0 100.7 3.0

2.0 ×
10− 3

1.99 ×
10− 3

6854.4 99.4 2.6

1.0 ×
10− 1

1.01 ×
10− 1

8630.6 101.4 2.0
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from 1 fg mL− 1 to 150 ng mL− 1 for E2. Moreover, the method demon
strates excellent reproducibility and stability, and has strong practi
cality. This study not only broadens the application scope of CRISPR/ 
Cas12a but also provides a new and reliable option for the sensitive and 
accurate analysis of environmental hormones at ultra-low levels.
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