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Introduction

Natural enzymes are exquisite biocatalysts that mediate every life process in an organism and are widely applicated in virous fields due to remarkable catalytic efficiency and substrate specificity (Harrigan et al. 2018;Piazza et al. 2018;Zhang 2017). But due to their inherent defects hindering the practical application of enzymes, such as low operational stability, high cost of preparation and purification, developing enzyme substitutes has remained an outstanding challenge.

Enzyme mimetics, nanomaterials with enzyme-like characteristics, have attracted broad interest into their application and mechanisms of action (Wei and Wang 2013).

The reactivity of enzyme mimetics bears clear resemblance to that of natural enzymes, and show advantages such as low cost, high stability and commercial accessibility (Wu et al. 2019). Several approaches have been undertaken to attain high reactivity of enzyme mimetics, such as controlling the size, morphology, and composition, forming hybrids, using external stimuli, etc. (Bete et al. 2019;Chen et al. 2018;Ding et al. 2019;Hu et al. 2017;Kluenker et al. 2017;Liu et al. 2019;Singh et al. 2017;Sun et al. 2013).

With the in-depth study of the physicochemical properties and catalytic mechanism of natural enzymes, simulating the structure of active center of enzyme can be a promising method (Bete et al. 2019;Wang et al. 2019a).

Similar to metal organic frameworks (MOFs), metal organic gels (MOGs) are one kind of supramolecular assemblies driven by metal-ligand interactions. MOGs feature tunable-soft porosity, open metal sites for catalysis and rapid mass transfer or permeability, rendering convenience in imitating the active center of natural enzymes.

MOGs can be synthesized under mild conditions (e.g., room temperature, atmospheric pressure, neutral condition, short reaction time, routine solvent, etc.). Jiao et al. used potassium chloride (KCl) as template, dimethylimidazole (MI) as ligand to obtain enzyme mimetic. Compared with other metals Zn, Co, less electron transfer was observed between Fe atom and the adsorbed hydroxyl group, which is beneficial to reduce the energy barrier for the formation of hydroxyl radicals, thereby improving peroxidase-like activity (Jiao et al. 2020). The active center of horseradish peroxidase (HRP) is the axial coordination of heme iron with a histidine residue at the N-terminus.

Herein, we took HRP as the simulation object. To mimic the planar Fe-N structure of HRP, 1,10-phenanthroline-2,9-dicarboxylic acid (PDA) was chosen as ligand to coordinate with iron. As an organic ligand rich in aromatic nitrogen heterocycles, PDA is hallmarked by general chelating and bridging capabilities and a large conjugated aromatic plane resulting from a synergistic combination of donor groups with multichelating sites (Miao et al. 2015;Mirzaei et al. 2019). These properties contribute to construct metal clusters with high preorganization and thermodynamic stability.

In this work, a kind of two-dimensional sheet-like Fe-MOGs were synthesized by a one-step rapid reaction at room temperature. Structural information and electrochemical performance were systematically evaluated to reveal structure-activity relationship of the enzyme mimetic. The resultant Fe-MOGs possessed Fe-NX catalytic sites similar to HRP, and exhibited exceptional activity for the decomposition of H2O2.

A Fe-MOGs based luminol-H2O2 ECL platform was further applied for in-situ detection of H2O2 generated from Hela cells. The excellent performance of the proposed method indicated promising application of MOGs in the medical detection and monitoring of biological small molecules.

Experimental section

Materials and Reagents

All reagents were commercially available and used without further pretreatments or purifications. 

Apparatus

Ultraviolet-vis (UV-Vis) spectra were recorded on the Shimadzu UV-3600 spectrophotometer. Fourier-transformation infrared (FT-IR) spectra were obtained with an IR-Prestige-21 FT-IR spectrometer (Shimadzu Co., Japan). Photoluminescence (PL) spectra were recorded by an Edinburgh FLS920 fluorescence spectrometer (Livingston, UK). The morphology was investigated with a XL-30E scanning electron microscope (SEM) and a Tecnai G2 20 LaB6 high resolution transmission electron microscopy (HRTEM, FEI Co., USA). The X-ray photoelectron spectroscopy (XPS) experiments were carried out on K-Alpha (Thermo Fisher Scientific Co., USA). Cyclic voltammetry (CV) measurements were carried out on a CHI 660D electrochemical workstation (Chenhua, China) at room temperature. ECL studies were performed on an MPI-EII multifunctional electrochemical and chemiluminescent analytical system (Xi'an Remex Analytical Instrument Co., Ltd, China), and the photomultiplier tube was set at 1000 V, the magnification level was 3. An Autolab PGSTAT30 (Eco Chemie) which was controlled by NOVA 1.10 software was applied for Electrochemical impedance spectroscopy (EIS) measurement. All electrochemical studies were performed with a conventional three-electrode system, a bare or modified glassy carbon electrode (GCE, 5 mm in diameter) as working electrode, a saturated calomel electrode as reference electrode and a Pt wire as counter electrode.

Methods

Synthesis of the Fe-MOGs

The detailed preparation process of Fe-MOGs was according to the literature with a slight modification (He et al. 2017). In a typical one-step synthesis, 10 mM Fe(OAc)2 (10.0 mL) aqueous solution was added dropwise into the DMSO solution of 10 mM PDA (10.0 mL). The above mixed light yellow solution was stirred vigorously for 30 s at room temperature. The light yellow powder denoted as Fe-MOGs was then collected by centrifugation (8000 rpm), washed with ethanol three times and freeze-dried overnight in a vacuum.

Peroxidase activity assay of the Fe-MOGs

The GCE was respectively polished with 0.3 and 0.05 μm alumina powder and rinsed by deionized water for further use. For the cyclic voltammetry test, 10 μL of the Fe-MOGs solution (2 mg mL -1 ) and 10 μL of HRP in 0.01 M, pH 7.4 PBS solution (2 mg mL -1 ) was dripped on the surface of GCE and dried at 37 °C to obtain Fe-MOGs/GCE and HRP/GCE, respectively.

Hela cells culture and in vitro cytotoxicity

Hela cells were grown in Dulbecco's modified Eagle's medium (DMEM, 10%)

containing FBS (10%), L-glutamine (4 mM), penicillin (100 units mL -1 ), and streptomycin (100 mg mL -1 ) under oxidative stress conditions (1 μg mL -1 lipopolysaccharide (LPS)), and then incubated in a humidified atmosphere of 5% CO2 at 37 °C. Hela cells were collected and suspended into sterilized PBS solution (0.01 M, pH 7.4) with specific concentration (cells mL -1 ).

To investigate in vitro cytotoxicity of the Fe-MOGs, CCK-8 assay for Hela cells was performed. 100 μL of cells, at a density of 2 × 10 4 cells/well, were seeded into a 96well plate, and incubated for 24 h at 37 °C in a humidified 5% CO2-containing atmosphere. Then various concentrations of mixed Fe-MOGs/luminol were added. The cells were incubated for an additional 24 h at 37 °C. 10 μL of CCK-8 solution was then added and incubated for 0.5 h. Untreated cells were used as controls. The absorbance was measured at a wavelength of 450 nm.

In situ detection for H2O2 released from Hela cells

For ECL detection of H2O2, 15 μL 2 mg mL -1 Fe-MOGs aqueous solution and 15 μL 0.01 M luminol in 0.1 M NaOH aqueous solution were pre-mixed prior to modifying the GCE and then dried at 37 °C to obtain Fe-MOGs/luminol/GCE. Different concentrations of H2O2 were added into 4 mL of PBS working buffer. For ECL detection of Hela cells, different amounts of Hela cells and chitosan aqueous solution (0.1% wt) were pre-mixed and dripped on the Fe-MOGs/luminol/GCE to obtain Hela cells/chitosan/Fe-MOGs/luminol/GCE. Hela cells were adhered on the surface of Fe-MOGs/luminol/GCE by chitosan aqueous solution. ECL detection was studied at a scan rate of 30 mV s -1 within the scan range from 0 to 0.8 V.

Results and discussions

Synthesis and characterization of the Fe-MOGs

The procedures for the enzyme mimetic synthesis and the ECL immunosensor fabrication were illustrated in Scheme 1. In order to obtain the Fe-NX structure containing HRP-like enzyme mimetic, Fe(OAc)2 and PDA were selected as the metal precursor and source of nitrogen. PDA can effectively chelate iron ions to achieve gel in a short time owing to the possible interactions between oxygen-containing groups, nitrogen-containing groups and metallic irons.

[Scheme 1]

In order to verify the synthesis a success or not, spectral data of the as-prepared sample were collected first. The UV-vis absorption spectra (Figure 1A) of the Fe-MOGs 1I) (Hou et al. 2020). Thus, on the basis of the preceding surveys, it is rational to come to the conclusion that the coordination between iron ions, bidentate nitrogen heterocycles can endow the Fe-MOGs a structure similar to the active center of natural HRP.

[Figure 1]

Electrochemical performance of the Fe-MOGs

Due to the similar Fe-NX active sites to the natural HRP, the Fe-MOGs with Fe-NX active sites are expected to possess the intrinsic peroxidase activity. It is well known that the active center of peroxidase such as HRP is located at the metal-N site.

Considering the presence of Fe-N sites in the structure, we suspected that the Fe-MOGs may have catalytic properties similar to those of peroxidase. The HRP-like activity of Fe-MOGs was confirmed via the reaction of 3, 5, 3', 5'-tetramethylbenzidine (TMB), and the absorbance band at 652 nm, originating from the oxidation product of TMB, is observed in the presence of Fe-MOGs and H2O2 (Figure S2A). Furthermore, the absorbance at 652 nm increases with the increasing concentration of Fe-MOGs (Figure S2B). Electrochemical behaviors of the Fe-MOGs were investigated by cyclic voltammetry at 25℃ in nitrogen saturated PBS solution (0.01 M, pH 7.4). As shown in Figure 2A, the electrochemical response of the Fe-MOGs (curve e) exhibited a redox peak attributed to the redox reaction of Fe(Ⅱ)/Fe(Ⅲ). Electric potential of anode peak and cathodic peak (Epa, Epc) are -0.053 V, -0.176 V at the scan rate of 10 mV s -1 , respectively. The anode peak and cathodic peak currents (Ipa, Ipc) vary linearly with the square root of scan rate (Figure S3), indicating characteristic behavior of diffusion controlled redox species. The linear regression equation is Ipa (μA) = 0.35ν 1/2 + 3.05, R 2 = 0.9344; Ipc (μA) = -0.26ν 1/2 -1.52, R 2 = 0.9969, respectively. Electrocatalytic properties of the Fe-MOGs were characterized by the comparative CV curves of Fe-MOGs/GCE in 0.01 M PBS solution containing different concentration of H2O2 (Figure 2B). The reduction peak current increases with the increase of H2O2 concentration, which is consistent with that of HRP (Figure S4), reflecting the HRP-like decomposition activity of Fe-MOGs on H2O2. And it can be implied that the catalytically active site Fe-NX may participate in the electron transfer reaction by changing the valence state of the center iron ions. Figure S5A shows the current-time recordings of Fe-MOGs modified GCE to the successive addition of H2O2 at the potential of -0.3 V in 0.01 M, pH 7.4 PBS at room temperature. In addition, Michaelis-Menten kinetics of Fe-MOGs were investigated. The values obtained for the Michaelis-Menten constant (Km) and maximum initial velocity (Vmax) from the Lineweaver-Burk plot (Figure S5B inset) are 217.9 μM and 2.818 μM s -1 , respectively. The Km value is much lower than that of HRP, 437.6 μM (Jiang et al. 2018a), indicating that a lower concentration of H2O2 was needed to reach the maximal catalytic activity of Fe-MOGs.

[Figure 2]

Mechanism research of ECL signal amplification

In the light of the mimic peroxidase activity of the Fe-MOGs, it is highly possible to mediate enhanced ECL emission in the luminol-H2O2 system. To study the role of Fe-MOGs in the luminol-H2O2 system, the ECL behaviors of Fe-MOGs/luminol/GCE and luminol/GCE were investigated in 4.0 mL of PBS solution (0.01 M, pH 7.4) containing 15 μM H2O2 respectively. It is shown in Figure 3A system. In this case, 0 V was selected as initial potential to achieve a strong ECL intensity in a comparatively narrow potential scanning window.

In order to reveal the mechanism of ECL signal amplification, comparative cyclic

𝐹𝑒 2+ +• 𝑂𝐻 → 𝐹𝑒 3+ + 𝑂𝐻 - (7) 𝐹𝑒 3+ + 𝐻 2 𝑂 2 → 𝐹𝑒 2+ + 𝐻𝑂 2 • + 𝐻 + (8) 𝐻 2 𝑂 2 +• 𝑂𝐻 → 𝐻𝑂 2 • + 𝐻 2 𝑂 (9) ECL emission Ⅱ: 𝐿 •-+ 𝐻𝑂 2 • → 𝐻𝐿𝑂 2 2- (10) 𝐻𝐿𝑂 2 2-→ 𝐴𝑃 2- * + 𝑁 2 (11) 𝐴𝑃 2- * → 𝐴𝑃 2-+ ℎ𝑣 (12)
First, luminol anions (LH -) are electrochemically oxidized to luminol anionic radicals (L •-). In Route I [Eq. ( 2)], H2O2 is reduced by the FeNX active sites to produce

•OH, and it is the decisive step. In Route II [Eq. ( 6)], followed by the oxidization of Fe 2+ upon anodic potential scanning, H2O2 is catalyzed by the pre-oxidized FeNX active sites to generate HO2 • . Finally, rapidly accumulated ROS react with L •-to form excitedstate 3-aminophthalate anion (AP 2-*), thus achieving enhanced ECL emission.

Biosensor for in situ detection of H2O2 released from Hela cells

H2O2 mediated inhibition of protein phosphatases contributes to oncogene overexpression, a hallmark of many cancers (Fruehauf and Meyskens 2007). The excessive levels of H2O2 cause oxidative damage to cellular protein, nucleic acids, and lipid molecules, thereby contributing to aging and age-related diseases including cancer.

H2O2 content at the cellular level diverses slightly from cancer cell to normal cell. The number of extracellular released H2O2 molecules is around 10 11 per cell (Guo et al. 2010).

Therefore, developing highly sensitive biosensor for trace detection of H2O2 at the cell level is of great reference significance for early cancer screening and population mixed sample detection. Relationship between ECL intensity and H2O2 concentrations was determined in the next step for further fabrication of Hela cell biosensor. The material capacity of electrode and the luminol concentration have been optimized. A capacity of 0.15 μg cm -2 Fe-MOGs demonstrates the best ECL performance and the optimized luminol concentration turns out to be 5 mM (Figure S9). As illustrated in Figure 3C, the ECL peak intensity is proportional to the concentration of H2O2 (0.01, 0.05, 0.1, 0.5, , 5, 10, 15, 20, 25, 30, 35, 40 μM), and two good linear segments were observed. As shown in Figure 3D and 3E, I (a.u.) = 188.89 + 788.77C (0.01-1 μM), R 2 = 0.993 and I (a.u.) = 784.70 + 415.32C (1-40 μM), R 2 = 0.998, respectively. The limit of detection (LOD) was calculated to be 2.2 nM (signal-to-noise ratio of 3). As shown in Table 1, compared with most of the reported electrochemical (EC), fluorescent (FL) and ECL sensors for H2O2 detection, our proposed ECL sensor displays high sensitivity with a low LOD of 2.2 nM. But further work is still necessitated to improve the sensitivity and simplify the fabrication of the sensor.

1
Furthermore, ECL potential cycling stability and long-term stability of the asprepared sensor were tested. The ECL response of Fe-MOGs/luminol/GCE is observed with relative standard deviations (RSD) of 0.172% when tested in 0.01 M, pH 7.4 PBS containing 10 μM H2O2 upon 20 cycles of continuous cyclic scans between 0 ~ +0.8 V (Figure S10A), indicating the excellent ECL potential cycling stability for H2O2 assay.

As shown in Figure S10B, the ECL response of Fe-MOGs/luminol/GCE in 0.01 M, pH 7.4 PBS containing 15 μM H2O2 was detected at one-day intervals for 9 days, which only slightly decreases after five tests with RSD 3.8%, reflecting a good long-term stability of this sensor. Selectivity was also investigated in Figure S11, compared with 10 μM H2O2, the introduction of 1 mM Na + , Cl -, NO2 -, ascorbic acid (AA), glutamine (Gln) and glucose (Glu) had a negligible effect on the ECL signal. The ECL responses upon Ca 2+ was obviously fluctuated, which may be affected by the chelation of the metal with the ligand. Overall, the survey results indicate that the prepared ECL sensor has a considerate stability and selectivity for H2O2.

To study general applicability of the proposed sensor in real biological samples, ECL platform based on Fe-MOGs/luminol was exploited to evaluate the H2O2 generated from Hela cells. To investigate the biocompatibility of the biosensor based on the Fe-MOGs, CCK-8 assay of Hela cells that incubated with various concentrations of mixed Fe-MOGs/luminol was conducted. The initial concentrations of Fe-MOGs and luminol in the medium are 2 mg mL -2 and 10 mM, respectively. The concentration of the mixed Fe-MOGs/luminol was diluted 10, 40, 160, 640 and 2560 times, respectively. As shown in Figure S12A, Fe-MOGs/luminol displayed relatively low cytotoxicity for Hela cells, as the viability remained above 69% after 24 h incubation time (Shamsipur et al. 2018).

Hela cells dispersed in 0.01 M, pH 7.4 PBS were prepared in advance. Since chitosan film is not only favorable for cell immobilization but also increases the space between cells and the electrode (Liu et al. 2018) The ECL peak intensity is proportional to the number of Hela cells in a range of 4000 to 300000. The resulting calibration curve is illustrated in Figure 3F and can be represented as I (a.u.) = 1012.2 + 0.0555 n (10 4 ) with a square of correlation coefficient of 0.994. The limit of detection (LOD) was estimated to be 42 cells (signal-to-noise ratio of 3). According to the calibration equations obtained from the constructed ECL biosensor, and knowing the cell density, the electrode surface area, the concentration of released H2O2, and volume of electrolyte (4 mL), the amount of H2O2 released from Hela cells under the cell density of 2 × 10 5 / (π × 0.25 × 0.25) cells cm -2 was calculated to be around 1 × 10 -7 mol. The average number of extracellular H2O2 molecules released from per cell (N0) was calculated according to the Avogadro equation (n = N0/NA, NA = 6.02×10 23 mol -1 ) (Guo et al. 2010), which agreed with other reported methods, as shown in Table S1. Therefore, the analysis result can be used as an accurate representation of H2O2 production under oxidative stress.

[Figure 3]

[Table 1]

Conclusions

In summary, we present an efficient enzyme mimetic with excellent peroxidase-like activity derived from the inspiration of natural enzyme HRP. The Fe-MOGs possesses similar catalytic activity and planar Fe-NX active sites to HRP. We confirmed that the 

(

  curve c ) shows an absorption at 230 nm standing for K-E combined band, which is caused by the conjugation effect of carboxyl group to benzene ring and an absorption at 254 nm standing for B band(Xu et al. 2019), demonstrating the existence of PDA in the prepared samples. A certain blue shift of Fe-MOGs/luminol (curve d) occurred in the absorption peaks at 290 nm compared with luminol (curve e) due to the interaction with the Fe-MOGs. Therefore, luminol was demonstrated to be successfully functionalized with the Fe-MOGs.In FTIR spectra (Figure1B), the C=N skeleton vibration of Fe-MOGs (1467 cm -1 ) (curve a) is blue-shifted relative to the C=N skeleton vibration of PDA (1448 cm -1 ) (curve b)(Mirzaei et al. 2019), which is most likely due to the increased electronegativity of pyridine N in PDA after donating a lone electron pair to iron ion, resulting in an enhanced polarity of the chemical bond between N and C on the pyridine ring. Also the attenuation of ν(C=O) absorption around 1719 cm -1 in the Fe-MOGs can be ascribed to deprotonation of carboxyl groups in the ligands, implying the complete deprotonation of the carboxylic groups in the PDA 2-ligands(Mirzaei et al. 2019;Ramezanpour et al. 2019). Fluorescent spectroscopic measurements were also conducted for more detailed structural information. As depicted in Figure1C, the Fe-MOGs (curve a) shows little fluorescent emission in comparation with PDA (curve b), which might be assigned to the decrease in the density of π electron clouds on the ring offset around the nitrogen atom due to the formation of Fe-N bonds even though the lone electron pair of N does not participate in conjugation.The morphological data were characterized by scanning electron microscopy (SEM) and transmission electron microscope (TEM). As shown in Figure1D, 1E and 1F, the observed morphology of the Fe-MOGs distributed in thin layer sheet form, which may be beneficial for the mass transfer of Fe-NX active sites HRP. The surface compositions and electronic states were further investigated by X-ray photo-electron spectroscopy (XPS), confirming the presence of C, N, O and Fe (FigureS1). As shown in Figure1G, the Fe 2p1/2 and 2p3/2 regions are fitted with Fe(Ⅱ), Fe(Ⅲ) and their respective satellite peaks. The two main peaks in the Fe 2p3/2 region have positions of 709.9 and 711.7 eV and can be assigned to Fe 2+ and Fe 3+ oxidation state respectively(Sun et al. 2019).These results indicate that iron on the Fe-MOGs is mainly in the Fe 2+ state, which is consistent with the light yellow colour of samples. The high-resolution N 1s spectrum of the Fe-MOGs displays three deconvoluted peaks ascribed to Fe-NX (399.5 eV), and pyridinic N (398.6 eV) as well as π-π* satellite (406.1 eV) (Figure1H)(Hou et al. 2020;Jiao et al. 2020;Lou et al. 2020), further demonstrating the formation of Fe-NX active sites. Fitted high-resolution C 1s spectrum evidences the presence of indefinite C-C (284.8 eV), C-N (285.7 eV), O-C=O (288.2 eV) (Figure

  that the Fe-MOGs/GCE (curve d) showed no ECL performance confirming luminol the only luminophore and Fe-MOGs/luminol/GCE (curve a) and luminol/GCE (curve b) both had a cathode ECL emission at about 0.5 V attributed to luminol. The ECL intensity in the presence of the Fe-MOGs reached around 7000 a.u., about two times the intensity in the absence of the Fe-MOGs, which achieved approximately 3000 a.u., while PDA had negligible influence on the ECL intensity (curve c). And in the inset of Figure3B, the decrease in the initial oxidation potential of Fe-MOGs/luminol (curve a) also illustrates that the Fe-MOGs can effectively enhance the ECL signal of luminol. On the other hand, in consideration of the redox potential of Fe(Ⅱ)/Fe(Ⅲ), the initial potential was optimized to improve accuracy of ECL detection. As shown in FigureS6A, in the absence of H2O2, the ECL of luminol/GCE under air (curve a) saturated atmosphere boosted compared with nitrogen saturated condition when the initial potential reached -0.4 V, which is the reduction potential of dissolved oxygen. While in the presence of 15 μM H2O2 in FigureS6B, the ECL of Fe-MOGs/luminol/GCE increased simultaneously under air (curve a) and nitrogen (curve b) saturated atmosphere as the initial potential decreased, implying that the Fe-MOGs are not sensitive to dissolved oxygen and H2O2 is the only available co-reactant source in Fe-MOGs/luminol-H2O2

  , chitosan (low viscosity: < 200 mPa. s) 0.1% wt aqueous solution was used as an intermediate binder for cell adhesion to the surface of the Fe-MOGs/luminol modified GCE. As shown in Figure S12B, the ECL response of Fe-MOGs/luminol/GCE modified with Hela cells coated with chitosan is approximately three times that of Fe-MOGs/luminol/GCE modified with Hela cells without chitosan. And the cell-free Fe-MOGs/luminol/GCE modified by chitosan has almost no ECL response, indicating that chitosan facilitates cell immobilization without interfering with ECL detection. EIS was applied for characterizing the successful immobilization of Hela cells onto the Fe-MOGs/luminol/GCE. The Nyquist plot of the Fe-MOGs/luminol and the chitosan-coated Hela cells modified Fe-MOGs/luminol were displayed in Figure S12C. Compared with the semicircular diameter obtained from Fe-MOGs/luminol (curve a), the semicircular diameter of chitosan-coated Hela cells modified Fe-MOGs/luminol is significantly increased (curve b), indicating the successful immobilization of chitosan-coated Hela cells onto Fe-MOGs/luminol. In addition, similar to the literature, LPS was used to stimulate the production of H2O2 in cells (Jiang et al. 2018b). Control experiments were conducted to confirm the selectivity to H2O2 in this practical situation. As shown in Figure S12D, no ECL response was observed in the control experiment of LPS/chitosan/Fe-MOGs/luminol/GCE without Hela cells (curve a), eliminating the interference of LPS itself to ECL response. The oxidative stress induced by LPS can be confirmed by comparing the ECL response of Hela cells with (curve c) and without (curve b) LPS treatment, indicating that inducedROS radicals (excluding H2O2) affected little on ECL, which is consistent with the reported literature(Jiang et al. 2018b). On the other hand, when catalase (a selective scavenger of H2O2) was added (curve e), the ECL response caused by LPS-treated Hela cells/chitosan/Fe-MOGs/luminol/GCE (curve d) decreased significantly, referring to the method from literature(Guo et al. 2010). It can be concluded that ECL response is mainly ascribed to the Fe-MOGs-catalyzed H2O2, which is released from Hela cells through LPS stimulation. Eventually, ECL responses of the as-fabricated biosensor to various concentrations of Hela cells were recorded, as illustrated in Figure3FInset.
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Table 1 .

 1 Different Methods for H2O2 Detection

	Electrode material	Method	Linearity (μM)	LOD (nM)	Advantages	Disadvantages	ref
	Cu-MOF/SPE	EC	10-1000, 1400-6800	4100	High flexibility	Time-consuming fabrication	(Ling et al. 2019)
	PAN-PNMThH HRP	EC	5-60000	3200	Easy operation	Temperature and pH sensitive (Chen et al. 2016)
	PEP-Npb1-Cy3	FL	0-40	260	High specificity	Complex fabrication	(Zhao et al. 2018)
	Fe/N-C	ECL	0.001-0.3	0.93	High sensitivity	Dynamic range limited	(Tian et al. 2019)
					Fast electron transfer	Time-consuming fabrication	
	L012@PAni-PAAm	ECL	0.01-50	2.9	High sensitivity	Complex fabrication	(Xiaojin et al. 2020)
	ABEI-Ag@PAni-ATMP	ECL	0.01-200	9.6	Excellent conductivity	Interference	(Xu et al. 2019)
	PMT array chip	ECL	1-1000	170	Visualized detection	Software dependent	(Qi et al. 2016)
	ABEI-Ag@PAni-PA	ECL	0.01-40	3.3	Good biocompatibility	Complex fabrication	(Jiang et al. 2018b)

Fe-MOGs/luminol ECL 0.01-40 2.2 High sensitivity Complex fabrication This work
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voltammetry of Fe-MOGs/luminol modified GCE in 0.01 M, pH 7.4 PBS solution in the (a) absence and (b) presence of 15 μM H2O2 was conducted (Figure S7). An oxidization peak at about 0.49 V can be observed in both curves while stronger in the presence of 15 μM H2O2. It corresponds to the oxidation of luminol which can be ascribed to the reduction of H2O2 (Wang et al. 2019b). To further clarify the proposed mechanism, the active intermediates formed in the ECL system were determined. As shown in Figure S8, the effects of different reactive oxygen species (ROS) scavengers on the ECL signal of Fe-MOGs/luminol-H2O2 and luminol-H2O2 system were studied.

Isopropanol (IPA), benzoquinone (BQ) and L-Cysteine (L-Cys) were used to scavenge •OH, O2 •-and almost all ROS, respectively. The ECL intensity was obviously inhibited when 1.0 mM IPA and BQ was added to the electrolyte respectively and the ECL intensity was almost completely suppressed when 1.0 mM L-Cys was added, insinuating ROS like •OH and HO2 •-might be produced in the system. And in the presence of Fe-MOGs, IPA achieved stronger quenching effect, indicating more •OH was generated in Fe-MOGs/luminol-H2O2 system. On this basis, a possible mechanism for luminol-H2O2 ECL systems based on Fe-NX catalysts is described as follows.

𝐿𝐻 --𝑒 -→ 𝐿 •-+ 𝐻 +
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