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In the face of complex environments, considerable effort has been made to accomplish sensitive, accurate and highly-effective detection of target analytes. Given the versatility of metal clusters and ligands, high porosity and large specific surface area, metal–organic framework (MOF) provides researchers with prospective solutions for the construction of biosensing platforms. Combined with the benefits of electrochemistry method such as fast response, low cost and simple operation, the untapped applications of MOF for biosensors are worthy to be exploited. Therefore, this review briefly summarizes the preparation methods of electroactive MOF, including synthesize with electroactive ligands/metal ions, functionalization of MOF with biomolecules and modification for MOF composites. Moreover, recent biosensing applications are highlighted in terms of small biomolecules, biomacromolecules, and pathogenic cells. We conclude with a discussion of future challenges and prospects in the field. It aims to offer researchers inspiration to address the issues appropriately in further investigations.
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INTRODUCTION
Rapid industrial developments and modern lifestyle have affected human health, for which people pay more attention to the dynamics of their physical condition (Pettinari et al., 2021). The observation of biological activities, the acquisition of biological information, and the discovery of life systems have fueled the development of biotechnologies, particularly biosensors (Zhao et al., 2021). Biological signals that are difficult to perceive are converted to readable data using optics (Sun et al., 2021a), photothermal (Zhou et al., 2020a), electrochemistry (Zhang et al., 2021b), electrochemiluminescence (Zhang et al., 2020), and other technologies. Electrochemical biosensors have thrived due to their high sensitivity, rapid response, and simplicity of operation (Selvam et al., 2021). To improve the applicability and sensibility of the biosensing system, the consumables and volumes of samples required for detection should be reduced as far as possible (Ma et al., 2021).
Metal–organic framework (MOF) is a hybrid material in which metal ions are bridged with organic ligands. A wide variety of central nodes and ligands has resulted in a vast library of coordination options. The adaptable network structure of MOF is well suited for functionalized modification, and the properties of MOF can be adjusted by tuning their topology and porosity (Pashazadeh-Panahi et al., 2021). The potential applications of MOF include gas storage and separation (Fan et al., 2021), heterogeneous catalysis (Wu and Zhao, 2017), sensing (Osman et al., 2019; Li et al., 2021c), drug delivery (Wang et al., 2020b), proton conductivity (Ye et al., 2020), etc. Although the chemical stability, conductivity, and catalytic site utilization of MOF have somewhat limited its electroactivity, the tunable nature and high mass-transfer efficiency make it ideal for electrochemical biosensing platforms (Wang et al., 2018). According to research, four modular MOFs with different stacking approaches exhibit specific heterogeneous electron transfer rates for ascorbic acid (AA), dopamine (DA), uric acid (UA), and serotonin (5-HT), which are related to metal nodes and heteroatomic cross-linkers (Ko et al., 2020). Shieh et al. (Shieh et al., 2015) first proposed a de novo method for embedding catalase in zeolitic imidazolate framework-90 (ZIF-90) crystals, which demonstrated that decreasing the pore size of MOF weakens the interaction between the matrix and enzymes and prevents the leaching of the contents. Integrating bioentities into MOF enhances the specificity of the biosensor, and the chemical mutability of MOF allows the molecular-level control of the sensing performance (Velásquez-Hernández et al., 2021). The ongoing outbreak of coronavirus disease 2019 (COVID-19) has become a global public health emergency (Wang et al., 2020a). As of November 2021, the number of reported infections worldwide has exceeded 252 million (World Health Organization, 2021), causing severe harm to human health and the global economy. MOF-based electrochemical sensors have been proposed for detecting viruses such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (El-Sherif et al., 2021), human immunodeficiency virus (HIV) (Lu et al., 2021), hepatitis-C virus (HCV) (Sheta et al., 2020), which are essential for diagnostic treatment and delaying the spread of diseases.
This review focuses on the application of electroactive MOF to electrochemical biosensing. First, three common strategies for preparing electroactive MOF are generalized: synthesizing using redox ligands or metal ions, combining with active guest molecules, and compounding with nanoparticles (NPs), carbon materials, polymers, and other materials (Figure 1). Second, examples of the functional MOF-materials used in electrochemical biosensors are summarized, including small molecule metabolites, neurotransmitters, nucleic acids, vitamins, antigens, enzymes, and pathogenic bacteria or cells. Subsequently, the trends and challenges in this field are discussed, concentrating on the structure–function relation in electroactive MOF, and on new designs for practical electrochemical sensing devices.
[image: Figure 1]FIGURE 1 | Illustration of the electroactive MOF designing strategies, including select redox ligands or metal centers, combine with biomolecules, and assembly of composites. The synthesized functional materials are used to detect small biomolecules, biomacromolecules, pathogenic bacteria/cells through electrochemical methods.
SYNTHESIS AND MODIFICATION OF MOFS FOR ELECTROACTIVE MATERIALS
Fully mobilizing the activity of MOF is usually a challenging task. The internal structure of MOF can be custom-designed by adjusting its topology, crystallinity, pore size, porosity, and other properties. Due to the ordered connections and stable coordination of MOF, the performance of the adopted highly active organic ligands or metal ions is no longer limited to specific forms. In comparison to common inorganic porous materials, the properties of MOF can be naturally and easily modified to prevent damage to guest molecules caused by complicated procedures. The heterostructures formed using MOFs with NPs or nanocarbon-based materials further compensates for some of the inherent defects of MOFs (Ling et al., 2020).
Synthesis Using Organic Ligands or Metal Ions
Porphyrin is a popular candidate for the MOF organic unit due to its fine structure, distinct optical and electrical properties, and potent chemical catalytic activity (Zhang et al., 2016b). The MOF coordination structure can effectively modulate the electronic properties of porphyrin for molecular recognition and ion sensing applications (Zhang et al., 2016a; Zhang et al., 2021a). The coordination structure of MOF can effectively modulate the electronic properties of porphyrin for molecular recognition and ion sensing applications (Chen et al., 2021). For example, Zn2+ and 5,10,15,20-tetrakis-(4-carboxyphenyl)porphyrin (TCPP) were combined into two-dimensional (2D) nanosheets, ZnTCPP MOF. The elliptical flakes provide numerous reaction sites and reduce the energy required for the transition of the luminophore to its excited state (Han et al., 2021). Moreover, tetrathiafulvalene (TTF) is a strong π-electron donor with a conjugated polysulfide structure. It has been linked to four lanthanide metals (Tb, Dy, Ho, and Er) in different bridging patterns to form three-dimensional (3D) MOF (Su et al., 2019). In another study, the center of TTF was replaced with Ni to form a novel functional ligand, nickel bis(dithiolene-dibenzoic acid). As the core of the reaction, NiS4 can rapidly oxidize glucose to yield a signal response (Zhou et al., 2020b). Hollow nanospheres (HNSs) are NPs with voids in a solid shell, having a high specific surface area, low density, and large internal space. Designing MOF with mixed metal ion centers can improve its water stability and electroactivity (El-Sheikh et al., 2021). Li et al. doped Fe in bimetallic MOF containing Ni and Co to prepare Fe@NiCo-MOF HNSs. The Fe dopant changes the electronic structure of Ni and Co and affords a superior catalytic activity to Fe@NiCo-MOF HNSs comparing with the monometallic MOF (Li et al., 2020a).
Functionalization of MOF With Biomolecules
The integration of MOF with biomolecules has shown broad prospects in drug delivery, cancer treatment, and biosensing (Dutta et al., 2019). As a mild and inexpensive immobilization substrate, MOF considerably improves the stability, tolerance, and recoverability of the enzyme (Zhuang et al., 2017). The position of macromolecules within microcrystals can be controlled by adjusting the topology of MOF, contributing to the encapsulation or diffusion effect of enzymes (Liang et al., 2018). Alternatively, the conformation of the aspartate protease was changed by the guidance of the organic medium. Then, it shifted into the pores of an Al-based MOF (MIL-101(Al)–NH2) with only half of its original volume, completing an effective binding without the loss of activity (Navarro-Sanchez et al., 2019). The performance of biomodified MOF is non-negligibly affected by external conditions such as temperature, light, acidity, and alkalinity. The interaction between Au and thiolated molecules allows DNA probes to grow on the Au electrode surface, forming DNA self-assembled monolayers (SAMs) that are sensitive but show low stability as a sensing element. To compensate for the stability deficiency, zeolitic imidazolate framework-8 (ZIF-8) was grown on an electrode surface modified with DNA SAMs, forming a favorable barrier outside the nanoprobe (Ma et al., 2019). Such MOF–biomolecule integration strategies reduce the activity loss of sensing materials during assembly, storage, transportation, and inspection operations, which have advanced their dissemination.
Modification for MOF Composites
Diverse MOF-based composites often outperform single materials and are broadly exploited in biosensing. Li et al. (Li et al., 2020b) made DA to self-polymerize on the surface of Au NPs and then compounded with Fe-MOF to form Au@PDA@Fe-MOF (PDA = polydopamine). PDA can adjust the size of Au NPs and promote electron transfer together with Fe active centers. This aptamer sensor with dual amplified signals considerably improves the sensitivity of carcinoembryonic antigen (CEA) detection. In addition to their improved conductivity, MOF composited with carbon materials yield unexpected effects on stability and structural controllability. For instance, the uniformly stacked layered structure of graphene oxide (GO) achieves a larger specific surface area, thus promoting coupling interactions between different metal ions (Xing et al., 2021). Multiwalled carbon nanotubes (MWNTs) and Cu-MOF were assembled layer by layer via alternate solidification to form an electrodeposited film on a glassy carbon electrode (GCE). The nitrated MWNTs enhances the catalytic activity of the Cu-MOF and amplifies the signal (Wu et al., 2019b). Adding carbon dots (CDs) to the MOF precursor solution reduces its crystallization zone during growth, increasing the likelihood of binding MOF to the aptamer. CDs embedding increases the electroactivity of MOF, thereby accelerating the response to the target (Gu et al., 2019). A lot of MOFs are crystalline, which majorly limits their modification, assembly, and application. Many researchers have attempted to overcome this barrier by combining MOFs and polymers. Thakur et al. (Thakur et al., 2021) grew polymer monomers in the pores of the synthesized MOFs and verified that conjugate polymerization does not degrade the structure of MOFs. The addition of poly (3,4-ethylenedioxythiophene) (PEDOT) remarkably improves the inherently poor conductivity of Fe-BTC (BTC = 1,3,5-benzenetricarboxylic acid) MOF.
EMERGING BIOSENSING APPLICATIONS OF ELECTROACTIVE MOF MATERIALS
Endowing MOF with high electroactivity, biocompatibility, and adaptability considerably expands their applications in electrochemical biosensing. Because of their permanent porosity and high homogeneity, MOF can accommodate many guest molecules and control the molecule release process. Moreover, the abundance of reaction sites enables the instantaneous occurrence of large-scale reactions. These excellent properties have been exploited in advanced biosensors. The most recent advancements in biosensors fabricated using electroactive MOF materials are summarized in this section from the standpoint of biomarker categories.
Small-Biomolecule Sensing
Ni and Co. hydroxides are electrodeposited on carbon-based electrodes and subsequently coordinated with an acidic organic solution to obtain dispersed MOF flakes (Figure 2A). The synergistic interaction between the two metal centers intensifies the oxidation of glucose by the MOF (Ezzati et al., 2020). The advanced blood sensor analysis has been performed via 3D hollow fiber membranes (HFMs) (Wu et al., 2021). The subtle pore structure of HFMs can embed MOF mimics and biological enzymes with surprising blood-cell filtration ability. The polyaniline layer enhances the electrical signal outputs of multiple human health indicators (glucose, lactate, and cholesterol).
[image: Figure 2]FIGURE 2 | Biosensing applications of electroactive MOF materials in previous reports. (A) Rapid in situ synthesis of bimetallic MOF on the electrodes via a two-step method enables sensitive detection of glucose (Ezzati et al., 2020). (B) Stable and amplified peroxide-like enzyme activity is obtained by growing ZIF-8 encapsulating CytC in TiO2 nanochannels (Guo et al., 2020). (C) Modification of UiO-66 on fiber paper prompts the formation of DNAzyme as a signal amplifier for sensing exosomes (Liu et al., 2021). (D) Intense photocurrent of Yb-MOF@Au-NPs in near-infrared light for quantitative detection of CEA (Li et al., 2021a). (E) Modified ZIF-8 solid-loaded P. aeruginosa aptamer for detection of bacteria by signal off (Shahrokhian and Ranjbar, 2019). (F) Cu-MOF film enables dual detection of S. aureus and its characteristic secretions (Sun et al., 2021b).
Ge’s group from Tsinghua University prepared ZIF-8 complexes wrapped with cytochrome C (CytC) in different sizes and morphologies (Feng et al., 2021). The relatively small size of CytC@ZIF-8 shows enhanced porosity and a large specific surface area, thereby reducing the contact resistance between the enzyme and substrate. Furthermore, CytC@ZIF-8 grown on the walls of TiO2 nanochannels form a successful MOF-in-nanochannel model for biosensing devices (Figure 2B). The oxidation process of CytC increases the electron loss from 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate), enabling the in situ monitoring of H2O2 concentration using CytC@ZIF-8/TiO2M (Guo et al., 2020). To mitigate the negative impact of the mechanical properties of the electrode on sensing, Shu et al. deposited carbon nanotubes (CNTs) on poly (dimethylsiloxane) (PDMS), providing a flexible substrate on which DA in C6 cells was monitored even during tensile or bending deformations (Shu et al., 2020). Recently, MOF was combined with a phase change material (PCM) for DA sensing. A microcapsule comprising paraffin, SiO2, and polypyrrole (PPy) was anchored with ZIF-8 from the core to the outer layer. The PCM autonomously regulates heat to control the temperature around the biosensor in real time, thus weakening the dependence of the sensing process on environmental conditions (Li et al., 2021b).
Biomacromolecule Sensing
Exosomes are crucial for tumor diagnosis, migration, and growth, tissue damage repair, and neurodegenerative diseases. Gu et al. employed two MOF complexes (one as the anode and the other as the cathode) of a biofuel cell (Gu et al., 2021). Due to its large specific surface area, ZIF-8 enhances the catalytic activity of glucose dehydrogenase, acting as an outstanding electron producer. UiO-66 loaded with electroactive material (K3 [Fe(CN)6]) can be connected to exosomes, enhancing the electron connectivity and enabling it to accept numerous electrons. In such a self-powered sensor, the voltage is linearly and positively correlated with the exosome concentration. A fiber paper-based point-of-care (POC) sensor has been exploited based on the Zr-O-P interaction between exosomes and UiO-66 (Figure 2C). The specific recognition of the transmembrane protein CD63 and its aptamer triggers the DNA hybridization cascade reaction. The product can catalyze the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) and decrease the response current (Liu et al., 2021).
Photoelectrochemistry (PEC) biosensors have attracted interest for high sensitivity and low background noise (Zhang et al., 2018). Li and co-workers synthesized an ionic liquid with a large conjugate system and coordinated it with Yb, forming Yb-MOF with a significant PEC response in the near-infrared region. Au NPs were modified on the Yb-MOF surface via in situ reduction, enhancing the absorption of incident light by Yb-MOF and accelerating the separation of electron–hole pairs (Li et al., 2021a). When the CEA antibody loaded on the surface of Yb-MOF@Au-NPs recognizes its target, the adsorbed CEA hinders the photoelectric conversion behavior and the photocurrent gradually fades (Figure 2D). Jiang et al. achieved a highly sensitive detection of the spike glycoprotein on the surface of SARS-CoV-2 using a photoactive material (Au NPs/Yb-TCPP). The plasma enhancement effect of Au NPs increases the photocurrent of Yb-TCPP by approximately 16 times. The PEC aptamer sensor based on Au NPs/Yb-TCPP demonstrates the high application potential of MOF materials in COVID-19 prevention (Jiang et al., 2021). Forming wrinkles on the surface of a Cu-based MOF (HKSUT-1) can obtain porous Cu2O-CuO flower. The specific binding between vascular endothelial growth factor 165 (VEGF165) and its aptamer will lead to a conformational change of DNA and introduce the Cu2O-CuO flower to the electrode. The unique photocurrent-polarity switching capability of Cu2O-CuO flower boosts the sensing efficiency of VEGF165 (Fu et al., 2020). These biosensing platforms have significantly promoted the use of MOF materials in clinical diagnosis and treatment (Wu et al., 2019a; Sheta et al., 2019).
Pathogenic Cell Sensing
Bacterial contamination has become an urgent problem, especially in countries or regions with low economies and underdeveloped science and technology (Ghasemi et al., 2020). In one study, Pseudomonas aeruginosa (P. aeruginosa) levels in urine can be measured using a modified MOF (Figure 2E). The phenolic acid makes ZIF-8 tendency hydrophilic, promoting the attachment of P. aeruginosa aptamer. The specific recognition of P. aeruginosa separates the ferrocene-graphene oxide (Fc-GO) from the electrode, affording a gradually diminishing peak current (Shahrokhian and Ranjbar, 2019). Recently, a number of researches have shown that MOF-on-MOF yields functions that cannot be accomplished by a single MOF (Yao et al., 2019). The properties of MOF-on-MOF are influenced by the order of the cascade. For example, the crystallization of Tb-MOF-on-Fe-MOF is reduced by the limitation of Fe-MOF on the growth of Tb-MOF. Tb-MOF is more electroactive than Fe-MOF and readily interacts with the G-quadruplex. The precise quantification of carbohydrate antigen 125 (CA125) and living cancer cells using Tb-MOF-on-Fe-MOF shows the promising potential of MOF heterojunction materials in biosensing (Wang et al., 2019).
Xia et al. bound vancomycin with bovine serum albumin (BSA) on GCE to attract Staphylococcus aureus (S. aureus) through 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS) chemistry. The 2D MOF solidified with S. aureus antibody was the second indication of accurate identification. The functional 2D MOF nanozyme exerts a potent catalytic effect on H2O2, generating hydroxyl radicals (·OH) that trigger the oxidation of o-phenylenediamine to complete the electrical signal transduction (Hu et al., 2021). Subsequently, a platform capable of the dual signal determination of S. aureus was established (Figure 2F). In situ reduction of Au NPs on the Cu-MOF surface enables it to load DNA aptamers. When aptamers encounter the micrococcal nuclease secreted by the pathogen, it lyses and detaches; consequently, the ion movement is accelerated and an upward signal is produced. In contrast, the specific binding between DNA aptamer and the pathogenic cells causes a decrease in the current (Sun et al., 2021b). High-performance detection systems for pathogenic substances represent a breakthrough in the application of MOFs in disease prevention, contributing to reduced medical costs.
CONCLUSION AND PERSPECTIVE
In this review, we summarized the innovations and developments in the syntheses and applications of electroactive MOF materials. MOF has attracted much attention because of its flexible coordination structures, high modifiability, and favorable affinity for biomolecules. The catalytic activity is increased by the synergistic effect of the introduced multimetal sites and the design of novel organic ligands. The structure–activity relations among the pore size, topological configuration, morphology, and other features and properties of MOF have been gradually and intensively manipulated to achieve satisfactory functional outputs. In the curing of biomolecules, MOF can avoid the deactivation of biomolecules under external stimuli and its exposed active sites assist the diffusion of the substrate. The functional MOF composites compensate for the lack of conductivity and poor mechanical properties of single MOF. Researchers are working hard to fabricate low-cost, multi-functional, and environmentally friendly electroactive MOF materials.
The actual environment is often complex and variable, and the construction of biosensors faces many pressing problems. Future work should focus on the following aspects. 1) Designing new ligands or coordination of ligands, the properties of which better satisfy the actual needs, such as molecular structures that mimic the multibiological functions provided by nature (Alsharabasy et al., 2021). Regulating crystal growth while maintaining stability can yield (for example) hierarchical porous features that facilitate mass/electron transfer (Liu et al., 2020). 2) Although the high porosity endowment of MOF is desirable in redox reactions, the response time of the targets is sometimes long; alternatively, large volumes of samples are required. Both of these limitations reduce the sensitivity of biosensing. 3) When electroactive MOF functions as a signal emitter, the background response should be attenuated as much as possible so that an obvious signal can be collected even in extremely low concentrations of the analyte. 4) The miniaturization and integration of MOF sensing components promote the advancement of portable devices, and the market for wearable sensors and POC technology is in short supply (Yan et al., 2021a). Novel biosensors not only meet the daily healthcare needs of modern people but prevent disease transmission and save public medical resources by extending the biosensing applications of MOF to real-life (Yan et al., 2021b). Tailor-made MOFs have been used in drug delivery, cancer treatment, pollutant removal, supercapacitors, and other fields. We expect that MOF will further excel in electromagnetic wave absorption, air purification, rechargeable metal–air batteries, etc., providing solutions to dilemmas pertaining to global energy and the environment.
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