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Abstract

:

Bimetallic coordination polymers (CPs) have two different metal ions as connecting nodes in their polymer structure. The synthesis methods of bimetallic CPs are mainly categorized into the one-pot method and post-synthesis modifications according to various needs. Compared with monometallic CPs, bimetallic CPs have synergistic effects and excellent properties, such as higher gas adsorption rate, more efficient catalytic properties, stronger luminescent properties, and more stable loading platforms, which have been widely applied in the fields of gas adsorption, catalysis, energy storage as well as conversion, and biosensing. In recent years, the study of bimetallic CPs synergized with cancer drugs and functional nanomaterials for the therapy of cancer has increasingly attracted the attention of scientists. This review presents the research progress of bimetallic CPs in biosensing and biomedicine in the last five years and provides a perspective for their future development.
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1. Introduction


Coordination polymers (CPs) or coordination networks are inorganic or organometallic polymer structures with infinite structures formed through the self-assembly of transition metals and organic ligands [1,2,3]. CPs exhibit unique properties by combining the characteristics of both polymers and coordination compounds [4]. Since the concept of CPs was introduced in 1964, a large number of CPs with different structures and compositions have been designed and synthesized using various metal ions and organic ligands under different reaction conditions [5,6,7]. Some of them are able to form crystal morphology and X-ray crystallography can then be used to resolve their structural composition at the atomic level [8]. Among them, metal-organic frameworks (MOFs) are currently one of the most studied classes due to their rigid [9], ordered, and highly porous structures, which have been found widely potentials in gas storage and separation [10,11,12], catalysis [13,14,15], sensing [16,17], and biomedicine [18].



Bimetallic CPs comprised of second metal ions in the coordination node have abundant structures and compositions, ensuring their more versatile properties and application in comparison with monometallic CPs. The presence of two metal ions in bimetallic CPs produces synergistic and cooperative effects on their functionality, and the ratio of the metal ions can be adjusted, offering the possibility of controllable synthesis of bimetallic CPs with specific physicochemical properties [19,20]. For example, bimetallic d-f CPs were constructed using d-block metal chromophores as sensitizers to achieve luminescence through effective d → f energy transfer, which effectively overcame the problem of low f → f conversion efficiency [21]. In the field of catalysis, for example, the NiFeCP/NF (NF = nickel foam, terephthalate as the ligand) electrode exhibited excellent oxygen evolution reaction (OER) catalytic activity and was a promising catalyst for oxygen-absorbing materials [22]. Magnetic bistable materials with hysteretic properties, which consisted of parallel cyanide bridge [FeII-Wv] coordination chains linked together by rigid double (imidazole) benzene ligands, were comparable to basic binary units and were expected to be used in switching and memory devices [23]. In the field of environment, compared with the monometallic zinc CPs, the bimetallic CPs contain [Zn2M2O]6+ (M = Co or Ni) bimetallic cluster nuclei and more open metal sites (OMS) showed distinct isosteric heats of adsorption and surface area, owing to their open Lewis acidic sites of solvent-free state. Moreover, bimetallic CPs can also remove oil spills from water surfaces in powder and particle form with a clearance rate of up to 385 wt% (clearance rate = mass of adsorbed oil spill/mass of materials), providing a roadmap for the design and manufacture of novel superhydrophobic porous composite materials in combination with OMS to offer better water and thermal stability [24]. These works have been well reviewed and discussed for their potential in gas storage [25] and catalysis [26]



For another aspect, bimetallic CPs with exotic structure of porous morphology and regular topologies have intriguing optical and electronic properties, favoring their ability in biosensing and biomedicine [27,28]. However, there is still a lack of comprehensive discussion dedicated to the fields of bio-related applications. This paper describes recent advances in bimetallic CPs for biosensing and biomedical applications with the aim of filling this gap (Figure 1). Synthesis strategies of bimetallic CPs including the one-pot method and post-synthesis modifications are first classified and discussed. The applications of bimetallic CPs in sensing and drug delivery fields such as luminescent probes, electrochemical sensing, enzyme mimicry, drugs, and immunotherapy for cancer are then successively presented. Finally, this review offers an outlook for the possible development of bimetallic CPs in biological applications.




2. The Synthetic Strategies for Bimetallic CPs


CPs contain two core components, connectors and linkers, which are defined as the original reagents that build the main framework of the CPs. Their important characteristics are the number and orientation of their binding sites (coordination number and coordination geometry). Transition metal ions are commonly employed as multifunctional connectors in structures of CPs and the coordination number changes depending on the type of metal and its oxidation state. Organic molecules and anions often act as linkers providing abundant attachment sites and tuning the strength and orientation of the binding [1]. In addition, a wide variety of CP materials have been successfully synthesized by introducing different synthesis conditions from coordination chemistry and zeolite chemistry, including room temperature (RT), conventional electric (CE), microwave heating (MW), electrochemical (EC), mechanochemistry (MC), and ultrasonic (US) methods [29].



This section focuses on two strategies for the synthesis of bimetallic CPs: one-pot methods and post-synthesis modifications. One-pot synthesis refers to the process of the second ion added before the formation of polymer structure. On the contrary, post-synthesis modifications are the methods of adding a second ion after the polymer structure has been constructed. The development of instrumental analysis has provided technical support for characterizing the composition and structure of bimetallic CPs. X-ray diffraction (XRD) can be used to identify the crystalline phase of bimetallic CPs [30]. Atomic absorption spectroscopy (AAS) and energy dispersive X-ray spectroscopy (EDX) can be coupled to calculate the concentration and distribution of the two metals in the CPs [31]. X-ray photoelectron spectroscopy (XPS) and X-ray absorption fine structure analysis (XAFS) can determine the nodal position of each metal in the bimetallic CPs [32,33]. The specific surface area, pore volume, and pore size distribution of the bimetallic CPs can be determined from the N2-sorption desorption isotherm [34]. The combination of different techniques to accurately characterize the synthetic bimetallic CPs exploits the potential for applications in various fields [35,36,37].



2.1. One-Pot Methods


One-pot methods involve the addition of a second ion before the polymer structure has been constructed, which encompasses self-assembly methods of two metal ions with the ligand and metal-ligand methods with the metal-ligand as the site (Figure 2). The simplicity and rapidity of this method have led to widespread applications in the synthesis of bimetallic CP materials on a large scale.



2.1.1. Self-Assembly Methods


Conventionally, monometallic CPs have been self-assembled by mixing organic ligands and metal salts in a one-pot manner [38,39]. Bimetallic CPs have similarly been synthesized in large quantities using self-assembly methods in past studies. The assembly process of bimetallic ions with organic ligands is usually disordered, and thus the synthesis of ordered self-assembly of bimetallic CPs requires specific reaction conditions such as solvothermal [40], ultrasonic [41], or microwave methods [42] to spontaneously change the system from disordered to ordered through the driving of internal forces. Meanwhile, parameters such as the type and concentration ratio of metal ions [43], as well as the pH of the reaction [44] need to be finely selected and controlled to achieve controlled doping.



Metal ion pairs with similar characteristics, such as ionic radius, charge, and Lewis acidity, are most often used to synthesize identically charged bimetallic CPs in a self-assembly manner due to the fact that two metal ions can form almost identical secondary-building units (SBUs), referring to the smallest repeating unit of CPs formed by one metal ion and multiple ligands. A large number of bimetallic CPs have been synthesized, for example Co2+-dopped ZIF-8(Zn2+) (ZIF stands for the zeolitic imidazolate framework) [45], Ce3+-dopped Tb-CPNs(Tb3+) (CPNs stand for coordination polymers nanoparticles) [46], Co2+-dopped Ni3HITP2(Ni2+) (HITP = 2,3,6,7,10,11-hexaiminotriphenylene) [47], Cu2+-dopped ZIF-67(Co2+) [48], Fe3+-dopped Cr-BTC(Cr3+) (BTC = 1,3,5-benzenetricarboxylic acid) [49], Hf4+-dopped Zr-MOF(Zr4+) [50] and Ce4+-dopped UiO-66(Zr4+) (UiO stands for University of Oslo, 1,4-benzenedicarboxylic acid as the ligand) [51]. The crystalline phases of the obtained bimetallic CPs are unchanged from those of monometallic CPs due to the almost identical coordination properties of these metal pairs. On the other hand, the self-assembly synthesis of ion pairs with different coordination abilities has also been widely reported such as Mg2+-Cr3+ MIL (MIL stands for Materials Institute Lavoisier, terephthalic acid as a ligand) [52], Ni2+-Gd3+ CPs [53], Fe2+-Gd3+ CPs [54], Fe3+-Ni2+ CPs [22], Na+-In3+ CPs [55], Cu2+-Zr4+ UiO-66 [56], Ag+-Zn2+ MOF [57] and Mn2+-Fe3+ MOF [58]. The addition of metal ions with different coordination abilities generates new SBUs leading to the changes in the crystalline phase, exhibiting different structures and properties. The simplicity and flexibility of the self-assembly methods have led to it being the most commonly used method for synthesizing bimetallic CPs.




2.1.2. Metal-Ligand Methods


In order to control the synthesis of bimetallic CPs more efficiently, the use of designed SBUs is a promising regulatory approach. The metal-ligand methods refer to forming bimetallic CPs by reacting with target metal ions using metal complexes with donor sites instead of conventional organic ligands. Pre-synthesized metal complexes designed as SBUs can better control the structure and size of bimetallic CPs and endow them with superior properties.



Ferrocene (Fc) is a metal complex formed by the strong interaction of Fe (II) and cyclopentadienyl, which has good thermal stability and oxygen resistance thus facilitating the synthesis of various derivatives [59]. The synergistic effects of the excellent electrochemical properties of Fc and the structural properties of CPs have attracted great research interest in Fc-CP materials in the fields of electrochemistry and capacitors [60]. María et al. [61] first reported a 3D metal-organometallic network (MOMN) with a rhomboid-like network topology containing 1,1′-ferrocene dicarboxylate ligands. Two new distinct structures, [Zn(4,4′bipy)2(O2CFcCO2)2]·0.5H2O and [Cu(4,4′-bipy)2(O2CFcCO2)2] 0.5H2O, exhibiting a 3-fold interpenetrating structure with a topology according to point symbols for a net with loops, {66}{6}2, have been successfully synthesized via hydrothermal reaction. The electrochemical properties of two Fc-CPs were evaluated by solution-state differential pulse voltammetry. Van Wyk and co-workers [62] have developed Fc@NU-1000 (NU-1000 = Zr-MOF) CPs using well-established pyrene-based MOF NU-1000 samples followed by modifying with ferrocene carboxylate via a SALI-based (SALI = solvent-assisted ligand incorporation) node functionalization technique. In dielectric-related charge transfer (CT) kinetic experiments, the CT products are immobilized in the porous NU-1000 framework, which avoid the interference of electrolyte counterions in changing the dielectric constant in conventional electrochemical experiments. It is shown that the process involves large reorganization energy, which requires polarization node-bound hydroxyl/water ligands, and the findings can provide an important reference for the future design of MOF-based electrocatalytic and photoelectrochemical systems.



Cyano (CN−)-based metal complexes are another widely used metal ligands in the synthesis of bimetallic CPs. For example, K3Fe(CN)6 was successively reacted with Cu2+ and Ni2+ to obtain core-shell nanoparticles of CuFe-PBA@NiFe-PBA (PBA = Prussian blue analogs) [63]. The [Nb(CN)8]4− anion can bridge two [Mn(R-mpm)2]2+ units (mpm = α-methyl-2-pyridinemethanol) and a crystalline H2O molecule to form 2D cyano-bridged molecular ferromagnet {[MnII(R-mpm)2]2[NbIV(CN)8]}·4H2O [64]. In addition, [WV(CN)8]3− building blocks and FeII-based spin crossover (SCO) units can be linked to construct the cyanide-bridged alternating FeII-WV chain by the rigid diatopic bib ligands (bib = 1,4-bis(1H-imidazol-1-yl)benzene) to form a flexible framework{[WV(CN)8]-[(FeII)(bib)2]-(bibH)}·2CH3OH [23].



Exceptionally, bimetallic coordination polymers with different valence states of the same element have been synthesized by the Metallo-ligand methods. Hou et al. reported that novel bimetallic CPs {[CuII(SalImCy)](CuII)2·DMF}n were fabricated by combining copper(II)-salen catalysts CuII(SalImCy) (SalImCy = N,N’-bis-[(imidazol-4-yl)methylene]cyclohexane-1,2-diamine) with copper(I) iodide clusters via a direct solvothermal approach, which can be used as highly efficient multiphase multifunctional catalysts for the asymmetric synthesis of α-aminonitriles [65]. Suchithra et al. prepared bimetallic CPs of the [TAG][FeIIFeIII(ClCNAn)3]-(solvate) type (TAG = tris(amino)-guanidinium, ClCNAn2− = chlorocyanoanilate dianionic ligand), which was the first report of the use of TAG in such CPs [66]. TAG cation has C3 symmetry and is able to form intermolecular hydrogen bonds with the chlorine atoms of the ligand and crystallize on the polar non-centrosymmetric space group P3. This paper followed up with an in-depth study of the magnetic and conductive properties of such FeII-FeIII CPs. The synthesis of bimetallic CPs with various functionalities requires the use of metal ligands with open metal sites and corresponding functionalities. Careful design and precise preparation of metal ligands are significant for this synthetic approach.





2.2. Post-Synthesis Modifications


Bimetallic CPs can be fabricated by synthesizing monometallic CPs followed by the addition of second ions, for example, ion exchange, template, and seed methods, whereas direct synthesis may not be possible. While the structure of CPs is preserved intact, the addition of new metal ions can bring new features and enhanced functions.



2.2.1. Ion-Exchange Methods


Massive replacement of metal ions in CP systems by different metals with similar properties not only preserves the original structure but also provides additional functions [10]. The coordination number of SBUs, the valence of the metal ions, and the type of solvent have a significant impact on the rate and extent of the ion exchange [67].



Cu2+ is the most commonly used ion in ion exchange methods and tends to displace most of the other transition metal ions (Zn2+ and Mn2+) due to the energy gain by additional splitting of the d-orbitals by distortion of the octahedral coordination geometry of Cu2+ [68]. Prasad et al. prepared novel CPs {[Zn2(bdcppi)(dmf)3]·6DMF·4H2O}n(SNU-51) using Zn2+ and N,N’-bis(3,5-dicarboxyphenyl)pyromellitic diimide (H4BDCPPI) [69]. The Zn2+ in SNU-51 was ion-exchanged with exogenous Cu2+ and retained the PtS-type mesh structure. A microporous Mn-based MOF termed MnMnBTT (BTT = 1,3,5-benzenetetrazolium) was ion-exchanged by three ions i.e., Fe2+, Cu2+, and Zn2+, and the relative cation occupancy of different metal ions in the MOFs was successfully determined with multi-wavelength anomalous X-ray dispersion [70]. The results suggested that Cu2+ and Zn2+ exhibited excellent ion exchange performance at the C4v site after ion exchange with an occupancy rate of 88.8% and 74.8%, respectively, much higher than Fe2+ with an occupancy rate of 19.5%.



Moreover, the Chen group synthesized nickel-based CPs and further introduced Co2+ through a cation exchange process to construct NiCo bimetallic CPs (2,5-dihydroxyterephthalic acid as the ligand) [71]. The experimental results showed that Co2+ doping can activate the electrochemical activity of Ni2+ in CPs, promote ion/electron diffusion, and reduce the polaron migration barrier, thereby improving the reversible capacity of the cell and structural stability during repeated cycling. Kim and co-workers prepared the first Ti (IV) analog of the robust UiO-66(Zr) framework using an ion exchange process [72]. The experimental results indicated that the amount of exchanged Ti4+ depended on the type of metal salt, with TiCl4 (THF)2 (THF = tetrahydrofuran) having the highest level of substitution while TiBr4 has the lowest. Even highly robust MOFs such as UiO-66(Zr), MIL, and ZIF can be fabricated by means of ion-exchange to prepare new functional materials that are currently unavailable through other synthetic methods.




2.2.2. Seed Methods


The principle of the seed method is to utilize two CPs with similar lattice parameters to assemble core-shell bimetallic CPs by epitaxial growth. The matching of the crystal lattice ensures the continuous connection of pores at the crystal interface and the altered crystal structure affects the mobility as well as diffusion of the adsorbent. Furukawa et al. synthesized core-shell bimetallic CPs single crystals by seed epitaxial growth for the first time and determined the structural relationship between the shell and the core utilizing surface XRD analysis [73]. The analytical results revealed that the bimetallic MOFs with the core-shell structure consist of [{Zn2(ndc)2-(dabco)}n] as the core crystals and [{Cu2(ndc)2(dabco)}n] as the shell crystals (ndc = 1,4-naphthalenedicarboxylate, dabco = diazabicyclo[2.2.2]octane). It is essentially impossible to synthesize these two components with opposite core-shell compositions because the core crystals can be grown into single crystals with a cubic morphology, while the shell crystals can only be obtained as microcrystalline powders. In addition, bimetallic ZnZr-MOF with core-shell structure was also fabricated by seeding method and employed as an aptamer sensor platform for the detection of cancer marker protein tyrosine kinase-7 (PTK7) [74]. The results demonstrated that the crystal structure and surface functional groups of the bimetallic MOFs can be modulated by changing the order of addition between metal precursors and organic ligands. The ZnMOF-on-ZrMOF hybridized material presented a hierarchical leaf-like structure, while ZrMOF-on-ZnMOF showed a multilayer nanosheet structure.






3. Biosensing Applications of Bimetallic CPs


Due to the synergistic effect of different metals, bimetallic CPs have the advantages of tunable porosity, flexible luminescence, and high electrocatalytic activity, which make them versatile materials with wide applicable potentials and promising prospects in biosensing. Meanwhile, the doping of the second metal ions in unstable SBUs can greatly improve the stability of CPs, which greatly solves the disadvantage of the instability of CP materials in storage and use [75,76]. In addition, some studies have pointed out that when two or more metal ions are embedded in the structure of CPs, the bio affinity of CPs also increases, which is more favorable for application in living systems [77]. We review the work on the applications of bimetallic CPs in biosensing and biomedicine over the last five years including the detection of metal ions, small biomolecules, nucleic acids, and detection based on immune response.



3.1. Detection of Metal Ions


Metal ions exist widely in living organisms and are involved in many key physiological processes such as material transport, energy conversion, information transmission, and metabolic regulation. When metal ions are deficient or in excess, many health problems ensue [78]. Fe3+ and Cu2+ are involved in regulating body homeostasis and determining cellular functions, disturbances in their concentration levels in the body can lead to organ loss and serious diseases. Moreover, heavy metal ions of Hg2+, Pb2+, Cd2+, etc. accumulated in the human body through the food chain would lead to the occurrence of several serious diseases. Therefore, the exploration of reliable means of detecting metal ions with high sensitivity and selectivity is of great importance.



3.1.1. Detection of Fe3+


Iron(III) (Fe3+), a metal ubiquitous in the environment and in biological systems, plays an integral role in a variety of important cellular functions such as oxygen delivery in hemoglobin, oxygen metabolism, and electron transport processes in the synthesis of DNA and RNA [79]. Inadequate or excessive intake of Fe3+ can lead to serious chronic diseases. Therefore, it is of great significance to monitor the concentration of Fe3+ in the environment as well as in the human body for early diagnosis of many diseases [80,81]. Song and co-workers reported a bimetallic Eu0.6Tb0.4 MOF which possessed the maximum KSV (KSV = kinetic quenching constant) quenching constant for Fe3+, approximately 36.6% higher than that of monometallic Eu MOF. Furthermore, a metal-centered induced structural transition from EuMOF-1 to TbMOF-2 was achieved by changing the ratio of Eu to Tb [82]. Geng et al. successfully synthesized a series of bimetallic Cd/Zr-UiO-66 materials for fluorescence quenching probes of trace Fe3+ and fluorescence turn-on probes of trace As5+ by one-pot methods [83]. Experimental analysis showed that the fluorescence quenching of Fe3+ was mainly due to the competitive absorption of the excitation source and resonance energy transfer (RET), while the fluorescence enhancement of As5+ was mainly due to the absorbance-caused enhancement (ACE) mechanism. The fluorescent probe has good selectivity and high sensitivity, and it can maintain high luminescence stability under a variety of extreme environments. Furthermore, the same research group also developed the bimetallic Ag/Zn-ZIF-8 with strong photoluminescence properties using the one-pot method for sensing traces of Fe3+ and Cu2+ (Figure 3A) [84]. The obtained bimetallic Ag/Zn-ZIF-8 showed excellent fluorescence burst response to Fe3+ and Cu2+ with high selectivity and sensitivity, as well as good immunity to interferences with the detection limits of 3.9 μM and 6.7 μM, respectively (Figure 3B). The mechanism of the luminescence burst was investigated in detail. The resonance energy transfer (RET) and competing absorption of the excitation source from the interaction of 2-methylimidazole with Fe3+ and Cu2+ in the ZIF-8 framework may have led to efficient fluorescence bursting.




3.1.2. Detection of Cu2+


Copper(II) (Cu2+) is an essential ion in biometabolic systems such as various redox processes and enzyme catalysis in living organisms. However, disturbances in the concentration of Cu2+ in the body can often lead to serious illnesses, such as blood and neurological disorders due to Cu2+ deficiency, gastrointestinal disorders, liver and neurological damage, and other illnesses due to Cu2+ excess [85]. Therefore, the concentration of Cu2+ in the environment and in humans should be strictly controlled and measured. Wu et al. synthesized the green light-emitting bimetallic 3D framework material [MgZn(1,4-NDC)2(DMF)2](1,4-NDC = 1,4-naphthalene dicarboxylic acid) [86]. Interestingly, the material showed blue fluorescence after milling, which was the first reported magnesium-based bimetallic MOF with mechanoresponsive fluorescence. The milled blue-emitting CP material maintained the same framework structure as before milling. As a result, this material can not only produce a fluorescence-quenching effect on Fe3+ but also act as an effective luminescent detector of CS2 and some nitro-explosive compounds. Peng and co-workers reported that Ti3+ functionalized Tb3+@UiO-66-(COOH)2 was developed as an excellent luminescent probe [87]. This probe can visually monitor Cu2+ in aqueous media through fluorescence quenching effect and has the advantages of high selectivity and sensitivity, wide linear concentration range (0–200 μM), low detection limit (0.23 μM) and fast response time (within 1 min). The mechanism of quenching luminescence is the coordination of Cu2+ with the free carboxylic acid group of Tb3+@UiO-66-(COOH)2, which leads to a decrease in the energy transfer efficiency from the ligand to the Tb3+ ions and thus quenches the fluorescence.




3.1.3. Detection of Other Metal Ions


Along with the rapid industrial development in modern society, heavy metal pollution in the environment is growing at an alarming rate [88]. Excess heavy metals will gradually accumulate in the food chain and eventually pose a serious threat to human health. Heavy metal-induced toxicity and carcinogenicity involve many mechanistic aspects. For instance, lead (Pb) poisoning can cause serious damage to the human nervous, skeletal, and immune system [89]. Chromium (Cr) is considered one of the most carcinogenic elements and can cause lung cancer, prostate enlargement, and other diseases [90]. Mercury (Hg), the heavy metal that readily accumulates in the food chain, would damage the respiratory system as well as the central and peripheral nervous systems, exceeding the safe levels in the human body [91]. Even excessive accumulation of zinc (Zn), one of the essential trace elements, can lead to zinc poisoning and acute renal failure [92]. Therefore, the development of rapid detection methods for heavy metal ions in the environment and the human body is an urgent need. Chen and co-workers used a modified sodium hydroxide mediated method to synthesize ZIF-67 doped with Mn2+, Fe3+, and Ni2+, the resulting product was used to construct an electrochemical sensing interface for detection of Hg2+ through square wave anodic stripping voltammetry [93]. The results showed that the electrochemical signals for Hg2+ detection were enhanced when ZIF-67 was doped with metal ions compared to pure ZIF-67. Among them, the Fe3+-modified ZIF-67 showed excellent performance in the trace detection of Hg2+. Its sensitivity (41.5 μA/μM) and LOD (7.82 nM) (LOD = limit of detection) exceeded the requirements of the World Health Organization’s analytical method for the detection of Hg2+ in drinking water. The Sun group reported a novel BiCu MOF-derived carbon film encapsulating BiCu alloy nanoparticles (BiCu-ANPs) integrated into an electrochemical sensing system for real-time on-site ultrasensitive detection of Pb2+, Cd2+, and Zn2+ in different human biofluids and environmental water [94]. The results revealed that the novel bimetallic material significantly improved the electrocatalytic activity and stability, which was attributed to the strain and electronic effects induced by the encapsulated structure of the hybrid metal and carbon framework. As a result, the constructed electrochemical sensing system had multiple active sites, good electrical conductivity, fast enrichment time and high stability, which consequently improved the overall performance and reliability of the sensing system.





3.2. Detection of Small Molecules


Precise monitoring and rapid screening of disease-marking small molecules in blood, saliva, sweat, urine, and tears are critical for early prevention of many diseases [95,96,97]. Compared to monometallic CPs, bimetallic CPs with uniform distribution of two metal elements and well-controlled morphology exhibit superior luminescence, and catalytic, conductive, and energy-converting properties through the synergistic effect of multiple components. In practical applications, bimetallic CPs are often combined with other nanomaterials (for example, nanoparticles, field-effect transistors, and natural enzymes) to form composite biosensors for rapid and sensitive detection of small molecules as disease markers in complex and variable sensing environments [98,99,100].



3.2.1. Detection of Glucose


Diabetes mellitus is intricately associated with blood glucose levels, sensitive and rapid detection of blood glucose is important for early monitoring and timely treatment of diabetes mellitus [101]. Assays using bimetallic CPs for glucose detection are mainly divided into non-enzymatic electrochemical assays and peroxidase-mimicking assays.



Due to the synergistic effect of the two metals, bimetallic CPs possess superior electrocatalytic properties and are widely used as efficient electrocatalysts. The sensing mechanism is that strong electronic interactions between the two ions and the ligand greatly enhance the electrochemical catalytic oxidation of glucose to achieve signal amplification. Li et al. successfully prepared novel vertical 2D NiCo bimetallic organic framework (NiCo-MOF) parallelogram nanosheet arrays on the nanoporous gold surface using a bottom-up approach (Figure 4A) [102]. The vertical alignment feature of the MOF nanosheets exposed more electrocatalytically active sites and facilitated the charge transfer for electrochemical reactions (Figure 4B). The 2D NiCo-MOF nanosheet array electrode has excellent glucose detection performance with a linear range of 1 μM~8 mM, fast response time of less than 1 s, sensitivity of 0.6844 mA·mM−1cm−2 and LOD as low as 0.29 μM (Figure 4C). Zha and co-workers used a simple solvothermal method to synthesize 3D nanoflower-like bimetallic NiCo-MOF consisting of 2D nanosheets as electrode materials for micro-supercapacitors and sensing materials for glucose sensors [103]. The designed enzyme-free glucose electrochemical sensor has a high sensitivity of 0.31 μA·μM−1 and a low LOD of 10 μM for sensitive and rapid detection of glucose in blood. In addition, a wearable non-invasive sensor system was developed by integrating the glucose sensor with a micro-supercapacitor (MCS) on a flexible polyethylene terephthalate (PET) substrate, which has significant potential in the field of non-invasive sweat glucose detection.



CPs, as a new type of mimetic enzyme, are widely used in the field of biosensing due to their low cost, simple preparation, high stability, and good recyclability compared with natural enzymes [104]. Bimetallic CPs contain multiple active sites, which drastically improve the catalytic activity more than monometallic CPs with a single site. In addition, porous MOF materials are likewise immobilized loading platforms for many natural enzymes to improve the stability of natural enzymes in use [105]. Bimetallic CPs are often used together with natural enzymes to form composite biosensors for sensitive and rapid detection of glucose. The Duan group prepared a novel glucose biosensor based on bimetallic Ni/Cu-MOFs (GOD-GA-Ni/Cu-MOFs-FET, GOD = glucose oxidase, GA = glutaraldehyde, FET = field-effect transistor) by a simple one-step hydrothermal method [106]. Due to the dual role of Ni/Cu-MOF as a peroxidase mimic and a protective coating, the obtained multi-enzyme system possesses both peroxidase-like activity and the biological activity of natural enzymes. Accompanied by the properties of segmental linearity over a wide range of 1 μM–20 mM, high sensitivity (26.05 μA·cm−2mM−1), and low LOD (0.51 μM) in the low concentration range of 1~100 μM, the glucose sensor has the advantages of high specificity, good reproducibility, and good short-term stability. In addition, the Fe3Ni-MOF nano-enzymes synthesized by Mu and co-workers showed excellent peroxidase-like catalytic activity and the mechanism was investigated by cyclic voltammetry and electron spin resonance (ESR) [107]. The results suggested that the electron transfer from TMB (TMB = 3,3′,5,5′-tetramethylbenzidine) to H2O2 was enhanced by the incorporation of Ni into Fe-MOF. At the same time, the redox capacity of Fe3Ni-MOF was improved due to the enhanced electron transfer between Fe2+ and Fe3+, which subsequently promoted the generation of hydroxyl radicals (·OH), and thus the peroxidase-like activity. Together, these two mechanisms significantly enhanced the peroxidase-like activity of Fe3Ni-MOF. Taking advantage of the excellent peroxidase-like activity of Fe3Ni-MOF, a biosensor (Fe3Ni-MOF/GOx) (GOx = glucose oxidase) for the detection of glucose was prepared by adsorbing GOx onto Fe3Ni-MOF. A one-step colorimetric method was established and successfully applied to the detection of glucose in human serum samples.




3.2.2. Detection of Dopamine (DA)


Dopamine (DA) is an important catecholamine neurotransmitter widely distributed in the central nervous system, cardiovascular system, hormones, and kidneys [108]. Abnormal DA concentrations often lead to neurological disorders such as schizophrenia and Parkinson’s disease. Therefore, the establishment of an analytical method for the sensitive and rapid detection of DA is essential for disease assessment. In the physiological environment, DA usually coexists with ascorbic acid (AA) and uric acid (UA), whose oxidation potentials are very close to each other, resulting in poor selectivity, high LOD, and difficult detection. The diversity of types and arrangements of active metal sites in bimetallic CPs has been proved to be more beneficial for the transfer and exchange of electrons in the system, thereby achieving the purpose of regulating the type and number of active sites in CP materials. Moreover, multiple ions tend to have a synergistic promotion effect, which can remarkably enhance the catalytic activity of CPs, resulting in better electrocatalytic performance than that of the monometallic system. Duan et al. fabricated bimetallic Fe2Ni-MIL-88B material as an enzyme-free DA sensor employing hydrothermal methods [109]. The Fe2Ni MIL-88B/GCE constructed by modifying Fe2Ni MIL-88B onto a glassy carbon electrode (GCE) exhibited satisfactory electrochemical catalytic performance for DA, with a linear range of 1.2 μM~1.8 mM, LOD of 0.40 μM and sensitivity of 124.7 μA·mM−1 cm−1. The electrochemical sensor demonstrates acceptable specificity, stability, and reproducibility in the analysis of real samples. Ma and co-workers adopted a simple surfactant-assisted method to synthesize 2D Co/Zn porphyrin (Co/Zn-TCPP) [TCPP = tetrakis(4-carboxyphenyl) porphyrin] MOF nanomaterial known as Co25Zn75-TCPP and constructed a new DA sensing method based on this material [110]. The doping of metal ions not only improved the chemical environment of the original pores but also multiplied the type and spatial arrangement of the MOF active sites, which was conducive to electron transfer and exchange with DA. The active centers of the two metal ions were synergistically promoted, resulting in a significant enhancement of the electrocatalytic activity of the MOF. The constructed sensor had a linear range of 5 nM–177.8 μM with a detection limit of 1.67 nM (S/N = 3) at a potential of 0.1 V and exhibited promising selectivity for DA. The Shuang group has fabricated CoNi-MOF@ERGO (ERGO = electrochemically reduced graphene oxide) composite combining CoNi-MOF with ERGO on a glassy carbon electrode by electrochemical reduction method [111]. Co2+ and Ni2+ in the composites served as active sites to accelerate electron transfer and 2-methylimidazole as adsorption sites to enhance the enrichment of DA. The results indicated that the synergistic effect of CoNi-MOF and ERGO enhanced the catalytic performance with good selectivity for DA detection. In addition, the sensor was able to detect DA in a real environment of human serum samples with a satisfactory recovery range.




3.2.3. Detection of Hydrogen Sulfide (H2S)


Hydrogen sulfide (H2S) is a signal-regulating molecule in the central nervous system and has been classified as the “third gas transmitter” after carbon monoxide (CO) and nitric oxide (NO). H2S is closely related to physiological activities such as cell growth, vasodilatation, diagnosis, inflammation, and renal function, its abnormal concentration levels are highly correlated with persistent diseases [112]. Therefore, it is crucial to construct reliable biosensors for rapid and sensitive detection of H2S. Luminescent bimetallic CPs have received considerable attention due to their versatile and tunable optical properties [113]. The fluorescence properties of bimetallic CPs are determined by the energy transfer between the metal ions and the ligands. The secondary doping of the metal ions provides more versatility in the sensing process, making bimetallic CPs a superior sensing and detection platform. Zhu and co-workers reported a new bimetallic MOF, FexAl1-x-MIL, for the detection of H2S in aqueous systems [114]. In this bimetallic MOF, two transition metals with low cost and abundant reserves (Fe3+ and Al3+) were used as metal nodes, while 2-aminobenzene-1,4-dicarboxylic acid (BDC-NH2) was used as the bridging ligand. The presence of the -NH2 group endowed the Al-based MOF to exhibit strong blue fluorescence. Owing to the transposition of partial Fe3+ with Al3+ in the Fe3+-doped Al-MIL-NH2, a strong ligand-to-metal charge transfer (LMCT) between Fe3+ ions and BDC-NH2 ligands was generated, making the bursting effect within FexAl1-x-MIL much effective. When Fe0.05Al0.95-MIL was exposed to H2S (0–38.46 μM), the fluorescence intensity showed a good linear correlation with H2S concentration, indicating that the bimetallic MOF could be used for selective and sensitive detection of H2S. The mechanism of fluorescence enhancement in this system was unveiled. In the H2S sensing process, Fe3+ in Fe0.05Al0.95-MIL after H2S treatment was “pulled out” and captured by S2−, then the quenching effect was lifted and the released BDC-NH2 ligand acted as a true fluorophore, which contributed to the fluorescence enhancement. Huang group reported a simple and robust strategy based on bimetallic Ni-Co-MOF with poly(3,4-ethylenedioxythiophene) (PEDOTs) and poly(ophenylenediamine) (PoPDA) to fabricate a real-time H2S sensor [115]. The PEDOTs@Ni-CoMOF/GCE H2S sensor showed an enhanced catalytic performance with a concentration range of 1 nM to 250 µM, low LOD (0.186 nM), and high sensitivity (7.29 μA μM−1 cm−2). The sensing system utilized an endogenous sensor to continuously measure the H2S levels in organic donors and live cells, which provided a new research idea for the electrochemical detection of H2S in physiological and pathological processes.




3.2.4. Detection of Uric Acid (UA)


Uric acid (UA) is an important product of purine metabolism, deviations in UA levels are suggestive of a variety of diseases, such as hyperuricemia, gout, Lesch–Nyan disease, etc. [116]. Therefore, the detection of UA is vital for health monitoring and disease diagnosis. Han and co-workers reported the first MOF nano-enzymatic source proportional fluorescent UA sensor based on the Fe3Ni-MOF-NH2-propelled UA/uricase/phthalimide tandem catalytic reaction [117]. Unlike previous reports, this work exploited both the peroxidase-like and fluorescence properties of Fe3Ni-MOF-NH2. In the absence of UA, only blue fluorescence of MOF at 430 nm was observed, whereas the addition of UA would trigger the catalytic reaction of UA/uricase catalyzed by the MOF mimetic enzyme, and the generated H2O2 would oxidize o-phenylenediamine to the highly luminescent 2,3-diaminophenazine (DAP) (emission wavelength = 565 nm). Coincidentally, the fluorescence of MOF can be quenched by DAP through an internal filtering effect, resulting in a lower I430nm value and a higher I565nm value. Therefore, a ratiometric fluorescence sensor for detecting UA was constructed by monitoring the opposite fluorescence changes described above. The LOD of this sensor was 24 nM, much lower than most previous reports. In addition, intelligent portable sensing of UA was conveniently achieved using the same sensing system and smartphone-based RGB (RGB = red, green, and blue) analysis. Furthermore, molecular antilogical calculations initiated by nanoenzyme catalysis were performed. This work not only provides a cost-effective, portable, and solid prototype for a highly sensitive and reliable MOF mimetic enzyme-based multifunctional ratiometric fluorescent biosensor to detect UA but also opens up novel frontiers for future logic-engineered POCT (POCT = point of care testing) biomarker analysis and disease diagnosis.




3.2.5. Detection of Methylglyoxal (MGO)


Methylglyoxal (MGO) contains a reactive dicarbonyl group and is produced mainly by glycolysis in living cells. Studies have shown that MGO causes protein misfolding and unfolding in the lumen of the endoplasmic reticulum (ER) as well as abnormalities in calcium metabolism [118]. Also, the disturbances in its concentration are strongly associated with obesity, diabetes, and Alzheimer’s disease (AD) [119]. Detection of MGO in vivo is important for diagnosis and even study of the pathological process of its corresponding diseases. Zheng et al. have designed and developed two novel composites based on Tb(III) and Yb(III) functionalized Cu(II) CPs with enhanced thermal and water stability as well as fascinating fluorescence properties [120]. Among them, Tb@Cu-Hcbpp (Hcbpp = 1-(4-carboxylbenzyl)-3-(pyrzin-2-yl) pyrazole) exhibits broad ligand-centered emission and weak typical Tb3+ ion emission, which can be used as an excellent ratiometric fluorescent sensor for the human N,N-dimethylformamide (DMF) metabolite N-methylformamide (NMF) (LOD = 0.02 μM). In addition, Yb3+ ions can be doped into Tb@Cu-Hcbpp to obtain multi-doped luminescent CP materials with enhanced luminescence properties. In particular, the fluorescence enhancement intensity of Tb0.85Yb0.15@Cu-Hcbpp is almost 9.6 times higher than that of the pure Tb3+ system, and it also has a high fluorescence burst efficiency for methylglyoxal (MGO), which can be used for the sensitive detection of MGO (LOD = 0.25 μM). Based on these results, the developed biosensor has been successfully applied to detect NMF and MGO in urine and serum samples with satisfactory results.





3.3. Detection of Biomacromolecules


Detection of biomacromolecules is important for health monitoring and early diagnosis of diseases. A large number of monometallic CPs have been applied to detect biomolecules (for example, nucleic acids, alkaline phosphatase, extracellular vesicles, carcinoembryonic antigen, immunoglobulins G, etc.), but the performance of the assays was unsatisfactory [95]. Bimetallic CPs comprised of two kinds of metal ions, such as Cu2+ and Zn2+, have shown superior performance in the detection of biomolecules, such as nucleic acids and peptides, due to the synergistic effect of the bimetals, which are gradually applied for sensitive, rapid and selective detection [121].



3.3.1. Detection of Nucleic Acid


Different kinds of miRNAs, such as miRNA-126, miRNA-224, and miRNA-30d-5p, are cancer promoters overexpressed in lung cancer tumor cells [122]. The selective and sensitive detection of different kinds of miRNAs is of great significance. Bimetallic MOFs have emerged as promising materials for the construction of electrochemical biosensors, owing to their enhanced electrochemical activity compared to conventional monometallic MOFs [123]. The porous structure with adjustable voids enriches free miRNAs and ensures rapid and sensitive detection. The Du group formulated a bimetallic CoNi-MOF and employed it to construct biosensors for sensitive and selective detection of miRNA-126 [124]. The mixed coordination of the metal centers of Co and Ni with carboxyl and pyridyl groups greatly enhanced the electron transfer and amplified the electrochemical signals, thus eliminating the need for electrochemical indicators and blockers to eliminate the non-specific adsorption between miRNA-126 and CoNi-MOF. The assay results demonstrated that the biosensor had an ultra-low LOD of 0.14 fM in the range of 1 fM~10 nM, which was suitable for the selective, sensitive and reproducible detection of miRNA-126. Dou et al. built an efficient DNA walker attached to a stable AuNP-coated bimetallic MOF electrocatalyst for H2O2 reduction to detect DNA methylation (Figure 5A) [125]. The wedge-shaped segments on the tracks were designed to be continuously complementary to the target methylated DNA, thus inhibiting its separation from the tracks. The bimetallic MOF carrying the fuel strand not only promoted the gradual movement of the target strand but also acted as an efficient catalyst for H2O2 reduction on the sensing platform (Figure 5B). After implementing the aforementioned innovative design, the sensor achieved sensitive monitoring of methylated DNA within 20 min (Figure 5C) with a detection limit as low as 200 aM (Figure 5D). Moreover, the serum detection exhibited acceptable recoveries ranging from 97.9 to 106.5%, displaying the potential application of this biosensor for real sample detection (Figure 5E).




3.3.2. Detection of Alkaline Phosphatase (ALP)


Alkaline phosphatase (ALP) is a membrane-bound enzyme with the ability to catalyze dephosphorylation. This hydrolase is also involved in the transduction of in vivo signals and the regulation of intracellular growth and apoptotic processes [126]. Overexpression of ALP is usually associated with liver and bone disease (osteoblastic bone cancer, Paget’s disease, and osteochondrosis), whereas under-expression of ALP leads to hypophosphatasia [127]. Therefore, it is of utmost importance to develop a simple and accurate method for the quantitative determination of ALP expression. Wang et al. have prepared red-illuminated Tb-GMP-Eu CPs (GMP = Guanine monophosphate) for the detection of ALP activity via a one-pot method [128]. The red luminescence of Tb-GMP-Eu CPs arises from the synergistic interaction of the phosphate groups in the GMP ligand with Tb3+ and Eu3+. In the presence of ALP, the phosphoryl group in the GMP ligand is catalytically broken down, leading to an interruption in the energy transfer from Tb3+ to Eu3+ thereby causing a fluorescence burst in the Tb-GMP-Eu CPs. These CPs have the advantages of simple synthesis, good biocompatibility, and photostability, as well as high sensitivity and selectivity response to ALP in the concentration range of 0.05~20 U·L−1, with an LOD of 0.004 U·L−1. Furthermore, real-world sample testing presented that the biosensors could be successfully employed in the evaluation of ALP inhibitors and the determination of ALP in serum.




3.3.3. Detection of Carcinoembryonic Antigen (CEA)


Carcinoembryonic antigen (CEA) is an important cancer biomarker for the monitoring and diagnosis of colon, breast, ovarian, colorectal, and cystic adenocarcinomas [129]. CEA levels in healthy individuals are usually at the ng·mL−1 level, and consequently, the construction of an ultrasensitive and accurate CEA assay is of great significance for early screening of cancer. According to past reports, current detection techniques (fluoroimmunoassay, electrochemiluminescence immunoassay, radioimmunoassay, plasmonic nanoimmunosensor assay, and enzyme-linked immunoassay) usually made use of antibodies as recognition elements [130,131,132,133,134]. Antibodies can specifically recognize the target analyte, but many of them have the disadvantages of immunogenicity, toxicity, and high cost, which limit their wide clinical application. The Du group synthesized a Zr-MOF containing an n-carboxylic acid-based ligand (2,2′-bipyridine 5,5′-dicarboxylic acid, bpydc), in which Co ions were introduced to form a bimetallic ZrCo-MOF [135]. Aptamer chains targeting CEA were anchored to ZrCo-MOF to prepare biosensors capable of sensitive and selective detection of CEA. ZrCo-MOF has a large specific surface area, tunable porous structure, and good biocompatibility, offering more active sites for the immobilization of aptamers. The aptamer chains can be anchored to the surface of the ZrCo-MOF-modified electrodes through various effects such as Zr-O-P bonding, Co-N coordination, π-π* superposition, and van der Waals forces, which are more tightly bonded than single metal Zr-MOFs. The doping of Co2+ in the MOF skeleton enhanced the electrochemical activity of the whole sensor, which could effectively improve the sensitivity of detecting CEA. The ZrCo-MOF-based aptasensors exhibited excellent sensitivity, selectivity, stability, reproducibility, and utility for real human serum samples, demonstrating the potential to be applied to biosensing and clinical diagnosis of cancer.




3.3.4. Detection of Extracellular Vesicles (EVs)


Extracellular vesicles (EVs), which are widely present in biological fluids, are closely associated with immune responses, cancer metastasis, and cardiovascular or central nervous system-related diseases [136]. However, the extremely low concentration of EVs in biological samples makes the detection of EVs by conventional methods challenging and limiting [137]. Therefore, simple and sensitive rapid EV detection techniques need to be developed for early diagnosis of diseases and health monitoring. Jiang and co-workers reported a bimetallic Fe/Co-MIL88(NH2) with excellent peroxidase catalytic activity and superior stability due to the abundant active site and synergistic effect between Fe3+ and Co2+ [138]. Subsequently, Fe/Co-MIL88(NH2) was modified by GOx, triggering a cascade enzymatic reaction for the highly sensitive detection of EVs. The cascade enzymatic reaction of Fe/Co-MIL88(NH2) with GOx can achieve the detection of EVs as low as 7.8 × 10−4 particles/mL, and this detection limit showed two orders of magnitude lower than that of horseradish peroxidase (HRP). The accuracy and high recoverability of the biosensor as evidenced by actual sample testing results illustrated its potential for clinical analysis and early disease diagnosis.




3.3.5. Detection of Immunoglobulin G (IgG)


Human immunoglobulin G (IgG) is the primary antibody present in human blood and plays a crucial role in the immune system by recognizing and defending against foreign antigens [139]. The potential for developing sensitive, rapid, and selective IgG sensing assays is crucial for vaccine development, early diagnosis of immune disorders, and the advancement of therapeutic approaches. Conventional methods such as enzyme-linked immunosorbent assay (ELISA) and western blotting require sophisticated specialized equipment as well as high costs, thereby leading to an urgent need to develop simple, rapid, and low-cost assays [140]. Bimetallic CPs have distinct advantages of flexible tunability, large specific surface area as well as high sensitivity, their conductivity is greatly improved compared to monometallic CPs due to the synergistic effect of bimetallic ions. The ultra-sensitive electrochemical detection method developed based on bimetallic CPs has attracted much attention in the field of IgG detection. Ravipati et al. reported bimetallic Ni/Co-MOF modified nickel foam electrodes for IgG detection utilizing solvothermal methods [141]. When IgG molecules were introduced to the electrode surface, they interacted with the redox active sites on the Ni/Co-MOF, altering the electron transfer kinetics and charge distribution resulting in measurable changes in current or potential. The prepared Ni/Co-MOF/NF sensor exhibited high sensitivity (28 µA cm−2 mol−1) and high selectivity at trace levels (30 fM to 10 nM), confirming the potential for the detection of Ig molecules in clinical diagnostics and biomedical research.





3.4. Detection of Drug Molecules


Drug molecules including antibiotics, anticancer and non-steroidal anti-inflammatory drugs play a pivotal role in life activities and medical therapy. Determination of the presence or concentration of specific drugs in biological fluids (for example, serum) is essential for determining the physiological and clinical manifestations of drugs [142]. Meanwhile, residues from the extensive use of antibiotics have significant impacts on agricultural products, ecosystems, and human health [143]. Moreover, drug abuse is a drug-related disorder in which drugs are taken regularly and users take them in quantities or by methods that are harmful to themselves or others [144]. Therefore, the exploitation of fast, sensitive, and specific sensors for the detection of drug molecules in the environment and in the human body is very urgent.



3.4.1. Detection of Doxorubicin (DOX)


The anticancer drug doxorubicin (DOX) is a first-line treatment for breast, ovarian, thyroid, and leukemia cancers, but it is strictly considered in clinical use due to its side effects such as cardiotoxicity, myelosuppression, nausea, and alopecia [145,146]. Therefore, the development of efficient and sensitive assays to detect DOX in the human body to regulate the dose is essential in chemotherapy. Electrochemical sensors constructed on the basis of bimetallic CPs provide a selective, sensitive, and fast low-cost alternative for the detection of DOX. The Ahmadi group reported the preparation of an electrochemical sensor for the detection of DOX relying on the in situ growth of NiCo-BTC bimetallic MOFs on a glassy carbon electrode modified with conductive nitrogen-doped graphene oxide nanoribbons (NiCo-BTC MOFs/N-GONRs/GCE) [147]. The square-wave voltammetric response of NiCo-BTC MOFs/N-GONRs/GCE to DOX was significantly larger than that of NiCoBTC MOFs/GCE due to the synergistic interaction between N-GONRs and NiCo-BTC MOFs to enhance the conductivity and sensitivity. NiCo-BTC MOFs/N-GONRs/GCE achieved a sensitive and selective detection of DOX with a low LOD (6 nmol L−1) in the linear dynamic range of 0.01~1.0 and 1.0~80 μmol L−1. The high recovery rate for detecting DOX in real samples demonstrates how this novel biosensor will open new avenues for the development of bimetallic MOFs-based electrode materials with excellent conductivity.




3.4.2. Detection of Enrofloxacin (ENR)


The synthetic third-generation fluoroquinolone antibiotic enrofloxacin (ENR) is widely used for the treatment of respiratory infections in animals with Mycoplasma organisms and Gram-negative bacterial infections [148]. However, overuse of antibiotics would bring many unavoidable side effects, such as nausea, vomiting, diarrhea, headache, insomnia, and other symptoms in humans as well as animals [149]. Therefore, while antibiotics remain a key tool in the prevention and treatment of infectious diseases, levels of antibiotics in the body and the environment must be monitored and regulated. Electrochemical aptamer sensors have many advantages in the detection of antibiotics including low cost, non-toxicity, high sensitivity, and superior selectivity. Bimetallic CPs are excellent electrode materials for the construction of electrochemical aptamer sensors due to the synergistic effect of each component with better conductivity and simple modification by aptamers. Wei and co-workers fabricated a novel electrochemical aptamer sensor based on bimetallic CoNi-MOF material and gold nanoparticles (AuNPs) for the detection of ENR (Figure 6A) [150]. In this work, AuNPs were modified on CoNi-MOF/GCE by electrodeposition to improve the conductivity of the electrode material and accelerate the aptamer to be loaded onto AuNPs/CoNi-MOF/GCE by Au-S bond. The obtained AuNPs/CoNi-MOF/GCE showed a satisfactory detection ability for ENR in the linear range of 0.001–1 × 105 pg·mL−1 with LOD as low as 0.33 fg·mL−1 (Figure 6B). Moreover, the electrochemical aptamer sensor showed excellent selectivity, favorable reproducibility, and high stability in the detection (Figure 6C) of ENR in real samples. It demonstrates the potential of bimetallic MOF-based electrochemical aptamer sensors to be widely applied in the field of biosensing.




3.4.3. Detection of Levofloxacin (LEV)


Levofloxacin (LEV) is a fluoroquinolone antibiotic utilized for the treatment of a variety of diseases associated with infections caused by sensitive strains of bacteria [151]. Due to the poor metabolism of LEV in the human body, approximately 87% of the ingested drug can be recovered in the urine and the accumulated LEV in the environment would pose a greater risk to humans and other animals [152]. Therefore, in order to detect LEV levels in humans and the environment more rapidly, sensitively, and selectively, Deng and co-workers proposed a dual recognition and dual amplification detection strategy for levofloxacin based on a Cu/Fe-BTC MOF-modified electrode sensor [153]. After the elution of levofloxacin, a new electrochemical assay for the detection of levofloxacin was established based on the obtained recognition site with levofloxacin, which effectively excluded the interference of the enantiomer of D-ofloxacin. In addition, the synergistic effect of Cu/Fe-BTC effectively amplified the current response signal and improved the sensitivity of the sensor. The linear range of the sensor for LEV detection was 5~4000 × 10−11 mol L−1 and the LOD was as low as 2.07 × 10−11 mol L−1. The designed electrochemical sensor for the detection of levofloxacin in real samples had high recoveries (92.7~109.8%), showing great potential in antibiotic detection.




3.4.4. Detection of Paracetamol


Paracetamol, also known as acetaminophen, is one of the most commonly used analgesic and antipyretic drugs. It has been widely applied as an effective treatment for relief from pain and fever [154]. In contrast to other analgesic and antipyretic agents, paracetamol does not cause direct damage to the body. However, overdosage of paracetamol would lead to the formation of a number of hepatotoxic and nephrotoxic metabolites which would in turn cause diseases such as acute hepatic necrosis [155]. Shalauddin et al. prepared FeMg MOF-BPN nanocomposites by combining FeMg MOF and black phosphorous nanosheets (BPN) for the first time, using the drop-casting method [156]. The FeMg MOF coating can effectively improve the inherent stability of BPN. The carboxylic acid groups from the MOF ligand terephthalic acid can not only effectively chelate with Fe and Mg atoms, but also bond with the BP layer through hydrogen bonding and electrostatic interactions to form a highly stable heterostructure with a higher surface area, which provides sufficient redox active sites and ensured effective binding sites for the target molecules. In the presence of paracetamol, the linear detection range of the sensor was 0.002–30 µM and 40–700 µM with sensitivity values of 23.61 µA µM−1 cm−2 and 0.94 µA µM−1 cm−2, respectively. The recoveries of paracetamol in pharmaceutical preparations and simulated blood samples were 99.56–100.60% and 99.50–101.75%, respectively, indicating the reliability of the sensor in the detection of real samples.






4. Biomedical Applications of Bimetallic CPs


Cancer poses a serious threat to the health of all human beings and causes millions of deaths each year [157]. For cancer treatment, traditional cancer drugs and cancer vaccines as well as emerging functional nanomaterials (light-sensitive, heat-sensitive, and microwave-sensitive materials) are effective therapies [158]. Directly administered treatments produce numerous undesirable side effects including poorer pharmacokinetics as well as biodistribution [159]. Hence, it is crucial to emphasize that drugs, vaccines, and functional nanomaterials must possess the ability to selectively target the specified cancer cells while avoiding any damage to healthy tissues [160]. An efficient, stable, and selective drug delivery system (DDS) helps in controlling drug release and correcting drug efficiency. Porous MOF materials with large drug loading capacity, good biocompatibility, and easy degradation by the human body are popular choices in DDS lately [161,162,163]. Bimetallic MOFs show more adjustable structure, better stability, superior luminescence, and even better enzyme mimicry performance than monometallic MOFs due to the synergistic effect of multiple components, which are gradually becoming more active in the front line of drug delivery and cancer therapy.



4.1. Bimetallic CPs Based on Anticancer Drugs


Among the traditional chemotherapeutic agents, platinum (Pt)-based drugs, mainly including cisplatin (cis-diamine dichloroplatinum (CDDP)), oxaliplatin, and carboplatin, are one of the major clinically used anticancer drugs due to their potent cytotoxicity that disrupts DNA replication [164]. However, due to the drawbacks of rapid in vivo clearance, weak tolerance, and poor targeting of free CDDP molecules, clinical use often brings about side effects such as poor chemotherapeutic efficacy or even severe systemic toxicity [165]. Therefore, recent research is focused on finding efficient delivery vectors for CDDP with high loading rates, stability as well as targeting capability. Ma and co-workers have prepared sub-50 nm CDDP-loaded hollow mesoporous organosilica (HMOS) nanoparticles (termed as Pt@HMOS), which were subsequently decorated with the bimetallic Zn2+/Cu2+ co-doped MOF (termed as Pt@HMOS@ZC) to plug the pores of nanoparticles for efficiently preventing the premature leakage of CDDPs and improving the loading and delivery capacity of HMOS (Figure 7A) [166]. When Pt@HMOS@ZC entered the tumor cells, the acidic environment would cause the decomposition of outer MOF to release CDDP for the chemotherapy of cancer (Figure 7B). Simultaneously, free Cu2+ can be released in this process, which can deplete large amounts of reduced glutathione (GSH) in cancer cells and catalyze the decomposition of hydrogen peroxide (H2O2) into highly toxic ·OH in tumors via a Fenton-like reaction, which acted synergistically with CDDP for chemodynamic therapy of tumors (Figure 7C–E). The combination of bimetallic MOF and HMOS helps to create systems that intelligently unlock nanomedicines, a concept that offers new designs and ideas for the precise release of tumor drugs.




4.2. Bimetallic CPs Based on Cancer Vaccine


Cancer vaccines with easy mass production and a favorable safety profile are increasingly being explored for the immunological treatment of cancer [167]. In terms of immune mechanisms, tumor vaccines spatiotemporally coordinate antigen transport to lymph nodes (LNs), cytoplasmic delivery, and cross-presentation of antigen in dendritic cells (DCs) with innate immune stimuli to activate specific T cell responses [168]. However, limitations in the body’s own immune stimulation and DC spatiotemporal coordination (for example, DC recruitment, activation, and migration to LNs) severely affect their antitumor utility [169]. Therefore, there is an urgent need to develop an effective delivery system to solve the dilemma of cancer immunotherapy. Liu and co-workers developed a bimetallic organic framework, Mn/Zr-MOF, equipped with a biomimetic nanovaccine targeting Ythdf1 to create an in situ pro-inflammatory immune ecosystem for enhanced DC spatiotemporal coordination (Figure 8A) [170]. Plasmids expressing short hairpin RNA (shRNA) against Ythdf1 (shY1, downregulating Ythdf1 expression) and liposome-modified tumor cells membrane (CM) would be packaged and squeezed through a polymeric membrane in an extruder to form shY1-CM nanoparticles as a Ythdf1-targeted biomimetic nanovaccine. Mn/Zr-MOF-shY1-CM was fabricated by adsorbing shY1-CM nanoparticles onto Mn/Zr-MOF, which greatly enhanced the stability and targeting action of the vaccine (Figure 8B). The results from cellular and animal experiments revealed that the cancer vaccine exhibited a strong preventive effect in delaying B16-OVA and MC38 tumorigenesis (Figure 8C,D). Additionally, it demonstrated a robust therapeutic effect of inhibiting postoperative MC38 tumor recurrence and heterochronic liver metastasis. This well-designed bimetallic MOF-loaded cancer vaccine provides an efficient strategy for the fabrication of personalized scaffold cancer vaccines.




4.3. Bimetallic CPs for Chemodynamic Therapy (CDT)


Chemodynamic therapy (CDT) has gained widespread attention for its use in cancer therapy by inducing reactive oxygen species (ROS) in tumor cells and disrupting the balance of the redox state in cancer cells [171]. CDT is driven by Fenton reactions which are based on the generation of highly toxic ROS from intracellular H2O2 catalyzed by Fe2+/Fe3+ redox pairs [172]. The resulting ROS has a strong oxidation capability and can cause severe oxidative damage to organelles and biomolecules. However, the Fenton reactions progress is overly dependent on the tumor microenvironment conditions such as pH and concentration of H2O2, hence the anticancer effect of CDT is greatly limited [173]. A novel cascade nanozyme (Co-Fc@GOx) combining nanoscale Co-ferrocene MOF and GOx was fabricated and showed remarkable cascade enzymatic/Fenton activity (Figure 9A) [174]. Owing to the synergistic effect of Fe2+ and Co2+, the prepared Co-Fc MOF can not only possess high Fenton activity but also bind more firmly to GOx. The results showed that the loaded GOx catalyzed a large amount of glucose in the tumor environment to produce abundant gluconic acid and H2O2, which significantly facilitated the Fenton reaction and accelerated the in situ induction of ROS, particularly ·OH, thereby enhancing the therapeutic effects on cancer cells. This Co-Fc@GOx can effectively regulate the tumor microenvironment through a cascade reaction and may serve as an alternative CDT platform to promote tumor therapy. Qu and co-workers have designed bimetallic CuZn-MOF (Cu/ZIF-8) wrapped with DNAzyme for intracellular in situ synthesis of tumor drugs and DNAzyme-based gene therapy (Figure 9B) [175]. The synthesized DNAzyme@Cu/ZIF-8 can release Cu2+, Zn2+, and DNAzyme upon decomposition in the acidic environment of tumor cells. The released Cu2+ underwent reduction to Cu+ through ascorbic acid, subsequently, these ions catalyzed the synthesis of chemotherapeutic drugs via the copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. Moreover, the released Zn2+ can act as a cofactor to activate the cleavage activity of DNAzyme. Both the synthesis of anticancer drugs and the activation of gene therapy took place within the tumor cells, which could destroy the cancer cells in situ to minimize the side effects on normal organisms.




4.4. Bimetallic CPs for Radiotherapy


Radiotherapy is the most commonly used clinical treatment strategy for early and intermediate-stage tumors [176]. However, radiotherapy is often ineffective due to factors such as variations in the radiosensitivity of different types of tumor cells and infections in solid tumors [177]. Moreover, the potential resistance and side effects of radiotherapy (for example, esophagitis, enteritis, radiation cystitis, pulmonary fibrosis, bone marrow injury, and other side effects) seriously damage patients’ health [178]. Therefore, increasing the sensitivity of cancer cells to radiotherapy as well as reducing the impact of side effects of radiotherapy have become important directions in the development of radiotherapy. Gold nanoparticles as emerging radiosensitizers can both damage cells by generating free radicals through the photoelectric and Compton effects, as well as improve the efficiency of radiation therapy by inhibiting DNA repair processes [179]. The composite system of AuNPs and bimetallic MOFs achieved significant radiosensitization of tumors due to the synergistic effect of multiple components [180]. The Lu group designed and synthesized a bio-functional bimetallic MOF MnRu-MOF by doping Mn2+ into a ruthenium (Ru) complex, followed by the incorporation of gold nanorods (AuNR) into this system to prepare the heterojunction radiosensitizer Au@MnRu-MOF with enhanced cancer radionuclide/immunotherapy (Figure 10) [181]. Single-crystal XRD confirms that MnRu-MOF is a novel crystal structure with P63/mmc space group and a channel diameter of 27 Å. In this system, Au@MnRu-MOF can release Mn2+ under acidic conditions and modulate NK-mediated (NK = natural killer) cell therapy to overcome the proliferation of the triple-negative breast cancer cell line MDA-MB-231. Moreover, photoelectrons generated by high-energy X-ray excitation of AuNR can be transferred to the excited singlet state of Ru polypyridine complexes, promoting the accumulation of cytotoxic free radicals. As a result, the MnRu-MOF combined with AuNR was formed with a core-shell heterojunction structure and used to inhibit the proliferation of MDA-MB-231 cells, which provides ideas for the rational design of biologically functional MOFs and the combined treatment of cancer.




4.5. Bimetallic CPs for Immunotherapy


Immunotherapy is a novel anti-cancer tool that can recognize and kill cancer cells by activating the host’s own immune system [182]. However, acute myeloid leukemia (AML) and other malignant cells can activate a variety of immune evasion mechanisms to escape forced elimination by the autoimmune system. Among them, epigenetic alterations-mediated reduction in the antigenicity of leukemoblasts (LBs) is one of the key mechanisms of immune escape and resistance to T-cell immunotherapy [183]. Thus, the epigenome can be reprogrammed to reverse immune evasion, regarded as an emerging strategy for the treatment of multiple malignancies. Song and co-workers prepared a bimetallic MOF-based nanocomposite (called AFMMB) consisting of DNA hypomethylating agents azacitidine (AZA), leukemic stem cell (LSC) membranes, and pro-autophagic peptides for the immunological treatment of leukemia [184]. Due to the homing ability and immuno-compatibility of LSC membranes, the constructed AFMMB particles exclusively targeted LBs and triggered autophagy by binding to the Golgi-associated plant pathogenesis-related protein 1 (GAPR-1), leading to its disassembly and the release of Fe3+, Mn2+, and AZA (Figure 11). The release of DNA hypomethylating agents effectively suppressed DNA methylation, upregulated major histocompatibility complex class I molecules, and induced RNA methylation-mediated decay of programmed cell death protein ligand transcripts, thereby restoring stimulators of the interferon gene pathway. The dual epigenetic effects of AFMMB enhanced the antigenicity of AML cells and consequently facilitated the recognition and killing of cytotoxic T cells by tumor cells. This work highlighted the promising applications of bimetallic CPs for the treatment of hematological malignancies and solid tumors.





5. Conclusions and Outlook


Various bimetallic coordination polymers with superior properties have been developed. These bimetallic CPs are mainly constructed by the strategies of one-pot methods and post-synthesis modifications. One-pot synthesis is considered the most commonly employed method and is categorized into self-assembly and metal-ligand methods depending on the order of the second ions addition. For the post-synthesis approach, the bimetallic CPs are achieved by synthesizing monometallic CPs followed by the addition of a second ion including ion exchange and seed methods. Based on the systematic investigation and judicious design of the two metals and coordination with the organic ligands, bimetallic CPs with desirable properties and performance can be achieved. Multiple spectroscopic and morphological instruments and techniques are developed to investigate the composition, location, and arrangement of metals in synthesized bimetallic CPs.



Bimetallic CPs have the advantages of adjustable porosity, flexible luminescence, strong electrical conductivity, and high electrocatalytic activity. These materials can be widely used for biosensing and biomedical applications, such as the detection of metal ions and small molecules, immune response, as well as nucleic acids. In addition, it has been demonstrated that multifunctional bimetallic CPs combined with cancer drugs, cancer vaccines, or nanomaterials can be applied for efficient drug delivery and cancer therapy. In the drug delivery system, the bimetallic CPs not only act as a stable delivery platform due to the synergistic effect of the bimetals but also precisely release the drug, functional nanomaterials, or free ions in the tumor microenvironment. Moreover, the released metal ions can also form a composite superimposed therapeutic system with drugs and nanoparticles in the tumor cells to enhance the anticancer effect via chemodynamic therapy, radiotherapy, and immunotherapy.



The synergistic effect of multiple metal ions in bimetallic CPs is the main reason for their enhanced properties, but it is highly dependent on the uniform distribution of both metals in the structure. The inhomogeneous distribution of the two metal ions would cause a significant decrease in sensing performance and transport stability as well as poor cancer therapy. Thus, more advanced instruments and techniques need to be developed to determine whether the two metal elements are uniformly distributed in the structure to guide the controlled synthesis of bimetallic CPs. Moreover, it is significant to develop strategies to precisely control the incorporation of metals and construct the bimetallic CPs at the atomic level. It is anticipated that many novel functional bimetallic CPs can be designed for wide potential applications.







Author Contributions


Conceptualization, Y.S. and T.S.; methodology, Y.S.; software, Y.S.; validation, F.A., Y.X. and J.G.; formal analysis, F.A.; investigation, Y.X. and J.M.; resources, J.M.; writing—original draft preparation, Y.S.; writing—review and editing, F.A., Y.X. and T.S.; supervision, T.S. and X.Z.; project administration, T.S. and X.Z.; funding acquisition, T.S. and X.Z. All authors have read and agreed to the published version of the manuscript.




Funding


The present study was funded by the National Natural Science Foundation of China (grant nos. 22274100 and 2223000319).




Conflicts of Interest


The authors have no conflicts of interest to declare.




References


	



Kitagawa, S.; Kitaura, R.; Noro, S. Functional Porous Coordination Polymers. Angew. Chem. Int. Ed. 2004, 43, 2334–2375. [Google Scholar] [CrossRef] [PubMed]

	



Batten, S.R.; Champness, N.R.; Chen, X.-M.; Garcia-Martinez, J.; Kitagawa, S.; Öhrström, L.; O’Keeffe, M.; Suh, M.P.; Reedijk, J. Coordination Polymers, Metal-Organic Frameworks and the Need for Terminology Guidelines. CrystEngComm 2012, 14, 3001. [Google Scholar] [CrossRef]

	



Furukawa, H.; Cordova, K.E.; O’Keeffe, M.; Yaghi, O.M. The Chemistry and Applications of Metal-Organic Frameworks. Science 2013, 341, 1230444. [Google Scholar] [CrossRef] [PubMed]

	



Batten, S.R.; Champness, N.R.; Chen, X.-M.; Garcia-Martinez, J.; Kitagawa, S.; Öhrström, L.; O’Keeffe, M.; Paik Suh, M.; Reedijk, J. Terminology of Metal-Organic Frameworks and Coordination Polymers (IUPAC Recommendations 2013). Pure Appl. Chem. 2013, 85, 1715–1724. [Google Scholar] [CrossRef]

	



Chen, C.-T.; Suslick, K.S. One-Dimensional Coordination Polymers: Applications to Material Science. Coord. Chem. Rev. 1993, 128, 293–322. [Google Scholar] [CrossRef]

	



Batten, S.R.; Murray, K.S. Structure and Magnetism of Coordination Polymers Containing Dicyanamide and Tricyanomethanide. Coord. Chem. Rev. 2003, 246, 103–130. [Google Scholar] [CrossRef]

	



Du, M.; Li, C.-P.; Liu, C.-S.; Fang, S.-M. Design and Construction of Coordination Polymers with Mixed-Ligand Synthetic Strategy. Coord. Chem. Rev. 2013, 257, 1282–1305. [Google Scholar] [CrossRef]

	



Umemura, A.; Diring, S.; Furukawa, S.; Uehara, H.; Tsuruoka, T.; Kitagawa, S. Morphology Design of Porous Coordination Polymer Crystals by Coordination Modulation. J. Am. Chem. Soc. 2011, 133, 15506–15513. [Google Scholar] [CrossRef]

	



Yaghi, O.M.; O’Keeffe, M.; Ockwig, N.W.; Chae, H.K.; Eddaoudi, M.; Kim, J. Reticular Synthesis and the Design of New Materials. Nature 2003, 423, 705–714. [Google Scholar] [CrossRef]

	



Li, Y.; Yang, R.T. Gas Adsorption and Storage in Metal−Organic Framework MOF-177. Langmuir 2007, 23, 12937–12944. [Google Scholar] [CrossRef]

	



Alezi, D.; Belmabkhout, Y.; Suyetin, M.; Bhatt, P.M.; Weseliński, Ł.J.; Solovyeva, V.; Adil, K.; Spanopoulos, I.; Trikalitis, P.N.; Emwas, A.-H.; et al. MOF Crystal Chemistry Paving the Way to Gas Storage Needs: Aluminum-Based Soc-MOF for CH4, O2, and CO2 Storage. J. Am. Chem. Soc. 2015, 137, 13308–13318. [Google Scholar] [CrossRef] [PubMed]

	



Woellner, M.; Hausdorf, S.; Klein, N.; Mueller, P.; Smith, M.W.; Kaskel, S. Adsorption and Detection of Hazardous Trace Gases by Metal-Organic Frameworks. Adv. Mater. 2018, 30, 1704679. [Google Scholar] [CrossRef] [PubMed]

	



Seo, J.S.; Whang, D.; Lee, H.; Jun, S.I.; Oh, J.; Jeon, Y.J.; Kim, K. A Homochiral Metal-Organic Porous Material for Enantioselective Separation and Catalysis. Nature 2000, 404, 982–986. [Google Scholar] [CrossRef] [PubMed]

	



Alkordi, M.H.; Liu, Y.; Larsen, R.W.; Eubank, J.F.; Eddaoudi, M. Zeolite-like Metal−Organic Frameworks as Platforms for Applications: On Metalloporphyrin-Based Catalysts. J. Am. Chem. Soc. 2008, 130, 12639–12641. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, Y.K.; Hong, D.; Chang, J.; Jhung, S.H.; Seo, Y.; Kim, J.; Vimont, A.; Daturi, M.; Serre, C.; Férey, G. Amine Grafting on Coordinatively Unsaturated Metal Centers of MOFs: Consequences for Catalysis and Metal Encapsulation. Angew. Chem. Int. Ed. 2008, 47, 4144–4148. [Google Scholar] [CrossRef] [PubMed]

	



Hao, Z.; Song, X.; Zhu, M.; Meng, X.; Zhao, S.; Su, S.; Yang, W.; Song, S.; Zhang, H. One-Dimensional Channel-Structured Eu-MOF for Sensing Small Organic Molecules and Cu2+ Ion. J. Mater. Chem. A 2013, 1, 11043. [Google Scholar] [CrossRef]

	



Lu, K.; Aung, T.; Guo, N.; Weichselbaum, R.; Lin, W. Nanoscale Metal-Organic Frameworks for Therapeutic, Imaging, and Sensing Applications. Adv. Mater. 2018, 30, 1707634. [Google Scholar] [CrossRef]

	



Horcajada, P.; Gref, R.; Baati, T.; Allan, P.K.; Maurin, G.; Couvreur, P.; Férey, G.; Morris, R.E.; Serre, C. Metal-Organic Frameworks in Biomedicine. Chem. Rev. 2012, 112, 1232–1268. [Google Scholar] [CrossRef]

	



Guo, H.; Zhu, Y.; Qiu, S.; Lercher, J.A.; Zhang, H. Coordination Modulation Induced Synthesis of Nanoscale Eu1−xTbx-Metal-Organic Frameworks for Luminescent Thin Films. Adv. Mater. 2010, 22, 4190–4192. [Google Scholar] [CrossRef]

	



Das, M.C.; Xiang, S.; Zhang, Z.; Chen, B. Functional Mixed Metal-Organic Frameworks with Metalloligands. Angew. Chem. Int. Ed. 2011, 50, 10510–10520. [Google Scholar] [CrossRef]

	



Feng, X.; Feng, Y.-Q.; Liu, L.; Wang, L.-Y.; Song, H.-L.; Ng, S.-W. A Series of Zn-4f Heterometallic Coordination Polymers and a Zinc Complex Containing a Flexible Mixed Donor Dicarboxylate Ligand. Dalton Trans. 2013, 42, 7741. [Google Scholar] [CrossRef]

	



Li, W.; Li, F.; Yang, H.; Wu, X.; Zhang, P.; Shan, Y.; Sun, L. A Bio-Inspired Coordination Polymer as Outstanding Water Oxidation Catalyst via Second Coordination Sphere Engineering. Nat. Commun. 2019, 10, 5074. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, L.; Meng, Y.-S.; Liu, Q.; Sato, O.; Shi, Q.; Oshio, H.; Liu, T. Switching the Magnetic Hysteresis of an [FeII-NC-WV]-Based Coordination Polymer by Photoinduced Reversible Spin Crossover. Nat. Chem. 2021, 13, 698–704. [Google Scholar] [CrossRef] [PubMed]

	



Rao, K.P.; Higuchi, M.; Suryachandram, J.; Kitagawa, S. Temperature-Stable Compelled Composite Superhydrophobic Porous Coordination Polymers Achieved via an Unattainable de Novo Synthetic Method. J. Am. Chem. Soc. 2018, 140, 13786–13792. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Xu, Q. Bimetallic Metal-Organic Frameworks for Gas Storage and Separation. Cryst. Growth Des. 2017, 17, 1450–1455. [Google Scholar] [CrossRef]

	



Kuwamura, N.; Konno, T. Heterometallic Coordination Polymers as Heterogeneous Electrocatalysts. Inorg. Chem. Front. 2021, 8, 2634–2649. [Google Scholar] [CrossRef]

	



Halper, S.R.; Do, L.; Stork, J.R.; Cohen, S.M. Topological Control in Heterometallic Metal−Organic Frameworks by Anion Templating and Metalloligand Design. J. Am. Chem. Soc. 2006, 128, 15255–15268. [Google Scholar] [CrossRef]

	



Carné-Sánchez, A.; Bonnet, C.S.; Imaz, I.; Lorenzo, J.; Tóth, É.; Maspoch, D. Relaxometry Studies of a Highly Stable Nanoscale Metal-Organic Framework Made of Cu(II), Gd(III), and the Macrocyclic DOTP. J. Am. Chem. Soc. 2013, 135, 17711–17714. [Google Scholar] [CrossRef]

	



Stock, N.; Biswas, S. Synthesis of Metal-Organic Frameworks (MOFs): Routes to Various MOF Topologies, Morphologies, and Composites. Chem. Rev. 2012, 112, 933–969. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Leus, K.; Bogaerts, T.; Hemelsoet, K.; Bruneel, E.; Van Speybroeck, V.; Van Der Voort, P. Bimetallic-Organic Framework as a Zero-Leaching Catalyst in the Aerobic Oxidation of Cyclohexene. ChemCatChem 2013, 5, 3657–3664. [Google Scholar] [CrossRef]

	



Fei, H.; Cahill, J.F.; Prather, K.A.; Cohen, S.M. Tandem Postsynthetic Metal Ion and Ligand Exchange in Zeolitic Imidazolate Frameworks. Inorg. Chem. 2013, 52, 4011–4016. [Google Scholar] [CrossRef] [PubMed]

	



Sun, D.; Liu, W.; Qiu, M.; Zhang, Y.; Li, Z. Introduction of a Mediator for Enhancing Photocatalytic Performance via Post-Synthetic Metal Exchange in Metal-Organic Frameworks (MOFs). Chem. Commun. 2015, 51, 2056–2059. [Google Scholar] [CrossRef] [PubMed]

	



Gotthardt, M.A.; Schoch, R.; Wolf, S.; Bauer, M.; Kleist, W. Synthesis and Characterization of Bimetallic Metal-Organic Framework Cu-Ru-BTC with HKUST-1 Structure. Dalton Trans. 2015, 44, 2052–2056. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Chen, Z.; Liu, X.; Wang, X. Bimetallic Metal-Organic Framework Derived Doped Carbon Nanostructures as High-Performance Electrocatalyst towards Oxygen Reactions. Nano Res. 2021, 14, 1533–1540. [Google Scholar] [CrossRef]

	



Chen, L.; Wang, H.-F.; Li, C.; Xu, Q. Bimetallic Metal-Organic Frameworks and Their Derivatives. Chem. Sci. 2020, 11, 5369–5403. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.; Abbasi-Azad, M.; Habibi, B.; Rouhani, F.; Moghanni-Bavil-Olyaei, H.; Liu, K.; Morsali, A. Electrochemical Applications of Ferrocene-Based Coordination Polymers. ChemPlusChem 2020, 85, 2397–2418. [Google Scholar] [CrossRef]

	



Liu, S.; Qiu, Y.; Liu, Y.; Zhang, W.; Dai, Z.; Srivastava, D.; Kumar, A.; Pan, Y.; Liu, J. Recent Advances in Bimetallic Metal-Organic Frameworks (BMOFs): Synthesis, Applications and Challenges. New J. Chem. 2022, 46, 13818–13837. [Google Scholar] [CrossRef]

	



Welte, L.; Calzolari, A.; Di Felice, R.; Zamora, F.; Gómez-Herrero, J. Highly Conductive Self-Assembled Nanoribbons of Coordination Polymers. Nat. Nanotechnol. 2010, 5, 110–115. [Google Scholar] [CrossRef] [PubMed]

	



Cook, T.R.; Zheng, Y.-R.; Stang, P.J. Metal-Organic Frameworks and Self-Assembled Supramolecular Coordination Complexes: Comparing and Contrasting the Design, Synthesis, and Functionality of Metal-Organic Materials. Chem. Rev. 2013, 113, 734–777. [Google Scholar] [CrossRef]

	



Zeng, M.-H.; Wang, B.; Wang, X.-Y.; Zhang, W.-X.; Chen, X.-M.; Gao, S. Chiral Magnetic Metal-Organic Frameworks of Dimetal Subunits: Magnetism Tuning by Mixed-Metal Compositions of the Solid Solutions. Inorg. Chem. 2006, 45, 7069–7076. [Google Scholar] [CrossRef]

	



Ma, Z.; Wu, D.; Han, X.; Wang, H.; Zhang, L.; Gao, Z.; Xu, F.; Jiang, K. Ultrasonic Assisted Synthesis of Zn-Ni Bi-Metal MOFs for Interconnected Ni-N-C Materials with Enhanced Electrochemical Reduction of CO2. J. CO2 Util. 2019, 32, 251–258. [Google Scholar] [CrossRef]

	



Kang, X.; Fu, G.; Song, Z.; Huo, G.; Si, F.; Deng, X.; Fu, X.-Z.; Luo, J.-L. Microwave-Assisted Hydrothermal Synthesis of MOFs-Derived Bimetallic CuCo-N/C Electrocatalyst for Efficient Oxygen Reduction Reaction. J. Alloys Compd. 2019, 795, 462–470. [Google Scholar] [CrossRef]

	



Guo, W.; Xia, W.; Cai, K.; Wu, Y.; Qiu, B.; Liang, Z.; Qu, C.; Zou, R. Kinetic-Controlled Formation of Bimetallic Metal-Organic Framework Hybrid Structures. Small 2017, 13, 1702049. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, A.; Dhak, P.; Dhak, D. The Solvothermal Synthesis of a 3D Rod-like Fe-Al Bimetallic Metal-Organic-Framework for Efficient Fluoride Adsorption and Photodegradation of Water-Soluble Carcinogenic Dyes. Environ. Sci. Adv. 2022, 1, 121–137. [Google Scholar] [CrossRef]

	



Kaur, G.; Rai, R.K.; Tyagi, D.; Yao, X.; Li, P.-Z.; Yang, X.-C.; Zhao, Y.; Xu, Q.; Singh, S.K. Room-Temperature Synthesis of Bimetallic Co-Zn Based Zeolitic Imidazolate Frameworks in Water for Enhanced CO2 and H2 Uptakes. J. Mater. Chem. A 2016, 4, 14932–14938. [Google Scholar] [CrossRef]

	



Zeng, H.-H.; Zhang, L.; Rong, L.-Q.; Liang, R.-P.; Qiu, J.-D. A Luminescent Lanthanide Coordination Polymer Based on Energy Transfer from Metal to Metal for Hydrogen Peroxide Detection. Biosens. Bioelectron. 2017, 89, 721–727. [Google Scholar] [CrossRef]

	



Lian, Y.; Yang, W.; Zhang, C.; Sun, H.; Deng, Z.; Xu, W.; Song, L.; Ouyang, Z.; Wang, Z.; Guo, J.; et al. Unpaired 3d Electrons on Atomically Dispersed Cobalt Centres in Coordination Polymers Regulate Both Oxygen Reduction Reaction (ORR) Activity and Selectivity for Use in Zinc-Air Batteries. Angew. Chem. Int. Ed. 2020, 59, 286–294. [Google Scholar] [CrossRef]

	



Yang, H.; He, X.-W.; Wang, F.; Kang, Y.; Zhang, J. Doping Copper into ZIF-67 for Enhancing Gas Uptake Capacity and Visible-Light-Driven Photocatalytic Degradation of Organic Dye. J. Mater. Chem. 2012, 22, 21849. [Google Scholar] [CrossRef]

	



Dhara, B.; Kumar, V.; Gupta, K.; Jha, P.K.; Ballav, N. Giant Enhancement of Carrier Mobility in Bimetallic Coordination Polymers. ACS Omega 2017, 2, 4488–4493. [Google Scholar] [CrossRef]

	



Gu, C.; Guo, C.; Li, Z.; Wang, M.; Zhou, N.; He, L.; Zhang, Z.; Du, M. Bimetallic ZrHf-Based Metal-Organic Framework Embedded with Carbon Dots: Ultra-Sensitive Platform for Early Diagnosis of HER2 and HER2-Overexpressed Living Cancer Cells. Biosens. Bioelectron. 2019, 134, 8–15. [Google Scholar] [CrossRef]

	



Nouar, F.; Breeze, M.I.; Campo, B.C.; Vimont, A.; Clet, G.; Daturi, M.; Devic, T.; Walton, R.I.; Serre, C. Tuning the Properties of the UiO-66 Metal Organic Framework by Ce Substitution. Chem. Commun. 2015, 51, 14458–14461. [Google Scholar] [CrossRef]

	



Zhou, Z.; Mei, L.; Ma, C.; Xu, F.; Xiao, J.; Xia, Q.; Li, Z. A Novel Bimetallic MIL-101(Cr, Mg) with High CO2 Adsorption Capacity and CO2/N2 Selectivity. Chem. Eng. Sci. 2016, 147, 109–117. [Google Scholar] [CrossRef]

	



Cui, Y.-F.; Zhang, Y.; Xie, K.-F.; Dong, W.-K. A Newly Synthesized Heterobimetallic NiII-GdIII Salamo-BDC-Based Coordination Polymer: Structural Characterization, DFT Calculation, Fluorescent and Antibacterial Properties. Crystals 2019, 9, 596. [Google Scholar] [CrossRef]

	



Qin, J.; Liang, G.; Feng, Y.; Feng, B.; Wang, G.; Wu, N.; Zhao, Y.; Wei, J. Synthesis of Gadolinium/Iron-Bimetal-Phenolic Coordination Polymer Nanoparticles for Theranostic Applications. Nanoscale 2020, 12, 6096–6103. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, M.; Chen, W.; Fang, L.-M.; Lou, M.-Z.; Jin, H.; Zhang, B.; Zang, L.-L. Synthesis, Crystal Structure, and Anti-Gastric Cancer Activity of a Heterometallic Coordination Polymer Based on Flexible 6,6-Dithiodinicotinic Acid. J. Struct. Chem. 2020, 61, 987–993. [Google Scholar] [CrossRef]

	



Lu, Z.; Jiang, Y.; Wang, P.; Xiong, W.; Qi, B.; Zhang, Y.; Xiang, D.; Zhai, K. Bimetallic Organic Framework-Based Aptamer Sensors: A New Platform for Fluorescence Detection of Chloramphenicol. Anal. Bioanal. Chem. 2020, 412, 5273–5281. [Google Scholar] [CrossRef] [PubMed]

	



El-Sheikh, S.M.; Osman, D.I.; Ali, O.I.; Shousha, W.G.; Shoeib, M.A.; Shawky, S.M.; Sheta, S.M. A Novel Ag/Zn Bimetallic MOF as a Superior Sensitive Biosensing Platform for HCV-RNA Electrochemical Detection. Appl. Surf. Sci. 2021, 562, 150202. [Google Scholar] [CrossRef]

	



Wu, T.; Huang, S.; Yang, H.; Ye, N.; Tong, L.; Chen, G.; Zhou, Q.; Ouyang, G. Bimetal Biomimetic Engineering Utilizing Metal-Organic Frameworks for Superoxide Dismutase Mimic. ACS Mater. Lett. 2022, 4, 751–757. [Google Scholar] [CrossRef]

	



Rajak, R.; Saraf, M.; Mohammad, A.; Mobin, S.M. Design and Construction of a Ferrocene Based Inclined Polycatenated Co-MOF for Supercapacitor and Dye Adsorption Applications. J. Mater. Chem. A 2017, 5, 17998–18011. [Google Scholar] [CrossRef]

	



Horikoshi, R.; Mochida, T.; Moriyama, H. Synthesis and Characterization of Redox-Active Coordination Polymers Generated from Ferrocene-Containing Bridging Ligands. Inorg. Chem. 2002, 41, 3017–3024. [Google Scholar] [CrossRef]

	



Ospina-Castro, M.L.; Reiber, A.; Jorge, G.; Ávila, E.E.; Briceño, A. Novel 3-D Interpenetrated Metal-Organometallic Networks Based on Self-Assembled Zn(II)/Cu(II) from 1,1′-Ferrocenedicarboxylic Acid and 4,4′-Bipyridine. CrystEngComm 2017, 19, 758–761. [Google Scholar] [CrossRef]

	



Van Wyk, A.; Smith, T.; Park, J.; Deria, P. Charge-Transfer within Zr-Based Metal-Organic Framework: The Role of Polar Node. J. Am. Chem. Soc. 2018, 140, 2756–2760. [Google Scholar] [CrossRef]

	



Asakura, D.; Li, C.H.; Mizuno, Y.; Okubo, M.; Zhou, H.; Talham, D.R. Bimetallic Cyanide-Bridged Coordination Polymers as Lithium Ion Cathode Materials: Core@Shell Nanoparticles with Enhanced Cyclability. J. Am. Chem. Soc. 2013, 135, 2793–2799. [Google Scholar] [CrossRef]

	



Konieczny, P.; Michalski, Ł.; Podgajny, R.; Chorazy, S.; Pełka, R.; Czernia, D.; Buda, S.; Mlynarski, J.; Sieklucka, B.; Wasiutyński, T. Self-Enhancement of Rotating Magnetocaloric Effect in Anisotropic Two-Dimensional (2D) Cyanido-Bridged MnII-NbIV Molecular Ferrimagnet. Inorg. Chem. 2017, 56, 2777–2783. [Google Scholar] [CrossRef]

	



Hou, Y.-L.; Sun, R.W.-Y.; Zhou, X.-P.; Wang, J.-H.; Li, D. A Copper(I)/Copper(II)-Salen Coordination Polymer as a Bimetallic Catalyst for Three-Component Strecker Reactions and Degradation of Organic Dyes. Chem. Commun. 2014, 50, 2295–2297. [Google Scholar] [CrossRef]

	



Sahadevan, S.A.; Abhervé, A.; Monni, N.; Sáenz De Pipaón, C.; Galán-Mascarós, J.R.; Waerenborgh, J.C.; Vieira, B.J.C.; Auban-Senzier, P.; Pillet, S.; Bendeif, E.-E.; et al. Conducting Anilate-Based Mixed-Valence Fe(II)Fe(III) Coordination Polymer: Small-Polaron Hopping Model for Oxalate-Type Fe(II)Fe(III) 2D Networks. J. Am. Chem. Soc. 2018, 140, 12611–12621. [Google Scholar] [CrossRef]

	



Lalonde, M.; Bury, W.; Karagiaridi, O.; Brown, Z.; Hupp, J.T.; Farha, O.K. Transmetalation: Routes to Metal Exchange within Metal-Organic Frameworks. J. Mater. Chem. A 2013, 1, 5453. [Google Scholar] [CrossRef]

	



Irving, H.; Williams, R. 637. The Stability of Transition-Metal Complexes. J. Chem. Soc. Resumed 1953, 3192–3210. [Google Scholar] [CrossRef]

	



Prasad, T.K.; Hong, D.H.; Suh, M.P. High Gas Sorption and Metal-Ion Exchange of Microporous Metal-Organic Frameworks with Incorporated Imide Groups. Chem.—Eur. J. 2010, 16, 14043–14050. [Google Scholar] [CrossRef] [PubMed]

	



Brozek, C.K.; Cozzolino, A.F.; Teat, S.J.; Chen, Y.-S.; Dincă, M. Quantification of Site-Specific Cation Exchange in Metal-Organic Frameworks Using Multi-Wavelength Anomalous X-Ray Dispersion. Chem. Mater. 2013, 25, 2998–3002. [Google Scholar] [CrossRef]

	



Zhou, J.-J.; Ji, W.; Xu, L.; Yang, Y.; Wang, W.; Ding, H.; Xu, X.; Wang, W.; Zhang, P.; Hua, Z.; et al. Controllable Transformation of CoNi-MOF-74 on Ni Foam into Hierarchical-Porous Co(OH)2/Ni(OH)2 Micro-Rods with Ultra-High Specific Surface Area for Energy Storage. Chem. Eng. J. 2022, 428, 132123. [Google Scholar] [CrossRef]

	



Kim, M.; Cahill, J.F.; Fei, H.; Prather, K.A.; Cohen, S.M. Postsynthetic Ligand and Cation Exchange in Robust Metal-Organic Frameworks. J. Am. Chem. Soc. 2012, 134, 18082–18088. [Google Scholar] [CrossRef] [PubMed]

	



Furukawa, S.; Hirai, K.; Nakagawa, K.; Takashima, Y.; Matsuda, R.; Tsuruoka, T.; Kondo, M.; Haruki, R.; Tanaka, D.; Sakamoto, H.; et al. Heterogeneously Hybridized Porous Coordination Polymer Crystals: Fabrication of Heterometallic Core-Shell Single Crystals with an In-Plane Rotational Epitaxial Relationship. Angew. Chem. 2009, 121, 1798–1802. [Google Scholar] [CrossRef]

	



Zhou, N.; Su, F.; Guo, C.; He, L.; Jia, Z.; Wang, M.; Jia, Q.; Zhang, Z.; Lu, S. Two-Dimensional Oriented Growth of Zn-MOF-on-Zr-MOF Architecture: A Highly Sensitive and Selective Platform for Detecting Cancer Markers. Biosens. Bioelectron. 2019, 123, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Simms, C.; Mullaliu, A.; De De Azambuja, F.; Aquilanti, G.; Parac-Vogt, T.N. Green, Safe, and Reliable Synthesis of Bimetallic MOF-808 Nanozymes with Enhanced Aqueous Stability and Reactivity for Biological Applications. Small 2023, 2307236. [Google Scholar] [CrossRef]

	



Zhao, Z.; Zhang, Z.; Li, C.; Wu, H.; Wang, J.; Lu, Y. MOF Derived Iron Oxide-Based Smart Plasmonic Ag/Au Hollow and Porous Nanoshells “Ultra-Microelectrodes” for Ultra-Sensitive Detection of Arsenic. J. Mater. Chem. A 2018, 6, 16164–16169. [Google Scholar] [CrossRef]

	



Stephanie, R.; Kim, M.W.; Kim, S.H.; Kim, J.-K.; Park, C.Y.; Park, T.J. Recent Advances of Bimetallic Nanomaterials and Its Nanocomposites for Biosensing Applications. TrAC Trends Anal. Chem. 2021, 135, 116159. [Google Scholar] [CrossRef]

	



Priyadarshini, E.; Pradhan, N. Gold Nanoparticles as Efficient Sensors in Colorimetric Detection of Toxic Metal Ions: A Review. Sens. Actuators B Chem. 2017, 238, 888–902. [Google Scholar] [CrossRef]

	



Carter, K.P.; Young, A.M.; Palmer, A.E. Fluorescent Sensors for Measuring Metal Ions in Living Systems. Chem. Rev. 2014, 114, 4564–4601. [Google Scholar] [CrossRef]

	



Zhang, H.; Chen, Y.; Liang, M.; Xu, L.; Qi, S.; Chen, H.; Chen, X. Solid-Phase Synthesis of Highly Fluorescent Nitrogen-Doped Carbon Dots for Sensitive and Selective Probing Ferric Ions in Living Cells. Anal. Chem. 2014, 86, 9846–9852. [Google Scholar] [CrossRef]

	



Wu, X.; Niu, Q.; Li, T. A Novel Urea-Based “Turn-on” Fluorescent Sensor for Detection of Fe3+/F− Ions with High Selectivity and Sensitivity. Sens. Actuators B Chem. 2016, 222, 714–720. [Google Scholar] [CrossRef]

	



Song, X.; Wang, Y.; Yan, J.; Chen, X.; Meng, Y.; Tan, Z. Enhancing the Fe3+ Sensing Sensitivity by Energy Transfer and Phase Transformation in a Bimetallic Lanthanide Metal-Organic Framework. ChemistrySelect 2018, 3, 9564–9570. [Google Scholar] [CrossRef]

	



Geng, R.; Li, P.; Tang, H.; Liu, L.; Huang, H.; Feng, W.; Zhang, Z. Bimetallic Cd/Zr-UiO-66 Material as a Turn-on/off Probe for As5+/Fe3+ in Organic Media. Chemosphere 2022, 291, 132827. [Google Scholar] [CrossRef]

	



Geng, R.; Tang, H.; Ma, Q.; Liu, L.; Feng, W.; Zhang, Z. Bimetallic Ag/Zn-ZIF-8: An Efficient and Sensitive Probe for Fe3+ and Cu2+ Detection. Colloids Surf. Physicochem. Eng. Asp. 2022, 632, 127755. [Google Scholar] [CrossRef]

	



Ding, N.; Zhou, D.; Pan, G.; Xu, W.; Chen, X.; Li, D.; Zhang, X.; Zhu, J.; Ji, Y.; Song, H. Europium-Doped Lead-Free Cs3Bi2Br9 Perovskite Quantum Dots and Ultrasensitive Cu2+ Detection. ACS Sustain. Chem. Eng. 2019, 7, 8397–8404. [Google Scholar] [CrossRef]

	



Wu, Z.; Huang, X. A Mechanoresponsive Fluorescent Mg-Zn Bimetallic MOF with Luminescent Sensing Properties. ChemistrySelect 2018, 3, 4884–4888. [Google Scholar] [CrossRef]

	



Peng, X.-X.; Bao, G.-M.; Zhong, Y.-F.; He, J.-X.; Zeng, L.; Yuan, H.-Q. Highly Selective Detection of Cu2+ in Aqueous Media Based on Tb3+-Functionalized Metal-Organic Framework. Spectrochim. Acta. Part A Mol. Biomol. Spectrosc. 2020, 240, 118621. [Google Scholar] [CrossRef]

	



Hu, H.; Jin, Q.; Kavan, P. A Study of Heavy Metal Pollution in China: Current Status, Pollution-Control Policies and Countermeasures. Sustainability 2014, 6, 5820–5838. [Google Scholar] [CrossRef]

	



Zhang, J.-T.; Jin, Z.-Y.; Li, W.-C.; Dong, W.; Lu, A.-H. Graphene Modified Carbon Nanosheets for Electrochemical Detection of Pb(II) in Water. J. Mater. Chem. A 2013, 1, 13139. [Google Scholar] [CrossRef]

	



Dong, C.; Wu, G.; Wang, Z.; Ren, W.; Zhang, Y.; Shen, Z.; Li, T.; Wu, A. Selective Colorimetric Detection of Cr(III) and Cr(VI) Using Gallic Acid Capped Gold Nanoparticles. Dalton Trans. 2016, 45, 8347–8354. [Google Scholar] [CrossRef]

	



Yan, Z.; Yuen, M.-F.; Hu, L.; Sun, P.; Lee, C.-S. Advances for the Colorimetric Detection of Hg2+ in Aqueous Solution. RSC Adv 2014, 4, 48373–48388. [Google Scholar] [CrossRef]

	



Royzen, M.; Durandin, A.; Young, V.G.; Geacintov, N.E.; Canary, J.W. A Sensitive Probe for the Detection of Zn(II) by Time-Resolved Fluorescence. J. Am. Chem. Soc. 2006, 128, 3854–3855. [Google Scholar] [CrossRef]

	



Chen, X.; Zhao, J.-X.; Wang, J.-W.; Liu, Y.; Wang, L.-C.; Weerasooriya, R.; Wu, Y.-C. Doping ZIF-67 with Transition Metals Results in Bimetallic Centers for Electrochemical Detection of Hg(II). Electrochim. Acta 2021, 387, 138539. [Google Scholar] [CrossRef]

	



Yin, H.; He, H.; Li, T.; Hu, M.; Huang, W.; Wang, Z.; Yang, X.; Yao, W.; Xiao, F.; Wu, Y.; et al. Ultra-Sensitive Detection of Multiplexed Heavy Metal Ions by MOF-Derived Carbon Film Encapsulating BiCu Alloy Nanoparticles in Potable Electrochemical Sensing System. Anal. Chim. Acta 2023, 1239, 340730. [Google Scholar] [CrossRef]

	



Ma, W.; Li, X.; Bai, Y.; Liu, H. Applications of Metal-Organic Frameworks as Advanced Sorbents in Biomacromolecules Sample Preparation. TrAC Trends Anal. Chem. 2018, 109, 154–162. [Google Scholar] [CrossRef]

	



Lu, L. Recent Advances in Synthesis of Three-Dimensional Porous Graphene and Its Applications in Construction of Electrochemical (Bio)Sensors for Small Biomolecules Detection. Biosens. Bioelectron. 2018, 110, 180–192. [Google Scholar] [CrossRef] [PubMed]

	



Cong, Y.; Wang, X.; Yao, C.; Kang, Y.; Zhang, P.; Li, L. Controlling the Interaction between Fluorescent Gold Nanoclusters and Biointerfaces for Rapid Discrimination of Fungal Pathogens. ACS Appl. Mater. Interfaces 2022, 14, 4532–4541. [Google Scholar] [CrossRef] [PubMed]

	



Chan, J.; Dodani, S.C.; Chang, C.J. Reaction-Based Small-Molecule Fluorescent Probes for Chemoselective Bioimaging. Nat. Chem. 2012, 4, 973–984. [Google Scholar] [CrossRef]

	



Wang, Y.; Jin, M.; Chen, G.; Cui, X.; Zhang, Y.; Li, M.; Liao, Y.; Zhang, X.; Qin, G.; Yan, F.; et al. Bio-Barcode Detection Technology and Its Research Applications: A Review. J. Adv. Res. 2019, 20, 23–32. [Google Scholar] [CrossRef]

	



Cong, Y.; Wang, X.; Zhu, S.; Liu, L.; Li, L. Spiropyran-Functionalized Gold Nanoclusters with Photochromic Ability for Light-Controlled Fluorescence Bioimaging. ACS Appl. Bio Mater. 2021, 4, 2790–2797. [Google Scholar] [CrossRef]

	



Hossain, P.; Kawar, B.; El Nahas, M. Obesity and Diabetes in the Developing World—A Growing Challenge. N. Engl. J. Med. 2007, 356, 213–215. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Lv, S.; Wang, Y.; Zhang, L.; Cui, X. Nanoporous Gold Induced Vertically Standing 2D NiCo Bimetal-Organic Framework Nanosheets for Non-Enzymatic Glucose Biosensing. Sens. Actuators B Chem. 2019, 281, 652–658. [Google Scholar] [CrossRef]

	



Zha, X.; Yang, W.; Shi, L.; Zeng, Q.; Xu, J.; Yang, Y. 2D Bimetallic Organic Framework Nanosheets for High-Performance Wearable Power Source and Real-Time Monitoring of Glucose. Dalton Trans. 2023, 52, 2631–2640. [Google Scholar] [CrossRef]

	



Xuan, X.; Qian, M.; Pan, L.; Lu, T.; Han, L.; Yu, H.; Wan, L.; Niu, Y.; Gong, S. A Longitudinally Expanded Ni-Based Metal-Organic Framework with Enhanced Double Nickel Cation Catalysis Reaction Channels for a Non-Enzymatic Sweat Glucose Biosensor. J. Mater. Chem. B 2020, 8, 9094–9109. [Google Scholar] [CrossRef] [PubMed]

	



Shen, J.-Q.; Liao, P.-Q.; Zhou, D.-D.; He, C.-T.; Wu, J.-X.; Zhang, W.-X.; Zhang, J.-P.; Chen, X.-M. Modular and Stepwise Synthesis of a Hybrid Metal-Organic Framework for Efficient Electrocatalytic Oxygen Evolution. J. Am. Chem. Soc. 2017, 139, 1778–1781. [Google Scholar] [CrossRef]

	



Wang, B.; Luo, Y.; Gao, L.; Liu, B.; Duan, G. High-Performance Field-Effect Transistor Glucose Biosensors Based on Bimetallic Ni/Cu Metal-Organic Frameworks. Biosens. Bioelectron. 2021, 171, 112736. [Google Scholar] [CrossRef]

	



Mu, Z.; Wu, S.; Guo, J.; Zhao, M.; Wang, Y. Dual Mechanism Enhanced Peroxidase-like Activity of Iron-Nickel Bimetal-Organic Framework Nanozyme and Its Application for Biosensing. ACS Sustain. Chem. Eng. 2022, 10, 2984–2993. [Google Scholar] [CrossRef]

	



Kim, Y.-R.; Bong, S.; Kang, Y.-J.; Yang, Y.; Mahajan, R.K.; Kim, J.S.; Kim, H. Electrochemical Detection of Dopamine in the Presence of Ascorbic Acid Using Graphene Modified Electrodes. Biosens. Bioelectron. 2010, 25, 2366–2369. [Google Scholar] [CrossRef]

	



Duan, C.; Zheng, J. Bimetallic MOF-Based Enzyme-Free Sensor for Highly Sensitive and Selective Detection of Dopamine. J. Electrochem. Soc. 2019, 166, B942–B947. [Google Scholar] [CrossRef]

	



Ma, J.; Bai, W.; Liu, X.; Zheng, J. Electrochemical Dopamine Sensor Based on Bi-Metallic Co/Zn Porphyrin Metal-Organic Framework. Microchim. Acta 2022, 189, 20. [Google Scholar] [CrossRef]

	



Zhou, Y.; Tian, M.; Li, R.; Zhang, Y.; Zhang, G.; Zhang, C.; Shuang, S. Ultrasensitive Electrochemical Platform for Dopamine Detection Based on CoNi-MOF@ERGO Composite. ACS Biomater. Sci. Eng. 2023, 9, 5599–5609. [Google Scholar] [CrossRef]

	



Hartle, M.D.; Pluth, M.D. A Practical Guide to Working with H2S at the Interface of Chemistry and Biology. Chem. Soc. Rev. 2016, 45, 6108–6117. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Qin, J.; Huang, C.; Han, Y.; Xu, W.; Hou, H. Mono/Bimetallic Water-Stable Lanthanide Coordination Polymers as Luminescent Probes for Detecting Cations, Anions and Organic Solvent Molecules. Dalton Trans. 2016, 45, 12710–12716. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Z.; Natarajan, V.; Wang, W.-N. The Role of Fe3+ Ions in Fluorescence Detection of H2S by a Bimetallic Metal-Organic Framework. J. Solid State Chem. 2020, 288, 121434. [Google Scholar] [CrossRef]

	



Kumaragurubaran, N.; Arul, P.; Huang, S.-T.; Nandhini, C.; Mani, V.; Huang, C.-H. Tailoring of Bimetallic Organic Framework-Polymeric Film Composites: Real-Time Fouling-Free Electrocatalytic Application of Hydrogen Sulfide Releasing from Organic Donors and Live Cells. Appl. Surf. Sci. 2023, 613, 156141. [Google Scholar] [CrossRef]

	



Usman Ali, S.M.; Alvi, N.H.; Ibupoto, Z.; Nur, O.; Willander, M.; Danielsson, B. Selective Potentiometric Determination of Uric Acid with Uricase Immobilized on ZnO Nanowires. Sens. Actuators B Chem. 2011, 152, 241–247. [Google Scholar] [CrossRef]

	



Han, J.; Zhang, Y.; Lv, X.; Fan, D.; Dong, S. A Facile, Low-Cost Bimetallic Iron-Nickel MOF Nanozyme-Propelled Ratiometric Fluorescent Sensor for Highly Sensitive and Selective Uric Acid Detection and Its Smartphone Application. Nanoscale 2024, 16, 1394–1405. [Google Scholar] [CrossRef] [PubMed]

	



Degenhardt, T.P.; Thorpe, S.R.; Baynes, J.W. Chemical Modification of Proteins by Methylglyoxal. Cell. Mol. Biol. 1998, 44, 1139–1145. [Google Scholar]

	



Allaman, I.; BÃ©langer, M.; Magistretti, P.J. Methylglyoxal, the Dark Side of Glycolysis. Front. Neurosci. 2015, 9, 23. [Google Scholar] [CrossRef]

	



Zheng, X.; Fan, R.; Lu, H.; Wang, B.; Wu, J.; Wang, P.; Yang, Y. A Dual-Emitting Tb(III)&Yb(III)-Functionalized Coordination Polymer: A “Turn-on” Sensor for N-Methylformamide in Urine and a “Turn-off” Sensor for Methylglyoxal in Serum. Dalton Trans. 2019, 48, 14408–14417. [Google Scholar] [CrossRef]

	



Shahzaib, A.; Shaily; Kamran, L.A.; Nishat, N. The Biomolecule-MOF Nexus: Recent Advancements in Biometal-Organic Frameworks (Bio-MOFs) and Their Multifaceted Applications. Mater. Today Chem. 2023, 34, 101781. [Google Scholar] [CrossRef]

	



Kunz, M.; Wolf, B.; Schulze, H.; Atlan, D.; Walles, T.; Walles, H.; Dandekar, T. Non-Coding RNAs in Lung Cancer: Contribution of Bioinformatics Analysis to the Development of Non-Invasive Diagnostic Tools. Genes 2016, 8, 8. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Huang, W.; Wang, M.; Xi, S.; Meng, J.; Zhao, K.; Jin, J.; Xu, W.; Wang, Z.; Liu, X.; et al. Low-Crystalline Bimetallic Metal-Organic Framework Electrocatalysts with Rich Active Sites for Oxygen Evolution. ACS Energy Lett. 2019, 4, 285–292. [Google Scholar] [CrossRef]

	



Hu, M.; Zhu, L.; Li, Z.; Guo, C.; Wang, M.; Wang, C.; Du, M. CoNi Bimetallic Metal-Organic Framework as an Efficient Biosensing Platform for miRNA 126 Detection. Appl. Surf. Sci. 2021, 542, 148586. [Google Scholar] [CrossRef]

	



Dou, B.; Zhou, H.; Han, X.; Wang, P. Wedged DNA Walker Coupled with a Bimetallic Metal-Organic Framework Electrocatalyst for Rapid and Sensitive Monitoring of DNA Methylation. Anal. Chem. 2023, 95, 994–1001. [Google Scholar] [CrossRef] [PubMed]

	



Fernley, H.N. 18 Mammalian Alkaline Phosphatases. In The Enzymes; Elsevier: Amsterdam, The Netherlands, 1971; Volume 4, pp. 417–447. ISBN 978-0-12-122704-3. [Google Scholar]

	



Julien, S.G.; Dubé, N.; Hardy, S.; Tremblay, M.L. Inside the Human Cancer Tyrosine Phosphatome. Nat. Rev. Cancer 2011, 11, 35–49. [Google Scholar] [CrossRef]

	



Wang, F.; Hu, X.; Hu, J.; Peng, Q.; Zheng, B.; Du, J.; Xiao, D. Fluorescence Assay for Alkaline Phosphatase Activity Based on Energy Transfer from Terbium to Europium in Lanthanide Coordination Polymer Nanoparticles. J. Mater. Chem. B 2018, 6, 6008–6015. [Google Scholar] [CrossRef]

	



Hasanzadeh, M.; Shadjou, N. Advanced Nanomaterials for Use in Electrochemical and Optical Immunoassays of Carcinoembryonic Antigen. A Review. Microchim. Acta 2017, 184, 389–414. [Google Scholar] [CrossRef]

	



Wu, Q.; Li, N.; Wang, Y.; Xu, Y.; Wu, J.; Jia, G.; Ji, F.; Fang, X.; Chen, F.; Cui, X. Ultrasensitive and Selective Determination of Carcinoembryonic Antigen Using Multifunctional Ultrathin Amino-Functionalized Ti3C2-MXene Nanosheets. Anal. Chem. 2020, 92, 3354–3360. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Zhang, Q.; Kang, Q.; Zou, G.; Shen, D. A High Sensitive Single Luminophore Ratiometric Electrochemiluminescence Immunosensor in Combined with Anodic Stripping Voltammetry. Electrochimica Acta 2020, 336, 135725. [Google Scholar] [CrossRef]

	



Hong, W.; Lee, S.; Cho, Y. Dual-Responsive Immunosensor That Combines Colorimetric Recognition and Electrochemical Response for Ultrasensitive Detection of Cancer Biomarkers. Biosens. Bioelectron. 2016, 86, 920–926. [Google Scholar] [CrossRef]

	



Ahn, S.; Yu, H.; Kang, S.H. Enhanced Detection Sensitivity of Carcinoembryonic Antigen on a Plasmonic Nanoimmunosensor by Transmission Grating-Based Total Internal Reflection Scattering Microscopy. Biosens. Bioelectron. 2017, 96, 159–166. [Google Scholar] [CrossRef]

	



Mao, Y.; Wang, N.; Yu, F.; Yu, S.; Liu, L.; Tian, Y.; Wang, J.; Wang, Y.; He, L.; Wu, Y. Simultaneous Detection of Carcinoembryonic Antigen and Neuron-Specific Enolase in Human Serum Based on Time-Resolved Chemiluminescence Immunoassay. The Analyst 2019, 144, 4813–4819. [Google Scholar] [CrossRef]

	



Song, Y.; Chen, K.; Li, S.; He, L.; Wang, M.; Zhou, N.; Du, M. Impedimetric Aptasensor Based on Zirconium-Cobalt Metal-Organic Framework for Detection of Carcinoembryonic Antigen. Microchim. Acta 2022, 189, 338. [Google Scholar] [CrossRef]

	



Iraci, N.; Leonardi, T.; Gessler, F.; Vega, B.; Pluchino, S. Focus on Extracellular Vesicles: Physiological Role and Signalling Properties of Extracellular Membrane Vesicles. Int. J. Mol. Sci. 2016, 17, 171. [Google Scholar] [CrossRef]

	



Yáñez-Mó, M.; Siljander, P.R.-M.; Andreu, Z.; Bedina Zavec, A.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al. Biological Properties of Extracellular Vesicles and Their Physiological Functions. J. Extracell. Vesicles 2015, 4, 27066. [Google Scholar] [CrossRef]

	



Jiang, Q.; Xiao, Y.; Hong, A.N.; Gao, Z.; Shen, Y.; Fan, Q.; Feng, P.; Zhong, W. Bimetallic Metal-Organic Framework Fe/Co-MIL-88(NH2) Exhibiting High Peroxidase-like Activity and Its Application in Detection of Extracellular Vesicles. ACS Appl. Mater. Interfaces 2022, 14, 41800–41808. [Google Scholar] [CrossRef]

	



Axin Liang, A.; Huipeng Hou, B.; Shanshan Tang, C.; Liquan Sun, D.; Aiqin Luo, E. An Advanced Molecularly Imprinted Electrochemical Sensor for the Highly Sensitive and Selective Detection and Determination of Human IgG. Bioelectrochemistry 2021, 137, 107671. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Song, Z.; Han, R.; Li, Y.; Luo, X. Low Fouling Electrochemical Biosensors Based on Designed Y-Shaped Peptides with Antifouling and Recognizing Branches for the Detection of IgG in Human Serum. Biosens. Bioelectron. 2021, 178, 113016. [Google Scholar] [CrossRef] [PubMed]

	



Ravipati, M.; Sreekumar, A.; Badhulika, S. Bimetallic Nickel/Cobalt Metal-Organic Framework-Based Electrochemical Sensor for Trace Level Detection of IgG in Simulated Human Blood Serum. Microchem. J. 2023, 195, 109510. [Google Scholar] [CrossRef]

	



Adumitrăchioaie, A.; Tertiș, M.; Cernat, A.; Săndulescu, R.; Cristea, C. Electrochemical Methods Based on Molecularly Imprinted Polymers for Drug Detection. A Review. Int. J. Electrochem. Sci. 2018, 13, 2556–2576. [Google Scholar] [CrossRef]

	



Wu, H.; Zhao, J.; Wan, J. A Review of Veterinary Drug Residue Detection: Recent Advancements, Challenges, and Future Directions. Sustainability 2023, 15, 10413. [Google Scholar] [CrossRef]

	



Ahmed, S.; Ning, J.; Cheng, G.; Ahmad, I.; Li, J.; Mingyue, L.; Qu, W.; Iqbal, M.; Shabbir, M.A.B.; Yuan, Z. Receptor-Based Screening Assays for the Detection of Antibiotics Residues—A Review. Talanta 2017, 166, 176–186. [Google Scholar] [CrossRef] [PubMed]

	



O’Brien, M.E.R.; Wigler, N.; Inbar, M.; Rosso, R.; Grischke, E.; Santoro, A.; Catane, R.; Kieback, D.G.; Tomczak, P.; Ackland, S.P.; et al. Reduced Cardiotoxicity and Comparable Efficacy in a Phase IIItrial of Pegylated Liposomal Doxorubicin HCl(CAELYXTM/Doxil®) versus Conventional Doxorubicin Forfirst-Line Treatment of Metastatic Breast Cancer. Ann. Oncol. 2004, 15, 440–449. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, G.J.; Waypa, J.; Blaydorn, L.; Coats, J.; McGahey, K.; Sangal, A.; Niu, J.; Lynch, C.A.; Farley, J.H.; Khemka, V. A Phase Ib Study of Pembrolizumab plus Chemotherapy in Patients with Advanced Cancer (PembroPlus). Br. J. Cancer 2017, 117, 33–40. [Google Scholar] [CrossRef]

	



Rezvani Jalal, N.; Madrakian, T.; Afkhami, A.; Ahmadi, M. Ni/Co Bimetallic Metal-Organic Frameworks on Nitrogen-Doped Graphene Oxide Nanoribbons for Electrochemical Sensing of Doxorubicin. ACS Appl. Nano Mater. 2022, 5, 11045–11058. [Google Scholar] [CrossRef]

	



Li, X.; Xiao, C.; Ruan, X.; Hu, Y.; Zhang, C.; Cheng, J.; Chen, Y. Enrofloxacin Degradation in a Heterogeneous Electro-Fenton System Using a Tri-Metal-Carbon Nanofibers Composite Cathode. Chem. Eng. J. 2022, 427, 130927. [Google Scholar] [CrossRef]

	



Zhang, Z.; Liu, Q.; Zhang, M.; You, F.; Hao, N.; Ding, C.; Wang, K. Simultaneous Detection of Enrofloxacin and Ciprofloxacin in Milk Using a Bias Potentials Controlling-Based Photoelectrochemical Aptasensor. J. Hazard. Mater. 2021, 416, 125988. [Google Scholar] [CrossRef]

	



Wei, P.; Wang, S.; Wang, W.; Niu, Z.; Rodas-Gonzalez, A.; Li, K.; Li, L.; Yang, Q. CoNi Bimetallic Metal-Organic Framework and Gold Nanoparticles-Based Aptamer Electrochemical Sensor for Enrofloxacin Detection. Appl. Surf. Sci. 2022, 604, 154369. [Google Scholar] [CrossRef]

	



Croom, K.F.; Goa, K.L. Levofloxacin: A Review of Its Use in the Treatment of Bacterial Infections in the United States. Drugs 2003, 63, 2769–2802. [Google Scholar] [CrossRef]

	



Speltini, A.; Sturini, M.; Maraschi, F.; Profumo, A.; Albini, A. Analytical Methods for the Determination of Fluoroquinolones in Solid Environmental Matrices. TrAC Trends Anal. Chem. 2011, 30, 1337–1350. [Google Scholar] [CrossRef]

	



Deng, Y.; Li, S.; Ma, X.; Wu, Y.; Pang, C.; Wang, M.; Li, J.; Zhi, X. Electrochemical Chiral Sensor for Levofloxacin Detection Base on Cu/Fe-BTC Amplification. Microchim. Acta 2023, 190, 435. [Google Scholar] [CrossRef] [PubMed]

	



Kushwaha, C.S.; Shukla, S.K. Electrochemical Sensing of Paracetamol Using Iron Oxide Encapsulated in Chitosan-Grafted-Polyaniline. ACS Appl. Polym. Mater. 2020, 2, 2252–2259. [Google Scholar] [CrossRef]

	



Nada, A.A.; Orimolade, B.O.; El-Maghrabi, H.H.; Koiki, B.A.; Rivallin, M.; Bekheet, M.F.; Viter, R.; Damberga, D.; Lesage, G.; Iatsunskyi, I.; et al. Photoelectrocatalysis of Paracetamol on Pd-ZnO/ N-Doped Carbon Nanofibers Electrode. Appl. Mater. Today 2021, 24, 101129. [Google Scholar] [CrossRef]

	



Shalauddin, M.; Akhter, S.; Basirun, W.J.; Lee, V.S.; Marlinda, A.R.; Ahmed, S.R.; Rajabzadeh, A.R.; Srinivasan, S. Bimetallic Metal Organic Framework Anchored Multi-Layer Black Phosphorous Nanosheets with Enhanced Electrochemical Activity for Paracetamol Detection. Electrochim. Acta 2023, 454, 142423. [Google Scholar] [CrossRef]

	



Dibden, A.; Offman, J.; Duffy, S.W.; Gabe, R. Worldwide Review and Meta-Analysis of Cohort Studies Measuring the Effect of Mammography Screening Programmes on Incidence-Based Breast Cancer Mortality. Cancers 2020, 12, 976. [Google Scholar] [CrossRef]

	



Das, P.K.; Islam, F.; Lam, A.K. The Roles of Cancer Stem Cells and Therapy Resistance in Colorectal Carcinoma. Cells 2020, 9, 1392. [Google Scholar] [CrossRef]

	



Ulldemolins, A.; Seras-Franzoso, J.; Andrade, F.; Rafael, D.; Abasolo, I.; Gener, P.; Schwartz Jr, S. Perspectives of Nano-Carrier Drug Delivery Systems to Overcome Cancer Drug Resistance in the Clinics. Cancer Drug Resist. 2021, 4, 44–68. [Google Scholar] [CrossRef]

	



Bäumer, N.; Tiemann, J.; Scheller, A.; Meyer, T.; Wittmann, L.; Suburu, M.E.G.; Greune, L.; Peipp, M.; Kellmann, N.; Gumnior, A.; et al. Targeted siRNA Nanocarrier: A Platform Technology for Cancer Treatment. Oncogene 2022, 41, 2210–2224. [Google Scholar] [CrossRef]

	



Della Rocca, J.; Liu, D.; Lin, W. Nanoscale Metal-Organic Frameworks for Biomedical Imaging and Drug Delivery. Acc. Chem. Res. 2011, 44, 957–968. [Google Scholar] [CrossRef]

	



Wu, M.; Yang, Y. Metal-Organic Framework (MOF)-Based Drug/Cargo Delivery and Cancer Therapy. Adv. Mater. 2017, 29, 1606134. [Google Scholar] [CrossRef]

	



Mu, J.; He, L.; Huang, P.; Chen, X. Engineering of Nanoscale Coordination Polymers with Biomolecules for Advanced Applications. Coord. Chem. Rev. 2019, 399, 213039. [Google Scholar] [CrossRef]

	



Browning, R.J.; Reardon, P.J.T.; Parhizkar, M.; Pedley, R.B.; Edirisinghe, M.; Knowles, J.C.; Stride, E. Drug Delivery Strategies for Platinum-Based Chemotherapy. ACS Nano 2017, 11, 8560–8578. [Google Scholar] [CrossRef]

	



Baehr, C.M.; Zhang, L.; Wu, Y.; Domokos, A.; Xiao, W.; Wang, L.; Lam, K.S. Transformable Amyloid-Beta Mimetic Peptide Amphiphiles for Lysosomal Disruption in Non-Small Cell Lung Cancer. Biomaterials 2021, 277, 121078. [Google Scholar] [CrossRef]

	



Ma, Y.; Su, Z.; Zhou, L.; He, L.; Hou, Z.; Zou, J.; Cai, Y.; Chang, D.; Xie, J.; Zhu, C.; et al. Biodegradable Metal-Organic-Framework-Gated Organosilica for Tumor-Microenvironment-Unlocked Glutathione-Depletion-Enhanced Synergistic Therapy. Adv. Mater. 2022, 34, 2107560. [Google Scholar] [CrossRef] [PubMed]

	



Waldman, A.D.; Fritz, J.M.; Lenardo, M.J. A Guide to Cancer Immunotherapy: From T Cell Basic Science to Clinical Practice. Nat. Rev. Immunol. 2020, 20, 651–668. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Mooney, D.J. Biomaterial-Assisted Targeted Modulation of Immune Cells in Cancer Treatment. Nat. Mater. 2018, 17, 761–772. [Google Scholar] [CrossRef] [PubMed]

	



Luo, M.; Wang, H.; Wang, Z.; Cai, H.; Lu, Z.; Li, Y.; Du, M.; Huang, G.; Wang, C.; Chen, X.; et al. A STING-Activating Nanovaccine for Cancer Immunotherapy. Nat. Nanotechnol. 2017, 12, 648–654. [Google Scholar] [CrossRef]

	



Liu, F.; Tan, L.; Dai, Z.; Wang, Y.; Huang, L.; Zhang, Y.; Cheng, Q.; Li, X.; Liu, M.-D.; Wang, L.; et al. Manganese-Based Microcrystals Equipped with Ythdf1-Targeted Biomimetic Nanovaccines for Reinforced Dendritic Cell Spatiotemporal Orchestration. Nano Today 2024, 54, 102112. [Google Scholar] [CrossRef]

	



Tang, Z.; Liu, Y.; He, M.; Bu, W. Chemodynamic Therapy: Tumour Microenvironment-Mediated Fenton and Fenton-like Reactions. Angew. Chem. 2019, 131, 958–968. [Google Scholar] [CrossRef]

	



Ma, P.; Xiao, H.; Yu, C.; Liu, J.; Cheng, Z.; Song, H.; Zhang, X.; Li, C.; Wang, J.; Gu, Z.; et al. Enhanced Cisplatin Chemotherapy by Iron Oxide Nanocarrier-Mediated Generation of Highly Toxic Reactive Oxygen Species. Nano Lett. 2017, 17, 928–937. [Google Scholar] [CrossRef]

	



Huo, M.; Wang, L.; Chen, Y.; Shi, J. Tumor-Selective Catalytic Nanomedicine by Nanocatalyst Delivery. Nat. Commun. 2017, 8, 357. [Google Scholar] [CrossRef] [PubMed]

	



Fang, C.; Deng, Z.; Cao, G.; Chu, Q.; Wu, Y.; Li, X.; Peng, X.; Han, G. Co-Ferrocene MOF/Glucose Oxidase as Cascade Nanozyme for Effective Tumor Therapy. Adv. Funct. Mater. 2020, 30, 1910085. [Google Scholar] [CrossRef]

	



Wang, Z.; Niu, J.; Zhao, C.; Wang, X.; Ren, J.; Qu, X. A Bimetallic Metal-Organic Framework Encapsulated with DNAzyme for Intracellular Drug Synthesis and Self-Sufficient Gene Therapy. Angew. Chem. Int. Ed. 2021, 60, 12431–12437. [Google Scholar] [CrossRef] [PubMed]

	



Chandra, R.A.; Keane, F.K.; Voncken, F.E.M.; Thomas, C.R. Contemporary Radiotherapy: Present and Future. The Lancet 2021, 398, 171–184. [Google Scholar] [CrossRef]

	



De Ruysscher, D.; Niedermann, G.; Burnet, N.G.; Siva, S.; Lee, A.W.M.; Hegi-Johnson, F. Radiotherapy Toxicity. Nat. Rev. Dis. Primer 2019, 5, 13. [Google Scholar] [CrossRef]

	



Price, J.M.; Prabhakaran, A.; West, C.M.L. Predicting Tumour Radiosensitivity to Deliver Precision Radiotherapy. Nat. Rev. Clin. Oncol. 2023, 20, 83–98. [Google Scholar] [CrossRef]

	



Rosa, S.; Connolly, C.; Schettino, G.; Butterworth, K.T.; Prise, K.M. Biological Mechanisms of Gold Nanoparticle Radiosensitization. Cancer Nanotechnol. 2017, 8, 2. [Google Scholar] [CrossRef]

	



Liang, Y.; Peng, C.; Su, N.; Li, Q.; Chen, S.; Wu, D.; Wu, B.; Gao, Y.; Xu, Z.; Dan, Q.; et al. Tumor Microenvironments Self-Activated Cascade Catalytic Nanoscale Metal Organic Frameworks as Ferroptosis Inducer for Radiosensitization. Chem. Eng. J. 2022, 437, 135309. [Google Scholar] [CrossRef]

	



Xiong, Z.; Yang, M.; Liu, P.; Tang, Z.; Yang, Y.; Zhan, M.; Chen, T.; Li, X.; Lu, L. Designing Bimetallic Metal-Organic Framework-Based Heterojunction Radiosensitizer for Enhanced Radiodynamic Therapy and Immunotherapy. Adv. Funct. Mater. 2023, 2312919. [Google Scholar] [CrossRef]

	



Fukumura, D.; Kloepper, J.; Amoozgar, Z.; Duda, D.G.; Jain, R.K. Enhancing Cancer Immunotherapy Using Antiangiogenics: Opportunities and Challenges. Nat. Rev. Clin. Oncol. 2018, 15, 325–340. [Google Scholar] [CrossRef] [PubMed]

	



Yamashita, M.; Dellorusso, P.V.; Olson, O.C.; Passegué, E. Dysregulated Haematopoietic Stem Cell Behaviour in Myeloid Leukaemogenesis. Nat. Rev. Cancer 2020, 20, 365–382. [Google Scholar] [CrossRef] [PubMed]

	



Song, Y.; Zhang, L.; Wang, Y.; Han, M.; Wang, Z.; Wang, N.; Shao, B.; Li, R.; Cao, K.; Song, M.; et al. A Bimetallic Metal-Organic-Framework-Based Biomimetic Nanoplatform Enhances Anti-Leukemia Immunity via Synchronizing DNA Demethylation and RNA Hypermethylation. Adv. Mater. 2023, 35, 2210895. [Google Scholar] [CrossRef] [PubMed]








[image: Biosensors 14 00117 g001] 





Figure 1. Schematic diagram of the constituent elements of bimetallic CPs and their applications in biosensing and biomedicine. 
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Figure 2. One-pot methods for bimetallic CP synthesis. (A) self-assembly methods, (B) metal-ligand methods and post-synthesis modifications, (C) ion-exchange methods, (D) seed methods. 
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Figure 3. (A) Schematic illustration of fabrication of Ag/Zn-ZIF-8 and its direct utilization for the detection of Fe3+ and Cu2+. (B) Fluorescence properties of Ag/Zn-ZIF-8 (1:1) toward various cations in DMF solution (λex = 280 nm). Reproduced with permission from Ref. [84]. Copyright 2022, Elsevier. 
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Figure 4. (A) Schematic illustration for the preparation of vertical NiCo-MOF nanosheets array. (B) TEM image of vertical NiCo-MOF nanosheets. (C) Amperometric response calibration curve for glucose detection by the constructed electrode. Reproduced with permission from Ref. [102]. Copyright 2019, Elsevier. 
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Figure 5. (A) Schematic illustration of the fabrication process for FP/Au@NiCo-MOF. (B) Mechanism for constructing a wedge-shaped DNA Walker for rapid and sensitive detection of methylated target DNA. (C) Effect of incubation time on the responses of the traditional DNA walker (red line) and this wedged DNA walker (blue line). (D) Linear relationship between the current values and the logarithmic concentration of methylated DNA (from 0.5 fM to 5 nM). (E) Current responses of human serum samples containing (a) 0 fM, (b) 10 fM, (c) 500 fM, (d) 50 pM, and (e) 5 nM. Reproduced with permission from Ref. [125]. Copyright 2023, American Chemical Society. 
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Figure 6. (A) Schematic illustration of the preparation of Apt/AuNPs/CoNi-MOF/GCE electrochemical sensor and its voltammetric response toward ENR. (B) Effect of different concentrations of ENR on ΔRct. Inset: the calibration curves. (C) Peak current values of the aptasensor for interferences (10 μg·mL−1), ENR (100 ng·mL−1), and their mixture (100 ng·mL−1). Reproduced with permission from Ref. [150]. Copyright 2022, Elsevier. 
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Figure 7. (A) Scheme for the synthesis of HMOS@ZC. (B) Schematic for Pt@HMOS without bimetallic MOF gating and Pt-based drugs release profiles of Pt@HMOS at different pH values. (C) Fluorescence images of Calcein AM (green, live cells) and PI (red, dead cells) co-stained A549 cells treated by different formulations for 24 h. (D) In vivo fluorescence images of A549-tumor-bearing mice and (E) quantitative mean fluorescence intensity analysis of tumors at different time points post i.v. injection of free ICG and ICG@HMOS@ZC. (“****” represents that the two groups of data are very different statistically) Reproduced with permission from Ref. [166]. Copyright 2022, Wiley Online Library. 
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Figure 8. (A) Schematic illustration of the fabrication of Mn/Zr-MOF-shY1-CM. (B) Schematic representation of Mn/Zr-MOF-shY1-CM-induced immune response cascades. (C) QRT-PCR analysis of Cxcl10 and Ifnb1 expression in BMDCs. (“***” represents a statistically significant difference between the data, ns = not statistically) (D) In situ immune nodule measurement (n = 4). Reproduced with permission from Ref. [170]. Copyright 2024, Elsevier. 
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Figure 9. (A) Schematic illustration of Co-Fc@GOx as a cascade enzymatic/Fenton reaction platform for promoted •OH induction and enhanced therapeutic effects on cancer cells. Reproduced with permission from Ref. [174]. Copyright 2020, Wiley Online Library. (B) Schematic illustration of a smart DNAzyme@Cu/ZIF-8 nanoplatform for the synergistic chemo-gene therapy. Reproduced with permission from Ref. [175]. Copyright 2021, Wiley Online Library. 
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Figure 10. Schematic illustration for bio-functional Au@MnRu-MOF triggered enhancement of radiotherapy. Reproduced with permission from Ref. [181]. Copyright 2023, Wiley Online Library. 
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Figure 11. Schematic illustration of the successive fabrication of the AFMMB with DNA demethylation and RNA hypermethylation activities for enhancing antitumor immunity. Reproduced with permission from Ref. [184]. Copyright 2023, Wiley Online Library. 
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