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Abstract

:

There have been numerous studies applying iridium oxides in different applications to explore their proton-change-based reactions since the 1980s. Iridium oxide can be fabricated directly by applying electrodeposition, sputter-coating method, or oxidation of iridium wire. Generally, there have been currently two approaches in applying iridium oxide to enable its sensing applications. One was to improve or create different electrolytes with (non-)electrodeposition method for better performance of Nernst Constant with the temperature-related system. The mechanism behind the scenes were summarized herein. The other was to change the structure of iridium oxide through different kinds of templates such as photolithography patterns, or template-assisted direct growth methods, etc. to improve the sensing performance. The detection targets varied widely from intracellular cell pH, glucose in an artificial sample or actual urine sample, and the hydrogen peroxide, glutamate or organophosphate pesticides, metal-ions, etc. This review paper has focused on the mechanism of electrodeposition of iridium oxide in aqueous conditions and the sensing applications towards different biomolecules compounds. Finally, we summarize future trends on Iridium oxide based sensing and predict future work that could be further explored.
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1. Introduction


In 1989, Yamanaka et al. [1] firstly reported two kinds of iridium-based films, including the anodically oxidized iridium oxide film (AOIRF) and cathodically oxidized iridium oxide film (COIRF). Since then, iridium oxide has attracted much attention and has been used to detect glucose, hydrogen peroxide, glutamate, metal ion and organophosphate pesticide, etc. In the early development of synthesis and application, iridium oxide was prepared by thermo-deposition or electrodeposition as a film on either working electrode or reference electrode and mainly applied to develop solid-state pH sensor development. Later, different kinds of iridium oxide deposition methods were explored and created by using additional electrolytes and various iridium sources to control the morphology, thus offering the opportunity to expand the applications of iridium oxide. Consequently, an increasing amount of work has shifted to a broader application such as glucose and hydrogen peroxide detection instead of just limiting aqueous pH detection. This review began with the presentation of iridium oxide preparation methods, followed by extensive discussion and summarization of recent progress of various iridium oxide-enabled sensors and biosensors in detecting chemical and biological species, as well as iridium oxide-based gas sensing. Finally, this review concluded with a discussion of future trends in developing advanced iridium oxide-enabled sensors and biosensors.




2. Iridium Oxide Deposition Method


Several methods have been developed to synthesize iridium oxide in the past decades, which will introduce and discuss in the subsequent section.



2.1. Anodically Oxidized Iridium Oxide


In this method, an iridium-containing deposition solution was first prepared following a recipe developed by Yamanaka [1]. Under the deposition condition in 0.1 M H2SO4 solution at a constant current density of 10 mA cm−2 for 20 min, [2] iridium oxide film was formed and then ready for use. This method provides a convenient way to coat iridium oxide on the conducting electrode surface.




2.2. Thermal Deposition to Prepare Iridium Oxide


Decomposition of iridium salt at high temperatures in the air is another popular method to prepare iridium oxide. Kinoshita et al. [3] and Ardizzone et al. [4] reported a simple plan to prepare iridium oxide electrodes. In brief, Ti coupon (0.22 mm thick, 1 cm2) was dipped into IrCl3 solution first, and then the coupon was gently heated with an air gun to crystalize the IrCl3 on the titanium surface. Next, the coupon was heated in an air oven for around 10 min to decompose chloride salt, forming iridium oxide. This process was repeated three times, followed by another 4-h heat-treatment at the same decomposition temperature. When applied for pH detection, it shows a Nernst constant of 59 mV/pH with good stability, which was corroborated by a slight shift of 0.08 V after two weeks of aging.



Later on, Chalamala et al. [5] reported that iridium film could be oxidized at 600 °C under an oxygen-containing environment. The X-ray Powder Diffraction (XRD) showed that IrO2 changed from (110) oriented to a mixture of (110) and (200) during the oxide growth, which offers another simple method to prepare high-quality iridium oxide.




2.3. Sputter-Coating to Deposit Iridium Oxide


By using a cryogenic sputtering system, Kinlen et al. [6] and Klein et al. [7] deposited iridium dioxide (IrO2) from a high-purity iridium target. Oxygen at the flow rate of 6.0 sccm s−1 was continuously pumped into the chamber, which was held at 1.33 Pa.



Furthermore, Kreider et al. [8] reported another procedure to prepare iridium oxide thin film on aluminum oxide substrate through sputtering at 13.5 MHz planar magnetron source in a 20 cm target-to-substrate distance. In conjunction with the use of pure iridium (99.99%, dia. of 5 cm) and 0.15 Pa total pressure, they found that the sputter-coated iridium oxide film suffered less redox interference compared with the electrodeposited iridium oxide film for other ions.



In another study, Sato et al. [9] reported that iridium oxide could be formed by sputter coating from iridium carbon composite films (Ir-C films). Ir-C films were prepared on SnO2-coated glass plates through evaporating iridium from a graphite crucible by an electron-beam gun. Then the Ir-C films were converted to thermally oxidized iridium oxide film with a thickness of around 90 nm by heating at 250 °C for 10 min. All the studies indicate that the sputtering method is a facile technique to prepare iridium oxide film with controllable thickness.




2.4. Melt-Oxidized Iridium Oxide


Metal oxidization is also employed to prepare metal oxide of interest. Yao et al. [10] reported the carbonate melt method to oxidize a metal to fabricate an iridium oxide film using LixIrOynH2O, which was similar to Yoshiyuki’s previous work electron-beam to melt iridium–carbonate mixture. Good Nernst response at 58.92 mV/pH was realized with drift-free features and fast response (<0.2 s).




2.5. Iridium Oxide Colloid Formation


Takayuki Kuwabara and co-workers [11] reported an innovative iridium oxide colloid formation method. By using potassium hexachloroiridate (IV) (30 mg) mixed with sodium hydrogen citrate (50 mg) in 50 mL aqueous solution to form red-brown solution, which was adjusted to pH 7.5 with NaOH solution and refluxed in an oil bath with constant stirring for 30 min. After the solution was cooled to room temperature, the pH of the solution was adjusted again to 7.5. These steps were repeated until the pH reaching to 7.5. The iridium oxide colloid was formed after another two hours of oxygen bubbling. Such iridium oxide colloid was deposited on indium tin oxide (ITO) in terms of the carboxyl group and hydroxyl group on the surface of ITO to promote self-assembly.





3. Iridium Oxide Enabled Sensors


Over past decades, iridium oxide has been employed in various sensors for a wide spectrum of applications, including glucose sensing, hydrogen peroxide detection, extracellular environment pH monitoring, glutamate detection, immunosensing, organophosphate pesticide detection, metal ion detection, urine monitoring, iodate and periodate detection, protein, and metalloid metal detection, etc. The following section will systematically review the progress of iridium oxide-enabled various sensing applications based on the detection targets.



3.1. Glucose Sensor


Glucose detection is of paramount importance for the management of diabetes disease. The recent progress has been focusing on the development of the repeatable and long-term glucose monitoring systems. However, iridium oxide-based glucose detection has been developed in enzymatic and non-enzymatic detection methods. Herein, we summarized the recent developments of the iridium oxide-based glucose detections.



3.1.1. Glucose Oxidase Based IrOx Sensor


To develop a glucose sensor glucose oxidase (GOx) is employed to develop a novel glucose sensor in conjunction with iridium oxide [12]. It was found that iridium oxide plays an important role in glucose detection, and the reactions were presented as follows:


GOX + glucose → GOX-H2 + gluconic acid



(1)






GOX-H2 + Mox → GOX + Mred



(2)






Mred → Mox + 2e−



(3)







To confirm the electron transfer in between GOx and iridium oxide took significant effects than the electron transfers due to the presence of oxygen in GOx. Oxygen reduction current has been used as an indicator to evaluate this point. Based on the oxygen reduction current (ORR), another Pt working electrode was used to carry out the measurements, and it possessed a sensitivity of 2.1 mA cm−2 at 0.2 V under O2-saturated solution and 1.3 µA cm−2 at 0.2 V after 40 min of deaeration with Argon. In this case, the oxygen content has been decreased by 1000 times; however, the glucose oxidation currents in deaerated conditions did not drop the same amount, suggesting the electron transfers indeed occurred between the reduced flavin site in GOx and the surrounding IrOx matrix under deaerated conditions. Therefore, they demonstrated dual regeneration of glucose oxidase by oxygen and iridium oxide. This is the first work in which the role of iridium oxide in glucose oxidase-based electron transfer was investigated.



Jhas et al. [13] investigated the role of iridium oxide nanoparticles in the presence of glucose oxidase under chronoamperometric detection at 1.2 V; Figure 1 shows the chronoamperometric response of successive addition of 20 µL aliquots of 1.0 M D-glucose to 25 mL of deaerated pH 7 PBS buffer. A detection limit of 0.4 mM glucose was successfully achieved through iterations in conjunction with the Michaelis-Menten equation.



Glucose detection could also be associated with the determination of hydrogen peroxide as glucose and glucose oxidase reaction produces hydrogen peroxide. Therefore, IrO2 was explored to study their selectivity and sensitivity to hydrogen peroxide and glucose by employing carbon paste electrodes (CPEs) and screen-printed carbon electrodes (SPCEs) with glucose oxidase. Using the amperometric method, Kotzian et al. [14] successfully realized the optimization of operating parameters, including pH, voltage, etc. Finally, they achieved a limit of glucose detection as low as 0.90 mg/L (5.00 µM).



Yamaguchi et al. came up with a glucose detection trial incorporation of IrO2 into microflow channel systems [15]. They design two switch-electrode, one is a hydrophilic gold electrode, and the other is the iridium oxide electrode. In this system, when pH is higher than a threshold, the gold valve electrode is open at a specific voltage, and on the other hand, the gold valve electrode would be auxiliary and would not allow the pass of reagents. In terms of the enzymatic reactions that could induce the basic or acidic change of liquid solution, the glucose concentration could be evaluated by coupling the enzymatic reaction with the shift in pH. Figure 2 illustrates the configuration of the electrode below.



Irhayem et al. [16] employed two different configurations to entrap the glucose oxidase and iridium wire. Figure 3 shows how the iridium oxide and GOx were trapped together. The amperometric responses under stirred or non-stirred conditions were investigated, and the results showed that both led to a good glucose detection range (up to 70 mM). The more layers in configuration A in Figure 3, the more stable the signal is. However, the SEM image showed that more layers accompanied more clusters formed on the electrode surface, which resulted in a lower sensitivity of the system.



It can image chemical species near the surface of the substrate by using a scanning electrochemical microscope (SECM). By measuring the output of SECM and combining it with the iridium oxide probe position, pH can be obtained by using the calibration curve. Iridium oxide can be electrodeposited by different casting electrolytes by Wipf et al. [17], in which 27 mM Na3IrCl6 in 0.1 M HCl was boiled until the solution changed from olive green to light brown. By spurging with nitrogen to avoid oxygen in the solution, 6 M NaOH was added until pH was ~12.5. Iridium oxide was deposited on a homemade carbon fiber electrode, which was prepared by sealing individual carbon fiber (CF) into glass capillaries with epoxy, at a constant potential of between 0.6 and 0.7 V vs. Ag/AgCl for 2 min. Biotinylated glucose oxidase was covalently bonded onto the surface of the CF/IrOx electrode by biotin-avidin coupling pretreatment. SECM was used at the scan rate of less than 2.5 µm/s, and the potentiometric response was reproduced by potentiometry results. Figure 4 is the illustration of pH imaging for glucose detection.



The reaction on the electrode is as follows:


Glucose + H2O + 2FeCp2+ → gluconic acid + 2FeCp2 + 2H+



(4)






FeCp2 → FeCp2+ + e−



(5)







The overall reaction is as follows:


Glucose + H2O → Gluconic acid + 2H+ + 2e−



(6)







Not only can iridium oxide work as a working electrode in the current measuring system, but it can use as a reference electrode as well. KiláKang, Sun, et al. [18] designed a two-electrode system for glucose detection.



The IrOx worked as a quasi-steady-state reference electrode, electrodeposited onto the micro-fabricated Pt electrodes following the recipe of Marzouk et al. [19] To make this iridium oxide reference electrode for actual field application, the revised design of the iridium oxide-based sensor was constructed. On the top of the Pt layer, poly(m-phenylenediamine)/GOx (PMPD/GOx) film was electropolymerized at 0.7 V. Teflon, and polyurethane [20] films were used to serve as protective outer layers to sustain sufficient using time and to increase the stability and reusability of the as-prepared three electrodes system. Such a system achieved a detection limit of 1 mM for glucose by the amperometric method at 0.45 V. The response of glucose amperometric signal in PBS solution was investigated as well from 1 mM to 30 mM.



Years later, in 2009, Li et al. [21] reported an IrOx reference electrode for glucose detections with an oxygen compensated system and temperature compensation by LabViewTM software (National Instruments, Austin, TX, USA). The combined oxygen sensor, temperature sensor and glucose sensor provided a route for in vivo real application on a small catheter. Even though the detection limit was not that low compared with other researchers, the detection range can range from 0.1 to 10 mM, far more than a real application case. IrOx became widely accepted for its reference performance afterward.



Recently, Li et al. [22] developed a dual IrOx reference electrode, which can provide much better accuracy towards glucose (0–4 mM range with detection of limit 31 ± 8 μM) and oxygen concentration (0–60 mmHg with detection of limit 0.4 ± 0.07 mmHg).



Either the morphology of iridium oxide can be modified by different growth methods relying on the template-based way or some pre-modified electrode coated with iridium oxide. Here, we summarized a paper discussing the microelectrode by Marzouk. Ultra-miniaturization has led to the microelectrode design for glucose monitoring. Ribet et al. [23] came up with continuous intradermal glucose monitoring based on IrOx as a reference electrode with glucose oxidase enzymatic system for invasive glucose monitoring amperometric detection method with 0.6 V applied potential. The mass transfer mechanism for glassy carbon electrodes and microelectrode is different. Based on the theory of ultramicroelectrode mass transfer from [24] hemispherical diffusion played a much more role than linear diffusion at a relatively lower scan rate. We believe that researchers could utilize such microelectrode to detect the different sensing systems.




3.1.2. Iridium Oxides Nanomaterials for Direct Glucose Oxidation


Dong et al. [25] has most recently reported the first iridium oxide-nanomaterials based direct glucose oxidation in a non-enzymatic glucose sensing system. The precursor iridium tetrachloride mixed with polyvinylpolypyrrolidone (PVP) and electrospun to generate nanofiber structure, which further was calcinated to acquire the iridium oxide (IrO2) structure. The as-prepared iridium oxide was further modified onto the glassy carbon electrode and screen-printed electrode to study its direct non-enzymatic glucose detection. The amperometric response showed that the repeatable response of glucose oxidation occurred at 0.68 V. This work is the first time that iridium oxide itself used in the non-enzymatic glucose sensing. The iridium oxide nanomaterials were also modified screen-printed electrode and it maintained similar the non-enzymatic glucose sensing performance with broadened linear range. In the meantime, the proposed sensor also held pH sensitivity in the range of pH 3 to pH 13. Furthermore, Dong et al. [26] also reported the addition of gold precursors into the iridium precursors to form the nanocorals after calcination process. The as-developed sensor also held dual sensitivity towards D-Glucose and pH in the range of pH 3–13.





3.2. Hydrogen Peroxide Detection


A novel electrode, which formed on titanium electrodes by thermo-coating of IrO2 and Ta2O5, was developed by Morimitsu et al. [27] The hydrogen peroxide was oxidized on the electrode by applying the cyclic voltammetry method, and a linear relationship between oxidation current density at 0.5 V and H2O2 concentration was concluded.



The highly single-crystalline IrO2 nanowires grown on Au microwire (IrO2NW-Au) and reduced by hydrogen at 200 °C forming (Ir/IrO2NW-Au) were prepared by direct vapor transport process by Ha et al. [28] Figure 5 shows the morphology of the as-prepared IrO2NW-Au and Ir/IrO2NW-Au.



Amperometric responses of IrO2NW-Au and Ir/IrO2NW-Au with changing of hydrogen peroxide concentrations are demonstrated in Figure 6, in which oxidation peak current (at 0.43 V) and reduction peak current (at −0.03 V) were compared. In Figure 6A, it describes the anodic amperometric response of IrO2NW-Au and Ir/IrO2NW-Au to hydrogen peroxide at 0.43 V. Figure 6B describes the cathodic amperometic response to the hydrogen peroxide at −0.03V. The corresponding linear relationship curves were plotted in the insets, respectively.



Based on the comparison of IrO2NW-Au and Ir/IrO2NW-Au to the hydrogen peroxide response, the researchers claimed that Ir/IrO2NW-Au structure gave higher sensitivity at 2.6 μA mM−1 than IrO2NW-Au at 0.0035 μA mM−1 according to H2O2 reduction current. Even though their work is unique considering the special fabrication process, the results are not comparable to others, which made it less acknowledgeable.




3.3. pH Sensing of IrOx Applied Materials


The pH sensing by using iridium oxide materials has been widely studied by the previous research [29,30,31,32,33,34,35,36,37,38,39,40]. The iridium oxide was used for measuring the liquid acidity and basicity in different settings, including extracellular environment pH measurements, in vivo applications, remote water pH monitoring and microelectrode pH sensing [41], etc.



The hydration effects of the iridium oxide-based pH sensors were mentioned in the study [42], and it used the polyaniline as an example to illustrate the more hydration the material was, the higher the Nernst constant would be. Below, these aspects were demonstrated and shown.



3.3.1. pH Sensing of IrOx in the Extracellular Environment


Due to its pH sensitivity, the AEIROF pH electrode (iridium oxide-based pH electrode) was employed to measure pH during no-flow ischemia [19]. The schematic of the electrode was shown in Figure 7. To fabricate such pH electrodes, sputtered circular disk gold electrodes on flexible polyimide Kapton substrate were modified for the platinum electrode fabrication. The electrodes were then cut into individuals, which were wired using conductive silver epoxy and heated at 100 °C for 1 h, followed by insulation using silicone rubber, thus offering a good pH sensor for monitoring pH variation in an extracellular environment.



It is also an excellent way to understand the metabolism of cells by measuring the local pH change in terms of protons released to the outside of cells during the glycolysis process. Anodically oxidized iridium oxide films were electrodeposited on the surface of Au electrode [1] on-chip to achieve this goal, which was dried overnight for an equilibrium of iridium oxide afterward. Then, the chip was coated with another layer of PEI with 5% of 20 µL to increase the mechanical stability of iridium oxide film. Then, the third layer of fibronectin was coated onto the dried surface, suspended in Dulbecco’s modified Eagle’s medium (DMEM). A typical super-Nernstian constant, 66 mV ± 3 mV, was calculated between pH of 4.0 to 7.7. The study showed the real-time local pH measurement of such systems, which has great potential to enable biocompatible and real-time detection.




3.3.2. Fiber-Based pH Sensing for In Vivo Applications


Booth et al. [43] has reported polymer-based fibers with multichannel microfluidics for sensing pH and neurometabolic lactate. The fiber consisted of six electrodes made of a custom conductive polymer composite. An iridium oxide film was electrochemically deposited onto one of six carbon electrodes to fabricate such a pH sensor. Additional reference electrodes and counter electrodes were employed to form a three-electrode system for the measurements of open-circuit potential. The proposed electrode configuration was evidenced with a classical microelectrode for a reversible solution redox species (in Figure 8C). Such fiber-based electrodes expanded the manner of the iridium oxide film in the application of minor volume pH sensing. Experiment demonstrated a pH sensitivity of −56.6 ± 5.3 mV/pH. This research opens the avenue for the miniaturization of the micro-liter volume or nano-liter volume pH sensing applications along with the combination of other targeted molecules.




3.3.3. Nanoliter Cell Trap System for Local pH Change Recording


Not only the bulk size of liquid can adapt iridium oxide-based electrode for extracellular pH sensing, pH in cardiac myocytes with nanoliter volume measurement condition, such as biological cells, could also be measured by the property of iridium oxide. Ges and Baudenbacher et al. [44,45] reported nanoliter cell trap could measure the local pH changes of single cardiac myocyte by electrodepositing iridium oxide on Pt planar surface. The acidification rate of cardiac myocytes [44] and A9 L HD2 fibroblast cells, M3 WT4 CHO cells [46] were measured as an application of the biological cell pH evaluation. This group also prepared another iridium oxide (reference electrode) and iridium oxide (sensing electrode) in nL volume of detecting local pH change in a small number of cells. Ges et al. [45] designed a Y-shape microfluidic channel and proved that the Nernst Constant was around 70 mV/pH, which agreed well with their previous work [44] of using Ag/AgCl reference electrode.



These studies demonstrate that iridium oxide can serve as an electrode for detecting the local pH change of the extracellular environment.




3.3.4. Remote pH Monitoring of Drinking Water


Drinking water plays a vital part in our daily life. Investigation of pH change continuously is an essential part of the monitoring of water quality in real-time. Carroll et al. [47] reviewed the past different techniques of iridium oxide electrodeposition. They found that pulsed potential electrodeposition strategy could improve IrOx films performance, which was realized by pulsing between 0.0 V and +0.55 V (vs. Ag/AgCl) for 40 min, ending up with thick, visually uniform and reproducible IrOx films for pH monitoring. It shows that this kind of film was mechanically stable in buffer solution for months, ending up with very small drifts in absolute potential. In order to realize the recording of reproducibility of the same condition with multiple electrodes, 11 electrodes were fabricated by a photolithography technique, and the results are shown below in Figure 9. One exciting part in this study was that the electrode could be recovered by applying 200 mV (vs. Ag/AgCl) for 3 min at pH 6 buffer or −14 mV for 6 min at pH 10 buffer under different conditions. The electrode Nernst constant was kept unchanged between the 11 electrodes, and the drift issue could be vastly reduced in this way, which was a good way for other researchers to tackle the drifting problems.



Through this, they finally realized a well-calibrated IrOx electrode with slight random drift over 16 days. To expand the electrode in the real application, the large area of electrode needed to further explore to increase its applicability in the practical applications. Jović et al. [34] has developed a method to have layer-by-layer fabrication method by using inkjet printing method to build 1–5 bilayer of iridium oxide (IrOx) suspension and polydiallyldimethylammonium (PDDA) covered on the surface of the ITO upon poly(ethylene terephthalate) substrate. The constructed 5 bi-layer (for a single bi-layer has one IrOx and one PDDA) sensor possessed good pH responsive in the range of 2.91 to 10.36 with minimum drift effects of 10 mV compared with 44 mV for single bi-layer structure sensor.



In addition to experiments and schematic design on different sensing systems, morphology improvements for iridium oxide (nanowire, nanotube, nanorods, etc.) was another hot topic. In addition, other structures of iridium oxide were introduced for real field sensing applications.




3.3.5. Anodic Aluminum Oxide Template Directed Iridium Oxide for pH Sensing


In the past decades, since Yamanaka et al. [1] reported the anodic prepared iridium oxide film, different structures have been reported, including nanotubes [48,49], nanoporous thin films [50], thin films [51,52] of iridium oxide and used for different sensing applications for various targets, such as glucose, hydrogen peroxide, glutamate, dopamine [53], organophosphate pesticide [54], etc. The basic application is for the pH measurements in a liquid phase. By employing anodic aluminum oxide nanotemplate, Nguyen et al. [49] developed a micro-scale electrode with an average diameter of 70 nm and length around 725 nm.



The as-prepared micro-electrode exhibited a sensitivity of 74.2 mV/pH, which was a super Nerstern constant. The work presents the first trial of iridium oxide nanotube structure for pH sensing in the conventional situation. They found that the nanotube morphology did lead to a good linear relationship of pH sensing.




3.3.6. Microelectrode for pH Sensing


Following the procedure of prepared iridium oxide deposition, Marzouk et al. [19] and Yamanaka et al. [1], Bezbaruah et al. [55] fabricated a microelectrode based on the pulled glass pipets, with the diameter ranging from 3–10 µM. Figure 10 shows the schematic of the tip of an AEIROF microelectrode.



With the potential to fabricate such microelectrode, aging effects within 70 days of microelectrode were also explored, as well as the temperature effect to the microelectrode. The following mechanisms were mentioned and explained.



Anhydrous IrO2 responds to pH change:


IrO2 + H+ + e− ⟷ IrO OH



(7)






Or 2IrO2 + 2H+ + 2e− ⟷ Ir2O3 + H2O



(8)







Hydrated iridium oxide present super-Nernst constant:


[IrO2(OH)22H2O] 2− + 3H+ + 2e− ⟷ [Ir2O3(OH)23H2O] 3− + 3H2O



(9)







In a microneedle-based configuration, Park et al. [56] reported a multi-modal biopsy needles to construct electrical conductivity, pH, and glucose measurements module in one element. The iridium oxide layer was deposited onto the electrode by using electrodeposition electrolyte formed by iridium chloride hydrate precursor along with the reducing reagent hydrogen peroxide and chelating reagent oxalic acid [1]. A flexible polyimide (PI) substrate was fabricated by following conventional photolithography to the stainless-steel needle (dia. 1.2 mm). Multilayer of Titanium/gold electrode were fabricated to serve as conductive sensor and the substrate of the pH sensor. The pH sensor held a sensitivity of −69.3 mV/pH and it can also differentiate the pH differences between the normal tissue and cancerous tissue. Figure 11 depicted the configuration of the iridium oxide sensor and its pH sensing performance (Figure 11c,d) and its glucose oxidase-based glucose-sensing performance (Figure 11f,g).



Another paper reported using iridium oxide as a reference electrode in 2005. Franklin et al. [57] activated the Ir seed layer by using Pulsed Voltammetry (PV) or Cyclic Voltammetry [58] and realized good stability for two weeks. However, the pH sensitivity lost its stability after 23 days. Iridium oxide, serving as a reference electrode, was applied for the system for in vivo detection of dopamine and serotonin.



Later, a different iridium oxide fabrication method was introduced using polymeric precursors. Except for improving the iridium oxide fabrication method and the configuration of three electrodes system or changing the reference electrode to improve the amperometric performance of iridium oxide films, another polymeric precursor to mix with iridium oxide was proposed which could also be another way to improve the amperometric performance. Da Silva et al. [59] used citric acid and ethylene glycol contained solution under stirring at 60 °C. Then the metallic precursor’s iridium chloride and titanium (IV) isopropoxide were added slowly. In testing different molar ratio of iridium chloride with titanium isopropoxide, different pH response was evaluated and the results showed that 30–70 mol% was the best electrode formations, which suffered less especially from potassium ions interference. The additional study pursued to modify the iridium oxide on a flexible wearable sensor through electrodeposition method to realize the medium-distance wireless pH sensor data logging and transmission [60]. The as-prepared wearable pH sensor realized close to theoretical Nernst value of −79 ± 2 mV for the collected sweat sample from the human body. This study provided a method to integrate the iridium oxide-based pH sensor in the measurements of the human sweat pH sensing with wireless data transfer capacity.



All the iridium oxide suffered from a drift problem to certain extent, which is also one reason why many electrodes were dipped into phosphate buffer for at least 2 days to stabilize the as-prepared iridium oxide. However, researchers reported that a drift–free way to come across such a problem, even though others have not widely used it.



The drifting issue in iridium oxide pH sensing has perplexed the researchers for a long time. It is always related to buffer capacity, with changing of pH as well as temperature. Hendrikse et al. [61] claimed that electrodes made of hydrated metal oxides MeO(OH), where Me can be Ir, W, Pt, take part in a reaction as below:


  MeO   OH   ⟷   MeO  2  +  H +  +  e −   











The potential of these electrodes concerning reference electrode, E, could be derived as:


  E =  E 0  −   kT  q   In         γ  Meo   OH       MeO   OH        γ    MeO  2        MeO  2        +   kT  q  In    a   H +       



(10)




where E0 is the standard electrode potential, and    a i    =    γ i     I    is the activity of species I. T is the temperature of the solution, k and q stand for constant and electron number of the system.



Hendrikse, J. et. Al. [61] introduced another parameter as VT.


   V T  = C +  E 0  −   kT  q   In         γ  Meo   OH       MeO   OH        γ    MeO  2        MeO  2        +   kT  q  In    a   H +      − Δ  ϕ E M   



(11)




where C is a constant and   Δ  ϕ E M    is the potential difference between the metal oxide and the electrolyte solution. It was determined by pH.



Equation (11) was subtracted by Equation (10), then


  E −  V T  = − C + Δ  ϕ E M   



(12)







Based on such a concept, they designed their measurement set-up to measure E and VT separately and solved the drift problem by recording potential changes.



However, this paper mainly worked on the ISFET mechanism, which was not widely used in iridium oxide sensing systems. Not many researchers took advantage of this until 1997.



Interestingly, another research group, Wang et al. [62] found a “drift-free” behavior iridium oxide-based pH sensor by applying ‘carbonate melt oxidation’ process. In brief, Ir metal wires were pre-cleaned by 6 M HCl solution followed with de-ionized water. The cleaned wires were then further oxidized in an alumina crucible lined with gold foil and covered with lithium carbonate powder at 870 °C 5 h at the presence of air atmosphere. The prepared iridium oxide pH sensor possessed Nertnst constant −58.4 ±0.2 mV/pH over 2.5 years among the 10 tests for the same electrode, indicating potential commercialization fabrications and applications. However, the storage condition for the prepared electrode was not fully investigated. To understand the actual “drift-free” characteristics, researchers are encouraged to investigate the relationship between synthesis methods vs. drift-free features [63,64]. Future applications for the iridium oxide-based pH sensors may require the integration of the wireless transmission system for wearable applications [65].





3.4. Glutamate Sensor


Iridium oxide can also serve as a reference electrode (RE) on the microprobe for glutamate detection under the configuration presented in Figure 12.



To prepare such sensing electrodes, polypyrrole was electrodeposited by applying amperometric method at a constant voltage of 0.85 V for 5 min. Iridium oxide was fabricated using the recipe developed Yamanaka et al. [1]. By cycling voltammetry between 0.0 V and 0.6 V versus Ag/AgCl at a scan rate of 50 mV·s−1 for 100 cycles, iridium oxide was formed on the reference electrode site. Afterwards, the surface was coated with Nafion layer by dip-coating and followed by baking at 180 °C for 4 min, and the whole process was repeated for two times to form a permselective film. The working electrode was decorated with GlutOx (2 wt%), BSA (2 wt%) and glutaraldehyde (0.125%). Figure 13 shows the as-prepared electrode for the detection of glutamate, and the unstable performance at higher glutamate concentration was observed.




3.5. Immunosensor Composed of Iridium Oxides for IgG and Human Transferrin Detection


Electrochemical immunosensors are an attractive tool that produces excellent detection limits. By applying square wave potential pulses (0.1 Hz) ranging from +0.8 V to −0.6 V (versus Ag/AgCl), the Ir disk electrode was converted to IrOx electrode, which served as working electrode, with Pt flag serving as the counter electrode, and Ag/AgCl as a reference electrode. Wilson et al. [67] developed such rabbit IgG immunosensor by incubating electrodes in blocking buffer solution which contained target analyte. Iridium oxide thin film formed a three-dimensional matrix by physical entrapment through anti-IgG/IgG/anti-IgG-alkaline phosphatase complex on the electrode. Hydroquinone diphosphate (HQDP) was used as an enzyme substrate. Electrode-bound IgG was detected by the oxidation of HQDP to HQ at the same time two electrons were released. Such as-prepared electrode gave a linear relationship in the range of 10 to 200 ng/mL, while the response saturated when above 600 ng/mL.



To demonstrate the application of IrOx immunosensors in a clinical assay, human transferrin IrOx sensor was developed for quantification by immobilizing anti-human transferrin in the iridium oxide matrix, with the presence of HQDP. Human transferrin was determined in the range between 100 and 600 ng/mL.




3.6. Organophosphate Pesticides (Ops) Detection


Organophosphate pesticides are one type of pesticide that is widely used and also critical for damaging an enzyme (acetylcholinesterase) in the targeted body. However, such an enzyme controls the nerve signals in the body, resulting in the killing of pests and unwanted side effects. Therefore, some researchers have explored the colorimetric detection method by using acetylthiocholine as the substrate to produce the acetic acid and thiocholine in the presence of acetylcholinesterase [68].



As shown in the pesticide’s reaction scheme (Figure 14), paraoxonase 1(PON1) triggers the dissociation of diethylphosphate while releasing the protons which decreases the pH of the bulk solution. Due to its pH sensitivity, iridium oxide was thus applied for pesticide detection in conjunction with enzymes (Figure 15).



Figure 16 illustrates the detection limit of diazinon down to 3 µM. Even though this work has a limit of detection, which is three orders of magnitude higher than that of the acety cholinesterase (AchE) based sensor, it could provide online monitoring of detoxification processes that inhibition based AIChE sensors cannot accomplish.



Chlorpyrifos (CPF) is one of the widely used Organophosphate Pesticides (Ops), which interfered with brain development due to the alternation in cell replication and differentiation. Capoferri et al. [69] reported two types of methods to detect and quantify the analyte (chlorpyrifos) by forming IrOx nanoparticles onto the indium tin oxide working electrode, which followed by thermal polymerization of polypyrrole. The detection methods involved with the direct visual color change of iridium oxide in the presence of the analyte. However, this method was limited by the electrochromic properties of the iridium oxide. Thus. The smartphone was introduced to enhance the color differentiation.




3.7. Metal Ions Detection


By employing the inhibition effect of heavy metal on the activity of urease, Vel Krawczyk et al. [70] pioneered the use of urease for the determination of mercury ions. Urease was physically entrapped onto the surface of the iridium oxide layer, which leads to pH sensitivity ranging from 2 to 11 with a slope close to the theoretical Nernst value. The inhibition effect of Hg(NO3)2, HgCl2, Hg2(NO3)2 and PhHgCl on urease activity were studied using 1.0 mM of urea as the substrate. It showed that inhibitions of inorganic Hg (II) forms were similar, demonstrated in Figure 17.




3.8. Urea Detection


Urea was estimated usually in the range of 2.5–7.5 mM (0.15–0.4 g/L) and 155–388 mM in human blood and urine, respectively. It is the majorly produced by the liver as the result of protein and amino acid metabolism. Renal failure, severe dehydration, etc. can lead to anomalous urea level, resulting in danger condition of the human body. Even though colorimetric methods [71,72,73] have been readily available for quantification of the urea by diacetyl monoxime method and Berthelot reaction, the colorimetric methods have disadvantages regarding the detection of limit.



With streptavidin-coated micro particles relied on the biotin-streptavidin interaction to modify the urease onto the microparticles covalently. Urease can catalyze the urea into ammonium hydroxide through the hydrolysis process. As a result, ammonium hydroxide accumulated in the solution, leading to the increased pH.



Relying on the reaction below:


    (  NH 2  )  2  CO + 3  H 2  O    →  U r e a s e     2   NH 4  +  +   HCO 3  −  +  OH −   



(13)




pH change resulted from urea decomposition could be determined using iridium oxide as a pH-sensitive material. By designing iridium oxide electrodes with different areas of 120 µm2, 300 µm2 and 2.27 mm2, the Nernst constant did not change greatly, indicating the independence of the working electrode area on the sensitivity of the pH sensor. The proposed urea sensor held the capacity to sense as low as 78 µM in phosphate buffer with the linear range from 100 µM to 5 mM with a slope of 11.78 mV/mM. Figure 18 demonstrated the pH response of the prepared AEIROF and the commercial pH meter comparison.



Later, Alfonso et al. [74] developed urease-magnetic particles (U-MP) by affinity capture of anti-urease biotinylated antibodies on streptavidin-MP. Figure 19 shows the response of negative control (no urease was captured on U-MP) and different urea concentrations ranging from 0.3 to 20 mM.



According to Figure 18a, it is easy to plot the concentration with the delta E curve, which was shown in Figure 18b. It showed that the curve followed a linear relationship in the range of 0 to 5 mM.




3.9. Protein Detection


3.9.1. C-Reactive Protein (CRP) and Myeloperoxidase (MPO)


Iridium oxide has good biocompatibility. By changing the morphology of iridium oxide, i.e., nanowires, nanotubes, it is possible to increase protein entrapment capacity. The biotin/streptavidin linker has been widely used in the linkage between biotin and other protein such as avidin. Venkatraman et al. [75] designed a protein detection electrochemistry system using the aforementioned linker system. Briefly, the silicon dioxide wafer was used as the substrate to grow the iridium oxide nanowires from the precursor of methylcyclopentadienyl(1,5-cyclooctadiene) iridium (I) along with the oxygen to induce at 350 to 400 °C with a chamber pressure of 33 Torr for 60 min [75]. Once the iridium oxide nanowires were formed in the gap of the TiN surface, it followed three major steps. (a). Identified the background resistance; (b). Physical absorption of streptavidin on nanowires and incubated with biotin and antibodies of target protein; (c). antibody immobilized until the saturation reached per the resistance measurements. The target protein C-reactive protein (CRP) and Myeloperoxidase (MPO) were quantified in a way to measure the resistance change when the protein bind with the anti-CRP or anti-MPO to create the resistance difference. All these linkages’ reaction on the working electrode was shown in Figure 20A.



The sensing mechanism was relied on Electrochemistry Impedance Spectroscopy (EIS) (Figure 20). The detection limit was calculated as 1 ng/mL for CRP and ~500 pg/mL for MPO. This is a good exploration of nanowires-based protein detection. The work not only broadens iridium oxide-based detection but improved sensitivity and selectivity among other metal oxides [76]. However, the authors did not disclose these results.




3.9.2. Insulin Detection


Three electrodes system, including glassy carbon electrode, platinum as counter electrode and Ag/AgCl as reference electrode was reported by Pikulski et al. [77] By comparing heating different time length of reaction buffer, which included 0.10 mM Na3IrCl6 and 0.20 M HCl, researchers hypothesized such reaction for the different gradient of chloride with iridium on glassy carbon electrode:


  I r C  l 6  3 −    ⇔   H 2  O     I r (  H 2  O ) C  l 5  2 −   + C  l −   ⇔   H 2  O   I r   (  H 2  O )  2  C  l 4 −  + 2 C  l −   











They proposed that with increasing of heating time from 10 min to 1 h, the iridium complex changed from   I r (  H 2  O ) C  l 5  2 −     to   I r   (  H 2  O )  2  C  l 4 −  ,   which has much higher electroactivity with insulin. By applying the amperometric method, the detection limit of 20 nM was realized for insulin, and the linearity range was ranged from 0.05 to 0.5 µM. Insulin was also measured in glucose solution by the flow injection analysis system. Figure 21 showed the amperometric peak of insulin did not change obviously with an increase of glucose concentrations. However, the baseline increased somewhat from 3 mM glucose to a higher intensity when in 20 mM glucose, which suggested the potential of being a glucose sensor. However, this was not explored much by the researchers.





3.10. Iodate and Periodate Detection


Iodate and periodate are of paramount importance in our daily life. Potassium iodate and diodine have been used in many countries to deal with the issues of iodide deficiency disorders. However, too much intake of iodate salt could result in goiter and hypothyroidism. Salimi et al. [78] reported iridium oxide modified glassy carbon electrode as the working electrode. The conversion of the iridium ions on the surface of working electrode can be demonstrated as following equations:


IrO2 ·xH2O + H2O + 2e− → Ir2O3 ·xH2O (aq) + 2OH−



(14)






3Ir2O3·xH2O (aq) + IO3− + 6H+ → 6IrO2·xH2O(s) + I−



(15)







They applied cyclic voltammetry at the bare working electrode and modified electrode in the presence and absence of 50 µM iodate and periodate. The flow injection analysis was used, and the voltage was fixed at 0.7 V in pH 1 electrolyte buffer. Figure 22 illustrates the FIA response to 100 nM−35 µM of iodate.



It also showed that the Effect of NO2−, NO3−, ClO3−, BrO3−, ClO4−, SO4−, Cu2+, Zn2+, Mn2+, Mg2+, Cd2+, Ca2+, Na+, K+, NH4+, K+, CH3COO− and glucose are negligible to iodine detection even at the concentration ratio of more than 1000. The reported detection limit of iodate and diodine were 5 nM and 36 nM, respectively.




3.11. Metalloid Ions Detection-Arsenic (III) Ions


Applying Boron doped diamond (BDD) electrode, Salimi, Abdollah et al. [79] developed a sensing system for arsenic ions detection. The reaction that happened herein is as follows:


Ir (reduced form) → Ir (oxidized form)



(16)






Ir (oxidized form) + As (III) → Ir (reduced form) + As (V)



(17)







Since cyclic voltammetry was not sensitive for a trace amount of detection, amperometric method was applied for lower concentration measurement. The study showed the amperometric successive addition of arsenic (III) ions in phosphate buffer pH = 4.30 with the detection limit of 2 nM and linearity range from 20 nM–50 µM.




3.12. Ester Type Chemical Detection


Chymotrypsin (EC 3.4.21.1) is a proteolytic enzyme produced by the pancreas. It secrets into the small intestine in the form of the precursor chymotrypsinogen A, which is not an active one. Trypsin and other type of autocatalytic interconversions can activate the Chymotrypsinogen A.



Furthermore, IrO2 or RuO2 were fabricated on Ti substrate using a heat gun to oxidize IrCl3·3H2O and RuCl3·H2O onto a rotating electrode, [80] serving as a pH sensing electrode. Then proteolytic enzyme (chymotrypsin or trypsin) was physically entrapped onto electrode to measure the local pH change in terms of the hydrolysis of N-benzoyl-L-tyrosine ethyl ester (BTEE) and N-acetyl-L-tyrosine ethyl ester (ATEE).




3.13. Nanotube of Iridium Oxide for Cell Action Potential Recording


By recording the action potential ranging from its shape of ion channels information, good signal to noise ratio, to minimal invasiveness and easy scalability, one can tell many activities of cell and state. As nanotubes have a larger area compared with planer structure, they provide higher signals than solid nanoelectrodes regarding to the cell-electrode coupling. Lin et al. [48] recorded the cardiomyocytes action potential by growing cells on the top of iridium oxide nanotube. One can see that cardiomyocytes grew into the nanotube by comparing with planar and vertical nanopillar iridium oxide.



Through changing the geometry of electrode, the surface to volume ratio could be increased, and then much more announced signal recording could be achieved (consider signal to noise ratio 3.3). The work presents a good example for future research on action potential recording on the morphology and structure optimization.



In terms of long time of intracellular time duration by electroporation of IrOx nanotube (Figure 23), measuring the cell membrane reseals duration was applied, which is a transient process induced by electroporation. It realized stable recording up to an hour in a single session and 8 consecutive days recording.



Even though the iridium oxide was prepared though sputtering by many researchers, the thickness of IrOx films cannot be controlled exactly as expected. Atomic layer deposition (ALD) provides a different perspective into solving this issue and realized the thickness control at ~27 nm for 600 cycles of 5–10 s iridium acetylacetonate (Ir(acac)3) exposures with 2 s N2 purge and 2 s O2 exposures with 2 s N2 purge. Figure 23A shows the AAO template before Ir ALD and after as well as the side view of 5 s and 10 s iridium acetylacetonate exposure duration (Figure 23B and 23C) and its corresponding cyclic voltammetry performance in sulfuric acid and phosphate-buffered saline (Figure 24B,C).



One can conclude that the nanoporous AIROFs structure has larger current density than nonporous AIROFs, indicating that the nanoporous structure greatly helps improving the detection sensitivity (Figure 24B,C).



Upon discussed IrOx electrochemical applications, iridium oxide was utilized as or coated on working electrode. However, IrOx could also serve as reference electrodes by some researchers, which can improve sensitivity of the sensors developed.




3.14. Iridium Oxide-Based Gas Sensors


3.14.1. Iridium Oxide-Based Propane Sensors


Propane is an achromatic, odorless, flammable, and non-toxic gas; however, the accidental high concentration exposure can lead to explosion risks. Even though it is considered as non-toxic, the inhalation due to over-exposure may pertain to prolonged effects, such as dizziness and nausea. The iridium oxide was rarely investigated for the propane detection from both theoretical and experimental aspects. Avila-García et al. [81] reported the spin-coated iridium oxide thin films for the measurements of different concentrations of propane by recording the voltages change under different frequencies. The measurements were to record the voltage information and calculated the complex impedance of the sample to the voltages at the Lock-in input for each frequency under the varied temperatures. Figure 25 showed the as-proposed sensor held different responsive resistance towards various propane concentrations under different frequencies. Hullavarad N V, Hullavarad S S. et al. [82] reported that the iridium oxide nanoparticles modified microstructures on the fused silica and copper substrate was investigated for the 20–80 ppm range of propanol, acetone and ethanol detection. The results showed that the as-prepared sensor held the highest response sensitivity to the propanol. However, such an experiment did not realize an accurate control of the input gas due to the extremely volatile nature of vapors when heating at 350 °C. The sensing mechanism was explained due to the reaction of the absorbed oxygen species such as O− and O2− to the ethanol, propanol and acetone, forming the acetaldehyde, propionaldehyde and 2-propenal.




3.14.2. Iridium Oxide-Based Hazardous Gases Detection


The formaldehyde, benzene, toluene and xylene are considered harmful gases to the human body for indoor condition with the concentration of 0.075 ppm, 0.034 ppm, 0.047 ppm and 0.042 ppm. Whereas the current commercial metal oxide gas sensors have only 1 ppm detection of limit that is far less capable of sniffing low concentration of the indoor gas. Recently, Wang et al. [83] reported the study involved with Ir-modified SnO2 and Ag-modified SnO2 with high sensing property towards gases at elevated temperature (optimal at 400 °C). The key point that stood out in the materials preparation was that there were 31 kinds of metal ions were mixed with the sol-gel method prepared tin oxide and tested towards these harmful gases. In addition, the sensing materials were further calcined to form the final sensing materials. According to the sensing performance, the iridium-modified tin oxides had the highest response to formaldehyde, benzene, toluene, and xylene at 10 ppm, respectively. The paper did not show the X-ray diffraction and compositional study to the added metal ions. However, the possible oxides (iridium oxide) formed during the calcination process may facilitate the sensing property of the as-prepared sensors. Another study based on the tungsten trioxide nanowires decorated with iridium oxide nanoparticles investigated the pronounced response towards nitrogen dioxide (NO2) when optimized iridium oxide loading and temperature reached [84]. The sensing mechanism was claimed to be the production of -OOH groups with the reaction of water molecules and radical hydroxyl groups in the presence of iridium oxides. When the humidity level is 2–5%, nitrogen dioxide can be absorbed onto the surface of iridium oxide and further react with atomic oxygen (a nucleophile), forming NO3− species and resulting in enhanced total electronic net charge transferring from the host material. During such processes, the iridium were subjected to reduction reaction from Ir(V) to Ir (III), resulting the formation of HIr(III)O2. On the contrary, the iridium oxidized from Ir(III) to Ir(V) with the occurrence of one proton releasing and formed hydrogen gas. This was the reason why such a sensor was not sensitive to the hydrogen detection.



Casanova-Cháfer et al. [85] decorated the iridium oxide with multi-walled carbon nanotubes (MWCNTs) and realized the detection limit of nitrogen dioxide of 1 ppb for IrOx-MWCNTs and 17.8 ppb with only the modification of the carbon nanotubes (CNTs). This further approved the aforementioned sensing mechanism of the iridium oxide to the nitrogen dioxide both in dry (low sensitivity) and humid condition (high sensitivity).




3.14.3. The Multi-Electrode Gas Sensing Configuration for the High-Throughput Impedance Screening


Koplin, Tobias J., et al. [86] reported the method to transfer the impedance signal information into the Trellis-plot and further translated into a color code illustrated below in Figure 26 for five different types of gases detection at elevated temperatures (250 °C–400 °C). The researchers have prepared zinc oxide nanoparticles through polyol method, which involved using zinc acetate dihydrate dissolved diethylene glycol and the following heating process and the annealing process. The as-prepared ZnO was further doped with different concentrations of salts to modify the surface adsorption property. These salts included Au (HAuCl4 3H2O), Ce (as (NH4)2Ce(NO3)6), Ir (as Ir(C5H7O2)3, Pd (as Pd(NO3)22H2O, Pt (as Pt(NH3)4(NO3)2), Rh (as Rh(NO3)3 2H2O with ratio from 0.2 to 0.6 at.% for doping the surface. The impedance signals were converted to Trellis-plot, resulting in the matrix showed in Figure 26. Different types of gas resulted in different patterns on the images. The method involved in this research enabled the future study in the image-assisted gas identification and quantification route. Therefore, the future studies can focus on translating the chemiresistance signals to the different perspective of formats of signals in order to integrate the newly developed technologies in the imaging processing and data mining.





3.15. Iridium Oxides Applications in Monitoring Nucleic Acid Amplification


Many researchers focused the nucleic acid detection by electrochemical methods after 2010. Methylene blue is a common chemical for binding with double-strand DNA amplifying product. Hsieh, Kuangwen, et al. [87] utilized the principle of the redox electron transfer between Methylene blue (MB) and gold working electrode and lead to a measurable current signal. When the target DNA was amplified, methylene blue would bind with double-strand DNA (dsDNA), and thus the current decreased as with the amplification of target DNA, which is S. Typhimurium target genomic DNA here.



Thus, researchers used a small volume of reaction buffer to amplify the target DNA and could quantitatively determine the DNA amplification product, which largely broadened the scope of optical-PCR amplification determination methods.



In fact, methylene blue is not the only electrochemical material that could be used to indicate the quantity of amplified DNA. Hexaammineruthenium (III) chloride is another electrochemically active indicator to interact with the one-target-multi-triggered hybridization chain reaction (MHCR) product. By using the amperometry method, the detection limit of 0.02 fM was achieved according to Zhu, et al. [88]. [  R u   ( N  H 3  )  6  ]     3 +      was also used as an indicator in the electrochemical detection method.



Chen et al. [89] used hybridization chain reaction (HCR) and with the help of two hairpin helper DNAs polymers, leading to intercalation of numerous electrochemiluminescent (ECL) indicators (Ru(phe)32+) into dsDNA grooves, thus, resulting in significantly enhanced ECL signal output. Not only hexaammineruthenium ions and (Ru(phe)32+) could be used to determine the nucleic acid amount, but ferrocene-labeled peptide nucleic acid (Fc-PNA) were able to help quantitatively determine the amount of target DNA. Xuan et al. [90] exploited strand displacement reaction to amplify the target DNA by using ferrocene-labeled peptide nucleic acid (Fc-PNA), which had higher diffusivity with negatively charged working electrode than Fc-PNA combining with a complementary DNA. The Fc-PNA had a structure Fc-O-AACCACCACCA-NH2, where Fc and O were denoted as a ferrocene moiety and an ethylene glycol linker, respectively. Figure 27 illustrates the mechanism of how the signal was generated and amplified.



Benoit Limoges and Damien Marchal reported real-time electrochemical monitoring of polymerase chain reaction by using mediated redox catalyst. As a proof-of-principle report, Deféver et al. [91] used M(bpy   ) 3  3 +    (with M = Ru or Os) as selective redox catalyst, investigating by cyclic voltammetry monitoring the amplified DNA product generated in the PCR reaction solution after each PCR cycle. Figure 28 shows the schematic of such demonstrations.



The target DNA was quantitatively determined by the catalytic peak current, which followed the equation:


   i  p , cat   = 0.609   nFSC  B 0     D B       F υ  / RT    



(18)







With a mediator concentration higher than 5 μM and scan rate lower than 300 mV   s  − 1    , it had a linear relationship between    i  p , cat     and    C B 0    within the range of 0.2–200 μM for detection limit at 0.1 µM.



Redox probe is another tool for quantitatively determining nucleic acid, Kivlehan, Francine, et al. [92] developed selected redox probe, the   O s         b p y    2  D P P Z       2 +     (with bpy = 2,2′-bipyridine and DPPZ=dipyrido [3,2-  a :  2 ′  ,  3 ′  , − c  ] phenazine) to intercalate with amplified double-stranded DNA (ds-DNA), which was less electrochemically detectable compared with that of its free counterpart.



Zhou, Jun, et al. [93] reported on the electrochemical immunoassays hybridization chain reaction (HCR) by using functionalized gold nanoparticles and two label-free hairpin probes (H1: 5-T T A A C C C A C G C C G A A T C C T A G A C T C A A A G T A G T C T A G G A T T C G G C G T G-3′; H2: 3′-G T T T C A T C A G A T C C T A A G C C G C A C A A T T G G G T G C G G C T T A G G A T C T G A-5′). The sandwiched immunocomplex was formed in the presence of target carcinoembryonic antigen [94] between primary mAb1 antibodies on the electrode and pAb2 antibodies on the AuNPs, resulting in an increasingly large ratio of S0 and CEA analyte. Hairpin underwent an unbiased strand-displacement interaction to be open. Thus, the S0 initiator stood in pair with the sticky end of H1. The sticky end of H1 nucleates with the same region of H2, which was the sticky end, ending in an identical sequence to the initiator strands. In this way, a nicked double-helix was formed by propagating chain reaction by using initiator strand for H1 and H2 alternation. This method was also based on the methylene blue (MB) intercalating with double-helix DNA polymers into their grooves. However, the output was relied on the electrochemical signal with applied potentials of each intercalated indicator, thus leading to an amplified signal.



With modified iridium oxide as solid-state pH electrode, Tabata M.et al. [95] published a conference reporting local pH change of isothermal amplification with modification of IrOx deposited onto Pt wire versus IrOx thermally coated onto Ir wire. The results showed that the IrOx/Pt gave a better response compared with IrOx/Ir for different initial concentration of primer concentration.



Not only could electrochemical methods be a route for ssDNA detection [96], but the optical method could be another method for solving such kind of topic. Zhao Q. et al. [97] developed iridium-ssDNA probe for fluorescence turn-on and GO(graphene)-Ir-ssDNA turn-off mechanism, which might provide a robust and promising approach for biomolecules detection.



To the best of our knowledge, there are only a few researchers explored biological targets or chemicals by using the open circuit potential method [98,99]. Monitoring open circuit potential could be an alternative for the quantification of DNA. Iridium oxides rely on the potential change with real-time detection of proton release in nucleic acid amplification. In our opinion, this could be one future research direction in this field [100].



Quantitatively determining nucleic acid by using iridium oxide as initial material is still limited during the previous reports. In addition, Toumazou, Christofer, et al. [101] reported that Ion-selective FET could relate the potential with the amount of amplified DNA by their equation and calculation; iridium oxide could be another hot topic for such detection in the following years.





4. Conclusions and the Future Trends of Iridium Oxides-Based Sensors


4.1. Future Trends and Developments in the Biosensors for Iridium Oxide-Based Materials


During the past 25 years, various fabrication methods to iridium oxide such as hydraulic (Super-Nernstian Constant), thermally manufactured (Reach Nernstian Constant), sputter-coated and different kinds of electrodeposition methods have been investigated. We believe that how to apply such different methodologies to detect various chemicals would continuously be the hot research topic. Researchers have focused on different methods to reach a lower detection limit. Some other groups worked on combining microfluidic techniques to achieve a lower injection volume level in pursuing a lower volume for medical-related testing. Some groups tried making different kinds of structures of iridium oxide to improve sensing sensitivity. It is widely acknowledged and concerned that human health issues and more real-field applications would gradually increase the attention. Later iridium oxide-based pH sensors could mix with material science to produce a much more oriented structure that benefits measuring the pH changing during DNA amplification.



The iridium oxide involved chemical sensors and biological sensors had greatly relied on the proton exchange in the liquid phase to measure the open circuit potential changes, enabling the super-Nernst constant in the mostly hydrated forms of iridium oxide and close to theoretical Nernst constant in the dehydrated forms of iridium oxide nanostructures or microstructures. The reactions that releasing the protons were one of the most important perspectives to design such type of sensors. Therefore, the future research involved in using the iridium oxide nanostructures may employ such a property. By measuring the open circuit potential, the relationship between pH and the open circuit potential can be realized. Thus, it enables the quantification of the released protons and the concentration of the starting reactants per the stoichiometry of reactions.




4.2. Future Trends and Developments in Gas Sensors for Iridium Oxide-Based Materials


On the other hand, the iridium oxide involved gas sensors will keep on the focus of chemoresistant-type gas sensors, but other methods are to be introduced for better identification of the gas mixtures and quantification, such as the surface-acoustic-wave type of sensors [102,103,104] and the capacitive-type of gas sensors [105,106]. Considering the fact that iridium oxide-based gas sensors operate at elevated temperature, the future researchers may try to explore alternative methods to tackle this problem. In general, there are two major directions that can be further explored. One is to develop composite materials [107] that combine with iridium oxide for low-temperature working conditions. Another is to develop a laser that can locally heat the sensing element so that the whole device can still work at room temperature [108], whereas the locally elevated temperature can enable the iridium oxide for its sensing characteristics.



For the gas identification in the gas mixture, the gas-sensing array is of utmost importance to develop for differentiating and quantifying each gas component. The current gas sensing is majorly explored in the chemoresistant-type of electrochemical sensors, whereas the new methods are in need to develop for tackling such obstacles. The recent reported method relied on converting the electrochemical signals into the imaging-assisted Trellis plot, resulting in a new perspective method that integrates the image processing and pattern recognition [86]. From our own opinion, this direction could further extensively study in the coming years as it combined different disciplines and integrate the cutting-edge technologies of image processing with the gas sensing applications.
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Figure 1. Glucose chronoamperometric response in anaerobic and aerobic condition on IrOx/Nafion/GOx at 1.2 V. Inset shows the first glucose aliquot added into the solution. Reprinted with permission from reference [13]. Copyright 2010 Elsevier Ltd. 
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Figure 2. pH-responsive valve. For the biomolecule-responsive valve, Ag/AgCl electrode was additionally formed in the injection port (dashed line). The inset on the upper right shows the valve area of the pH filter. W.E., working electrode; R.E. reference electrode; A.E. auxiliary electrode. Reprinted permission from reference [15]. Copyright 2008 Elsevier B.V. 






Figure 2. pH-responsive valve. For the biomolecule-responsive valve, Ag/AgCl electrode was additionally formed in the injection port (dashed line). The inset on the upper right shows the valve area of the pH filter. W.E., working electrode; R.E. reference electrode; A.E. auxiliary electrode. Reprinted permission from reference [15]. Copyright 2008 Elsevier B.V.



[image: Catalysts 11 01164 g002]







[image: Catalysts 11 01164 g003 550] 





Figure 3. Schematic diagram showing the desired structures of IrOx/GOx in both Type A and Type B electrodes. Reprinted with permission from reference [16]. Copyright 2002 Elsevier Science B.V. 
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Figure 4. A pH imaging of glucose oxidase immobilized onto a carbon microelectrode substrate (33 μm diameter). (A) Image obtained with FeCp2+ in solution and the substrate at open circuit. (B) Same as (A) but plotted on the same pH scale as (C) for comparison purposes. (C) Image obtained with the substrate biased at +0.6 V to regenerate FeCp2+ from FeCp2 produced by an enzymatic reaction. Reprinted with permission from reference [17]. Copyright 2000, American Chemical Society. 
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Figure 5. SEM images with different magnifications of (a,b) IrO2 NW (c,d) Ir/IrO2 NW on an Au microwire. Reprinted with permission of reference [28]. Copyright 2015 Elsevier B.V. 
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Figure 6. Anodic amperometric responses of IrO2NW-Au (black) and Ir/IrO2NW-Au (red) to H2O2 concentration (from 0 to 1.0 mM) at 0.43 V (A) and cathodic amperometric at −0.03 V behavior of two sets (B). Insets show the corresponding calibration curves. Reprinted with permission of reference [28]. Copyright 2015 Elsevier B.V. 
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Figure 7. (A) Kapton-based single planar electrodes. The edge was tapered to facilitate the electrode implantation in the myocardium. (B) The layer structure of the AEIROF-based planar pH electrode. Reprinted from the permission of reference [19]. Copyright 1998, American Chemical Society. 
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Figure 8. (A) Schematic drawing of the cross-section of the as-prepared fiber. Two of six graphite carbon paste electrodes and two microfluidic channels were highlighted in yellow and red boxes. (B) The razor blade-sliced fiber surface under Scanning Electron Microscopy image. (C) Cyclic voltammetry of two bare electrode surface in the response of ferrocene monocarboxylate solution individually (dotted lines) and when connected together (thick black line). Reprinted with permission from reference [43]. (https://pubs.acs.org/doi/full/10.1021/acs.analchem.0c05108, accessed on 2 April 2021) Further permissions related to the material excerpted should be directed to the ACS. Copyright 2021, American Chemical Society. 
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Figure 9. Schematic of 11 microelectrodes fabricated on the surface of Au electrode. Reprinted with permission from reference [47]. Copyright 2010 American Chemical Society. 
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Figure 10. Schematic of the tip of an AEIROF microelectrode. The diagram is not to scale. Reprinted from the permission of reference [55]. Copyright 2002 American Chemical Society. 
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Figure 11. (a) The measurements principles of the iridium oxide-based pH sensor. (b) Cyclic Voltammetry plot of the electrodeposition of iridium oxide with the precursor electrolyte. (c) the pH responses before and after electrochemical treatment. (d) the pH response of the constructed iridium oxide sensor. (e) the glucose sensor configuration. (f) the amperometric glucose sensing performance. (g) the linear range of the glucose measurement for three replicates. Reprinted with permission from reference [56]. Copyright 2019 Elsevier B.V. 
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Figure 12. The schematic of fabrication configuration. Reprinted with the permission of reference [66]. Copyright 2012 Elsevier B.V. 
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Figure 13. (A) Glutamate sensing using three electrodes. (B) Glutamate sensing using two electrodes. Reprinted with permission from reference [66]. Copyright 2012 Elsevier B.V. 
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Figure 14. The reaction scheme demonstrates the pesticides reaction triggers the dissociation of diethylphosphate. Reprint with permission from reference [68]. Copyright 2015 Elsevier B.V. 
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Figure 15. Construction of the device. (A) Expanded view of the device. (B) Top view showing the mutual relationship between the structures of the layers. (C) Cross-section along the X-X’ line in A. (D) The device on a finger. Planar dimensions are 20 mm × 11 mm. Reprinted with permission from reference [54]. Copyright 2015 Elsevier B.V. 
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Figure 16. Calibration plots for organophosphate pesticide (diazinon). Reprinted with permission of reference [54]. Copyright 2015 Elsevier B.V. 
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Figure 17. Calibration curves for different forms of mercury obtained after 30 min of inhibition. Concentration of added urea, 1.0 mM; Hg(NO3)2 (square) HgCl2 (circle) Hg2(N03)2 (up-pint triangle) PhHgCl (Down-point triangle). Reprinted with permission from reference [70]. Copyright 2000 Elsevier Science S.A. 
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Figure 18. Response of AEIROF pH sensor (a) Change in the open circuit potential of the AEROF electrode over time when exposed to pH between 4 and 10. (b) Results were obtained for the AEIROF in terms of pH and those of a commercial pH meter. The insert illustrates the measurement set-up. The AEIROF pH sensor and a commercial pH meter were simultaneously immersed in a sample solution, and their response was registered in parallel while the solution pH was modified by drop-wise addition of either NaOH or HCl under stirring. Reprinted with permission from reference [74]. Copyright 2012 Elsevier B.V. 
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Figure 19. (a) Response with Different concentrations of urea (up to down 0.3, 0.6, 1.25, 2.5, 5, 10 and 20 mM). Inset showed the zoom-in part of the first three concentration gradient and negative control comparison. (b) Three parallel experiments of urea real sample detection. Inset showed the linear regression of urea with voltage under 5 mM. Reprinted with permission from reference [74]. Copyright 2012 Elsevier B.V. 
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Figure 20. (A) Image of protein sensing area and Iridium oxide nanowires. (B) The impedance analysis of different concentrations of CRP and corresponding concentration vs. change of the capacitance (%) relationship (C). Reprinted with permission from references [75]. Copyright 2009 Elsevier B.V. 
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Figure 21. Repetitive Insulin injection response at 0.7 V of chronoamperometry. “a” indicated the blank injections. (A) and (B) were the response of insulin in the presence of 3 mM and 20 mM glucose, respectively. The other common reagent included phosphate buffer (0.20 M), NaCl (0.15 M). Reprinted with permission from reference [77]. Copyright 2000 American Chemical Society. 
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Figure 22. (A) Flow Injection Analysis response to 100 nM to 35 µM of iodate. (B) The zoom-in part was corresponding to the low concentration of iodate. (C) The calculation curve was based on the FIA. (D) The 21 repetitive injections of 1.5 µM iodates. Reproduced by permission from reference [78]. Copyright 2009 Elsevier B.V. 
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Figure 23. SEM images of the top surface of the AAO template (A) before Ir ALD and (B) after 600 cycles of Ir ALD. Cross—sectional SEM images of AAO templates with a 600 cycle Ir ALD film deposited with (C) 5 s Ir (acac)3 exposures and (D) 10 s Ir(acac)3 exposures. Reprinted with permission from reference [50]. Copyright 2010 Elsevier B.V. 
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Figure 24. (A) SEM image of the top surface of the AAO template following 200 cycles of activation in 0.1 M H2SO4. (B) CV scans in 1 M H2SO4 of flat and nanoporous AIROFs. (C) CV scans in phosphate-buffered saline of flat and nanoporous AIROFs, demonstrating the enhancement in CSCc. Reprinted with permission from reference [50]. Copyright 2010 Elsevier B.V. 
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Figure 25. (a) Resistive response vs. frequency for different propane concentrations. (b) Experimental resistance values replotted as a function of the propane concentration. The solid line corresponded to the exponential fitted line to the experimental data. (c) The resistive response towards different concentrations of propane in different frequencies. (d) The sensitivity of the device as of different concentration of propane for the selected frequencies. Reprinted with permission from [82]. Copyright 2010, IEEE. 
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Figure 26. The relative sensitivities of the sample plate for Trellis-plot. The temperature increased from low to high on the left with sequences of five different types of gases. The concentration of the gases is H2 25 ppm, CO 50 ppm, NO 5 ppm and propene 25 ppm. Reprint with the permission from reference [86]. MDPI Open access. 
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Figure 27. The mechanism of Fc-PNA combined signal-amplified electrochemical DNA sensor based on isothermal circular strand-displacement polymerization reaction. Reprinted with permission from reference [90]. Copyright 2012 Elsevier B.V. 
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Figure 28. (A) Scheme principle of selective redox catalyst based on M(bpy   ) 3  3 +     (with M = Ru or Os) (B) Cyclic voltammetry at the scan rate of 100 mV/s recording (a) 20 μM Ru      b p y    3  2 +     alone. (b) 20 μM Ru      b p y    3  2 +     and 150 μM dGTP; (c) 10 μM Os      b p y    3  2 +     alone. (d) 10 μM Os      b p y    3  2 +     and 100 μM 7-deaza-dGTP. All solutions were prepared in the form of Tris-HCl buffer (50 mM, pH 8.7). Reprinted with permission from reference [91]. Copyright 2009 American Chemical Society. 
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