

  jmse-11-01469




jmse-11-01469







J. Mar. Sci. Eng. 2023, 11(7), 1469; doi:10.3390/jmse11071469




Review



A Review of Marine In Situ Sensors and Biosensors



Yiqun Liu 1, Hailong Lu 2 and Yue Cui 1,*





1



School of Materials Science and Engineering, Peking University, Beijing 100871, China






2



Beijing International Center for Gas Hydrate, School of Earth and Space Sciences, Peking University, Beijing 100871, China









*



Correspondence: ycui@pku.edu.cn







Academic Editors: Wei Qin and Christos Tsabaris



Received: 14 May 2023 / Revised: 25 June 2023 / Accepted: 7 July 2023 / Published: 23 July 2023



Abstract

:

The exploration of the ocean is essential for the exploitation of marine resources and the sustainable development of human society. In order to assess both the health and the resources of the marine environment, a variety of chemical and biological sampling is needed. Traditionally, marine samples are collected on site and transported to a laboratory for analysis. Analytical methods are often tedious, and it is difficult to know the in situ real-time status. This review provides a comprehensive summary of the development of in situ chemical and biological sensors for the typical compounds in the ocean, including methane, radon, ferrous ion, carbon dioxide, microorganisms, pollutants, nutrients and seafood. Different types of sensors for each compound are highlighted, such as novel electrochemical and optical sensors. Commercial status of different sensors is introduced, and performance of representative sensors is compared and discussed deeply. The advantages and disadvantages of each sensing technique are analyzed and evaluated in detail. Finally, future prospects and work directions are presented, such as the deployment of these in situ sensors on fixed and/or moving platforms, development of microfluidic sensors and exploration of new antifouling materials and methods. This paper could serve as a resource for developing more advanced in situ chemical sensors and biosensors for marine scientific research, as well as related practical applications for monitoring marine resource exploration and exploitation and for environmental protection.
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1. Introduction


The ocean contains enormous amounts of seawater, and through the general circulation of seawater, the ocean participates in numerous ecosystem regulations [1], such as global heat cycles, carbon cycles and climate systems [2,3]. Marine environments can be affected by human activities significantly such as exploration of mineral resources, dumping of waste and construction of harbors in the coastal zone [4,5]. Understanding all the factors and processes that influence the health of the marine environment is essential for the long-term protection and management of the ocean. Many chemical compounds and organisms are key to understanding the marine environment and its resources, such as methane [6,7], radon [8,9,10,11,12,13,14], ferrous ion [15,16,17,18], carbon dioxide [19,20], microorganisms [21,22], nutrients [23,24] and seafood [25,26]. The exploration and quantification of the chemical compounds and organisms in the ocean are essential for the exploitation of marine resources and the sustainable development of human society.



Traditional methods for measuring the marine analytes need to collect seawater, sediment or biota samples at the shore directly or by ship and then analyze them in the central laboratories. However, sampling locations are always limited, sampling frequency is low, and samples are easily deteriorated over time. Therefore, traditional methods are unable to monitor the distribution of analytes in space and real time. However, a wide range of spatial and temporal studies of some analytes, such as gases of radon (Rn), methane (CH4), carbon dioxide (CO2), hydrogen sulfide (H2S) and helium (He), play a significant role for better understanding key processes in the sea. Over the past few decades, the in situ approach has been increasingly used for monitoring, mapping and emergency applications. Many chemical sensors and biosensors are designed for marine analytes [27,28,29]. In situ platforms and sensors have attracted great interests due to the mechanical and operational stability, full automation, low power consumption, intelligent data collection, resistance to corrosion (including seawater corrosion and attack by biota), miniaturization and low weight. In situ platforms have been developed to achieve automated hydrological and physicochemical measurements in the field [2,4,30,31].



As illustrated in Figure 1, this review overviews many of the typical analytes and sensors for monitoring the marine environment, including the sensors for methane (Section 2), radon (Section 3), ferrous ions (Section 4), carbon dioxide (Section 5), microorganisms (Section 6), pollutants (Section 7), nutrients (Section 8) and seafood (Section 9) in the ocean. Common and novel approaches for detecting these analytes are introduced, explained and emphasized, including optical sensors (such as UV-visible light, optodes, infrared and Raman spectroscopy), chemical sensors (such as conductivity, potentiometry, amperometry and voltammetry sensors) and biosensors (such as DNA biosensors). The sensing mechanisms, performance, advantages and disadvantages of different detection methods and sensors, including point sensors and in situ sensors, are analyzed and compared. Compared to other reviews focusing on only one or several fields, such as seafood [32,33], nutrients [24,34] and carbon storage [35], this work provides a comprehensive description of commercial products and the latest development of the in situ marine sensors for different analytes. Some representative optical, chemical and biological marine sensors are summarized in the tables, and their characteristics are analyzed and compared in detail. Finally, future prospectives and work directions are proposed in the Conclusions section (Section 9).




2. Sensors for Detecting Methane (CH4)


Methane (CH4) is the second largest greenhouse gas on earth after carbon dioxide, and its warming effect is higher than that of carbon dioxide [44,45]. Methane in the ocean is primarily generated from the breakdown of organic matter [6]. Methane exists in dissolved, gaseous, hydrated or adsorbed forms. In the ocean, methane migrates via diffusion or advection [7]. In some sea areas, methane gas mainly comes from the natural gas hydrate layer in the seabed sediments, where methane escapes the seabed from the subsurface methane reservoirs on the continental shelves and the slopes of the ocean [46,47]. The natural gas hydrate is extremely sensitive to changes in temperature or pressure. In recent years, the pressure changes caused by tides or the continuous rise of global ocean temperature reduce the stability of natural gas hydrate in the seabed sediments. This causes the continuous decomposition or dissolution of methane hydrate with the release of a large amount of methane gas into seawater, and the concentration of dissolved methane in seawater is thus abnormal [6,48].



One part of the methane gas in seawater is decomposed and digested by microorganisms in seawater. This decomposition process requires a large amount of oxygen in seawater and produces a large amount of carbon dioxide, which aggravates ocean acidification and affects the total carbon amount of the global marine ecosystem and carbon cycle system [49]. Another part of methane gas is released into the atmosphere through air–sea exchange, having a significant impact on global warming [50,51].



On the other hand, natural gas hydrate (energy resource for methane) has been considered as a potential high-efficiency and cleanest burning fossil fuel in recent years [52]. The carbon dioxide produced by methane combustion is much less than that of fuel oil and coal, while the carbon quantity of methane is twice the quantity of all fossil fuels [53]. The detection of abnormal changes in seawater methane concentration is of great importance for discovering natural gas hydrate reservoirs.



Most methane measurements in the past were based on indirect or discrete sample measurements [54,55]. The traditional method for detecting dissolved methane is mainly based on gas chromatography to analyze the collected discrete water samples. However, the sample is easy to be contaminated, or methane can escape during the sample collection and retention, which would result in an error of the test result [56,57]. In recent years, bubble catcher measurements and hydroacoustic imaging technologies have been developed to derive methane flow rates [58,59]. For example, Weber et al. studied a method to estimate the methane gas flux from the seabed. It is based on acoustic mapping techniques, combing multibeam and split-beam echo sounders (Figure 2a) [60]. Jordt et al. reported a stereo-camera deep-sea sensor bubble box to observe the marine gas release sites. The system can provide bubble size distribution or fluxes for the acoustic surveys [61]. However, these sensors can only detect methane from free gas seepage and cannot map the distribution of dissolved methane.



In situ sensors can achieve real-time monitoring of dissolved methane, such as the electrochemical conductivity sensors based on semiconductor gas sensing materials [62,69], the optical sensors based on infrared absorption spectroscopy [70], Raman spectra [63] and mass spectrometry sensors [67]. Among them, electrochemical conductivity and off-axis integrated-cavity-output-spectroscopy sensing methods are commercially available.



The working principle of the electrochemical conductivity sensors with semiconductor gas sensing materials is that when methane passes through the gas liquid separation membrane and reaches the surface of the semiconductor probe (e.g., SnO2), methane electrochemically reacts with oxygen under the heating voltage, leading to a conductivity change in SnO2, and then the concentration of methane is measured. Figure 2b shows the structure of an electrochemical semiconductor methane sensor [62]. The first commercial SnO2-based in situ methane sensor was developed by Capsum company (Germany) in 1999 [71,72,73]. A polydimethylsiloxane (PDMS) membrane is used to separate dissolved gases in seawater. Methane, temperature and humidity sensing probes and other components are installed in the detection chamber. The methane gas separated by the PDMS membrane is detected by the methane sensing probe. The temperature and humidity sensor probes monitor the working temperature and humidity of the methane sensing probe, respectively. When the relative humidity inside the sensing probe reaches 100%, the sensor can be used normally. The detection range of this device is 10–4000 nM, the maximum working water depth is up to 2000 m, and the response time is usually 1–30 min. However, other gases passing through the PDMS membrane can also be oxidized on the semiconductor, which affects the stability, selectivity and detection limit of the instrument.



The optical sensors are advantageous for their characteristics of being nondestructive, rapid and highly precise. There are also many commercial products on the market with optical in situ methane sensors. The LGR company (Los gatos, CA, USA) has developed a deep water gas analyzer, which combines a dissolved gas membrane separation technology and off-axis integrated cavity output spectroscopy (Figure 2f) [36,74]. The device can detect methane from 0.7 nM to 1418.5 nM with an accuracy of 0.001 nM, a response time of 5 min and the maximum working depth of 3000 m. However, the gas-extraction membrane is easily affected by environmental conditions, showing long response time and strong hysteresis effects. Brewer et al. reported the first deep-ocean Raman in situ spectrometer (Figure 2g), which is based on the Holospec spectrometer produced by Kaiser Optical company (Ann Arbor, MI, USA) [66]. The system utilized a laser source (532 nm wavelength) and a CCD device (2048 × 512 pixel) with a 90° between the detector and the emitting source to measure the gases with a beam of 10–4400 cm−1. The system has been successfully applied to in situ detection and study of methane in deep-sea hydrothermal vents and cold springs.



In addition, many novel optical methane sensors have been reported recently. Du et al. proposed a method based on Raman spectroscopy to measure methane dissolved in water (Figure 2c) [63]. The device is based on liquid-core optical fiber (LCOF) with diode-pumped solid-state laser as the light source, which successfully detects the enrichment process of methane dissolved in water with a detection limit of below 1.14 mM. Burton et al. reported a fiber refractometer to detect methane in the deep ocean (Figure 2d) [64]. The system is based on an all-optical-fiber tip refractometry approach and the tip sensor can clearly detect the passage of methane bubbles. However, the system is easily affected by contamination, such as marine biofouling and nonbiological film deposition. Grilli et al. reported a new suboceanic detector based on absorption technology enhanced by an optical feedback cavity for in situ detection of dissolved methane in seawater (Figure 2e) [65]. It allows for a rapid response time within 30 s and a large dynamic detection range from subnmol to mM.



The miniaturization of laboratory mass spectrometry analyzers for underwater dissolved gas analysis is also a new direction in developing underwater chemical sensors in recent years [75,76]. The underwater in situ mass spectrometry analyzer is mainly composed of a filtration membrane sampling system, ionization source, mass analyzer and detection system [77]. The dissolved gas in seawater enters the vacuum analysis chamber through a PDMS membrane, and the mass spectrometer is used for the quantitative analysis of the material components [78]. Hemond et al. developed a stand-alone underwater mass spectrometer system, called “Nereus”, to enable in situ measurements of gases and vapors dissolved in seawater at a several ppb, such as atmospheric gases, biological gases and hydrocarbons (Figure 2h) [67]. Gentz et al. reported a low-power underwater cryotrap-membrane-inlet system-coupled mass spectrometer (Figure 2i) [68]. The entire system can be operated at −85 °C. The energy consumption of the system is less than 10 watts. By reducing the water vapor in the analysis line by more than 98% through the cryogenic membrane, the detection limit of the target gas can be significantly improved. The detection limit for methane was lowered from 100 to 16 nM. However, these sensors are only in the laboratory stage, and no products have reached commercialization.



Table 1 shows the characteristics of several representative commercial and uncommercial in situ marine methane sensors. In conclusion, traditional methane sensing techniques are based on indirect sample measurements with the possibility of methane escape and relatively low sensing accuracy. The sensing accuracy of electrochemical conductivity sensors is easily affected by other gases passing through the gas permeable membrane. The electrochemical semiconductor conductivity sensing method has reached commercialization, but its stability, selectivity and detection limits of the instrument are easily affected by other gases. Mass spectrometry analyzer is also a research direction, but its cost and power consumption are high, and the device size is relatively big. Recent advances in optical sensors are prospective for in situ dissolved methane sensing due to its advantages of no gas-extraction step and relatively high sensitivity and stability. More efforts for developing in situ methane marine sensors should be made to reduce the device size, minimize the internal device volume, avoid the methane consumption in the sensing process, reduce the interferences of other gases and increase the sensor stability to meet the requirements of sensing in the changeable marine environment.




3. Sensors for Detecting Radon (Rn)


Radon, an inert nonchemical reactive gas, is essential for understanding important processes in the marine environment since its concentration changes as a result of physical activities. In aquatic and marine environments, radon is valuable as a tracer of specific geophysical processes, such as measuring air/sea gas piston velocities and looking for groundwater flows into surface waters [80,81]. The half-of of radon-222 (3.83 day) is much longer than that of radon-219 (3.96 s) and radon-220 (55.6 s) [82], so radon-222 is suitable for being measured and used in studies, such as diffusion from sediments [83], earthquake studies [84], submarine groundwater discharges [9,14], land–sea interaction [85], springs [86], carbon dioxide capture and storage tasks [87], air–sea interaction [88], greenhouse gas emissions and climate change [89], energy resources (especially in the deep sea) [90].



Traditional radon measurement methods typically use liquid scintillation counting in the lab [91] or extracting the radon from water samples by a radon extraction line system, transferred to Lucas alpha scintillation cells and then measured by a counting system after being sealed for three hours to allow the radon-222 progenies (218Po, 214Po) to reach radioactive equilibrium [92]. This technique has the advantage of maximal measurement efficiencies that are close to 300%, and it has been extensively used in numerous international research programs [93,94]. However, this method takes time and can pose a lot of logistical challenges.



In recent years, many novel in situ sensors and detection systems have been reported for continuous radon measurements in the marine environment, such as the RAD-7 radon-in-air monitor system and gamma-ray spectrometer. Burnett et al. reported an automated radon-222 analyzing system for estimating the dynamics of groundwater input into the coastal zone (Figure 3a) [9]. The system detects radon-222 from a continuous stream of water (powered by a submersible pump) passing via an air–water exchanger that distributes radon from a flowing water flow to a closed air loop. The air stream is directed into a commercial RAD-7 radon-in-air monitor (Durridge Co., Inc. Bedford, MA, USA), which collects and measures the α-emitting daughters, Po-214 and Po-218, to ascertain the concentration of radon-222. Tsabaris et al. reported an underwater cerium-bromide-based gamma-ray spectrometer for in situ radioactivity measurements (Figure 3b) [11]. The system is deployed in the aquatic environment along with a conductivity–temperature (CT) sensor, which can be used to detect radon-222 daughters (Bi-214 and Pb-214) in the aquatic environment. The system’s energy resolution significantly outperformed conventional spectrometers by roughly 50%. The operation depth of the device is 400 m, and the maximum depth can reach 600 m. Similar to this system, in situ gamma-ray spectrometer KATERINA [12], the upgraded KATERINA for measuring radioactivity in the deep ocean [13], and the gamma-ray spectrometry for in situ measuring of multiple submarine springs [10] have been also reported.



In addition, sensing systems based on a pulsed ionization chamber are also popular and attractive for detecting radon. Li et al. reported an automated pulsed ionization chamber Oceanic Rn monitor (PIC-ORn) measurement system to measure dissolved radon in the surface ocean (Figure 3c) [82]. Compared to the commercial RAD-7 sensor, the system measuring efficiency is around two times higher and less impacted by relative humidity with lower cost and power consumption. Similarly, Zhao et al. proposed an in situ submersible radon (OUC-Rn) measurement system that integrated a commercial pulsed ionization chamber (PIC) radon sensor and gas extraction membrane module (Figure 3d) [8]. The system was successfully deployed in 2.5 m bay water depth over a 100 h period to observe submarine groundwater discharge with high temporal resolution and twofold measurement efficiency than RAD-7.



Table 2 shows the characteristics of several representative uncommercial in situ marine radon sensors. The time-consuming logistical requirements of collecting and analyzing samples have hindered the ability of traditional methods to make regional-scale and long-term temporal assessments. The commercial RAD-7 radon-in-air monitor sensor is popular for continuous radon measurements in marine, but its sensitivity and accuracy are easily affected by the humidity in its chamber. The gamma-ray spectrometer and pulsed ionization chamber radon sensor may be the future development direction, which can be fixed on platforms, such as buoys, autonomous underwater vehicles and gliders, remotely operated vehicles (ROVs), etc. However, to make sure that the pressure drops to the proper range prior to water entering the extraction module, it would be essential to construct a pressure-tight system for these systems in deep sea measurements.




4. Ferrous Ion (Fe2+) Sensors


Iron (Fe) is abundant in the earth’s crust, about 5.04%, next only to oxygen (0), silicon (Si) and aluminum (A1). The chemical valence states of iron in seawater are mainly ferrous ion and ferric ion, of which ferrous ion is extremely unstable and easy to reduce to Fe3+ [95,96]. In marine sediment, iron is one of the essential redox sensitive elements, and plays a key role in many biogeochemical reactions and processes, such as phosphorus release and bioavailability, sulfur cycling and remineralization of organic matter [15,16,17,18]. For example, in the ocean, although the concentration of biologically available dissolved iron is low, it controls nitrogen fixation and growth of phytoplankton, further influencing ocean–atmosphere carbon dioxide exchange and global climate change [97]. Some scientists have proposed the following opinion: if a certain amount of iron is added to the ocean, it will promote the growth of phytoplankton and accelerate the penetration of carbon dioxide from the surface to the deep ocean, which is beneficial for reducing the atmospheric carbon dioxide content, thus alleviating the greenhouse effect [98,99]. However, if the iron concentration exceeds the physical requirements, it would be toxic and act as the enzyme inhibitor, and it can cause oxidative injuries and abnormalities in Fe metabolisms of different biological activities [100,101]. Therefore, the accurate determination of Fe ions in the ocean is very meaningful and important for biogeochemical studies.



The gradient of Fe ions’ concentration distribution is very large in sediment, varying from hundreds of micromolar over millimeter to centimeter vertical scales [102,103]. However, their concentrations are very low in seawater, ranging from 0.1 to 10 nM, which poses a great challenge for their accurate determination [104]. Conventional methods for detecting dissolved Fe ions are based on atom absorption spectrometer (AAS), inductively coupled plasma mass spectrometer (ICP-MS) and spectrophotometer for analyzing the sampled pore water [105,106]. However, the sampling process is arduous and time-consuming, and ferrous ions are easily oxidized in the air, which would destroy the natural distribution of ferrous ions in sediments [107,108]. In addition, although there are significant improvements in the determination of Fe in seawater using these laboratory methods, the expensive and cumbersome equipment and complex treatment process, restrict their use to in situ detection.



Many techniques have been developed for sensing Fe ions in situ, including electrochemical methods, diffusive equilibrium in thin-film (DET) or diffusive gradients in thin-film (DGT) technique and optical methods. Among them, the sensors based on a voltametric microelectrode have been commercially available, and other methods are only in the lab stage.



An alternative to conventional methods is based on electrochemical microelectrodes that analyze vertical and spatially interpolated profiles of sediments with submillimeter resolution [109]. Tercier-Waeber et al. reported a submersible voltammetric probe that can achieve the in situ real-time measurement of ferrous ions in sediment–water interface (Figure 4a) [110]. It is composed of a microelectrode array, a voltammetric probe and a single potentiostat. The microelectrode is made of Hg-plated-Ir and covered with agarose gel to avoid the surface fouling [111]. The detection is based on a squarewave cathodic stripping voltammetry, resulting in a response time of 5–10 min and a detection limit of 0.1 μM. The system has been commercialized for in situ measurement of trace metals [112,113]. More recently, a submersible multiphysicochemical profiler system was constructed for in situ analysis of trace metals in different estuaries and coastal waters (Figure 4b) [114]. It improved the former one and is composed of three different flow-through cells for measuring dynamic metal species and free metal ions. The system allows for 8 days of continuous analysis without the need to update the sensor. However, the surface of the electrode can be easily deactivated and the detection accuracy decreases with the addition of organic compounds in the sediment [115,116,117].



Another method is based on the diffusive equilibrium in thin-film (DET) or diffusive gradients in thin-film (DGT) technique, and it is an in situ sampling method for trace metals [106,121,122,123]. The principle of DET is similar to dialysis, and it uses a hydrogel (95% water content) as the sampling medium. The diffusion of DET is driven by the concentration gradient of the hydrogel (diffusion phase) and the target analyte in the external water body. As the diffusion process progresses, the concentration gradient decreases continuously until it reaches zero, and the sampling process is completed after the diffusion equilibrium is reached. The DGT technique is similar to the DET, and both are based on the Fick’s first law of diffusion. The DGT technology separates the ion exchange resin from the sampling solution through the ion permeable hydrogel and realizes the quantitative accumulation and measurement of the target analyte by controlling the ion exchange process through the hydrogel. Both DET and DGT are in situ passive sampling techniques, and the sampling time is usually within several hours [124,125,126]. It can also be combined with colorimetric methods to measure the distribution of Fe ions in sediments [118,127]. For example, Pages et al. proposed a colorimetric DET method for the 2D measurement of co-distributed iron(II) and sulfide in seagrass sediment porewaters [127]. Cesbron et al. combined the DET and spectrophotometric approaches to achieve the 2D image of dissolved iron and phosphate in sediment pore water, as shown in Figure 4c [118]. The advantages of this system are its sub-millimeter detection (60 μm imaging acquisition per pixel) and high spectral resolution (4.5 nm).



In addition, novel optical methods, such as planar optical sensors and microfluidic in situ analyzers, have been reported in recent years for detecting Fe ions in sediments and seawater [37,128]. Milani et al. developed a microfluidic in situ analyzer for measuring dissolved Fe in vertical profiles and aquatic environments (Figure 4d) [37]. The system combines microfluidic methods and a spectrophotometric sensor, and the mixed process of reagents and samples is based on a novel in-cell diffusion process. The core of the system is the colorimetric microfluidic chip as illustrated in the right image of Figure 4d. The chip is fabricated on the tinted PMMA (poly methyl methacrylate) with a light source of super-green-light-emitting diodes, and samples and reagents are further injected and mixed in the chip. For detecting Fe ions, the ferrozine (FZ) molecule and the sample containing Fe ions are injected into the chip to form a red-purple complex (Fe(II)(FZ)3), and the maximum absorbance of the resulting complexes is measured at 562 nm. The detection limit for dissolved Fe is 27 nM with a precision of 2.8%. Kamaci et al. studied a polyazomethine/ascorbic-acid-based fluorescent chemical sensor for measuring Al3+ and ferrous ions (Figure 4e) [119]. The detection limit for ferrous ions is 0.185 mM, and the device was demonstrated for measuring seawater samples. Zhu et al. reported a novel planar optical sensor for revealing the two-dimensional distribution of dissolved ferrous ion [128]. Guo et al. reported a novel device for in situ monitoring of dissolved Fe(II) in sediment pore water (Figure 4f) [120], by integrating sampling, enrichment and quantitative measurement. It is composed of a concentrating device based on C18-ferrozine and an optical imaging device. The sensor is installed on the ferrous ion indicator of ferrozine and transparent poly(vinyl alcohol) membrane for measuring the absorbance. The linear detection range for ferrous ions is from 0 to 200 μM with a detection limit of 4.5 μM, and the response time is 10–30 min.



Table 3 shows the characteristics of several representative commercial and uncommercial in situ marine ferrous ion sensors. Many novel electrochemical and optical sensors with low cost and low maintenance have been reported in recent years for sensing ferrous ion in marine conditions. However, the surface of the microelectrodes of electrochemical sensors is easily deactivated and the accuracy is influenced by other organic compounds in the sediment. The optical sensing method is relatively complex and immature. Therefore, there are no devices to reach commercialization or practical applications so far. The low concentration of ferrous ions in seawater, easily fouled by organic matter/biofouling, and complex sample treatment procedures are big challenges to be overcome. The DET or DGT are in situ sampling methods and suitable for combining with other sensing techniques. There is still a high demand for developing new and accurate Fe-ion analytical methods with high sensitivity, fast response, minimal sample treatment and long-term operation stability, especially for in situ measurements. It is prospective for in situ sensors to be operated wirelessly and remotely to achieve the real-time analysis of iron and iron speciation.




5. Sensors for Carbon Dioxide (CO2)


With the increasing emissions of carbon dioxide, the carbon dioxide levels in seawater continue to increase. It has been demonstrated that more than one quarter of carbon dioxide emissions finally entered into the ocean. Therefore, the ocean is the major gathering place of carbon dioxide [19,20]. The oceanic uptake of anthropogenic carbon dioxide can lead to a decrease in seawater pH and alter the ocean carbonate system significantly [129,130,131]. Six parameters are used to describe the ocean carbon dioxide and ocean carbonate system; they are total alkalinity (TA), dissolved inorganic carbon (DIC), pCO2, pH, bicarbonate ionic concentrations and carbonate ionic concentrations. Among these, pCO2 and pH are usually used for the analysis [132]. The routine seawater samplings and measurements in the laboratories are time-consuming and laborious. The sustained, autonomous, in situ measurements are more promising to provide enhanced spatial and temporal data [133,134].



Most sensors for the carbon dioxide measurements are based on four technologies: gas analysis, electrochemical, wet-chemical and fluorescent optode measurements. Among them, only the gas analysis sensor has been commercially available. Gas sensors can transfer the seawater carbon dioxide into the gas phase for analysis, and the equilibrator is the key device of the gas sensor for carbon dioxide transmissions, including bubbler, shower type, laminar flow and percolated-bed types [135,136,137,138]. The membrane-based equilibrator is more compact and suitable for in situ deployment, but the membrane is easily affected by pressure variations at different sea depths, followed by influencing the response time. The electrochemical measurements rely on the pH sensors to measure the carbon-dioxide-induced-pH change [139,140]. The pH measurement often performed using potentiometric microelectrodes. However, the accuracy of these sensors is only accurate to ±0.01 pH units [27]. The ideal pH measurement needs to be accurate to 0.001 units to meet the accuracy requirements [141]. The wet-chemical methods are usually based on the spectrophotometric system to measure the pH change in the seawater, which is determined by the absorbance of seawater with the addition of the colorimetric pH indicators [142,143]. There are several challenges for in situ spectrophotometer deployment, including the light source instability, the gas separation membrane deterioration and ease to be biofouled. The optodes for detecting the dissolved carbon dioxide in seawater are primarily based on the analyte-sensitive indicators in the gas permeable membranes [133]. Optodes have been deployed at marine for in situ measurements, with the advantage of low-power requirements, no mechanical parts and reagents requirements and no waste production.



By far, the most common carbon dioxide sensor for measurements in water is the gas analyzer, involving a gas permeable membrane for the diffusion of carbon dioxide and an infrared sensor. The Hydro CTM/CO2 sensor developed by CONTROS company is based on this principle, and it is a successful commercial marine dissolved-gas in situ-detection device, which has been deployed on various fixed or mobile platforms for in situ carbon dioxide observations [144]. As seen in Figure 5a, the core component of this device includes a gas–liquid separation device and an infrared absorption spectrum detection device [39]. The gas–liquid separation device is mainly composed of a semipermeable membrane with a silicone active layer that allows for the diffusion of carbon dioxide and separates the ambient water from the device. The detection of carbon dioxide is based on the nondispersive infrared spectrum with a range of 0–200 mM, a resolution of <33.4 nM, a response time of 60 s and a working water depth of 0–6000 m [145]. However, the response time of the device is long due to the diffusion process of carbon dioxide. In addition, the detection performance of this device is mainly determined by the materials and thickness of the semipermeable membrane. The leakage of the carbon dioxide gas stream in the semipermeable membrane is the major source for measuring errors. Therefore, it is necessary to improve the membrane in order to reduce the diffusion time and gas leakage.



In the recent two decades, many novel sensors for the carbon dioxide measurements have been reported [149,150,151]. For example, Lu et al. reported an in situ chemical pCO2 sensor based on optical fiber for surface seawater (Figure 5b) [143]. A PVC tube with an enclosed Teflon AF tube is used as the long pathlength gas permeable liquid-core waveguide for spectrophotometry, further analyzing the pH change caused by CO2. The detection time is only 2 min, and its accuracy reached 0.26–0.37% at pCO2 of 200–800 μatm. Atamanchuk et al. reported a compact, low-power and long-life optode for measuring pCO2 (Figure 5c) [38]. The service life of the sensor can reach more than 7 months underwater, and the best obtained accuracy can reach ±2 μatm in the pCO2 range of 200–1000 μatm. Zhu et al. proposed a ratiometric planar optode fluorosensor for 2D imaging of pCO2 distribution in sediments and overlying water (Figure 5d) [146]. The device can measure pCO2 patterns with pixel sizes ranging from 55 × 55 μm to 10 × 10 μm over an area of more than 150 cm2. The average relative difference between the sensor and reference pCO2 is −0.31% over a range of 0–20 matm. Graziani et al. reported the in situ, continuous monitoring of pCO2 at the coast of Panarea Island (Italy) by using a small and low-cost GasPro probes, as shown in Figure 5e [147]. For all these sensors used for in situ carbon dioxide analysis, temperature cross-sensitivity is an issue, requiring additional temperature measurements [133]. Borisov et al. proposed a planar optical sensor for the simultaneous detection of oxygen, carbon dioxide, pH and temperature (Figure 5f) [148]. It combined multi-layer materials and two spectrally independent dually sensing systems.



Table 4 shows the characteristics of several representative commercial and uncommercial in situ marine CO2 sensors. In summary, the most common carbon dioxide sensing technology is based on the combination of a gas permeable membrane and an infrared sensor. However, the performance of this method depends on the quality of the membrane which is susceptible to chemical and physical impacts. The leakage of carbon dioxide from the membrane is the main source of error in detection. Other electrochemical and wet chemical methods also have disadvantages, such as low accuracy, instability and susceptibility to biological folding. Many novel chemical and optical sensors have been reported in recent years, but their performance needs further evaluation. Optodes are prospective for in situ carbon dioxide measurements in monitoring oceanic and coastal waters, due to their low cost, low power consumption and device miniaturization. However, optodes are still in the initial stage of development, and future directions should focus on the reducing response time, reducing salinity dependency and improving stability.




6. Sensors for Detecting Marine Microorganisms


Species identification and microorganism detection are important areas for molecular biology. The rapid identification of aquatic microorganisms is meaningful for understanding coastal dynamics and marine ecosystems [21,22]. The biosensors for detecting planktonic organisms (especially for detecting toxic algae) and pathogens have been developed rapidly in recent years [152].



Toxic algae are the main toxin producers in the ocean, and they have threatened many areas around the world [153,154]. For example, Alexandrium tamarense and A. ostenfeldii algae can generate potent neurotoxins that are filtered by shellfish from the water for food and accumulated in shellfish, which become toxic to humans (and other animals) who then eat the shellfish [155]. Even very small numbers of toxic species (a few hundred cells per liter) can be enough to make shellfish toxic to humans. With whole-cell fluorescent in situ hybridization, the PCR-based assays and sandwich hybridization assays were successfully demonstrated to measure these planktonic organisms, but these methods need the samples to be transported to specialized laboratories and rely on the trained handlers and expensive equipment [156,157,158].



Diercks et al. reported a multi-biosensor chip for in situ detection of toxic algae (Figure 6a) [159]. The biosensors consisted of an array of 16 gold electrodes for detecting up to 14 target species simultaneously. McCoy et al. reported a multiplex surface plasmon resonance biosensor for monitoring the toxic bloom of Alexandrium minutum algae on the coast [160]. The detection results showed an obvious consistency with those from a light microscope. Toldra et al. proposed an electrochemical DNA biosensor for detecting Ostreopsis cf. ovata [40]. As shown in Figure 6b, isothermal recombinant polymerase amplification and sandwich hybridization are used to detect this species on electrode arrays with maleimide-coated magnetic beads. The biosensor showed the detection results in planktonic and benthic environmental samples similar to that with the qPCR and colorimetric assay methods.



Apart from the toxic algae, marine pathogens, including viruses, bacteria and protozoa, can cause the contamination of seafood, finally resulting in human infections [163,164]. Some pathogens originate from natural marine waters, such as the cholera bacterium and Vibrio cholera [165], while some others, such as fecal streptococci and escherichia coli, originate from defecation/urination/shedding of human or animal hosts and are carried via rivers or sewage effluent into coastal water [166]. For measuring these pathogens, there is no universal method due to their physical structure differences between different pathogens. One promising method is based on DNA biosensors [167,168,169].



Some novel biosensing platforms have been developed in recent years. For example, Liu et al. reported a rapid, high-throughput, portable and easy-to-operate fish-based microfluidic platform (Figure 6c) [161]. The system can simultaneously detect waterborne pathogens and evaluated their infection potential. Liu et al. reported a lateral-flow DNA-aptamer-based biosensor for detecting Singapore grouper iridovirus (SGIV) (Figure 6d) [162]. Two DNA aptamers against SGIV-infected cells were used for SGIV detection, one for target isolation and the other for the strand displacement amplification reaction. Compared to the PCR methods, the method does not need sophisticated equipment, and takes no more than 90 min for the detection.



Table 5 shows the characteristics of several representative in situ and non-in situ uncommercial marine microorganism sensors. The detection of marine microorganisms is based on biosensing technology. Toxic algae and pathogens are the most common marine microorganisms of concern, but there are no universal detection methods. Various electrochemical and optical methods and devices have been reported in recent years. However, most of the reported sensors were only tested in the laboratory, and the field testing is necessary. DNA-biosensor-based electrochemical and optical methods are the promising direction due to their specificities, and more efforts should be made to optimize their efficiency, performance, sensibility, detection limits, versatility, sophistication and automation.




7. Sensors for Detecting Marine Pollutants


Apart from the unsustainable exploitation of biological resources, human activities have brought many pollutants to the ocean in the past decades as well [170,171]. In most cases, these contaminants enter the seawater from land-based sources through industrial or urban activities and riverine inputs. Oil and gas exploitation and ship activities can release chemical contaminants directly into the marine environment [172,173]. Main pollutants in seawater include stable trace elements (e.g., cadmium, lead, mercury and tin), organic compounds (e.g., microplastics, pesticides, veterinary medicines and pharmaceuticals), hydrocarbon pollutants (e.g., fuel and oil) and radionuclides [172,174,175]. Figure 7a illustrates the origin and release of pollutants into the marine environment [176]. The sources, concentration, distribution and persistence of these contaminants can significantly affect the ecosystem [177,178]. Selective and sensitive monitoring of these pollutants is a pressing issue in marine research and is critical to the protection of the marine environment [179]. This section will focus on the traditional sensing measurements of marine pollutants and introduce some representative novel sensors and biosensors, such as screen-printed biosensors, microfluid-based automatic sensors and surface-enhanced Raman scattering sensors.



The main strategies for assessing the marine environment are based on sampling, observation and measurements. Ships conduct sea sampling and transmit these samples to the laboratory or on board. The difficulties in measuring the marine contaminants are their low concentrations. Therefore, the sensors should be able to detect these analytes at the ng/L or pg/L levels [183,184,185]. Some conventional analytical methods have been applied for the detection of pollutants [186]. For example, the detection of organic contaminants in seawater samples is mainly based on chromatography, including liquid chromatography and gas chromatography. Mass spectrometry is also widely used for environmental screening purposes [187,188]. In addition, several platforms, such as satellites, submersibles and drifters, have been constructed for automated measurements. These methods are based on direct sampling, airborne and satellite imagery and remote sensing techniques [179]. Most of remote and automated measurements are based on monitoring changes in the parameters of seawater such as temperature, conductivity, depth and turbidity [31].



In addition, some novel chemical sensors and biosensors have recently been developed for monitoring contaminants [189,190,191]. For example, Malzahn et al. reported a wearable screen-printed biosensor on a synthetic rubber neoprene underwater garment (Figure 7b) [41]. The biosensor can be used for monitoring the trace heavy metal contaminants, nitroaromatic explosives and phenolic contaminants in seawater samples. Han et al. fabricated a fully automatic whole-algae biosensor with a digital microfluidic diluter chip and an actuation element (Figure 7c) [180]. The biosensor can be used for detecting copper, lead, phenol and nonylphenol in seawater with the detection limits of 0.65 μM, 1.90 μM, 2.85 mM and 5.22 μM, respectively. Knopfmacher et al. reported a microfluidic chip integrated with a marine phytoplankton motility sensor for evaluating pollutant toxicity (Figure 7d) [181]. Two mobile marine phytoplankton cells were confined in the device, and their motilities were used as the sensor signal to achieve the high-throughput detection of Hg, Pb, Cu and phenol. Pfannkuche et al. utilized a surface-enhanced Raman scattering sensor system to detect polycyclic aromatic hydrocarbons in the Baltic Sea, as illustrated in Figure 7e [182]. The detection results were consistent with the those of GC/MS. Peron et al. also reported a surface-enhanced Raman scattering based on gold colloidal monolayer [192]. The device was used to achieve in situ analysis of naphthalene and pyrene in artificial seawater with detection limits of 10 ppb. Kolomijeca et al. also reported a portable on-board surface-enhanced Raman spectroscopy sensor system for monitoring polycyclic aromatic hydrocarbons, such as anthracene and fluoranthene [193]. The detection limit is 0.3 nM with a response time of 10 s.



Table 6 shows the characteristics of several representative in situ and non-in situ uncommercial sensors for detecting marine pollutants. As mentioned above, most of these novel sensors and biosensors developed in recent years are based on electrochemical or optical principles. These sensors are advantageous for their portability, field deployability and ease of fabrication. However, their performance in detecting analytes in real marine samples or the real marine environment needs further evaluation, including their analytical sensitivity, selectivity, detection limit, repeatability and reproducibility. Future research direction should focus on developing high-quality sensors and biosensors for continuous and in situ monitoring of contaminants rather than detecting such analytes at a particular sampling site and time. The microfluid technique can be integrated with these sensors for improving their performance.




8. Sensors for Detecting Marine Nutrients


The nutrients in the ocean, such as nitrate, phosphate and silicate, are essential for promoting the growth of microorganisms [23,24]. With accelerated urbanization, industrial and agricultural development, many nutrients are being discharged into the marine environment through industrial wastewater, agricultural waste and domestic sewage [194,195]. Eutrophication is one of the most challenging marine environmental problems, which can lead to harmful marine blooms and red tides [196,197]. Measuring these nutrients are meaningful for predicting the harmful events associated with eutrophication, monitoring marine productivity and understanding the dynamics of marine ecosystems [30,198].



Traditional methods for monitoring the nutrients rely on seawater sampling and transporting to a laboratory for standard analyses, such as spectrophotometry, colorimetry and fluorescence [199]. These methods make it difficult to determine the distribution and variation of the nutrients and identify transient marine events [200,201,202]. In addition, most of the conventional methods can only detect a concentration (nitrate, phosphate and silicate) higher than 0.1 μM, while for some oligotrophic regions, the concentration is at the nM level [27,203]. Therefore, an in situ automatic sensor with a better detection limit that can be used for long-term and continuous measurements is a promising alternative for the marine environment disaster warning systems.



According to the principle of testing, the in situ sensors for the marine nutrients are classified into colorimetric, optical and electrochemical devices [204]. Some in situ electrochemical sensors have been on the market, such as Micro-Lab, EcoLAB2 and CYCL phosphate sensors (Wetlabs, Zatto Lane Danville, WV, USA), SUNAV2 (Satlantic, Halifax, Nova Scotia, Canada) and WIZ sensors (SYSTEA, Anagni, Italy) [205,206]. However, the low accuracy, short duration, narrow detection concentration range and poor repeatability of these sensors limit their widespread use [207,208]. At a specific wavelength, the colorimetric sensor detects the analyte based on the color response, and it requires a large volume of reagents and a high power consumption. Therefore, they are not suitable for long-term monitoring applications [209]. Comparatively, the reagentless ultraviolet (UV) optical sensors based on direct UV absorption are appropriate for continuous monitoring applications [210].



In recent years, many novel in situ sensors and devices have been reported for monitoring marine nutrients [211,212]. Legrand et al. developed an autonomous electrochemical sensor for in situ silicate detection in marine environments (Figure 8a) [42]. A detection range was obtained from 1.63 μM to 132.8 μM with a detection limit of 0.32 μM and a quantification limit of 1.08 μM. Altahan et al. improved a commercial automated sensor for detecting phosphate, silicic acid, nitrate and nitrite in seawater simultaneously (Figure 8b) [213]. The analyzer showed an excellent accuracy with a deviation of 8.9% for phosphate, 4.8% for silicic acid and 7.4% for nitrate plus nitrite. Cuartero et al. proposed an in situ potentiometric device for the detection of nitrate, nitrite and chloride in seawater, which consists of a desalination unit, an acidification unit, a sensing flow cell and all-solid-state membrane electrodes (Figure 8c) [214]. It showed a fast response time of fewer than 12 s, an excellent stability with a long-term drift of less than 0.5 mV/h and an excellent reproducibility with a deviation of less than 3%. Barus et al. reported an in situ phosphate sensor for seawater based on a squarewave voltammetry (Figure 8d) [215]. The sensor was tested in a small volume (<400 μL), showing a 0.25–4 μM detection range with a 0.1 μM detection limit. Machado et al. studied a cost-effective bioluminescence sensor for real-time monitoring of marine nitrate [216]. The biosensor is based on the self-bioluminescent strain of the cyanobacteria Synechococcus elongatus pcc 7942, and it can detect nitrate at a concentration as low as 16.3 μM.



Table 7 shows the characteristics of several representative in situ uncommercial sensors for detecting marine nutrients. In situ sensors for marine nutrients should have high sensitivity because in some oligotrophic areas, nutrient concentrations in seawater are as low as 10−9 mol/L [34] and have a wide detection range because the concentrations vary by up to five orders of magnitude from region to region or from time to time. Colorimetric, electrochemical and optical approaches mentioned above are the most widely used sensing technologies. Although the detection performance of sensors has improved considerably, some technical challenges, such as limited accuracy, detection range and continuous measurement time, still exist and limit the widespread use of these new sensors. Therefore, the future direction may focus on the methods to solve these problems.




9. Seafood Sensors


Fish and other seafood products play an important role in the human diet. They are abundant with many nutrients, such as protein, unsaturated fatty acids, vitamins and minerals [25,26]. However, seafood usually have neutral pH, high water activity, low content of connective tissue and autolytic enzymes, making them highly perishable [217]. The appearance, smell, taste and meat texture deteriorate rapidly in the process of spoilage [218,219]. In addition, seafood may be contaminated with algal toxins in marine settings, bringing a big concern for food safety. Therefore, reliable methods are needed to evaluate seafood quality and safety. Various novel sensing methods and technologies, such as chemical, physical, electrical sensors and biosensors mentioned below, have been reported for the assessment of the quality and safety of seafood.



Some chemical and physical parameters can be used to evaluate the quality and freshness of seafood, such as the specific spoilage organism growth, lipid oxidation, peroxide value, total volatile basic nitrogen, polyunsaturated fatty acids and other volatiles amines [220,221,222,223]. However, these parameters are dependent on a number of factors such as species, age, fishing area, season and animal nutritional status [224]. Traditional detection techniques are tedious, destructive, expensive, time-consuming and dependent on skilled personnel [225].



Some non-destructive and environmentally friendly methods have been prevalent in recent years. Recently, many novel analytical and chemical biosensors, electronic noses, eyes and tongues, nuclear magnetic resonance spectroscopic sensors and optical spectroscopic sensors have been developed to achieve the assessment of the safety and freshness of seafood [225,226,227]. For instance, Mustafa et al. reported a portable nanoenzyme-based biosensor for detecting the release of hypoxanthine that is a product of nucleotide degradation in meat and fish, to monitor the freshness of fish [228]. As shown in Figure 9a, the biosensor is based on cerium nanoparticles and xanthine oxidase to determine the hypoxanthine content. The linear detection range can reach 597 μM, and a detection limit of 89 μM can be obtained. Chen et al. studied a semiconductor metal oxide gas sensor based on mesoporous Au-ZnO nanospheres (Figure 8b) [229]. The sensor exhibited a sensitive detection of 10 ppm trimethylamine for seafood spoilage at 250 °C. Torrarit et al. reported a flow injection amperometric sensor for detecting formalin in fresh fish (Figure 9c) [230]. The sensor is constructed on a glassy carbon electrode modified with palladium particles and carbon microspheres and can achieve an accuracy between 96% ± 1% and 105% ± 3%.



Chang et al. successfully fabricated an ultrasensitive porous-electrode-capped organic gas sensor for detecting volatile amine gas in fish (Figure 9d) [231]. It only takes one minute for the sensor to detect the ammonia concentration, which can be as low as 100 ppb. Lee et al. studied a rapid monitoring system for seafood freshness that integrated sensory evaluation, gas chromatography–mass spectroscopy (GC-MS) and a bioelectronic nose (Figure 9e) [232]. Zhao et al. reported an ultraefficient trimethylamine gas sensor for rapid assessment of seafood freshness (Figure 9f) [43], which is a resistance sensor based on WO3 nanosheets with Au nanoparticles. The sensor can detect trimethylamine at as low as 0.5 ppm.



Table 8 shows the characteristics of several representative in situ and non-in situ uncommercial marine seafood sensors. Many techniques have been used in this field, such as colorimetric, electrochemical, resistive and chromatography–mass spectroscopy methods. Although these sensors and biosensors have shown considerable potential to evaluate the safety and freshness of fish and other seafood, there is no single method available for reliably and satisfactorily measuring the overall quality of seafood, and there is no technology to be a routine method in daily practice. Therefore, combining traditional methods with novel sensing methods, such as electrochemical and spectroscopic techniques, maybe a powerful approach to the evaluation of seafood quality.




10. Summary—Perspectives


The increasing attention towards the ocean environment has greatly stimulated the development of marine sensing methods and platforms in recent years. The traditional measurement methods are based on sampling from the shore or a ship and transferring these samples to the laboratory. The whole procedure is time-consuming and tedious, and it is difficult to know the distribution of analytes because they might be changed after leaving their original condition. The in situ spatial and temporal study of some analytes, such as gases of methane, radon and carbon dioxide, is important for a better understanding of key processes in the sea. The in situ sensing platforms can have small sizes, low energy consumption and long-term stability and be highly sensitive to and selective for low concentrations of target analytes with high automation and real-time analysis.



This review summarizes and analyzes typical in situ marine sensors along with their applications, including methane sensors, radon sensors, ferrous ion sensors, carbon dioxide sensors, sensors for detecting microorganisms, pollutants, nutrients and seafood sensors. The detection of methane is important for discovering natural gas hydrate reservoirs, and methane sensors include electrochemical conductivity sensors, optical sensors and mass spectrometry sensors. The detection of radon is necessary for studying submarine groundwater discharges, and radon sensors include a radon-in-air monitoring system and a gamma-ray spectrometry and pulsed-ionization-chamber-based sensing systems. The detection of ferrous ions plays a key role in many biogeochemical reactions and processes, such as phosphorus release and bioavailability, and ferrous ion sensors include electrochemical sensors, DET or DGT sensors and optical sensors. The oceanic uptake of anthropogenic carbon dioxide can alter the ocean carbonate system, and carbon dioxide sensors include optical sensors, optode-based sensors and GasPro probes. The detection of microorganisms is meaningful for understanding coastal dynamics and marine ecosystems, and microorganism sensors include RNA biosensors for algae, surface plasmon resonance biosensors for algae and DNA sensors for algae and pathogens. The detection of pollutants is essentials for assessing the marine environment, and the sensors for detecting pollutants include screen-printed biosensors for trace heavy-metal contaminants, whole-algae biosensors for detecting copper, lead, phenol and nonylphenol in seawater, marine phytoplankton motility sensors for evaluating pollutant toxicity and surface-enhanced Raman scattering sensor system for detecting polycyclic aromatic hydrocarbons. The detection of nutrients is important for assessing the marine eutrophication, and the sensors for detecting nutrients include colorimetric, optical and electrochemical devices. The detection of seafood is mainly used for assessing the freshness and safety of various seafood, and the sensors for analyzing the freshness of seafood include chemical biosensors, electronic noses, eyes and tongues, nuclear magnetic resonance spectroscopic sensors and optical spectroscopic sensors.



Future research for the development and use of marine sensors and biosensors should focus on the development of small, portable, smart, environmentally compatible, robust, low-cost, specialized and diversified sensing platforms for in situ monitoring of these marine analytes, rather than monitoring at specific sampling locations. According to different operational depths, these in situ sensors can be integrated into stable/fixed (such as buoys and landers) and mobile platforms (such as ships of opportunity, gliders, autonomous underwater vehicles (AUVs) and remotely operated vehicles (ROVs)) in the future, on which these sensing devices can be automatically operated for continuously measuring target compounds without supervision. In the future, one of the key criteria is to provide in the market sensors that can be easily integrated in mobile and/or fixed marine platforms and provide improved data analytics (in case of huge/large data sets) through applying machine learning and artificial intelligence methods. In addition, these in situ sensors on platforms are promising for forming coastal sensor networks to obtain more real-time and three-dimensional spatial resolution data to provide insights for more effectively handling marine scientific issues, such as source–sink of methane and carbon dioxide, submarine groundwater discharges, contamination of the marine environment and greenhouse gas emissions. Technologically advanced in situ sensors on suitable platforms can be combined with reliable automated analyzing systems to provide comprehensive long-term monitoring data related to marine issues. Moreover, the in situ spatial and temporal study of these analytes can provide a better understanding of a variety of key processes at sea, such as erosion, transportation and deposition. However, the marine environment is unstable and changeable, with often large diurnal and seasonal and spatial variations in temperature and salinity, which poses a big challenge for ensuring the accuracy, stability and repeatability of marine sensors. Much multidisciplinary validation work is needed for these sensors to reach their practical application. Integration of materials science, chemistry and electronics is necessary to optimize the sensors’ quality. Microfluidics is an important approach to minimizing the size of the sensors and reducing their power consumption. The accumulation of microorganisms, plants and animals on the sensor surface can biofoul the device and deteriorate its performance; therefore, anti-biofouling strategies are necessary to develop these in situ sensors. The exploration of new antifouling materials and methods is expected to improve the stability and durability of marine long-term sensors. In addition, sensor performance should be evaluated in real seawater conditions with fluctuations in temperature and other physical and chemical characteristics. This paper provides an overview of recent development in the marine sensors and may suggest exciting opportunities for further development of advanced marine sensing platforms.
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Figure 1. Schematic illustrations of marine sensors. The insert images of Figure 1 from top and clockwise: (1) deep water gas analyzer developed by the LGR company (Los gatos, CA, USA) [36]; (2) in situ cerium bromide spectrometer for measuring radioactivity underwater, reproduced from [11] with permission from Elsevier Sci. Ltd., 2019; (3) microfluidic in situ analyzer for measuring dissolved Fe in vertical profiles and aquatic environments, reproduced from [37] with permission from Elsevier, 2015; (4) compact, low-power, lifetime-based optode for measuring pCO2, reproduced from [38] with permission from Wiley, 2014; (5) commercial Hydro CTM/CO2, reproduced from [39] with permission from Amer. Meteorological Soc., 2014; (6) electrochemical DNA biosensor for detecting Ostreopsis cf. ovata, reproduced from [40] with permission from Elsevier, 2019; (7) wearable screen-printed biosensor, reproduced from [41] with permission from Royal Soc. Chemistry, 2011; (8) autonomous electrochemical sensor for in situ silicate detection in marine environments, reproduced from [42] with permission from Elsevier Science SA, 2021; (9) ultraefficient trimethylamine gas sensor for rapid assessment of seafood freshness, reproduced from [43] with permission from Elsevier Sci. Ltd., 2022. 
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Figure 2. Illustrations and images of bubble, electrochemical, optical and mass-spectrometry methane sensors. (a) Stereo-camera deep-sea sensor bubble box, reproduced from [61] with permission from MDPI, 2016. The top left image is the box without cameras during development. The top right image is the box on remotely operated vehicle. (b) Structure of semiconductor methane sensor with external semipermeable membrane, membrane support, semiconductor part, electronic part and connector, reproduced from [62] with permission from Springer, 2014. (c) Experimental setup of the system based on Raman spectroscopy with liquid-core optical fiber (LCOF) to measure methane dissolved in water, reproduced from [63] with permission from MDPI, 2015. (d) High-pressure test system of fiber refractometer for detecting methane in deep ocean, reproduced from [64] with permission from Elsevier Sci. Ltd., 2014. (e) Camera image and the experimental setup of the Sub-Ocean probe to achieve in situ and continuous detection of dissolved methane in seawater (MFC: mass flow controllers; MB: membrane block; EV: electronic valve; OFCEAS: absorption spectroscopy technique), reproduced from [65] with permission from Amer. Chemical Soc., 2018. (f) Deep-water gas analyzer developed by the LGR company (Los gatos, CA, USA) [36]. (g) Design of the first deep-ocean Raman in situ spectrometer, including two pressure housings for the power/laser/computer and the optical bench, reproduced from [66] with permission from Pergamon-Elsevier Science Ltd., 2004. (h) Major components of self-contained underwater mass-spectrometry system within glass pressure sphere, called “Nereus”, reproduced from [67] with permission from Elsevier Sci. Ltd., 2002. (i) Major components of an underwater cryotrap-membrane-inlet-system-coupled mass spectrometer, including Ricor cooler (K508), membrane inlet system, Pirani pressure sensor and solenoid valve, reproduced from [68] with permission from Wiley, 2012. 
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Figure 3. Schemes and images of several radon sensors. (a) Water exchanger RAD-7 continuous monitoring system, reproduced from [9] with permission from Elsevier Sci. Ltd., 2003. (b) In situ cerium bromide spectrometer for measuring radioactivity underwater, reproduced from [11] with permission from Elsevier Sci. Ltd., 2019. (c) Automated pulsed-ionization chamber Oceanic Rn monitor (PIC-ORn)—radon measurement system for tracking radon levels in water over time—reproduced from [82] with permission from Frontiers Media SA., 2022. (d) In situ submersible radon (OUC-Rn) measurement system, reproduced from [8] with permission from Frontiers Media SA., 2022. Submersible capsule houses the parts that are enclosed by the dashed lines. 
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Figure 4. Schemes and images of several ferrous ion sensors. (a) Pressure-compensated submersible voltammetric in situ-profiling flow-through cell for real-time ferrous ion measurement in sediment–water interface, reproduced from [110] with permission from IOP Publishing Ltd., 1999. The system is built into titanium housing (100 cm in length, 7 cm in diameter) with pressure sensor and depth sensor also incorporated into the system. (b) Design of three individual channel voltammetric probes and fluidic device of the multiphysicochemical profiler system, reproduced from [114] with permission from Elsevier, 2005. (c) Detection results of Fe ions distribution measured by the combined DET and spectrophotometric approach, reproduced from [118] with permission from Amer Chemical Soc., 2014. The left image shows DGT probe with sulfide (brown color). The middle image shows DET probe with iron (red-purple color) and orthophosphate (blue color). The right image is the false-color composite image of DET probe with orthophosphate distribution (red channel) and iron distribution (green color). (d) Microfluidic in situ analyzer for measuring dissolved Fe in vertical profiles and aquatic environments, reproduced from [37] with permission from Elsevier 2015. The right image shows essential components of the microfluid chip, including its external shape (green color), location of LEDs (large orange rectangles), photodiodes (small orange rectangles), recesses for pump mountings (turquoise color), microfluidic channels (black color), valve ports (pink color) and mounting holes (indigo color). (e) Novel double-cation target colorimetric sensor based on polyazomethine and ascorbic acid for measuring Al3+ and ferrous ions, reproduced from [119] with permission from Pergamon-Elsevier Science Ltd., 2021. (f) Novel sensor based on C18-ferrozine concentration and optical imaging for in situ monitoring of dissolved ferrous ions in sediment pore water, including its structure of the imaging part, sample plate and assembly structure of the concentrating device, reproduced from [120] with permission from Royal Soc. Chemistry, 2019. 
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Figure 5. Illustrations and images of carbon dioxide sensors. (a) Commercial Hydro CTM/CO2 including water pump, flow head, semipermeable membrane, equilibrator, heater and NDIR detector, reproduced from [39] with permission from Amer. Meteorological Soc., 2014. (b) In situ optical-fiber chemical pCO2 sensor system for surface seawater, including gas sensing device, optical fiber, Teflon AF tube, indicator/blank solution pump (1), water/air pump (2), detector (3), automatic controller (4), indicator/blank solution reservoir (5), light source (6) and three-way pinch valve (7), reproduced from [143] with permission from Elsevier, 2018. (c) Compact, low-power, lifetime-based optode for measuring pCO2, reproduced from [38] with permission from Wiley, 2014. The top image shows the outside view of the sensor, and the bottom image illustrates the sensing foil made of dual lifetime referencing material coated by a thin film of polyester or with glass support. (d) Ratiometric planar optode fluorosensor system for pCO2 distribution, reproduced from [146] with permission from Elsevier, 2006. (e) GasPro probe for continuous in situ pCO2 monitoring, reproduced from [147] with permission from Amer. Chemical Soc., 2014. The top image illustrates the structure of the GasPro probe, and the bottom image illustrates the spatial distribution of temperature and pCO2 (each black point represents a GasPro sensor). (f) Cross-sections of planar optical sensor for detecting oxygen, carbon dioxide, pH and temperature simultaneously, reproduced from [148] with permission from Springer Heidelberg, 2011. The sensor consists of two sensing layers separated by a silicone layer: the top layer for sensing CO2 and O2 simultaneously and the bottom layer for sensing temperature and pH simultaneously. 
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Figure 6. Schemes and images of several biosensors for detection of microorganisms. (a) Electrode array of rRNA biosensor with 16 gold electrodes and a combined counter/reference electrode above the electrode array for in situ detection of toxic algae, reproduced from [159] with permission from Elsevier Advanced Technology, 2008. (b) Electrochemical DNA biosensor with screen-printed electrode array and magnetic oligocomplex immobilization for detecting Ostreopsis cf. ovata, reproduced from [40] with permission from Elsevier, 2019. (c) Design and application of the fish infection microfluidic based teleost model (TelM) platform for rapid detection of microorganisms, reproduced from [161] with permission from Elsevier, 2022. (d) Structure, principle and process of lateral-flow biosensor for detecting Singapore grouper iridovirus (SGIV) in groupers, reproduced from [162] with permission from Elsevier, 2021. 
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Figure 7. Marine pollutants and pollutant sensors. (a) Origin and release of pollutants into the marine environment, reproduced from [176] with permission from Elsevier, 2022. (b) Wearable screen-printed biosensor on an underwater garment for in situ analysis in marine environments, reproduced from [41] with permission from Royal Soc. Chemistry, 2011. (c) Components and working principle of fully automatic digital microfluidic diluter-based microalgal motion biosensor including the digital microfluidic diluter chip, an actuation element, and a detector element with the droplet cross-split way, reproduced from [180] with permission from Elsevier Advanced Technology, 2019. (d) Design and working principle of microfluidic chip integrated with marine phytoplankton motility sensor for high-throughput assessment of pollutant toxicity with the two PDMS layers structure and four uniform structure units in the chip, reproduced from [181] with permission from Pergamon-Elsevier Science Ltd., 2014. (e) Field-operable surface-enhanced Raman scattering (SERS) sensor system (EF: edge filters; M: mirror; LBPF: laser bandpass filter; Q: quartz glass window; GR: grism; TE cooled CCD: thermoelectric cooled charged coupled device), reproduced from [182] with permission from Pergamon-Elsevier Science Ltd., 2012. 






Figure 7. Marine pollutants and pollutant sensors. (a) Origin and release of pollutants into the marine environment, reproduced from [176] with permission from Elsevier, 2022. (b) Wearable screen-printed biosensor on an underwater garment for in situ analysis in marine environments, reproduced from [41] with permission from Royal Soc. Chemistry, 2011. (c) Components and working principle of fully automatic digital microfluidic diluter-based microalgal motion biosensor including the digital microfluidic diluter chip, an actuation element, and a detector element with the droplet cross-split way, reproduced from [180] with permission from Elsevier Advanced Technology, 2019. (d) Design and working principle of microfluidic chip integrated with marine phytoplankton motility sensor for high-throughput assessment of pollutant toxicity with the two PDMS layers structure and four uniform structure units in the chip, reproduced from [181] with permission from Pergamon-Elsevier Science Ltd., 2014. (e) Field-operable surface-enhanced Raman scattering (SERS) sensor system (EF: edge filters; M: mirror; LBPF: laser bandpass filter; Q: quartz glass window; GR: grism; TE cooled CCD: thermoelectric cooled charged coupled device), reproduced from [182] with permission from Pergamon-Elsevier Science Ltd., 2012.



[image: Jmse 11 01469 g007]







[image: Jmse 11 01469 g008 550] 





Figure 8. Schemes and images of several sensors for marine nutrients. (a) Autonomous electrochemical in situ silicate sensor and its stainless steel cage and battery pack ready for deployment, reproduced from [42] with permission from Elsevier Science SA., 2021. (b) Five major components of improved commercial automated sensor for simultaneous determination of phosphate, silicic acid and nitrate plus nitrite in seawater, including 16-way rotary valves, motor drive of the syringe, the syringe plunger, three colorimetric detectors and electronic controller inside metal box, reproduced from [213] with permission from MDPI, 2022. (c) Detection procedure and working principle of new electrochemical probe for in situ detection of nitrate, nitrite and chloride in seawater (NO: normally open; NC: normally closed; CAL SOL: calibration solution; RE: reference electrode), reproduced from [214] with permission from Amer. Chemical Soc., 2018. (d) Design of a sensor for in situ phosphate detection in seawater based on square-wave voltammetry, reproduced from [215] with permission from Elsevier, 2016. 
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Figure 9. Schemes and images of several sensors for seafood. (a) Operational principle of nanoenzyme biosensor with cerium-oxide-nanoparticle-based biosensing label to detect the release of hypoxanthine, reproduced from [228] with permission from Elsevier Science SA, 2021. (b) Self-templated synthesis and monitoring process of semiconductor metal oxide gas sensor based on mesoporous Au-ZnO nanospheres, reproduced from [229] with permission from Elsevier Science SA., 2022. (c) Flow injection amperometric sensor based on glassy carbon electrode modified with palladium particles and carbon microspheres for detecting formalin in fresh fish, reproduced from [230] with permission from Amer. Chemical Soc., 2022. (d) Generation of volatile base amines and working principle of porous-electrode-capped organic gas sensor for detecting volatile amine gas, reproduced from [231] with permission from Amer. Chemical Soc., 2017. (e) Nondestructive and rapid seafood freshness monitoring system, including human evaluation test, instrumental analysis (GC-MS) and olfactory receptor/CNT bioelectronic nose, reproduced from [232] with permission from Nature Portfolio, 2018. (f) Ultraefficient trimethylamine gas sensor based on Au-nanoparticle-sensitized WO3 nanosheets for rapid assessment of seafood freshness, reproduced from [43] with permission from Elsevier Sci. Ltd., 2022. 






Figure 9. Schemes and images of several sensors for seafood. (a) Operational principle of nanoenzyme biosensor with cerium-oxide-nanoparticle-based biosensing label to detect the release of hypoxanthine, reproduced from [228] with permission from Elsevier Science SA, 2021. (b) Self-templated synthesis and monitoring process of semiconductor metal oxide gas sensor based on mesoporous Au-ZnO nanospheres, reproduced from [229] with permission from Elsevier Science SA., 2022. (c) Flow injection amperometric sensor based on glassy carbon electrode modified with palladium particles and carbon microspheres for detecting formalin in fresh fish, reproduced from [230] with permission from Amer. Chemical Soc., 2022. (d) Generation of volatile base amines and working principle of porous-electrode-capped organic gas sensor for detecting volatile amine gas, reproduced from [231] with permission from Amer. Chemical Soc., 2017. (e) Nondestructive and rapid seafood freshness monitoring system, including human evaluation test, instrumental analysis (GC-MS) and olfactory receptor/CNT bioelectronic nose, reproduced from [232] with permission from Nature Portfolio, 2018. (f) Ultraefficient trimethylamine gas sensor based on Au-nanoparticle-sensitized WO3 nanosheets for rapid assessment of seafood freshness, reproduced from [43] with permission from Elsevier Sci. Ltd., 2022.



[image: Jmse 11 01469 g009]







[image: Table] 





Table 1. Characteristics of representative commercial and uncommercial in situ marine methane sensors.






Table 1. Characteristics of representative commercial and uncommercial in situ marine methane sensors.





	Characterizations
	Target Analytes
	Sensing Principle
	Detection Range
	Detection Time
	Precision
	Operation Depth
	Whether Commercial?
	References





	SnO2-based electrochemical semiconductor sensor
	CH4 in the water
	Electrochemical semiconductor
	10–4000 nM
	1–30 min
	-
	-
	Yes
	[71,72,73]



	Dissolved gas membrane separation technology integrated with an off-axis integrated cavity output spectroscopy
	CH4 in the water
	Optical
	0.7–1418.5 nM
	5 min
	0.001 nM
	-
	Yes
	[36,74]



	Fiber refractometer
	CO2 and CH4 leakage in the deep ocean
	Optical
	-
	90 s
	12%
	Maximum 950 m
	No
	[64]



	Sub-Ocean probe based on the optical feedback cavity-enhanced absorption technique
	Dissolved CH4 in seawater
	Optical
	Subnmol to mM
	30 s
	3.3–9.3%
	Test at 620 m depth
	No
	[65]



	Cryotrap-membrane-inlet-system-coupled mass spectrometer
	CH4 in the water
	Mass spectrometry
	16–100 nM
	Milliseconds
	16 nM
	Maximum 200 m
	No
	[68]



	Continuous-wave cavity ringdown spectroscopy technique
	CH4 dissolved in seawater
	Optical
	Up to 5 ppmv
	240 s
	~0.002 ppmv
	-
	No
	[79]
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Table 2. Characteristics of representative uncommercial in situ marine radon sensors.
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	Characterizations
	Target Analytes
	Sensing Principle
	Detection Range
	Detection Time
	Precision
	Operation Depth
	References





	Automated radon-222 analyzing system for estimating the dynamics of groundwater input into the coastal zone
	Radon-222 in coastal water
	Commercial radon-in-air analyzer RAD7 system integrated with a water/gas exchanger
	2170 ± 830 Bq/m3
	1–2 h
	5%–10% uncertainties
	1.5 m
	[9]



	Underwater in situ cerium-bromide-based gamma-ray spectrometer
	Radon-222 daughters (Bi-214 and Pb-214) in the aquatic environment
	Gamma-ray spectrometer
	250 ± 10 Bq/m3 for Bi-214
	3 h
	-
	Operated at 400 m and maximum 600 m
	[11]



	KATERINA gamma-ray spectrometer
	Radon daughters in the aquatic environment
	Gamma-ray spectrometer
	2.8–6.8 Bq/L
	100 min
	-
	-
	[12]



	Upgraded KATERINA for measuring radioactivity in the deep ocean
	Radon daughters in the deep ocean
	Gamma-ray spectrometer
	0.75–13.4 Bq/L
	7200 s
	-
	2700 m
	[13]



	Gamma-ray spectrometry for in situ measuring of multiple submarine springs
	Activities of radon progenies for the direct estimation of SGD variations
	Gamma-ray spectrometer
	4.73–12.49 Bq/m3
	~3 h
	Maximum uncertainty 16.3 ± 2.5
	Maximum 400 m
	[10]



	Automated pulsed ionization chamber Oceanic Rn monitor (PIC-ORn) measurement system
	Radon-222 in the surface ocean
	Pulsed ionization chamber
	20–300 Bq/m3
	1 h
	<10% uncertainties
	1–3 m
	[82]



	Submersible radon (OUC-Rn) measurement system
	Radon-222 in the surface ocean
	Pulsed ionization chamber
	18.0–50.1 Bq/m3
	2 h
	~95%
	2.5 m
	[8]
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Table 3. Characteristics of representative commercial and uncommercial in situ marine ferrous ion sensors.






Table 3. Characteristics of representative commercial and uncommercial in situ marine ferrous ion sensors.





	Characterizations
	Target Analytes
	Sensing Principle
	Detection Range
	Detection Time
	Detection Limit
	Operation Depth
	Whether Commercial?
	References





	Submersible voltammetric probe
	Trace metals in surface water, groundwater and sediment–water interface
	Electrochemical
	-
	5–10 min
	0.1 μM
	Allowable depth of 500 m
	Yes
	[110]



	DET and spectrophotometric approaches to achieve the 2D image of dissolved iron
	Dissolved iron and phosphate in sediment porewaters
	DET-optical
	10–200 μM
	~20 min
	~1 μM
	10–80 mm
	No
	[118]



	Microfluidic and spectrophotometric in situ analyzer
	Dissolved Fe and Mn in natural waters
	Microfluid-optical
	0–200 μM
	~3 min
	27 nM
	Maximum depth of over 300 m
	No
	[37]



	Novel planar optical sensor
	Dissolved Fe2+ distribution in marine sediments
	Optical
	0–200 μM
	10–30 min
	4.5 μM
	15 cm
	No
	[128]



	Polyazomethine/ascorbic-acid-based fluorescent chemical sensor
	Al3+ and Fe2+ in seawater
	Optical
	20–500 μM
	-
	0.185 μM
	-
	No
	[119]



	Integration of a C18-ferrozine-based concentrating device and an optical imaging device
	Fe2+ in marine sediments
	Optical
	5–100 μM
	60–120 min
	4.5 μM
	0.6–1.5 m
	No
	[120]










[image: Table] 





Table 4. Characteristics of representative commercial and uncommercial in situ marine CO2 sensors.
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	Characterizations
	Target Analytes
	Sensing Principle
	Detection Range
	Detection Time
	Precision
	Operation Depth
	Whether Commercial?
	References





	Hydro CTM/CO2 sensor
	Carbon dioxide concentration in seawater
	Gas permeable membrane-optical
	0–200 mM
	60 s
	Resolution < 33.4 nM
	-
	Yes
	[144]



	Fiber sensor
	pCO2
	Optical
	200–800 μatm
	120 s
	0.26–0.37%
	~1 m
	No
	[143]



	Compact, low-power, lifetime-based optode
	pCO2
	Optical
	0–5000 μatm
	45–264 s
	±2 μatm
	5–12.6 m
	No
	[38]



	Ratiometric planar optode fluorosensor
	2D imaging of pCO2 distribution in sediments
	Optical
	0–20 matm
	~2.5 min
	−0.31%
	0–4 cm
	No
	[146]



	GasPro sensor
	pCO2
	Gas permeable membrane-optical
	0.4–4.6 matm
	2 min
	±2% accuracy and a detection limit of 0.02 matm
	0–30 m
	Yes
	[133,147]



	Planar optical sensor
	Oxygen, carbon dioxide, pH and temperature in seawater
	Optical
	0–4 kPa
	35 s
	-
	-
	No
	[148]
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Table 5. Characteristics of representative in situ and non-in situ marine microorganism sensors.
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	Characterizations
	Target Analytes
	Sensing Principle
	Detection Range
	Detection Time
	Precision
	Operation Depth
	Whether in situ?
	References





	Multiprobe chip and a semi-automated rRNA biosensor
	Simultaneous detection of up to 14 toxic algae
	Electrochemical
	-
	Less than 2 h
	-
	-
	Yes
	[159]



	Multiplex surface plasmon resonance biosensor
	Toxic bloom of Alexandrium minutum algae on the coast
	Optical
	1700–1,700,000 cells/L
	-
	<4000 cells/L
	Sampling depth from 0.5 m to 3.5 m
	Yes
	[160]



	Electrochemical DNA-based biosensor
	Ostreopsis cf. ovata in environmental samples
	Electrochemical
	0.086–85.573 ng/μL
	-
	RSD < 8.4%
	-
	No
	[40]



	Rapid, high-throughput, portable and easy-to-operate fish-based microfluidic platform
	Waterborne pathogens
	Microfluid-optical
	-
	1–3 days
	-
	-
	No
	[161]



	Lateral-flow biosensor
	Singapore grouper iridovirus
	Immunoassay
	5 × 104–5 × 106 /mL
	No more than 90 min
	-
	-
	No
	[162]



	Electrochemical DNA biosensor
	Isothermally amplified ostreid herpesvirus 1 DNA in Pacific oyster
	Electrochemical
	10–108 OsHV-1 target copies
	30 min
	RSD = 3.8–6.8%
	-
	No
	[169]
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Table 6. Characteristics of representative in situ and non-in situ uncommercial sensors for detecting marine pollutants.
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	Characterizations
	Target Analytes
	Sensing Principle
	Detection Range
	Detection Time
	Precision
	Operation Depth
	Whether in situ?
	References





	Wearable screen-printed biosensor fabricated on underwater garments
	Trace heavy metal contaminants, nitroaromatic explosives and phenolic contaminants
	Electrochemical
	Phenol: 0–5.5 μM; 4-chlorophenol: 0–25 μM; catechol: 0–5 μM; copper: 10–90 ppb; TNT: 100–900 ppb.
	60 s
	2.07%
	-
	Yes
	[41]



	Fully automatic whole-algae biosensor consisting of a digital microfluidic diluter chip, an actuation element, a detector element and a microalgae bioreporter.
	Copper, lead, phenol and nonylphenol in seawater
	Microfluid-optical
	Copper: 0.95–3.22 μM; lead: 2.42–5.54 μM; phenol: 2.87–7.01 mM; nonylphenol: 6.34–10.87 μM.
	2 h
	-
	-
	No
	[180]



	Microfluidic chip integrated with a marine phytoplankton motility sensor
	Toxicity of Hg, Pb, Cu and phenol in seawater
	Microfluid-optical
	-
	2 h
	-
	-
	Yes
	[181]



	Field-operable surface-enhanced Raman scattering sensor system
	Polycyclic aromatic hydrocarbons in the Baltic Sea
	Optical
	Heavily polluted waters (>150 (12PAH) ng/L); phenanthrene at the highest concentration (140 ng/L) and of chrysene (2.7 ng/L)
	-
	In agreement with the GC/MS determination
	7–110 m
	Yes
	[182]



	Surface-enhanced Raman scattering based on gold colloidal monolayer
	Naphthalene and pyrene
	Optical
	-
	10 s
	-
	-
	Yes
	[192]



	Portable on-board surface-enhanced Raman spectroscopy sensor system
	Anthracene and fluoranthene
	Optical
	-
	10 s
	-
	-
	Yes
	[193]
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Table 7. Characteristics of representative in situ uncommercial sensors for detecting marine nutrients.
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	Characterizations
	Target Analytes
	Sensing Principle
	Detection Range
	Detection Time
	Precision
	Operation Depth
	Whether in situ?
	References





	In situ silicate detection and monitoring in ocean environments without any use of liquid reagent
	Silicate in ocean
	Electrochemical
	1.63–132.8 μM
	-
	2.4%
	1.6 m
	Yes
	[42]



	Improved on-site automated sensor
	Phosphate, silicic acid, nitrate and nitrite in seawater
	Colorimetric
	Phosphate: 0.2–100 μM; silicic acid: 0.2–100 μM; nitrate: 0.5–100 μM; nitrite: 0.4–100 μM
	180 s
	RSD of 8.9% for phosphate, 4.8% for silicic acid and 7.4% for nitrate plus nitrite
	1 m
	Yes
	[213]



	A submersible probe consisting of a desalination unit, an acidification unit and a sensing flow cell containing all-solid-state membrane electrodes
	Nitrate, nitrite and chloride in seawater
	Electrochemical
	-
	12 s
	8%
	2.3 ± 0.3 m
	Yes
	[214]



	In situ seawater phosphate sensor using squarewave voltammetry
	Phosphate in seawater
	Electrochemical
	0.25–4 μM
	5 min
	-
	-
	Yes
	[215]



	Low-cost, low-light bioluminescence sensor
	Nitrate in marine environments
	Bioluminescence
	0–150 mg/L
	30 min
	Coefficient of variance <10%
	-
	Yes
	[216]
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Table 8. Characteristics of representative in situ and non-in situ uncommercial marine seafood sensors.
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	Characterizations
	Target Analytes
	Sensing Principle
	Detection Range
	Detection Time
	Precision
	Operation Depth
	Whether in situ?
	References





	Portable all-in-one nanoenzyme-based biosensor for fish freshness monitoring
	Hypoxanthine
	Colorimetric
	300–597 μM
	-
	±0.2 μM
	-
	No
	[228]



	Metal oxide gas sensor based on mesoporous Au-ZnO nanospheres
	Trimethylamine
	Measurement of electrical resistance
	0.4–10 ppm
	12 s response time and 127 s recovery time for 10 ppm trimethylamine
	99.72%
	-
	Yes
	[229]



	Flow injection amperometric sensor
	Formalin
	Electrochemical
	0.025–15 mM
	1 mL/min according to the volume of sample
	Between 96% ± 1% and 105% ± 3%
	-
	No
	[230]



	Ultrasensitive porous-electrode-capped organic gas sensor
	Volatile amine gas
	Organic semiconductor
	10–70 mg/100 g
	1 min
	correlation coefficient = 0.932–0.998
	-
	No
	[231]



	Monitoring system with integrated sensory evaluation, gas chromatography–mass spectroscopy and a bioelectronic nose
	Dimethyl sulfide and trimethylamine
	Chromatography–mass spectroscopy with a bioelectronic nose
	-
	-
	-
	-
	Yes
	[232]



	Ultraefficient gas sensor based on Au-nanoparticle-sensitized WO3 nanosheets for assessment of seafood freshness
	Trimethylamine
	Measurement of electrical resistance
	1–50 ppm
	8 s
	-
	-
	Yes
	[43]
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