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A significantly large scope is available for the scientific and engineering developments of high-throughput ultra-high sensitive oxygen sensors. We give a perspective of oxygen sensing for two physical states of matters—solid-state nanomaterials and plasma. From single-molecule experiments to material selection, we reviewed various aspects of sensing, such as capacitance, photophysics, electron mobility, response time, and a yearly progress. Towards miniaturization, we have highlighted the benefit of lab-on-chip-based devices and showed exemplary measurements of fast real-time oxygen sensing. From the physical–chemistry perspective, plasma holds a strong potential in the application of oxygen sensing. We investigated the current state-of-the-art of electron density, temperature, and design issues of plasma systems. We also show numerical aspects of a low-cost approach towards developing plasma-based oxygen sensor from household candle flame. In this perspective, we give an opinion about a diverse range of scientific insight together, identify the short comings, and open the path for new physical–chemistry device developments of oxygen sensor along with providing a guideline for innovators in oxygen sensing.
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1 INTRODUCTION
On-site oxygen sensing at the point of care (PoC) is an imperative and timely issue. It is not a trivial problem to solve from the engineering perspective in spite of the well-established fundamental science. The standard of detecting specific elements or molecules with ultra-high sensitivity among various PoC technologies is a continuous debate, which needs to be resolved to address the current demand (Suleman et al. (2021)). Towards resolving them, in this perspective, we communicate our opinion about diverse methods of nanomaterials and plasma for highly sensitive and cost-effective oxygen sensors with an aim towards miniaturization and PoC—Figure 1.1.
[image: Figure 1]FIGURE 1 | (1) Overview of oxygen sensing with nanomaterials and plasma towards point of care (PoC). (2) Principle of graphene-based refractive index sensor. (3A) Response of TiS2 nanomaterials over time with the presence and absence of oxygen gas. (3B) Linear response of TiS2 nanomaterials with respect to the concentration of oxygen gas. Dynamic response of sensor for oxygen and its linear fit. (3C) Time-dependent current output from TiS2 with the presence and absence of oxygen gas. (3D) Current output from TiS2 with respect to concentration of oxygen [adapted from Sakhuja et al. (2020)]. (4A, 4B) Current–voltage response of SiBi for oxygen in contrast to other gases along one axis and another axis, respectively [adapted from Kumar et al. (2021)]. (5) Ashby plot—progress of material response time for oxygen sensor over the period of 1990 and 2020. (6) Ashby plot—progress of material recovery time of nanomaterial-based oxygen sensor with respect to year of published papers. (7) Comparison of real-time voltage curve of GRIS at collection frequencies of 10 and 100 kHz [adapted from Xing et al. (2012)]. (8) Photooxidation of single Atto-488 fluorphores inside nanofluidic device (inset scale bars = 10 μm). (9A) Principle of pulse oximetry sensor with two wavelengths of light. (9B) Absorptivity of oxygenated (orange solid line) and deoxygenated (blue dashed line) hemoglobin in arterial blood as a function of wavelength [adapted from Lochner et al. (2014)].
Severe acute respiratory syndrome (due to COVID-19 or resistant pneumonia or air pollution) is life-threatening and a crisis in the low- and middle-income counties where a few days of oxygen therapy cannot be supplied while diagnostics undergo to determine the root cause (Talwar et al. (2015); Fiji and Howie (2020); Howie et al. (2020)). The motivation for this perspective includes the unavailability of concentrated oxygen and the unreliability of resultant data regarding the concentration of oxygen level in the blood for medical requirements, which is a continuous problem in other global south countries as well. We could not find an effective low-cost oxygen sensor after performing a significant search in the commercial space (Ahn et al. (2004); Li et al. (2010); Baryeh et al. (2017)). Measuring tools for oxygen levels in the blood and in the atmosphere should be abundantly available, like clinical thermometers as domestic diagnostic tools and PoC. We investigate the compatibility of existing nanomaterial-based oxygen-sensing mechanisms in PoC applications and their sensitivity and response time in the context of optical and electronics systems. Beyond the solid-state phase of matter, the electrically highly conductive state that is plasma will be indispensable in detecting molecular parameters due to the strong long-range electric and magnetic field interactions. Hence, the latter part of the article discusses the physics of plasma in oxygen sensing. Towards developing single-molecule nanofluidics devices and plasma-based oxygen sensors from a candle flame towards PoC realizations, we show two newly proposed methods.
2 OXYGEN SENSING WITH NANOMATERIALS
2.1 Nanoscale Physical Chemistry
Nanomaterials are famous for various shapes, high surface-to-volume ratios, and non-trivial physics (Cao (2004); Nie et al. (2007); Park et al. (2009); Rao et al. (2009); Sozer and Kokini (2009)), which have been a central attraction since 1959 (Feynman (2018)). The basic principle of oxidation can be applied to engineer low-cost oxygen sensors. Formation of oxides needs to be at a fast rate for immediate response. Besides fast response, fast recovery is also important to design high-throughput oxygen sensors for PoC applications. Refractive index depends on the electronic property of a material, which can be changed due to oxidation. Figure 1.2 shows the mechanism of optical gating of a transistor to detect change in refractive index due to the presence of oxygen. The overall physical chemistry of nanomaterials is an unavoidable aspect for nanomaterial-based sensors.
2.2 Selection of Nanomaterials
Systematic selection of materials should be the first step towards developing an efficient sensor. To harness a quantitative understanding of material selection for oxygen, let us understand the influencing parameters for oxygen sensing using nanomaterials. They are operating temperatures, structure of material, and electronic properties for better recovery and response time.
Sakhuja et al. (2020) showed room-temperature oxygen detection using liquid exfoliated TiS2 nanosheet. They observed the TiS2 nanosheet’s dynamic response of oxygen over 90 min with an on–off response time of 10 min as shown in Figure 1.3A. The work claims that the response time and recovery are 78 and 70 s, respectively at room temperature. Its dependency on the concentration of oxygen is found to be linear (Figure 1.3B, C) and shows current output ranging from 100 to 350 nA with increasing concentrations from 1% to 100% and then decreasing from 100% to 1%. The associated hysteresis error from Figure 1.3D was found to be ±3.42%. As a nanomaterial, TiS2 holds better response and recovery time compared to other materials (Chou et al. (2014); Chaabouni et al. (2004))—ZnO-based sensors require 4,500 s to recover and cannot operate at the entire span of oxygen concentration.
Kumar et al. (2021) demonstrated the use of SiBi-nanosheets for oxygen-containing gas sensing. The current–voltage or I–V characteristics are shown in Figure 1.4A, B for different crystal directions. They observed that the adsorption energy of oxygen molecules is −1.10 eV with a work function of 4.22 eV. This finding provides an indication of getting a relatively long recovery time for de-absorbing of oxygen molecules from the SiBi surface. They observed a fast recovery time of 297 s for pure oxygen.
Neri et al. (2005) demonstrated the use of a highly sensitive oxygen sensor based on Pt-doped In2O3 nanopowders at 200°C, which showed 60% of sensitivity. Li et al. (2004) used ZnO nanowire transistors for oxygen sensing. These sensors show a fast sensitivity with a recovery time of 47 s at 200 ppm ethanol exposure. Graphene, TiO2, and zeolite also showed potential material properties to be effective as materials of oxygen sensors based on their sensitivity (Chen et al. (2011); Bai and Zhou (2014); Pan et al. (2017)). Different sample preparation techniques of TiO2 and doping with different materials open avenue for various innovations in PoC of oxygen sensing (Bai and Zhou (2014)).
Sensitivity of oxygen sensor decreases with an increase in recovery time. However, the response time varies greatly for different nanostructures and their operating condition. In Figures 1.5 and 1.6, we use an Ashby plot to present the progress of response time and recovery time of nanomaterials, respectively, in oxygen sensing. The highest response and recovery time of nanomaterial-based oxygen sensing was found in 2020. These advanced nanomaterials with improved sensitivity for oxygen sensing in the air and blood should enable the industry to scale up (Vanderkooi and Wilson (1986); Fidelus et al. (2007); Chong et al. (2020); Wu et al. (2009); Pumera (2010); Ghosal and Sarkar (2018); Katayama et al. (2020); Huynh et al. (2021)). Oxygen can also be detected using several bulk instruments, such as AFM and x-rays to obtain fast results in a limited time. Researchers have used graphane, self-chargeable nano-bio-supercapacitors with microelectronic circuits, to sense oxygen and blood plasma (Kim et al. (2020); Lee et al. (2021)). However, these techniques are limited to rapid PoC applications. One can think of reducing the bulk instruments and using the idea to create oxygen sensors for PoC devices.
2.3 Physics of Sensing Towards Point-of-Care
Single-molecule detection with optics is another avenue towards PoC devices. Fluorescence correlation spectroscopy is an unavoidable method for quantitative determination of molecular oxygen within biological gases and fluids (Opitz et al. (2003)). It cannot be used as PoC devices unless the bulkiness of the optical setup is miniaturized. Optical oxygen sensing can be designed based on the principle of fluorescence bleaching, blinking, or quenching by oxygen (McDonagh et al. (2008)). Optical oxygen sensors depend on the use of a light source, a light detector, and luminescent material that reacts to light. Ground-state oxygen exists in the triplet state and helps in the easy transition of associated molecules to attain its triplet state, which makes it an efficient quencher. The unpaired spins of oxygen can induce the excited state of the fluorescent molecule to undergo inter-system crossing from the singlet state to the triplet state (Kawaoka et al. (1967); Bergman (1968)).
A perspective of oxygen sensing is unfinished if optical sensors are not discussed as it is exploited significantly to measure the saturation level of oxygen in the blood. Xing et al. (2012) demonstrated that a graphene-based refractive index sensor (GRIS) effectively monitors changes in the local refractive index with a fast response time. The voltage-vs.-time response of the GRIS sensor is shown in Figure 1.7. Further research should focus on utilizing these nanomaterials and optics by integrating them with nanophotonics, nanofluidic, and microfluidic devices that imprint the major tool for fast diagnostics and detection of single molecules, viruses, and pathogens as a biosensor (McRae et al. (2015); Yamanaka et al. (2016); Zhang and Misra (2019)). In Figure 1.8, we show intensity decay of flowing single fluorophores of Atto-488 excited with 488-nm CW laser inside solid-state nanofluidic channels of 30–100 nm cross-sectional diameter—the line-like structures in the inset suggest single molecules are lining up inside the nanofluidic channels. This intensity decay is due to bleaching over time due to photooxidation. Here, the total intensity counts of fluorophores decays linearly over time, which can be fit with a linear equation of y = −18.83x + 1.69 × 104 where y is the sum of intensity and x is time. Within 4.55 s, we acquired significant statistics of this information. Such high-throughput nanofluidic devices for PoC will be a paradigm shift in monitoring oxygen using single molecules (Ghosh et al. (2020)). Lab on chip for these devices has been a key research in upcoming years, which is at a mature stage to be commercialized to designing oxygen sensor devices to study the long-term control and monitoring of chronic and cyclic hypoxia (Grist et al. (2015)).
The ongoing pandemic has generated an unprecedented demand for PoC devices for pulse oximetry. The basic principle of pulse oximetry has been developing since 1876, and it is one of the imperative life-saving innovations till date (von Vierordt (1876); Nicolai (1930); Tremper (1989); Miyasaka et al. (2021)). From the war zone to the intensive care unit, pulse oximetry plays a vital role, and the situation remained unchanged during the COVID-19 pandemic to measure the oxygen saturation level in human blood (Greenhalgh et al. (2021)). Pulse oximetry works on the principle of spectrophotometry by measuring oxygen saturation using two light sources—typically 660 nm (red) and 940 nm (infrared) shown in Figure 1.9A. The finding is 145 years old, but it has not yet integrated with 13-year-old smartphone technologies, which uses 2-nm CMOS technology while pulse oximetry still remained primarily bulky and un-calibrated. Lochner et al. (2014) used organic materials for pulse oximeter instead of conventional expensive opto-electronic components (Jubran (1999)). They used green (532 nm) and red (626 nm) organic light-emitting diodes (OLEDs) with an organic photodiode sensitive at the aforementioned wavelengths. These organic optoelectronic pulse oximetry sensors showed oxygenation with 2% error. The electroluminescence of green OLED and red OLED has a Lorentzian response with respect to wavelength and peaks at 500 and 640 nm, respectively. The quantum efficiency of the organic photodiode is over 50% for visible wavelengths and over 98% for ≈640 nm shown in Figure 1.9B.
These optoelectronics are inexpensive and have good flexibility that will enable researchers to modify the medical sensors in new shapes and sizes for point-of-care applications. Recently, Pipek et al. (2021) showed the relationship of SpO2 and heart rates using commercial oximeters and smartwatches in patients with lung diseases. They found a correlation between the results of commercial oximeters and smartwatch devices while evaluating SpO2 and heart rate measurements. Both devices have negligible statistical differences in the evaluation irrespective of skin color, waist circumference, presence of wrist hair, and enamel nail. There will be certain limitations of false readouts, and patients with hypoxemia who have high arterial oxygen tension levels may not be detected (Ralston et al. (1991); Buckley et al. (1994); Jubran (1999); Greenhalgh et al. (2021)). Today, many new advances in optical oxygen sensors are entering to the market (Michelucci et al. (2019); Browne et al. (2021); Moço and Verkruysse (2021)). However, detailed analyses, calibrations, and modelling should be continued to review the current findings, which will accelerate the dissemination. The different concepts of oxygen sensing can be regarded as a catalyst for developing highly sophisticated oxygen-sensing techniques in the relatively near future.
3 OXYGEN SENSING WITH PLASMA
3.1 Physical Chemistry of Plasma
Plasma science is another sophisticated field coined by Langmuir (1928), but the implementation towards realistic application seems a far-fetched problem, unlike nanomaterials. A pair of electrodes and gases with electrical control systems is the basic requirement to create a controlled plasma. Its shape gives the mean electron density to quantify (or sense) the concentration of gases, such as oxygen (Figure 2.1). The diffusion and collision of molecular species in a plasma system contribute to its shape and orientation as shown in a candle flame, Figure 2.2. Generation of plasma variants is dependent on density, scattering energy, and temperature. Changes in electrode geometry influence plasma generation significantly. Oxygen concentration in a closed system is strongly dependent on the temperature and density of plasma. The Thomson cross-section for scattering of light by electrons (σT = 0.665 × 10–29 m2) quantifies the radiation emitted from an electron in different directions to identify elemental species. Thus, electron density trajectories (e.g., the solar corona with polynomial expressions) should be a parameter for oxygen sensing in PoC devices. In a candle flame, the intense combustion reactions attribute to its highest temperature region (2200 K) (Zheng et al., 2019) and should provide the amount of available oxygen.
[image: Figure 2]FIGURE 2 | (1) Principle of plasma jet generation. (2) Principle of candle flame. (3) Plasma length variation with different inlet flow rates [adapted from (Lotfy (2017)]. (4) Plasma discharges in pure neon [adapted from Auluck et al. (2021)]. (5) The effect of liners in plasma-focusing device (PF) discharge [adapted from Auluck et al. (2021)]. (6) An air plasma generation setup [adapted from Kuo (2012)]. (7) Circuit design of a 1.5-kJ coaxial plasma device [adapted from Allam et al. (2011)]. (8) Electric circuit of nitrogen-plasma jet device [adapted from Lotfy (2017)]. (9), Real-time plasma from an RIE setup [adapted from Ghosh (2016)]. (10) Electron density profiles at three different distances from the anode plane [adapted from Auluck et al. (2021)]. (11) FEM-simulated electron density vs position of candle flame. (12) Temperature-dependent oxygen mass fraction simulation in candle flame. (13) Oxygen mass fraction vs density in candle plasma. (14) Time-dependent temperature distribution over area of a candle plasma.
A large number of consistent plasma discharges (like 6.5 × 106) can be produced within a small energy range of 0.006–0.10 J using a “coaxial and parallel-rail” electrode geometry (Guman and Peko (1968)). Plasma-focusing devices (PF) operating in the energy range of 106–107 J (Soto (2005)) should be utilized towards the miniaturization of oxygen sensors. Coupling electrons with plasma instabilities by laser contributes to the effect of magnetic field in plasma temperature and density (Nuckolls et al. (1972)). Figure 2.3 shows the variation of cold plasma with the inlet flow of N2 gas in plasma jet device (Lotfy (2017)). It is functional at room temperature and produce reactive oxygen and nitrogen species, thus suitable for wearable applications. At a constant input voltage of 3 kV, a plasma jet length increased initially with the nitrogen flow rate ranging from 2 to 16 l/min until it reached a steady state of 7 mm. Figure 2.4 [original data shown in Vinogradova et al. (2006)] gives the frame camera pictures from pure neon PF discharge. The purity of air can be found from the emission spectrum of a working gas discharge in air plasma (Anand and Gowravaram (2009)). Another constraint in plasma discharges is liners, as shown in Figure 2.5 [original data shown in Fortov et al. (2002)]. These highly dense plasma from PF devices acts as a driver for the magnetic compression of liners that can be used for oxygen plasma as well (Fortov et al. (2002)). In a non-equilibrium air plasma produced for medical applications, the emission spectrum corresponding to radiation of 777.4 nm at the plasma plume showed that the plasma flux carried a high concentration of meta-stable atomic oxygen, which extended up to 30 mm from the source (cap)—Figure 2.6 (Kuo (2012)). An improvised Langmuir probe method with specific electrode geometry gives a 2.5-times higher plasma density (where cathodic electrons ionize the metal to produce electrons and metal ions) and propagation speed (Tian et al. (2019)). The plasma arc diameter varies with different electrode materials. Plasma arc produced between copper electrode and copper work piece at 12 A and 50-μm discharge gap width is found to be 251 μm. Similarly for copper–zinc, copper–steel, steel–steel, and tungsten–steel, it was found to be 300, 233, 270, and 300 μm, respectively, (Li et al. (2020)). The plasma arc with 0.5-mm diameter was measured between copper electrodes with discharge gap width of 0.1 mm and discharge current of 17 A for 80-μs time duration (Kojima et al. (2008)).
3.2 Towards Miniaturization
To construct and design portable plasma systems for PoC, one should investigate large-scale plasma systems. The PF devices are characterized by gas breakdown, formation of current sheath, and its rapid collapse by the action of Lorentz force within a period of few microseconds (Scholz et al. (2000)). Applying this concept, Allam et al. (2011) in Figure 2.7 studied the orientation and direction of plasma current sheath in a 1.5-kJ coaxial plasma device by the effect of N2 gas within the pressure range of 1–2.2 Torr. Lotfy (2017) designed and constructed a nitrogen jet plasma device (Figure 2.8), which could produce cold plasma extending up to 7 mm from the separation of electrodes. Figure 2.9 depicts a real-time plasma system under vacuum (Ghosh (2016)). In such an electrically controlled plasma system, the electron density and other fundamental parameters share similar responses. If we go back to PF devices, the electron density distribution with respect to position in a plasma sheath as in Figure 2.10 [original data shown in Oginov et al. (2004)] has a strong resemblance with the electron density distribution of a candle flame system as shown in Figure 2.11. The density slowly rises at the initial stage because of the atomic photoionization and reaches a maximum peak that is around 3 × 1017 cm−3 for distances 0.5, 0.75, and 1 cm, from anode plane, and abruptly collapses later. The distribution from a transient simulation of pressure-based turbulence model of a candle flame uses finite element analysis solver (ANSYS Fluent 2021 R1 Stolarski et al. (2018)). This shows miniatured versions of plasma systems for highly sensitive to molecular parameters.
3.3 Parameters of Plasma Systems for Oxygen Sensing
Mass fraction of oxygen sensing-dependent parameters are temperature, electron density, and region of the highest reaction rates. A flat-braid wick candle in an adiabatic enclosure was studied. The time-dependent simulation was carried out for determining the variations in oxygen concentration with time. Figures 2.12 and 2.13 show the dependence of mass fraction of oxygen on temperature and density, respectively, in our FEM simulation, which has significant similarities with (Cooper (1966)) temperature dependence on the amount of dielectric concentration in plasma. The concentration of oxygen is maximum (at around 650 K temperature) due to incomplete and slow reaction–collision processes involving oxygen. It declines after 650 K due to vigorous reactions at the flame border area in a flame system. As the combustion products increase over time, it pushes away the existing oxygen. The maximum oxygen mass fraction is above 0.030 at around 2 kg/m3 and approaches a minimum steady value of 0.005 after 10 kg/m3. Solving the governing rate equations gives the population densities and relaxation times necessary to obtain a steady state in hydrogen plasma (Drawin (1969)). Hence, density is inversely related to the mass fraction of oxygen in the simulated combustion system, which is illustrated in Figure 2.13.
3.4 Plasma for Oxygen Sensing
Let us make the path clear towards oxygen sensing from the existing wider perspective. Usually in plasma systems, the radiation loss with time can be estimated from the coronal approximation where the thermal limit is close to the ionization limit (Cooper (1966)). Here, the radiative decay rates are higher compared to the collision decay rates, and the transition probability A(P) from the excited level (P) to the ground level (P = 1) will be high. Thus, the excited state of electrons will be short lived and are responsible for the thin optical regime of plasma. In electrical discharge machining, the initial step towards the formation of arc plasma is ionization and breakdown of the dielectric medium, such as oxygen. It was found that the diameter of molten region decreases even though the plasma arc diameter increases. The degree of ionization of a molecular specie depends on the plasma temperature (over 5,000 K) from which the plasma arc area and the rate coefficients for various recombination–collision reactions are estimated (Kojima et al. (2008). In a plasma system, the molten area is categorized as the region above 1,808 K and the heat-affected area is above 600 K based on the physical changes of electrodes, which confirms the effect of electrode material in plasma diameter (Li et al. (2020)). It also shows variation of dielectric medium, such as oxygen, and its composition alters the plasma arc. The interaction of electrons with electromagnetic waves can vary the refractive index of plasma and determine its electron density (Equipe (1978)).
In our simulated model of a candle flame, the highest temperature is around 2,400 K, which makes the physics of molten region very significant for oxygen sensing. Here, various species collide with air molecules to form the emission spectra (Yambe and Satou (2016)). Thus, comparing and evaluating the molten region before and after the dielectric discharge with respect to the line pair method (Griem (2005)) can be useful for measuring a particular constituent in the system. In a multi-step combustion mechanism with known operating conditions (such as H2, O2, HO2, H+, OH−, HO2, O2+, and δ, which is the third body in our simulation), the concentration of oxygen is found from the rate equations of other species involved in the system Griffiths and Barnard (2019). The candle flame simulation in Figure 2.14 gives the rate of product emissions and rate of oxygen with time dependency on the species considered for combustion. In more complex burning mechanisms, the mass fraction of various components in the system at a given time can be estimated from the added species and possible products formed. The density of excited states is less than the free electrons and bare nuclei densities, because the relaxation time of excited levels are comparatively small (Bates et al. (1962)), and the energy is generated as radiation when an electron recombines with ionized, atom and this process can be enhanced in the presence of oxygen. In Figure 2.14, the emissivity is lower near the wick and increases radially towards the flame border. The flame border is the region of the highest reaction rates, and the emissivity has an inverse relation to wavelength (Zheng et al. (2019)). Plasma-based oxygen sensors can be regarded as an efficient sensing methodology due to its modus operandi and accessibility.
4 DISCUSSION
We found that developments of oxygen-sensing methods from various states of matter are studied with optical, electrical, and chemical means. Oxygen can be determined at the molecular level with single-molecule-level accuracy in real-time at fast timescale. Nanomaterial-based oxygen sensors give accurate measurements on the concentration of molecular oxygen. Lack of safe disposal methods and non-unified policies of hazardous nanomaterial wastes have been a concern. Ranking nanomaterial according to their performance, TiS2, SiBi, graphene, and zeolite will top the list. The cost of nanomaterial production is decreasing with scalability, but solid-state nanofabrications have been expensive, which needs significant attentions. Plasma-based oxygen sensing is a high-throughput and cost-effective method. It eliminates major organic contaminants and produce less pollutants, but high-energy emissions from plasma should be fine-tuned with energy filters for wearable applications. Giant plasma systems and small confined low-temperature plasma systems share evident similarities in terms of electron density and temperature to the concentration ratio of specific molecular species, which can be adapted for developing oxygen sensors. Candle-based oxygen systems have low-energy emissions, and cold-plasma systems at room-temperature are suitable for wearables. Another cost-effective sensing methodology is solid-state-material-based nanofluidics, which will optimally combine nanomaterials and plasma together to achieve a fast real-time oxygen sensor, which can be analyzed with cutting-edge in situ super-resolution microscopy, electron energy loss spectroscopy, and x-ray diffraction. Integrating oxygen concentrator with artificial neural network, lab-on-chip, smartphone technology, and unconventional computing is a way forward to monitor patients with unmanageable health issues, like COVID-19, hypoxia, and resistant pneumonia. Our perspective will give insight to the startups, unicorns, governments, philanthropists, and financial institutions to embark upon creating low-cost oxygen-sensing PoCs for creating a strong health-care-friendly sustainable economy.
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