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Abstract

:

The determination of pH is of paramount importance in environmental, pharmaceutical, and medicinal sciences, etc., for accurate controlling, monitoring, and adjusting whole processes on microscale and macroscale. Therefore, the pH measurements have drawn continuous efforts from a great deal of research. The bulk pH determination can tackle part of the demands from laboratories and industrial applications. However, more and more studies have started to pay more attention to microfluidic-based pH sensing by integrating with metal oxides and solid-state-based pH sensing applications. This review paper focuses on the recent development of pH sensing, the mechanisms of pH sensing, a few common pH sensors, and microfluidic-based pH determinations from the aspects of fabrication techniques to the various applications in biology, environmental study, and food safety. The future trends of pH sensing, as well as microfluidic-based pH sensing, were discussed as well at the end of this review.
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1. Introduction


1.1. Background


The determination of pH is of great significance in various types of inspections such as chemistry, biology, agriculture, architecture, and so on [1]. Since the first research on pH was announced in 1914 and the main role of the hydrogen ion concentration and its determination of H+ in biology had been established [2], there has been a great historical development in pH measurement and different specific methods of determination have been used depending on diverse needs (different equipment, samples, analytically time or locations [3]) in the past few decade’s years. In this case, pH measurements, the universal quality analysis, have been widely used in both laboratory level and industry because of reasonable prices, easy operations, efficiency, and so on. In the following parts, the definition, history, specific methods, and applications of pH are included.




1.2. Definition and History of pH


In terms of Petra Spitzer and Kenneth W. Pratt’s research [4], lots of scientists [5,6] had studied and developed various ionic theories to define what the pH is. In the 19th century, Arrhenius et al. [7] revealed the ionic theory, which offered the basic correlation between hydroxyl and hydrogen ions and leads to further study of the dissociation constant of water in the following years. After a few years, Friedenthal et al. [8] was the man who firstly published a range of acidity by examining the color changes of indicator dyes in suitable hydrogen ion concentrations from 14 prepared known hydrogen concentration solutions. With the help of the prior theories and published data, Sørensen et al. [4] published the concept of pH on a scale from 0 to 14 in the environment at 25 °C according to the ionic product of water, which simplified the measurements of hydrogen ion concentration. In the next few years, with the concept of activity (see Equation (1) below), the theory of interionic interaction published by Debye and Hückel [9], Sørensen and K. Linderstrøm-Lang [10] announced the concept of pH which is widely acknowledged today:


pH = −log aH = −log(mHγH/m0).



(1)







In Equation (1), aH is the molality-based activity; γH is the molal activity coefficient of the H+ at the molality (mH); m0 means the standard state, which is selected to the 1 mol kg−1. Although this equation can be used to measure the activity of hydrogen ions in solution, it is stated by a quantity that is unable to be determined based on thermodynamical methods. Therefore, this concept and equation of pH cannot ensure the accuracy of sample determinations and new equations needs to be introduced and relates to improve the results of measurement and get closer to the definition of pH.



Based on the concept of pH by Sørensen, more and more studies and research have been developed. By characterizing various standard buffer solutions with selected pH values several pH scales have been established [11]. Additionally, Bates et al. [12] had specially provided great progress since 1948, he mentioned that “several scales, all dissemblance under the name pH, are in mutual use. A number of scientists studied based on one concept and determine a different amount.” After decades, Bates and his workmates at the National Bureau of Standards (NBS) published relevant research on the basics of buffer solutions and appropriate electrochemical cells and established the concept of multipoint pH protocol [13]. As for the multipoint pH protocol, every pH standard is a dilute liquid solution with a specific ionic strength. This new definition was recommended and included in 1979 by the International Union of Pure and Applied Chemistry(IUPAC) [14] and IUPAC Recommendation also published a concept of pH that depended on an unknown solution—pH(X), in a cell including hydrogen and a suitable electrode with a liquid junction which was relevant to one standard solution—pH(S) in Equation (2):


  pH ( X ) = pH ( S ) +     E  S  − E  X    ] F   R T   l n 10    



(2)







According to Equation (2), the quantities E(S) and E(X) mean the standard solution and the unknown sample constitute the potentials of this cell, and pH(X) and pH(S) indicates the pH of the unknown sample liquid and the standard solution, respectively. The quantities R, T, and F are the gas constant, thermodynamic temperature, and the Faraday constant, respectively. The quantity RT ln10/F is often considered as the thermodynamic or Nernstian slope, k. This equation had already addressed the problems of low accuracy but there is one major defect—the contribution from the liquid junction potential (LJP) is excluded, which may lead to liquid contact between solution S or X and the reference electrode and is a complicated function of solution composition and other factors. A basic source of deviation in operational measurements of pH is the difference in residual LJP between solution S and solution X. So, the pH value is a number and in a good approximation, this kind of bias is permissible to displace the hydrogen electrodes in both cells with other hydrogen ion responsive electrodes, such as glass or quinhydrone [14].



The potentials of standard solutions and samples can be studied by the potentiometric analysis including direct potential titration and potentiometric titration. The study of potentiometric analysis, especially for the measurement of hydrogen ions and pH values, is firstly announced in the early 1900s in the first half of the 20th century, which can be traced back to the work of Michaelis [8], and Kolthoff and Furman [15]. Compared to direct potential titration, potentiometric titration is more useful because of the reasonable device design and high precision result in many fields (such as ocean and sediment pore water) [16].



In the following time, the new concept and theory of pH continued to bloom. In the 1980s, the British Standard Organization (BSI) presented the single-standard scale [17] and the result of pH measurement meant a stable reference point. The pH values of other solutions in the BSI protocol are defined by operational definitions and are implemented in cells with liquid contacts of specified geometry. However, these two concepts of pH only were acknowledged in a short time and other research and theory of pH scale recommendations [18] were published in a failure.



In 1985, IUPAC presented a recommendation, “Concepts of pH, Normal Reference Values, Determination of pH and Relevant terminology [19], which was modified as a compromise proposal that agreed with the effectiveness of the NBS and BSI methods but this situation is very ungratified. Two possible pH values for each unknown solution can be obtained by applying two pH scales in parallel. As more and more studies of pH included various types of recommendations and definitions had been developed and uncovered by F. G. K. Baucke’s critical analysis [20], the shortcomings of the IUPAC in 1985 have been serious. Therefore, the working party—the DIN (Deutsches Institut für Normung e.V.) Committee Technical pH measurement had extensively deliberated with IUPAC and the new document was published and replaced the old one in 2002. The “dual pH scale” in the 1985 file was canceled and the basis for the main measurement of pH was formed depending on different needs.




1.3. Applications


According to the above introduction, it is noticeable that pH determinations are critical in quality analyses in the laboratory, especially the pH determination in aqueous solution. There are a few major aspects introduced in the following sections.



1.3.1. Environmental Determination


As the soil pH is one of the typical indexes in environmental analysis, there are lots of various determinations to measure pH to ensure whether the soil is polluted. The pH of the soil, the strength index of soil pH, is the basic chemical properties of soil. With the benefits of easy measurement, the determination of pH is always used as an important reference for multiple parameters of water quality. Xu and Dong et al. [21] used microelectrode array (MEA) based on inkjet printing technology (IPT) to fabricate real-time sensors in soil and water quality detection along with the pH sensing. The design of this in situ sensing is shown in Figure 1. Meanwhile, pH measurement of soil [22], one of the series of physical and chemical analysis, not only relates to many other projects of analysis methods and analysis but also its results are considered as a basis for inspection of other quality analysis.




1.3.2. Pharmacy


The pH is an important index in the quality standard of drugs to man’s plasma proteins [23], which affects the stability and safety of products. Many factors affect pH, including water source, container, buffer preparation, temperature, and testing methods, etc. [24], involving biological products from feeding production to transportation and other links. In this case, the control of pH is beneficial to improve the safety of drug preparation and standardize drug production [25]. Wang and Zhang [26] studied that the pH-sensitive nanoparticles could be a protection of oral protein drugs to improve these drugs’ bioavailability.




1.3.3. Medical Science


In recent years, with the rapid development of science and technology, there has been great progress in the medical field. Many remarkable curatives of safe medicine have gradually been invented. In drug production, the solid preparation of drugs is easier to store and deliver. Therefore, most drugs are made from solid preparation, micro ring, and solid preparation environments, which have a great influence on all aspects of the performance of solid preparations. To ensure the quality of drugs, solid preparations can be applied for storage in the most suitable microenvironment. People often use the pH detection method to determine the microenvironment of solid preparations so that the solid preparations can have a better preservation [27].




1.3.4. Biological Analysis


As for organisms, the specific pH value is an essential assessment for the metabolic process of many cells, and cell dysfunction is always related to abnormal pH values in organelles [28,29]. The slight drop or raise of pH in cells may lead to improper growth and cleavage of normal cells. Therefore, testing the pH value of living cells in living organisms is of great significance in the diagnosis and treatment of diseases [30,31,32,33]. In this case, there are lots of studies related to the pH measurements for different types of cells. Nie et al. [34] used the carbon dots as a pH sensor to measure the cancer diagnosis and intracellular pH values (shown in Figure 2). In addition, pH changes in the skin surface affected by using two different pH values of synthetic detergent were studied to figure out suitable skin care [35].




1.3.5. Chemical Analysis


Determining pH values seems to be an extensive use of chemical analysis as the introduction of pH sensing in other fields (medical, pharmacy, biology, etc.), can be considered as specific employment in chemistry. There are still some specific studies related to some other chemical issues. Constant pH molecular dynamics (pHMD), an emerging approach over the last decade, was developed for more precise pH influence on chemical reactions [36]. These references became a key to studying the mechanism of pH-dependent conformational processes in detail. A representative application is to identify the mechanism of acid or base catalysis based on the specific protonation states in different pH values [37].



In conclusion, pH determination is of great importance in different aspects such as environmental determination, pharmacy, medical science, biological analysis, and chemical analysis, etc. Meanwhile, the specific methods of pH measurement not only depend on different types of science but also may change in microscale and bulk scale. In this case, the most correct pH measurements are selected by diverse kinds of applications and the precision of request of experiment results.






2. The Overview of Mechanism of pH Sensing


As pH is considered a single ion quantity, it cannot be determined by a basic unit of any measurement system, it is difficult to achieve an accurate basis for traceability by pH determining. In this case, the definition of “primary method of measurement” is established and considered as the standard to ensure whether the determination is fulfilled to be satisfied, which leads to one of the parts of SI [38] (International System of Units).



2.1. Specific pH Measurement


2.1.1. Cell for a Primary Method Measuring pH


Based on cell I (consisting of a platinum hydrogen gas electrode, a chosen buffer solution, and a silver/silver chloride reference electrode [39]), a new cell called the Harned cell is developed by Harned et al. [40] to measure the acidity of the sample in the 1930s. This cell was developed at the NBS (National Bureau of Standards, USA, now NIST) by Bates [41] and Hamer [42] to ensure the accuracy of pH determination in the next decades.



Adding the chloride ions to the chloride-free buffer solution at some different Cl molarities to keep the balance into the potential of the Ag/AgCl electrode. With the help of the Harned cell, it can solve the problem of the LJP and connection so that the cell potential only includes the disparity in the two electrode potentials.



To develop a battery without a liquid junction, it is certain to follow a convention that the single ion activity consisted of Equation (1) above. In this case, the leading method for pH based on this aim, the Bates–Guggenheim convention [43] is used and can be related to the Debye–Hückel theory of strong electrolytes but this convention only suits the solutions of low ionic strength, I ≤ 0.1 mol·kg−1.



If the expanded uncertainty relates to the other thermodynamic assumption, the traceability of the determined pH value to the SI can be described in terms of pH(S) values so that the Bates–Guggenheim convention can be considered. However, compared with the experimental expanded measurement uncertainty (k = 2) for a pH value of a selected primary buffer solution (0.003–0.004), the measurement uncertainty contribution growing from the used convention is 0.01. Fortunately, this convention is still common use for most of the applications [44].




2.1.2. The Differential pH Cell (Baucke Cell)


There is one specific drawback of Harned cell—long-time production to ensure accuracy, which leads to a less suitable economy for most of the conventional laboratories and determinations. Therefore, to meet the basic need of pH measurement, lots of cells with liquid junctions may be applied to measure the pH values of a secondary reference buffer liquid by comparing that of a major buffer solution [45], which leads to a more popular application in the public and provides operators with critical reasonable methods.



Similar to the content of the primary standard, the secondary reference buffer solutions are developed, and the differential potentiometric cell is produced by Baucke first [46,47,48,49]. It is called a differential cell or Baucke cell, cell II, with the aim of standardizing pH buffers solution, is composited by two identical metal electrodes, Pt (1) and Pt (2), and two quasi-identical buffers solutions, S1 and S2, with pH values, pH(S1) and pH(S2).



Compared to cell I, cell II is employed to distribute pH(S2) for a certified reference material (CRM) below so S2 is a CRM buffer for the assignment of pH (S2) and S1 is considered a primary pH buffer [38]. S1 is merely a small batch as a primary reference while S2 is a larger batch for the same nominal construction of S1. As the traceability of pH (S2) for the CRM to the SI is measured from the Harned cell (from pH(S1) to the SI) and from the differential measurement (from pH (S2) to pH(S1)), some uncertainty can be ignored and do not lower the accuracy of measurement.



As Baucke developed cell II, this cell is also called the “Baucke cell”. Contradistinguish the main determination of pH, the differential measurement of pH was easily operated and improves the efficiency of determination, which led to the wide usage in projects for the dissemination of pH measurement capability of a number of countries [50].




2.1.3. Ordinary pH Measurements: The Glass Electrode


The primary and differential measurements of pH are applied at NMIs (National Metrology Institutes) and authoritative laboratories to realize and publish the accurate quantity of pH because of their characteristics—complexity and restriction to specific buffers. So, there are some other routine pH measurements for most of the labs. The glass electrode might be one of the typical examples [4].



According to the 2002 IUPAC, the definition of the glass electrode is that a bulb or other suitable form of glass is always constructed into the hydrogen ion-responsive electrode contacted to a stem of high-resistance glass complete with an internal reference electrode and internal filling solution system. Choosing different geometrical forms of glass depends on different types of applications. For instance, for medical science, it is suitable for some special applications such as a capillary electrode for blood measurement [49].



The routine pH determinations consist of a pH test step including a pH meter and a pH electrode. As for the pH electrode, it is usually called a “glass electrode” while it is composed of two independent electrodes—the internal glass electrode and the external reference electrode having a liquid junction. The electrode paid is always considered to be designed as a combination or single rob. The representative electrode of this method is based on cell III:


Ag|AgCl|KCl|sample, buffer|glass|internal buffer (pH 7) + KCl|AgCl|Ag











The Ag|AgCl reference electrode and the KCl buffer solution on the left side of cell III include the external reference electrode. The diaphragm between the sample buffer liquid and KCl liquid offers electrical contact while minimizing the flow of the KCl solution into the sample buffer. An LJP rises at this boundary of solution phases.



Because of many uncertain and systematic influences, notably including the LJP, it is necessary to calibrate cell III concerning reference buffer solutions traceable to primary pH standards. The calibration processes can be divided into single-point, two-point, and multipoint calibrations [38].



During these three calibration procedures, it is important for the indeterminacies of the residual LJP and the buffer pH values to be contained in the calculation of the no determinacy of the pH of the sample.



As for single-point calibration, it uses one criterion. According to the measured potential of the standard and the thermodynamic (Nernstian) slope, k, there is an assumption of calibration function—a straight line defined according to the test potential of the standard and the thermodynamic (Nernstian) slope, k. Single-point calibration is of great benefit to acquiring an approximate pH value prior to achieving more accurate results due to the application of two-point or multipoint calibration. As for the two-point or bracketing process, it is adopted in most routine pH measurements as this calibration uses two standards with values that “bracket” the range where the uncharted lies.



For multipoint calibration, it is suggested that multipoint calibration is adopted because the large slope of the pH(X) value requires minimum uncertainty and maximum consistency. The pH of the reference buffer solution, which is different from the main standard buffer in composition and buffer capacity, is also tested by multipoint calibration. These pH reference buffers often play the role of reference to technical buffers or ready-to-use buffers. Electrode calibration can be calculated in terms of linear regression of the cell potential difference of the least square line at the pH of each calibrator [4].



As the last two calibration procedures, the two-point and multipoint calibration protocols, the glass electrode typically produces a practical slope, k′ which is slightly smaller than k. The main cause in this deviation is the variation in the LJP with pH [38]. However, Baucke et al. [51] stated that this deviation is due in part to shifts in the surface activity of the silanol groups on the surface of the glass film, which is therefore an inherent property of the glass electrode itself by comparing the response of glass and Pt|H2 electrodes.



In conclusion, the electrochemical measurement includes a working electrode and the reference electrode of two electrodes to form a complete circuit. During the process of measurement, the reference electrode provides a constant potential effect, which leads to maintaining its potential under the concentration of the solution of the test. Therefore, the reference electrode must be requested with good reversibility, reproducibility, and stability. There are three main types of pH measurement (Harned Cell, Baucke Cell and the glass electrode) developed and provided for researchers to use for different requirements.






3. The Overview of pH Sensors


On the basis of the study of pH determination, it is noticeable that pH sensors play a universal role in pH measurement techniques. The pH sensor is the earliest and with the help of these kinds of electrodes, the cells can be used as the pH sensors consisted of various types of electrodes. pH sensors, usually composed of a chemical part and a signal transmission part of electrodes, are commonly used for industrial measurement of solutions, water, and other substances. In most of the developed chemical sensors, the earliest application of pH electrodes is hydrogen electrodes. With the development of scientific research level, glass electrodes, hydroquinone electrodes, and metal/metal oxide electrodes have especially been developed successfully and the most common usage of pH sensors is glass electrodes. These electrodes’ detection of their principles is similar, but the results of the determination are extraordinary and different. In the next section, detailed information on pH sensors and some main typical applications of this technique are included.



3.1. Hydrogen Electrode


Prior to glass electrodes, the pH sensor is mainly a hydrogen electrode, which can be used in both aqueous solutions and non-aqueous solutions. The characteristic of the hydrogen electrode is that it is plated with spongy platinum black as the sensitive layer of H+ [52]. There are two types of hydrogen electrodes—standard and reversible hydrogen electrodes. In general, these two kinds of techniques have the same design and only two main systems based on the same principle (potential difference arises from different values of two variables—an (H+) and f(H2) [53,54] (“open” and “close” designs shown in Figure 3) are commonly used in these years. The main difference between these two-compartment designs is the supply of hydrogen. As for the “open” system, the hydrogen can be achieved by the bottom a small opening and the “close” device can achieve hydrogen not only by the bottom small opening but also use negative potential as a cathode in water electrolysis to generate hydrogen. Devynck et al. [55] investigated the hydrogen electrode that served as a pH indicator in the hydrogen fluoride and superacid media by the means of voltammetric and potentiometric measurements in the acid ranges.



However, there are many disadvantages of hydrogen electrodes. Firstly, platinum black is prone to inactivation poisoning affected by mercury, and oxygen cyanide, which leads to loss of original activity of platinum black. In addition, the structure of the hydrogen electrode (shown in Figure 3) is complex and the use of high purity hydrogen (99.9999%), and the test environment is demanding, which brings a lot of inconvenience to the actual use and has little practical value. These kinds of hydrogen electrodes have good reversibility, stability, and reproducibility, so they are often used as reference electrodes to measure the standard electrode potential of other electrodes.




3.2. The Glass Electrode


According to the above introduction in Section 2.1.3 of ordinary pH measurements, the glass electrode is routinely used for pH measurements in a common lab setting. The glass electrode, the early use of pH sensors, is currently the most popular use of a hydrogen ion-selective electrode (shown in Figure 4). Its sensitive structure is a hyaline membrane which is the common chemical, silica. This kind of chemical consists of a silica bond to form a mesh skeleton. In this case, alkali metal ions such as sodium–potassium, lithium, etc., can be saved in the mesh structure (examples shown in Table 1). When the glass electrode is immersed and activated, the metal ions existing in the mesh construction can generate hydration ions with water, and the reaction between metal ions and hydration ions occurs, resulting in a pH response. The silver/silver chloride or calomel electrodes are usually used as internal reference electrodes, and the saturated calomel electrode (SCE) is used as an external reference electrode during the measurement.



Although it has the advantages of sensitivity, accuracy (high measurement accuracy of 0.02 pH [58]), short reaction time and high stability, there are still many defects, such as fragility, high internal resistance, high film impedance, the difficulty of miniaturization and inconvenience for connection with other instruments [59], which leads to the limitation of their determination scope. Therefore, various pH sensors have been developed to address these problems.
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Table 1. The development of glass electrodes.






Table 1. The development of glass electrodes.





	
Form

	
Representative Composition

	
Evaluation

	
Shortcoming

	
Reference






	
Sodium silicate pH glass electrode

	
22Na2O–6CaO–72SiO2

	
Combing with the vacuum tube amplifiers successfully in the industry since the 1930s

	
Deviations were observed in more acid or base solutions

	
[60,61]




	
Lithium silicate pH glass electrode

	
18.1Li2O–9.6CaO–72.3SiO2

	
Higher pH limit in Li+ or Na+ containing solutions

	
Due to the high electrical resistance, this technique is failed to confirm its characteristics by other scientists.

	
[62,63]




	
26Li2O–3.6BaO–70.4SiO2 and 26.5Li2O–12.3MgO–61.2SiO2

	
Only using low electrical resistance to fabricate the glass electrode

	
/

	
[63]




	
Li2O-Cs2O-La2O3-SiO2

	
The most successful improvement of lithium silicate glasses for glass electrode and have been widely employed since the 1950s

	
/

	
[64]










3.3. Quinone Hydroquinone pH Electrode


Bulmnan et al. [65] firstly proposed the Redox reaction between hydroquinone and quinone, which can be used to measure the concentration of hydrogen ions. Quinone hydroquinone electrodes are composed of smooth platinum or gold electrodes immersed in a quinone hydroquinone saturated solution. Its electrode reaction:


Q + 2H+ = H2Q (Q: Quinone, H2Q: hydroquinone)











The quinone hydroquinone electrode is dependent on the same Nernst equation for computing basis, hydrogen ion concentration of the solution is achieved by the potential difference. Additionally, the quinone hydroquinone electrode is not only simple to prepare but also has fast potential stability, low internal resistance, prevention from interference antioxidants and other substances. This technique can be used in a solution containing soluble gases or acetone formic acid with a carbonyl structure and other organic acids. However, the main disadvantage of the quinone hydroquinone electrode is the lack of understanding the complex interactions of structural types (various kinds of natural membranes or interfaces and the network of extra- and intracellular) [66]. In this case, with the help of basic and applied science, it is necessary to enrich different types of biomimetic interfaces on the surface of the nanomaterial [67].



The most common method to fabricate quinone hydroquinone sensors is self-assembly (SAM) because of simple operation, chemical availability, etc. [67]. There are different kinds of SAM surface reactions. For instance, Zhang et al. [68] demonstrated that a representative reaction, which is a modulated quinone hydroquinone transition and heterocyclization produced by benzoquinone and L-cysteine (shown in Figure 5). Quinone hydroquinone can be used as the composition of nanomaterial to achieve biosensors. As the transform of dopamine and dopaquinone can be a symbol of pH changes, Medintz et al. [69,70] studied that the biosensor consisted of dopamine and quantum dots conjugates to detect whether cells undergo drug-induced alkalosis by measuring cytoplasmic pH.




3.4. Optical Fiber pH Sensor


The optical fiber pH sensor is the sensor with a very high sensitivity that appeared in the 1980s, and it can be continuously used to measure automatically. Different from other electrochemical measurement methods of pH electrodes, an optical fiber pH sensor using optical properties for pH measurement has been developed as the light electrode within the scope of different sections in the range of pH (from 1.0 to 8.0) for various needs in pH measurement. For instance, their accuracy reaches 0.1–0.05 pH unit when sample pH changes. As for the fabrication of optical sensors, the choice of platform is the key to designing relevant devices successfully. In these years, lots of absorption- and luminescence-based optical sensing techniques have been studied in these years [71,72,73,74,75,76]. The optical fiber sensor platforms are considered the traditional platforms and there have been lots of studies on their developments (shown in Table 2).



The mechanism of optical fiber pH sensor is to use chemicals, which is sensitive to hydrogen ions as sensitive element material, to produce different spectral characteristics by these chemicals to obtain the pH values. The sensor is composed of a light wave as energy transfer medium and optical fiber as a light transmission medium. The main drawback of the optical fiber sensor is its narrow linear range and long response time. The application is limited of this instrument because different pH testing scopes need to change different probes and cannot be used for suspension. To deal with the problems of optical fiber sensors, another platform, a planar waveguide-based sensor has been developed as they are not only more stable but also more attractive with the help of advanced manufacturing techniques [77].



According to the shifts of test optical signal characteristics generated by indicators and the interactions between the materials, fiber optic pH sensors can be divided into fluorescent light, absorption type, and reflection type. Peterson et al. [78] developed the first optical fiber pH sensor based on the principle of light absorption in the 1990s, and the optical fiber pH sensor based on light absorption has been continuously developing: Tzonkov et al. [79] improved the response time of the electrode to 30 s through the study of the dynamic model. As for technology, the invention of optical waveguide technology realized long-distance telemetry, and the invention of disappeared wave technology expanded the detection range, which leads to the development of optical absorption fiber pH sensors. Since the 1990s, lots of polymer films have been used on the surface of electrodes to enhance the reflected light, which can lead to improving the sensitivity of reflective fiber pH sensors. For instance, the PAN membranes were developed by radical polymerization: poly(acrylonitrile acrylic acid-2-vinylnaphthalene) and poly(acrylonitrile-methacrylic acid-2-vinylnaphthalene) [80]. Gu et al. [81] used polyethylenimine (PEI) and sodium alginate (SA) to deposit on the side surface of the thin-core fiber modal interferometer (TCFMI) by self-assembly technique for the determination of pH values in biology. Alabbas et al. [82] describe the design of a reflection-type fiber-optic pH sensor for improved reproducibility, which can be used to measure the pH values of acidic and alkaline vapors. As fluorescence is a highly sensitive analysis method with a short response time, most of these fiber-optic pH fluorescence sensors use fluorescent reagents as stationary phases. Bastien et al. [83] used polymethylmethacrylate (PMMA) as optical fibers for on-body monitoring in biological solutions (shown in Figure 6).
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Table 2. The introduction of optical fiber-based platform.
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Types of Optical Fiber pH Sensor

	
Configuration

	
Specific Indicator Dyes

	
pH Range

	
Response Time

	
Accuracy

	
Reference






	
Fluorescent type

	
probe

	
Fluorescein

	
9–3

	
2.5 min

	
Not specified

	
[84]




	
3–9

	
6 min




	
Absorption type

	
Phenol red.

	
7.0–7.4

	
0.5 min

	
0.017

	
[85]




	
Reflection type

	
Bromothymol blue

	
7–12

	
2.5 min

	
Not specified

	
[86]










3.5. Ion Sensitive Field Effect Transistor (ISFET) pH Sensor


ISFET, a new type of pH-sensitive device invented by Bergveld in 1981 [87], the main material is a silicon chip. The structure of ISFET is similar to that of MOSFET (metal-oxide-semiconductor field effect transistor) but the ion-sensitive membrane is used to replace the metal gate of the MOSFET [88]. After the contact between the sensitive membrane and solution, the Nernst response to hydrogen ions occurs. The specific structure and design of the device are shown in Figure 7. Compared to other pH sensors, the ISFET pH electrode has good precision, repeatability, miniaturization, and short response time while the limitation of the large size of the ISFET sensor for further employment becomes the main disadvantage [89,90].




3.6. Metal/Metal Oxide pH Sensor


Metal/metal oxide pH sensor, as an important substitute system for pH glass electrodes, is also a major research direction of pH electrodes up to now. There are some characteristics of this technique—simple preparation, small internal resistance, quick response, high mechanical strength, and miniaturization. In addition, this type of sensor can not only adapt to the test environment of high temperature or strong agitation system but also can be used in the system containing F- solution. Morishita et al. [91] used the sensor consisting of a lead electrode and an oxidized stainless steel electrode for oil deterioration based on the principle of pH value measurement. Researchers [91] used the sensor consisting of a lead electrode and an oxidized stainless steel electrode for the pH value measurement. With a good linear relationship of the sensor signal to the quasi-pH value of oil, the region where oil deterioration proceeded can be identified. In addition, the residual basic additives in the oil can be easily estimated from the sensor signal. Some achievements have also been made in the miniaturization development of metal/metal oxide pH sensors [92]. For example, with the help of the connection of carbon substrates and immobilized noble metal nanostructures [93], sensitive biosensors can be developed in medical products, instruments, and techniques [94,95,96] because of their positive effect on redox reactions.



The principle of metal/metal oxide electrode is based on redox reaction, the substance of reaction is the reduction reaction of metal oxide with the participation of hydrogen ions. At present, the study of this sensor mainly focuses on a few elements in the fourth, fifth, and sixth periods, and the most are the research on the platinum group elements in the sixth group. Metal/metal oxide electrode preparation methods include sputtering, electrochemical cycle voltammetry and thermal oxidation method, etc.



The metal/metal oxide electrodes are considered suitable electrodes for embedding in concrete due to their excellent stability and strength, as well as their physical activity in the size of the electrode. Different metal oxides currently used to make pH electrodes include IrOX [97,98,99,100] PbO2 [101], OsO2 [102], TiO2, WO3 [103], PtO2 [102] depending on different subjects (details are demonstrated in Table 1). The WO3 and IrOx (or IrO2) have shown a wider pH response and a close-to-theoretical Nernst constant in fairly quick response time (a few minutes) and stable up to a week (shown in Table 3).





4. The Microfluidic-Based pH Sensing


Microfluidics is the skill that accurately controls a small volume of fluids by using channels of different sizes with a range from 10 s to 100 s of micrometers [106,107,108,109]. There are several merits such as shorter reaction times, better process control, lower waste generation, compacted system and parallelization, reasonable prices, and disposability [106,110,111,112,113] while most of the microfluidic devices are disposable and only used for one-time measurement. In the earlier study of microfluidics, the integration of microsensors with fluidic constructions (actuators, pumps, valves, etc.), and miniaturization of analytical assays was the main direction. With the development of research on microfluidics, micro total analysis systems (µTAS) were established in terms of micro-fabricated structures. Owing to the miniaturization with microfluidics, there had been great progress in many biological aspects such as genetic analysis, cell biology, and protein analysis [114]. Up to now, these instruments are widely adhibited in all fields of science mentioned above such as engineering, chemistry, biology, biomedical sciences, etc.



4.1. The Fabrication of Microfluidic-Based Sensing


Silicon was the first use for fabrication of the microfluidic instruments [115,116,117]. Then, glass and polydimethylsiloxane (PDMS) were the major material to fabricate the purposed devices. Nowadays, more and more materials including thermoplastic, and paper are accepted as fabrication materials [118,119,120]. The common manufacturing approaches for microfluidic sensors are injection molding, soft lithography, and mass-production technologies such as etching. The soft lithography technique using PDMS is considered as the most popular method compared with other techniques [121,122]. However, the special devices for fabrication and clean room requirements may lead to the high demand during the process [123], which hinders the cost-effectiveness of the fabricated sensors. In addition, 3D printer techniques (inkjet printing, stereolithography, extrusion printing, and so on [124,125]), the commercial and popular technology, is also the object of fabrication for microfluidic sensors because of the possibility of fabricating the microstructures designed by computers.




4.2. Microfluidic-Based Sensing Applications


Microfluidic sensors can be divided into two types—in which the microfluidic system measures the parameters inside it and in which the measurement of parameters takes place with the external integrated equipment, respectively [126,127,128]. According to Figure 8 [129], it can be known that the microfluidic system consists of two main parts—the sensing unit and the detection unit. As for the sensing unit, it involves elements such as biological entities, functionalized nanoparticles, and metal electrodes while the most universally applied detection systems with microfluidics are optical- and electrochemical-based systems [127,130].



As micromixers have the advantage of the high sensitivity of the microfluidic-based sensors, it is simple to modify their microchannel in order to determine various types of analyses [123,131,132]. Additionally, there is no other preparation of analysis before the measurement such as the detection of pollutants using sensors in microscale [129]. Therefore, microfluidic sensors have enriched the detection of different fields of science biology, analytical chemistry, and assessment of food products, which is considered as a substitute in labs.



4.2.1. Biology


The extracellular or intracellular pH values may change because of the reactions in cells such as growth, metabolism, signal transduction, etc. [133,134]. For instance, when the growth of cancer cells increases rapidly, the lactic acid will be produced, which leads to the low extracellular pH value in the microenvironment [135,136]. Therefore, pH was known as the key to dynamic determination of extracellular pH in cell culture experiments in both discovery and applied biomedical research [137,138]. Gang Xu et al. [139] developed a biosensor for pH measurement in air–liquid interface cell culture for wider application of microfluidic based sensing in biology. They used the tungsten microwires and silver microwires coated with silver/silver chloride as working and pseudo reference electrodes, respectively, which can measure cell pH values sensitively and ensure the repeatability of experiment results. In addition, Ges and Baudenbacher [140] integrate pH sensors consisted of IrOx films with miniature metal microelectrodes with microfluidic network to detect the acidification rates of single cardiomyocytes in a trapped extracellular room (shown in Figure 9). As for the monitoring different pH values in nL cell culture volumes, two IrOx thin film electrodes can be applied for the acidification rate of nL cell [141].




4.2.2. Environmental Detection


The detection of pH values of wastewater is the most typical environmental monitoring in the world. Although there are lots of methods developed for polluted water pH measurement, such as the colorimetric method [142,143,144], H+ reagent analysis [145,146,147], potential method [148,149], etc., these tools measure the pH values of solution by sampling method, which leads to the limitation of update response of samples and frustration of specific sewage treatment. In this case, it is necessary to develop new tools that can monitor pH micro-differences in short response time.



In the 1990s, the microfluidic chip, first invented by Manz and Widmer [150] during microchip capillary electrophoresis research, is characterized by the network of micropipes and controlled fluid flows through the whole system. This emerging technology is considered as the core of µTAS based on analytical chemistry and the micro-electro-machining technology (MEMS) [151]. McCormick et al. [152] demonstrated that the use of microchannels can offer high-resolution separations of DNA fragments in less than 3 min (shown in Figure 10). As the detection and fabrication of fiber optical pH sensors have already been developed for years, the combination of the microfluidic chip and fiber optical pH sensors can bring the benefits of both these two devices into one emerging instrument for pH measurements, especially for wastewater in our life. The integration of microfluidic devices and optical pH sensors was developed for quick pesticide detection by determining pH values of tap water [153].



In addition, Liu and Yu [154] reported different methods for pH measurements based on the in-channel photopolymerization technique such as a 3D hybrid valve, and the microchannel is covered with PDMS to separate the pH solution. The hydrogel swells or shrinks depending on solutions with different pH values. The results show the changes in hydrogel sizes (from 280 µm to 460 µm, respectively), in a pH region (2.0–11.0), which ensured the reversibility and reproducibility of hydrogel swelling and shrinkage. The effective optical thickness of the pH sensor layer will become stronger. The change in pH value in the microchannel can be monitored in real-time by Fourier transform integral sphere reflectance interferometry (FT-FS).




4.2.3. Food Safety


As there are still thousands of people who suffer from illnesses brought by spoiled food (caused by the microorganism and bacteria), food safety issue is the main concern in public [155]. Based on this situation, many techniques for the food industry have already been developed——the most traditional methods are microbiological culture and colony counting [156] while the progress in biosensors has emerged and been used in food safety due to its quick detection, limit of detection (LOD), feasible operation, and reasonable price. For example, Liu et al. [157] detected salmonella in food products by the microfluidic sensors. As for the pH measurement in food, the wireless device fabricated by miniature iridium oxide and silver chloride can sense the pH values of fish meat in long term to tell the microbiological spoilage of food remotely [158].



Overall, according to the principles of microfluidics, it is obvious that the sensors based on the microfluidic channel can bring great progress in the lab detection of liquid. In this case, solid-state pH sensors, especially IrOx, can be considered to combine with microfluidic technology to determine liquid at the micro or nanoscale.




4.2.4. Medical Engineering


Based on the research of biology from Section 4.2.1, the pH measurement of different types of cells or organs can monitor the animal’s health condition. In this case, the related pH biosensors can be developed and applied as the main technique of medical engineering. In past decades, lots of researchers have used the non-invasive fluorescent probes as pH biosensors to prevent humans from having diseases [159,160,161,162,163,164], especially cancer [165].



The pH fluorescent probes are developed sustainably in these years and the breakthrough is that the resolution of fluorescents proves to be higher. In this case, this kind of sensor was used for a more accurate analysis of pH-related physiological processes. Figure 11 shows the representative design of fluorescent probes. Table 4 shows each reflected structure’s pka and the excitation and emission properties accordingly. Probe 1-a is one of the strongest acids among probes 1-a, 1-b, and 1-c. As for microfluidic biosensors for medical pH detection [166,167], the paper-based microfluidic bioassays have been studied for a wide range of detected targets, especially pH, because of the reasonable price and easy operation [168].






5. Future Trend of pH Sensing and Microfluidic-Based pH Sensing


Due to the continuous updating of industry, innovation and reform of technology, and sustainable exploration in unknown fields, it will put higher requirements for the sensors. As one of the core technologies of sensing, the request for pH sensor techniques also keeps improving, which is mainly reflected in these three general trends or directions: miniaturization, intellectualization, and sustainability.



5.1. Miniaturization


According to the overview of pH sensors, it is obvious that the pH sensor has already developed in these decades, which can be applied in various fields at the bulk scale. Based on these existing pH sensors such as optical fiber sensors, metal/metal oxide sensors, etc., pH sensing was studied for more precise results at the microenvironment or nanoscale. In this case, it is undoubtful that the main trend of bulk pH sensing is miniaturization.



With the integration of the continuous development of nanotechnology, pH sensors will have a breakthrough in many fields of sensors. Based on the example of the reduced size of metal oxide pH sensors for detecting bacteria designed by Naora et al. [170], in the future nanorobots can be developed for human healthy detection. The device can diagnose cellular behavior or metabolism by determining pH in the microenvironment in the human body [171]. Additionally, the updating of applied materials of pH sensing is also the method to miniaturize this device. It is well known that nanotechnology is an emerging research field with huge potential for advanced applications. To combine nanotechnology with sensors, electrospinning is designed for the preparation of polymer fiber materials at the micro or nanoscale [172,173]. In 2010, Schueren et al. [174]. reported that pH indicators did not influence the halochromic behavior of dyes and the fiber structure, but the application of each dye is restricted by the limited range of pH values. Therefore, it is necessary to select a suitable association of dyes to measure the change in pH values for optical pH sensors.




5.2. Intellectualization


Due to the advanced computer technology, there will be a breakthrough in many fields of sensors integrated with computers. In this case, future sensors will combine with the Internet of Things (IoT) tools to provide more artificial intelligence (AI) such as detection, judgment, and self-solution [175,176]. Specifically, the wireless sensor networks (WSNs) including sensing devices and IoT can be implemented in environment monitoring (EM) especially in the weather forecasting [177], pollution control (air [178,179] and water [180,181,182]), temperature control [100] and food safety assessment [182,183]. These emerging methods of environmental monitoring are identified as smart environment monitoring (SEM) systems based on the use of wireless sensing, IoT, and AI.



As for pH sensors, there is no doubt that AI pH sensing will be employed not only in environmental detection but also in more areas such as the health assessment [184] with the Internet instead of the traditional pH sensors in the future. Although there have already been some microfluidic-based sensors applied in biology and medicine (e.g., sweat [185], tears [186], wounds [187], etc.), the collision from a large number of irrelevant compounds in bodily solutions is still the main challenge to achieve accurate and effective diagnosis results. AI can be a new solution to complement pH sensing, which leads to selective detecting capabilities, wider scope of detection, and reliable diagnosis [188,189,190,191]. For instance, the link of pH and temperature sensors can dynamically adjust the glucose data based on calibration parameters as the variable separation of software depends on post-measurement algorithms or calibration of sensors to calculate and analyze databases [192].




5.3. Sustainability


If the pH sensors can achieve these two characteristics above, it is admitted that this technique might bring lots of convenience to people’s life. However, the cost and service life of tools are also the primary elements to explore science nowadays, which is called sustainable development. Therefore, the low power requirement electrodes and long duration are critical factors to develop miniaturized and smart sensors for further study.



Currently, ISFET-based sensors require an application possibility and the electronic structure for online data analysis and warehouse also requires suitable power sources but there are many disadvantages in such application, including energy loss, poisonousness, frequent charging, etc. To address these problems, energy-independent sensors integrated with energy generators and storage will be tremendously employed in the online monitoring [193]. Manjakkal et al. [194,195,196] reported that supercapacitors and flexible solar cells can be utilized as power packs of voltage sources in wearable applications and water quality detection connected with robots [197,198].



Meanwhile, using reversable material, swelling hydrogels can produce reusable pH sensors for soil pH measurement [199]. According to these existing techniques, new targets can be set for further development such as the flexibility of sensors and the stability in extreme environmental condition [193].





6. Conclusions


Based on the historical theory of pH, pH plays a crucial role in current scientific studies and various types of applications, especially environmental detection, medicine, and pharmacy. Many specific traditional pH measurements are reported according to the mechanism of pH sensing and the representative method is pH sensors including hydrogen electrodes, glass electrodes, optical fiber electrodes, metal/metal oxide pH sensors, etc. As the fabrication of microfluidic-based sensing is operated universally, this equipment attracts more and more scientists to have research to achieve accurate and on-time experiment results, which leads to its wide application in daily life. However, there is still a large space for this technique as the growing demand for miniaturized, sustainable, and intelligent pH sensing and microfluidic-based pH sensing occurs with the background of “Green Science”. In this case, it is necessary to innovate pH sensing integrated with emerging strategies such as nanotechnology, the Internet, AI, etc.
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Figure 1. Image of dissolved oxygen (DO), pH, temperature, and conductivity MEA sensors (a) and layers on each MEA sensor (b). Reprinted with permission from Ref. [21]. (Copyright, 2016, Elsevier). 
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Figure 2. The integration of carbon dots with different adjusted full-color emission and pH sensors. Reprinted with permission from Ref. [34]. (Copyright, 2014 ACS). 
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Figure 3. “Open” and “close” designs of the reference electrode compartment of the hydrogen reference electrode, reprinted with permission from reference [56]. (Copyright, ACS, 2020). 
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Figure 4. The design of glass electrode measurement, reprinted with permission from reference [57]. (Copyright, Portland Press, 1933). 
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Figure 5. The mechanism of quinone hydroquinone-SAM on a gold electrode surface. Reprinted with permission from Ref. [68]. (Copyright, ACS, 2013). 
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Figure 6. The specific structure of optical fiber pH sensor and its experimental design. (1) Signal light source (2) referred light source (3) photodiode and (4) dichroic mirror, reprinted with permission from reference [83]. (Copyright, Elsevier, 2014). 
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Figure 7. Integral diagram of the discrete ISFET. Reprinted with permission from Ref. [90]. (Copyright, 2001, Elsevier). 
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Figure 8. The diagram of a microfluidic sensing system. Reprinted with permission from Ref. [127]. (Copyright, 2019, MDPI). 
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Figure 9. (a) Diagram of a microfluidic sensing system including microfluidic instrument and pH electrodes to trap single cardiac myocytes and to test the metabolic activity: A (red)—microelectrode array system, B (black)—microfluidic network; for 1 to 5: they are input port, output port, control port, toxin, or stimuli port, respectively. (b) Specific structure of pH IrOx microelectrodes, stimulation electrodes, and the cell trap with loading and waste channels. (c) Optical picture of the IrOx pH-sensitive microelectrodes and the Pt stimulation electrode. Reprinted with permission from Ref. [138]. (Copyright, 2019, MDPI). 
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Figure 10. Design of the plastic microchannel chip (A) and ichnography (B) the details of the completed chip. Reprinted with permission from reference [152]. (Copyright, 1997, American Chemical Society). 
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Figure 11. The night-time ozone profile (NIR) fluorescent pH probes based on protonation of amine, three benzo[a]phenoxazine derivates [169]. 
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Table 3. The pH measuring characteristics of metal oxide-based pH electrodes.
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Materials

	
Method

	
pH Range

	
pH Sensitivity

	
Stability

	
Reference






	
PbO2

	
Thermal method

	
1.2–7.5

	
112 mV/decade

	
Only stable in the acid region,

	
Lima et al. [101] 2005




	
Over 7.5

	
88 mV/decade

	
Non-linear behavior of the pH response




	
OsO2

	
2–11

	
51.2 mV/pH

	
were sensitive to oxidizing and reducing agents

	
William et al. [102] 1984




	
TiO2

	
2–12

	
55 mV/pH




	
PtO2

	
5–10

	
46.7 mV/pH




	
WO3

	
Magnetron sputtering

	
2–12

	
41 mV/pH

	
High stability (over a month)

	
Zhang et al. [103] 2009




	
IrOx

	
Electrochemical

	
63–82 mV/pH

	
The potential always stabilized in a few minutes.

	
Baur et al. [104] 1998




	
IrO2

	
Electrospinning

	
3–12

	
67.1–70.15 mV/pH

	
stable in one week

	
Dong et al. [105]











[image: Table] 





Table 4. The related properties of these three probes [95].
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	Type
	Probe 1-a (nm)
	Probe 1-b (nm)
	Probe 1-c (nm)





	λex
	597
	663
	599



	λem
	688
	697
	694



	pKa
	2.7
	5.8
	7.1
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