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Abstract

:

Two different, commercial colourimetric CO2 indicators are made in the lab, namely one based on an indicator in solution for monitoring the level of dissolved CO2 in an aquarium, i.e., a drop check indicator, and another based on an ink, for monitoring the level of CO2 in breath (capnography), i.e., a correct tracheal placement indicator. The selected commercial indicators are limited currently in terms of the analytical information they provide (qualitative) as they are normally assessed by eye. Thus, in each case, for both the lab-made and commercial indicators, colour photography coupled with digital image analysis, i.e., digital colour analysis (DCA), is used to convert the colour data from the indicator into a quantitative measure of CO2 and so markedly improve the quality of the analytical information provided by original indicator. This is the first time either indicator has been studied as a quantitative analytical system. The CO2 sensitivity of each of the lab-made indicators is found to match well that of its commercial counterpart. A simple program is provided to help non-experts and experts alike to apply DCA in this way. The potential of DCA to enhance the performance of other commercial indicators is discussed briefly.
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1. Introduction


Carbon dioxide (CO2) is a chemical of great importance. For example, through photosynthesis, plants convert CO2 into the food and fuel necessary for the continued existence of most known forms of life [1]. Furthermore, since CO2 is a product of aerobic respiration, it is also an indicator of life and, through the decay of organic matter, death [1]. Although there is not much CO2 in the atmosphere (ca. 412 ppmv), the level is rising and, in so doing, creating environmental problems such as global warming and the acidification of the oceans [2,3,4]. CO2 at low concentrations has few, if any, toxicological effects so that the maximum workspace level over an 8 h period is 5000 ppmv, although good workspace air quality is considered to be <1000 ppmv, i.e., <0.1% [2]. Higher concentrations (>5%) cause hypercapnia and respiratory acidosis and concentrations above 10% can cause convulsions, coma, and death [5].



Amongst its industrial applications, CO2 is used as a supercritical solvent in caffeine extraction, an inert gas in fire extinguishers, and a pressurizing gas in oil recovery [6]. In the drinks industry, it is used to make carbonated beverages and in the food industry, it is used in modified atmosphere packaging (MAP) as an active packaging gas, which accounts currently for over 60 billion packages pa. [7].



The measurement of CO2 levels in the gas phase is often carried out using infrared (IR) spectroscopy, based on its absorption spectrum in the region of 4200–4400 nm. However, IR spectroscopy suffers from interference from other gaseous species, requires long path lengths, and uses expensive and often bulky equipment [8]. The measurement of dissolved CO2 is usually carried out using a Severinghaus electrode, which employs a pH electrode in contact with a thin layer of an aqueous sodium bicarbonate (NaHCO3) solution, covered by a plastic film, such as polypropylene, which acts as a gas-permeable membrane, GPM, [9]. The diffusion of CO2 in the test medium through the GPM leads to a pH change in the aqueous bicarbonate solution layer, due to the formation of carbonic acid, which is measured by the pH electrode. Although still widely used, the Severinghaus electrode is relatively expensive, not particularly robust, and prone to electrical interference [1].



In recent years, a number of colour-based, CO2 indicators have emerged as possible inexpensive, disposable alternatives to the analytical methods outlined above [1,6,10,11,12]; however, few have proved commercially viable and those that have are usually assessed by eye and so provide largely qualitative information with regard to the level of CO2. A major barrier to using such indicators for quantitative analysis is the need to measure the absorbance, A, of the film using UV-vis spectrophotometry, which is expensive, bulky, and not conducive to use in the field. However, in a recent paper, we showed that for such simple, two-colour indicators, an apparent absorbance value, A′, can be determined, using just a digital camera and digital image analysis software, which is directly proportional to A [13]. It has been shown that the latter process, referred to here as digital colour analysis (DCA) for brevity, can significantly upgrade the quality, and so the value, of the analytical information provided by different indicators, including those for CO2 [13].



In this paper, we use two established, commercial, qualitative analysis CO2 indicators, very different in form and function, to demonstrate the efficacy of DCA in rendering the indicators suitable for quantitative analysis. The first is water-based and used in aquaria and the second is ink-film-based and used in anaesthesiology. To our knowledge, neither of these indicators has been the subject of an in-depth analytical study before, despite their widespread use, and neither has been demonstrated as able to function as a quantitative analytical system. Given the proprietary nature of the commercial indicators, best guess formulated equivalent indicators were made in the laboratory so as to allow others to reproduce the work and to provide evidence of the most likely key ingredients in the commercial indicators. A downloadable program is also provided, which generates an appropriate value of A′ from an image of either of these indicators, and so will help the expert and non-expert alike to readily transform these indicators from qualitative to quantitative analytical systems.




2. Materials and Methods


2.1. Materials


The commercial CO2 drop checker used for monitoring the level of dissolved CO2 in aquarium water was obtained from Fluval Aquatics (Fluval CO2 Indicator set, Fluval Aquatics, Yorkshire, UK). In this set, in addition to the glass container, vide infra, an aqueous indicator is supplied and, in this work, 60 drops (~3 mL) of this solution were added to 10 mL of a 1.43 mM NaHCO3 aqueous solution, to produce a working indicator solution, referred to as the ‘Fluval indicator’, in which the dye concentration was ca. 3.21 × 10−5 M. The whole device (i.e., glass container plus indicator) is referred to as the ‘Fluval drop checker’. The commercial CO2 indicator for identifying the presence of CO2 in exhaled breath, i.e., the capnography indicator, used in this work was the Nellcor™ Easy Cap II Adult Colourimetric CO2 Detector (Medtronic, Dublin, Ireland). We shall refer to the whole device as the ‘Easy Cap detector’ and the CO2 indicator film inside it as the ‘Easy Cap indicator’.



Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (Gillingham, UK) and were of the highest purity available. The gases used in this work (such as CO2, Ar, 5% CO2 in air, and 1% CO2 in air) were purchased from BOC (Surrey, UK) and were of the highest purity available. Different gas blends of CO2 with Ar were generated using a Cole-Parmer rotameter-based gas blender (Cole-Parmer, Cambridge, UK). An Anéolia Legend O2/CO2 gas analyser (Anéolia, Moissy Cramayel, France) was used to verify the % CO2 in all blended gas mixtures.




2.2. Methods


2.2.1. Preparation of the Lab-Based Drop Check Indicator Solution for Aquaria


Most CO2 drop checkers use a CO2 indicator solution that employs the pH indicator dye, bromothymol blue (BTB), dissolved in an aqueous sodium bicarbonate solution [14].Thus, the CO2 aqueous model indicator prepared for this work was made as follows: 0.1 g of bromothymol blue (sodium salt, BTB) was added to 100 mL of double-distilled, deionised water and the mixture was then placed in a sonicating bath for 20 min, after which the dye had fully dissolved to produce a 0.1% w/v solution of BTB. In a separate experiment, 0.3 g of NaHCO3 was added to 250 mL deionised water and mixed, and then 10 mL of this solution were added to a 100 mL volumetric flask and made up to the mark with deionised water to produce a 1.43 mM NaHCO3 aqueous solution. Finally, to a glass jar containing 50 mL of the 1.43 Mm aqueous solution, 0.89 mL of the 0.1 wt% (1.55 × 10−4 M) BTB solution was added, and the resulting dark blue solution, referred to as the ‘lab-based drop check indicator’, with [BTB] = 2.71 × 10−5 M, was stirred at room temperature for 30 min before use. That the pH indicator dye in the Fluval indicator was the same as that used in the lab-based drop check indicator, i.e., BTB, was confirmed by comparing their UV-vis absorption spectra and their absorption peak maxima for HD and D−, i.e., λmax(HD) and λmax(D−), respectively. Examples of the spectra and a table with the measured values of λmax(HD) and λmax(D−) are given in Section S1 of the Supplementary Materials.




2.2.2. Preparation of the Lab-Based Capnography Indicator


Most commercial CO2 indicators used for capnography use an ink comprising a pH indicator and base dissolved in a non-volatile, hygroscopic liquid, such as glycerol, which is then absorbed onto filter paper [15]. Thus, for this application, a CO2 model capnography indicator ink was made using 1 mL of a 0.01 % w/v aqueous solution of cresol red (CR), 40 μL of a 7 mM aqueous solution of Na2CO3, and 30 mg of glycerol; the final CR concentration was 2.43 × 10−4 M. This ink was then spread evenly over a 47 mm diameter Whatman™ Glass Microfibre filter paper (Buckinghamshire, UK) and allowed to soak in before being dried in an oven at 30 °C for 2 h to produce the purple-coloured indicator film, henceforth referred to as the ‘lab-based capnography indicator’. That the pH indicator dye in the Easy Cap indicator was the same as that used in the lab-based capnography indicator, i.e., CR, was once again confirmed by comparing their UV-vis absorption spectra and their values for λmax(HD) and λmax(D−) (see Section S1 in the Supplementary Materials).




2.2.3. Other Methods


All UV-vis spectra were recorded using a Cary 60 UV-vis spectrophotometer (Agilent, Dublin, Ireland). All photography was carried out using a Canon EOS 700D digital camera (Canon Inc., London, UK) and each recorded digital image of an indicator was processed for its red, green, and blue colour space values (i.e., RGB values) using the freely available processing software, Image J [16], from which a value for the apparent absorbance, A′, was derived [13]. All photographic images were recorded using a D65 daylight lamp as the illumination source, since digital photography requires a well-lit environment for good colour reproduction [13]. In determining the sensitivity of the aquaria CO2 indicator solution to CO2, the liquid was added to a 1 cm spectrophotometric cell and each different CO2/Ar gas mixture of known composition, was bubbled gently (flow rate = ca. 0.3 mL s−1) through the cuvette via a syringe needle for 15 min, to ensure full equilibration of the solution, before UV-vis measurements and digital photographs were recorded. By contrast, in a similar study of a capnography indicator, the CO2-sensitive ink film was fixed in a glass gas cell, and then exposed to different levels of CO2 for 10 min before being photographed. A schematic illustration of the set-up used in the latter work is illustrated in Section S2, Figure S3 in the Supplementary Materials. The structures in HD and D− form, the colours and pKa values of the two dyes, BTB, and CR, used in this work, are given in Section S3 of the Supplementary Materials.






3. Results and Discussion


3.1. Colourimetric CO2 Indicators and Apparent Absorbance, A’


Most, if not all, colour-based CO2 indicators use a pH indicator dye, D, which responds to the change in pH in the surrounding (encapsulating) medium, be it an aqueous solution or an ink film, due to the formation of carbonic acid and its subsequent deprotonation. The latter process can be summarised by the following expression:


   CO 2    ( g ) +  H 2  O        K 1       ⇌       H +  +   HCO 3  −   



(1)







In most CO2 indicators, sufficient base is present, often in the form of NaHCO3, so that the partial pressure of CO2, PCO2, is directly related to the concentration of H+, [H+], i.e.,


PCO2 = [Na+][H+]/K1



(2)




where [Na+] is the base concentration [1,17]. When a pH-indicating dye is also present, as with a CO2 colourimetric indicator, the following indicator dye equilibrium must be considered:


  HD        K a       ⇌       D −  +  H +   



(3)






Colour A Colour B








where Ka is the acid dissociation constant of the pH indicator dye and HD and D− are the protonated and deprotonated forms of the dye, with colours A and B, respectively. Since the dye concentration is usually very low, it is assumed that its presence has no significant effect on the equilibrium reaction (1), and, as a consequence, Equation (2) can be modified to


R = αPCO2



(4)




where α is a constant (= K1/Ka[Na+]) and R is the ratio of the concentrations of HD and D−, i.e., R = [HD][D−]. Equation (4) is the basis of the responses exhibited by most colourimetric CO2 indicators after equilibration with the system under test [1,10].



As noted earlier, commercial CO2 indicators are often used as qualitative indicators, and the base concentration and dye are chosen so that only the extreme regions in CO2 level can be readily identified. This certainly appears to be the case with the CO2 indicators used in aquarium water and breath monitoring. When used in this way, Equation (4) shows that if PCO2 is, (i) so high that R is ≫1, e.g., >5, then most (>83%) of the dye, will be in its protonated form, and the indicator will appear colour A, or (ii) so low that R is ≪1, say <0.2, then most (>83%) of the dye, will be in its deprotonated form, and the indicator will appear colour B. In monitoring the CO2 level in aquarium water, neither of these extreme colours is desirable, since—as we shall see—they represent a danger to either the fish (since high CO2 is toxic) or plants (low CO2 hinders growth) [14]. By contrast, in breath monitoring, observing the indicator regularly flipping between these extreme colours is the desired result, as it indicates correct tracheal intubation, which is the role played by most commercial CO2 breath indicators, such as the Easy Cap detector used in this work [11,18,19].



In order to use a CO2 indicator for quantitative analysis, usually its absorbance, A, needs to be monitored at a wavelength where either HD, or more usually D−, absorbs most strongly. Under such conditions, A is simply related to R and so PCO2, by the following expression:


(Ao − A)/(A − A∞) = R = αPCO2



(5)




where Ao and A∞ are the fixed, measured absorbances of the CO2 indicator when the dye is completely in its deprotonated and protonated forms, respectively, i.e., in their extreme colour forms, colour B and colour A, respectively. Not surprisingly, in the case of a CO2 indicator, the values of Ao and A∞ are taken as the measured values of A, when the indicator is exposed to the extreme levels of CO2, of 0 and 1 atm, respectively. Equation (5) shows that once values of Ao and A∞ have been determined, then for a CO2 indicator the value of the ambient level of CO2, PCO2, can be determined by just measuring the absorbance, A, of the indicator.



As noted earlier, it has been shown that DCA can be used to generate an apparent absorbance, A’, value for an indicator which is directly proportional to its real absorbance, A [13,20]. In DCA, the apparent absorbance values are calculated using either the red, green, or blue component values (ranging from 0–255) derived from analysis of the digital image of the indicator, i.e., RGB(red), RGB(green), and RGB(blue), depending on what colour the dye absorbs most strongly [13], which is RGB(red) for the indicator systems reported here. Thus, in this work, values of A′ were calculated using the following expression:


A′ = log {255/RGB(red)}



(6)







Note, the same approach to digital image analysis, i.e. DCA, using Equation (6) has been used in many studies [21,22], including a recent study published in this journal for a colourimetric sensor for mercury ions [23]. The use of RGB colour analysis with indicators for quantitative analysis is not new and has been extensively reviewed recently [24,25,26]. It is particularly popular and effective when used with an indicator array, often in combination with principal component analysis [13,22,24,27,28]. It might be expected that the combination of the three indices, i.e., RGB(red), RGB(green), and RGB(blue) in some form, as found in the change in the colour parameter, ΔE, [29] which is often used in such studies [29,30,31,32], might yield more accurate results. However, most CO2 indicators, such as the ones used here, are simple, one-dye, two-colour, systems and a detailed study of such systems reveals that A is not proportional to ΔE, but is proportional to A′ [13]; the latter relationship is necessary if the optical signal is to be easily related to the underlying theory, i.e., Equation (5) and A to PCO2. Of course, this does not mean that there is no combination of the three indices that would give a parameter that is proportional to A, but it is not clear what that combination might be, nor what additional benefit, if any, it might afford. Thus, in this work, as elsewhere [13,21,22,23], the use of just one of the indices, here RGB(red), and Equation (6), appears sufficient to generate a parameter, A′, that is suitable, easily understood, readily calculated, and simple to employ for quantitative analysis.



A simple demonstration of the direct relationship between A and A′ for a CO2 indicator, which is presented for the first time here, can be obtained by simply saturating with CO2 an aqueous NaHCO3 (1.43 mM) solution of the pH indicator dye, BTB, 2.71 × 10−5 M and then measuring its absorption spectrum and photographing it as it degasses in ambient air. Note, the composition of this BTB aqueous solution is the same as that of the lab-based drop check indicator described in Section 2.2.1. The indicator solution, before and after saturation with CO2, is blue and yellow, respectively. Once saturated, the UV-vis absorption spectrum of the solution and its colour, captured using UV-vis spectroscopy and digital photography, respectively, is then recorded as a function of time as it slowly loses its dissolved CO2 to the ambient atmosphere. The results of this work are illustrated in Figure 1a,b, respectively.



Each of the photographic images of the BTB aqueous solution illustrated in Figure 1a was subjected to DCA analysis to yield a value for A′, calculated using Equation (6), so as to generate an A′ vs. t dataset for the indicator solution. Similarly, the UV-vis spectra illustrated in Figure 1b were used to generate a parallel A vs. t dataset, where A was the measured absorbance value recorded at λ(max) for the deprotonated form of the BTB dye, D−, at 618 nm. The combination of these two datasets in the form of a plot of A vs. A′ then yields an excellent straight line, as illustrated in Figure 1c, thereby highlighting the direct relationship between A and A′ for the BTB aqueous solution CO2 indicator and the appropriateness of the image analysis method, DCA, used in this work.




3.2. The Aquarium CO2 Indicator


Aquaria ecosystems are usually made up of fish and plants. Plants are important because they offer shelter, supply shade and cooler temperatures during the warmer months, protect small and delicate fish, improve water quality by absorbing nitrates and help prevent the growth of nuisance algae [33]. However, whilst plants need CO2 to thrive, and so a dissolved CO2 level >15 ppm, at dissolved concentrations >30 ppm fish become susceptible to CO2 poisoning, which leads to lethargy, increased or rapid respiration, and ultimately death [33]. Thus, in aquaria, the control, and thus the accurate measurement, of the level of dissolved CO2 is important to ensure that the CO2 level in the aquarium is safe for fish, whilst being sufficient for plant growth, with an ideal level lying in the range 15–30 ppm [14,33].



The monitoring of CO2 in aquaria is largely qualitative and achieved using a CO2 drop checker. The latter is often in the form of a small glass or plastic vessel that houses an aqueous NaHCO3 solution containing a pH indicator, which is invariably BTB. This CO2 indicator solution does not come into contact with aquarium water, but equilibrates with the CO2 in the aquarium water, via an intervening headspace that exists between the aquarium water and the indicator solution. Figure 2 is an example of a glass drop check CO2 indicator, containing a BTB CO2 indicating solution, mounted on the inside of a fish tank.



The BTB pH indicator solution used to generate the data in Figure 1 is typical of that used in a drop check CO2 indicator and, as indicated, ideally, a blue-coloured solution in the CO2 drop checker should alert the user to low CO2 levels (<15 ppm), green should indicate that the CO2 level is good (15–30 ppm), and yellow should highlight the presence of high CO2 levels (>30 ppm) [34].



The problem with the indicator solution used currently in most CO2 drop checkers is that the two-colour changes, namely, blue to green, and green to yellow, are gradual and hard to judge clearly by eye. It follows from the discussion in Section 3.1 that the BTB indicator solution in the drop checker will appear mostly yellow when R = 5, mostly blue when R = 0.2, and most green when R = ca. 1.6, but, given the pKa of BTB is ca. 7.3 [35], at R values of 5, 0.2, and 1.6, the pH of the aqueous NaHCO3 solution will be 6.6, 8.0, and 7.1, respectively. Now, it can be shown that the relationship between [CO2(aq)] (in ppm) and the pH of an aqueous NaHCO3 solution, of concentration [NaHCO3] (in mM), is given by the following expression:


[CO2(aq)] (units ppm) = 9.76[NaHCO3] × 10(7−pH)



(7)







Thus, in practice, when the indicator solutionin the drop checker, with its bicarbonate concentration of 1.43 mM, appears mostly yellow (R = 5), blue (R = 0.2), and green (R = 1.6), the actual level of dissolved CO2 will be 34, 1.4, and 11 ppm, respectively, i.e., worryingly far from the desired ideal values of 30, 15, and 23 ppm, respectively. As a consequence, the current methodology associated with commercial CO2 drop checkers is very limited in its usefulness since, in practice, it is yellow when the level of CO2 is >30 ppm and blue when the level of [CO2(aq)] is far below the minimum value of 15 ppm needed for aquatic plants to thrive.



The poor performance of current commercial drop checker indicator solutions can be vastly improved by applying DCA to the system, instead of assessing it by eye, since the former method allows the indicator to provide an accurate assessment of the level of dissolved CO2 and give a reliable warning if the value of [CO2(aq)] falls outside the desired range of 15–30 ppm. In order to demonstrate the ability of DCA to transform a drop checker indicator solution into one capable of quantitative analysis, the lab-based drop check indicator solution (2.71 × 10−5 M BTB dissolved in a 1.43 mM NaHCO3) was placed in a 1 cm cuvette, saturated with different levels CO2, and at each value its colour was photographed. Note, as all this work was carried out at 25 °C, the temperature of most aquaria, it follows from Henry’s law that the level of dissolved CO2 in water purged with pure CO2 at 1 atm, i.e., 100% CO2, is 0.03428 M, or ca. 1500 ppm [36]. The above process was then repeated using a commercial CO2 drop check indicator solution, i.e., the Fluval indicator and the digital images of the lab-based drop check and the Fluval indicator solutions after exposure to different % levels of CO2 are illustrated in Figure 3a and 3b, respectively. These photographs show that, as suggested earlier, for both indicator solutions the transition of the indicator from blue to green and then from green to yellow is hard to gauge by eye, and that both indicators are only distinctly blue well below the lower limit of 15 ppm.



Encouragingly, for both indicators, when the photographs in Figure 3a,b were analysed using DCA, the values of R, calculated using Equation (5) from the apparent absorbances values, A′, associated with the images, appear linearly related to [CO2(aq)], as expected, given the relevant form of Equation (5) for this work is as follows:


(A′o − A′)/(A′ − A′∞) = R = α′[CO2(aq)]



(8)




where A′o and A′∞ are the apparent absorbance values, determined from the associated digital images, of the drop check indicator solution before and after saturation with CO2, and α′ is the sensitivity of the indicator in units ppm−1.



As an aside, although it might initially seem technically difficult to generate a value for A′∞ for the drop check indicator in the field, in practice this can be simply achieved by initially placing the drop check indicator into a glass containing carbonated water, whereupon it will change from blue to bright yellow within a few minutes which, when photographed, will provide a value of A′∞. The drop check CO2 indicator can then be rinsed with water and placed in the aquarium where, after a few hours, its colour will reflect the value of [CO2(aq)] in the aquarium water.



The plots of R vs. [CO2(aq)], illustrated in Figure 3c, show that the lab-based drop check indicator reported here has approximately the same sensitivity as that of the Fluval indicator (α′ = 0.17 compared to 0.15 ppm−1). Figure 3c also shows that DCA is able to transform a barely adequate indicator of [CO2(aq)] in aquarium water to one that can provide quantitative information and so can be used to readily identify the points when the level is <15 and >30 ppm, i.e., at R values of ca. 2.4 and 4.8, respectively. The values of RGB(red), from the photographic images in Figure 3a,b, and values of A′ and R, calculated subsequently using Equations (6) and (8), respectively, are given in Table S3 in Section S4 of the Supplementary Materials, along with the plots of A′ vs. [CO2(aq)] for the two indicator solutions, given in Figure S4.




3.3. The Capnography Indicator


In medicine, the monitoring of the concentration, or partial pressure, of CO2, PCO2, in the respiratory gases is known as capnography [11,37], and this measurement is a particularly important tool when the anaesthetist is inserting a tube for carrying the anaesthetic gases into the trachea, rather than the oesophagus, of the patient [38]. Endotracheal intubation is a regular part of an anaesthetist’s duties as it is used to provide oxygen, ventilation, airway protection, and anaesthetic gases to a patient [39]. While endotracheal intubation is a routine procedure, it is accompanied by a well-recognised risk that the tube may be incorrectly inserted into a patient’s oesophagus, or placed improperly in the trachea so that only one lung is correctly ventilated [38]. As a result, incorrect tracheal intubation can lead to a life-threatening oxygen deficiency [38].



The measurement of CO2 in the exhaled breath, the normal level of which is 4–5% [40], of endotracheally intubated patients can be used to indicate correct tracheal intubation and show a steady breathing rate [41]. Although infrared absorption spectroscopy is very good for monitoring CO2 levels in breath, the equipment is expensive and bulky [8,37,42]. By contrast, it has been established that colourimetric CO2 indicators are relatively inexpensive, facile to operate, and can provide a quick, reliable confirmation of correct endotracheal tube placement, which improves any clinical assessment possible in the field [43,44].



Several commercial CO2 indicators have been developed for use as a capnography-based correct tracheal indicator [45,46,47,48] and all have similar features to that used in this work, namely a Nellcor™ Easy Cap II Adult Colourimetric CO2 Detector (Medtronic, Dublin, Ireland), a schematic diagram of which, highlighting the key components of the indicator, is shown in Figure 4 [49].



The key feature of all commercial capnography indicators for ensuring correct tracheal intubation is a CO2-sensitive indicator film. These are usually made by dissolving a pH-sensitive dye, such as CR, in an aqueous solution containing glycerol (a humectant) and sodium carbonate (a pH buffer), soaking it into a white fibrous material, such as filter paper, and allowing it to dry [15], and so this method was employed in the preparation of the lab-based capnography indicator used in this work. Confirmation that A is proportional to A′ when using CR was achieved using the same degassing experiment as employed for BTB (see Figure 1), the results of which are illustrated in Figure S5, in Section S5 in the Supplementary Materials.



In a typical experiment, the lab-based capnography indicator was exposed to different levels of CO2 and photographed each time. The results of this work and those for the Easy Cap indicator are illustrated in Figure 5a,b, respectively. The photographs show that both indicators are initially purple in the absence of CO2 and yellow in the presence of 100% CO2, with an approximate midway transition in colour at ca. 1% CO2.



For each indicator, the digital images in Figure 5 were subjected to DCA, in order to derive their associated apparent absorbance values, which were then used to calculate a value for R, using Equation (5) for the % CO2 in the gas stream used to produce the indicator’s colour. The values of RGB(red), from the photographic images in Figure 5a,b, and values of A′ and R, calculated subsequently using Equations (6) and (5), respectively, are given in Table S4 in Section S5 of the Supplementary Materials, along with the plots of A′ vs. [CO2(aq)] for the two indicator solutions (Figure S6).



The results of this work, in the form of R vs. % CO2, are illustrated in Figure 5c and both show that R is proportional to % CO2, as predicted by Equation (5). The lab-based drop capnography indicator appears to be a good facsimile of that used in the commercial capnography detector, i.e., the Easy Cap indicator, not only in terms of the great similarity in the initial and final colours of the two indicators but also their sensitivities, as given by the values of the gradients of the lines of best fit illustrated in Figure 5c, i.e., the values of α in Equation (5) of 0.88 and 0.93% CO2−1, respectively.



The colour wheel on the Easy Cap detector has three colours, namely purple, brown, and yellow, indicating % CO2 levels of ca. 0.04%, 0.5–2%, and ≥5%, respectively. Thus, not surprisingly, the device is appropriate for identifying correct tracheal replacement, by showing a change in colour from purple to yellow that oscillates in time with the patients breathing in and out, respectively.



When DCA is used on either of the capnography indicators, the observed colour changes can be readily transformed into something that resembles a real-time capnography waveform, i.e., a plot of % CO2 versus time. A typical capnography waveform is illustrated in Figure S7 in section S6 of the Supplementary Materials, and the shape of such waveforms can be used to diagnose various conditions, such as hypo- and hyperventilation and various types of emboli, such as cardiac embolism and cardiac arrest, emphysema, and obstructive diseases, such as asthma [50]. However, as a typical number of breaths per minute is 10–20, any device recording an accurate capnography wave needs to be fast responding, i.e., <0.2 s, in order to capture all the features associated with the various different conditions listed above.



Unfortunately, the capnography indicator on filter paper films used in this work, and used currently in most commercial correct intubation indicators, such as the Easy Cap indicator, have response and recovery times of ca. 2 and 5 s, respectively, and, consequently, the % CO2 vs. time waveforms they produce are distorted versions of the actual capnography waves. The latter point was illustrated by recording the apparent absorbance vs. time profiles for the lab-based capnography and Easy Cap indicators, used to generate the data in Figure 5, as they were exposed to a stream of inhaled and exhaled breath. In this work, Equation (5), coupled to the appropriate value of α, given in Figure 5, was then used to convert the A′ vs. t data into the % CO2 vs. t profiles illustrated in Figure 6a,b, respectively.



Although the % CO2 vs. t waveforms associated with the lab-based capnography and Easy Cap indicators illustrated in Figure 6 are sufficient to confirm correct tracheal intubation, they clearly lack the definition that is required for a rigorous capnography waveform diagnosis. However, even the distorted waveforms provided by these two capnography indicators, illustrated in Figure 6, should allow the identification of some of the medical conditions that produce very pronounced and distinctive features in their capnography waveforms, such as hyper- and hypoventilation, bronchospasm, and rebreathing [51]. Other works have shown that much better defined % CO2 vs. t waveforms, comparable to those recorded using a conventional infra-red-based capnometer, with response times <0.2 s, can be achieved by operating such indicators at an elevated temperature, ca. 55 °C [52].



The above work shows that DCA can significantly improve the functionality of a typical commercial capnography indicator, so much so that such indicators could be used to provide invaluable diagnostic information at a low cost, especially if operated at a temperature sufficient to generate a % CO2 vs. t profile that more accurately reflects the shape of the actual underlying capnography waveform.




3.4. A Simple A′ Calculator


In order to help facilitate the use of DCA with the above indicators and many others, we have developed a simple program, incorporated into an Excel file entitled ‘A′ calculator.xlsm’, which calculates the value of A′ (based on RGB(red)), of any part of an imported photographic JPEG image. The program has a pointer that allows the indicator part of the image to be selected and its associated value of A′ to be calculated instantly. An example image file, ‘drop check green image.jpeg’, is provided to test the program, along with a short tutorial movie, ‘Tutorial for A′ calculator.mp4’, to help any user use the program, and all three of the above files can be downloaded from the following website: https://www.profandrewmills.com/2022/10/dca-tutorial/ (accessed on 7 November 2022) [53].





4. Conclusions


Two very different commercial CO2 indicators, which have not previously been the subject of a detailed analytic study, were replicated in the lab. For each indicator type, it was shown that DCA is able to transform the indicator from one that can provide qualitative information with regard to the ambient level of CO2 into a quantitative detector of CO2. To our knowledge, this is the first reported example of DCA transforming a commercial or non-commercial CO2 indicator for use in aquaria or capnography from a qualitative to a quantitative analytical system. For both the aquarium and capnography indicators studied, the colour change and sensitivity exhibited by the commercial form of the indicator were matched very well by their lab-made facsimiles. Since most mobile phones have the digital camera image quality and processing power to render it capable of DCA, the use of such indicators for quantitative analysis appears easily extended to use in the field, as noted by others when using indicators for detecting analytes other than CO2 [21,22,23].
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Figure 1. Regularly recorded, (a) digital photographic images and (b) UV-vis absorption spectra of a NaHCO3 aqueous solution (1.43 mM) containing 2.71 × 10−5 M BTB, initially saturated with 100% CO2 for 10 min and then allowed to lose the dissolved CO2 to ambient air over time and (c) subsequent plot of A vs. A′ for the same solution, with values of A and A′ determined from the UV-vis spectra in (b) and the photographic images in (a), respectively. 
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Figure 2. Photographs of the aquaria CO2 drop checker, manufactured by Fluval Aquatics Ltd., mounted on the inside of a fish tank with the colour of the BTB CO2 solution ideally indicating (left) low CO2 levels, (centre) ‘good’ CO2 levels, and (right) high CO2 levels. The composition of the Fluval indicator solution is almost identical to that used in Figure 1. 
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Figure 3. Photographs of (a) the lab-based drop check indicator and (b) Fluval indicator solutions when sparged with different CO2/Ar gas mixtures. The plots in (c) are of R vs. [CO2(aq)], where the values of R were calculated using Equation (8) and the apparent absorbance values determined from the digital images in (a) and (b). The solid and broken lines are those of best fit to the data for the lab-based drop check (black dots) and Fluval (open circles) indicators, respectively. 
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Figure 4. Schematic illustration of the key components of a Nellcor™ Easy Cap II Adult Colourimetric CO2 Detector, the ‘Easy Cap detector’, where (i) is the outer plastic casing with colour wheel, (ii) Easy Cap indicator film, (iii) internal plastic support, (iv) white water-vapour absorbing layer and (v) and (vi) are the endotracheal tube and air/anaesthetic inlet gas connections, respectively. 
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Figure 5. Photographs of (a) lab-based drop capnography indicator and (b) Easy Cap indicator films when sparged with different CO2/Ar gas mixtures. The plots in (c) are of R vs. % CO2, where the values of R were calculated using Equation (5) and the apparent absorbance values determined from the digital images in (a,b). The solid and broken lines are those of best fit to the data for the lab-based capnography indicator (black dots) and Easy Cap (open circles) indicators, respectively; the gradients of the lines of best fit, i.e., α in Equation (5), were 0.88 and 0.93% CO2−1, respectively. 
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Figure 6. Plot of the % CO2 vs. time profiles recorded using a (a) lab-based capnography indicator and (b) Easy Cap indicator, when exposed to a cycle of inhaled and exhaled breath. Each profile was constructed using DCA to determine A′ at any time t, and Equation (5) and the appropriate value of α to then convert it to a value of % CO2. 
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