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During the recent pandemic outbreak, Lab-on-Chip devices did not manage to fully reach their potential in rapid diagnosis of pathogens, mainly due to the lack of cost-effective LoC solutions integrated with all required sample preparation modules. This paper presents such a critical step, aiming to translate electrochemical pH control into practical protein preconcentration modules, easy to integrate with subsequent quantification modules seamlessly via Lab-on-PCB technology. In this work we present a device capable of electrochemically controlling the pH of a solution local to an individually addressed electrode in a PCB array. The electrodes were functionalised with an electropolymerised self-assembled monolayer of 4-Aminothiophenol and were subjected to voltages of 0.2–0.4 V, evaluating for the first time the bias effect both over time and over space. This study enables for the first time the implementation of this technique for electrochemical pH control into practical Lab-on-PCB devices such as isoelectric focusing, via the informed design of such electrode arrays of appropriate size and spacing.
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INTRODUCTION
The need for portable diagnostic platforms has become increasingly evident over the course of the COVID-19 pandemic (Wang et al., 2020). Polymerase chain reaction (PCR) tests and lateral flow tests (LFT) have showcased the benefits and shown how impactful biosensors can be to an audience wider than healthcare and research scientists (Waggoner et al., 2020; Hsiao et al., 2021). Such types of devices are, however, not limited to the detection of this virus and can be used for a wide variety of diagnosis and monitoring purposes worldwide due to their ease of use and portable nature. These devices are a sub-class of Lab-on-a-Chip (LoC) technology which shrinks laboratory scale processes into small, portable, mass manufacturable devices with a variety of applications (Moschou and Tserepi, 2017). Nonetheless, during the pandemic only the latter sub-class devices were deployed at the community level, despite their comparably lower sensitivity and practicality than other more advanced Lab-on-Chip technologies. One of the main reasons for this has been the lack of practical implementations of these devices, including the very critical step of sample preparation in seamlessly fabricated diagnostics. Sample preparation modules can improve the sensitivity of sensing devices to unprecedented levels, a parameter which would have proven critical in the fight against COVID-19, where early detection of asymptomatic patients is of vital importance.
There are many different types of LoC devices and different materials that are used which lend themselves to different applications; an example is printed circuit boards (PCBs) which are a subset of polymer LoCs and are mass manufacturable, cheap and allow for the seamless integration of multiple microfluidic modules within the layers of the PCB (Moschou and Tserepi, 2017). These properties lend PCBs naturally to biosensing LoCs. Lab-on-PCB devices are hence affordable, mass manufacturable, easy to use, readily available and consume minimal reagent volumes, enabling the incorporation of several different types of sample preparation modules, including protein preconcentration ones.
Many on-chip preconcentration methods are currently being studied, which may be divided into two main categories, static and dynamic techniques, and range from porous membranes to isoelectric focusing (IEF) (Lin et al., 2011). IEF exploits a molecule’s charged nature to concentrate it at its isoelectric point (pI) which is the pH at which the net charge of the molecule is zero. In environments more acidic than the pI of a molecule, the molecule will have a net positive charge, whilst in a more basic environment the molecule will have a net negative charge (Sommer and Hatch, 2009). With applied electric fields and a pH gradient, the movement of the charged molecules will be accelerated and steered, eventually coming to rest at the pI of the molecule; where it has no net charge and ceases to be affected by the electric fields. pH gradients in IEF have so far been created using methods such as static gels or carrier ampholytes (Sommer and Hatch, 2009). A comparison of different IEF subtypes used with microchips may be seen in Table 1. As can be seen in Table 1, the concentration achieved through these methods vary from 10 to 108, with this being achieved in time frames that vary from 430 ms (Xu et al., 2003) to “several hours” (Peng et al., 2008).
TABLE 1 | Table comparing different forms of microchip isoelectric focusing. Materials for these microchips are typically glass, quartz, silicon, polymers (such as PDMS and PMMA), graphene and paper; carrier ampholytes or immobilised gels are used to form the pH gradients needed for these techniques (Colyer et al., 1997; Cui et al., 2005; Mohamadi et al., 2007; Peng et al., 2008; Dutta, 2019; Yu et al., 2019; Niu et al., 2021; Naghdi et al., 2022).
[image: Table 1]In this work we explore for the first time the practical capability of electrochemically generated acid (EGA) (Balakrishnan et al., 2018) in serving the role of pH gradient formation. More specifically, this work presents a PCB-implemented electrode array designed to locally control the sample pH electrochemically. The individually addressed PCB array was designed to explore in practice the capability and limitations of this technique in creating a pH gradient for use in IEF protein preconcentration Lab-on-PCB modules. The spatial resolution of the electrochemical setup and its response over time is herein described along with the quantitative control of electrochemically generated acid.
MATERIALS AND METHODS
Double sided PCB arrays of 20 electrodes (Figure 1) were designed in Altium Designer and manufactured by Newbury Electronics Ltd. (United Kingdom) using a black solder resist and gold electrode pads. Tracks were covered with solder resist and pads were encroached to protect the PCB. Black solder resist was selected to minimise scattering of light used to optically monitor the device as previous experiments had shown a distortion due to the traditional green resist. The PCB was designed to slot into a 64 pin PCIE connector which was mounted into a breakout board for easy control over multiple pads in the array. A holder was designed to create a uniform well of fluid above the electrode array capable of holding 1 mL of fluid for over an hour without leakage or significant evaporation. This was designed to instigate a uniform optical path length above the electrodes of approximately 1.4 mm, although surface tension at the edges of the holder meant this was observed to be imperfect. The PCB arrays had pads of 3 mm diameter with distances between the pads from a minimum of 0.3 mm to a maximum of 6 mm. The lower limit, 0.3 mm, was dictated by the tooling of the PCBs; the diameter of the pads was selected for ease of use with the spectrometer used as any smaller and the detector would be submersed in the buffer solution.
[image: Figure 1]FIGURE 1 | Photograph showing (A) PCB array, (B) holder, (C) 3-electrode setup for polymerisation with breakout board, (D) 2-electrode setup shown in situ under the spectrometer beam.
Potentiostats CompactStat, PocketStat, PocketStat 2 (Ivium Technologies, Netherlands) and PalmSens4 (PalmSens, Netherlands) were used to control the electrochemical measurements in a two or three electrode setup. In a 2-electrode setup, the on-chip gold pseudo-reference electrode (RE) was used (elongated electrode on the right-hand side of array, Figure 1A) and in all 3-electrode setups, external Pt counter (Alvatek Ltd., United Kingdom) and Ag/AgCl (Alvatek Ltd., United Kingdom) reference (with a salt bridge) electrodes were used. Each circular pad in the PCB array was usable as a working electrode.
The PCBs were cleaned by first wiping with acetone then rinsing with isopropanol and water. Any thiols were then desorbed from the surface by cycling with cyclic voltammetry (CV) in 100 mM NaOH for a minimum of 25 cycles. Standard PCB cleaning procedure was then carried out, defined as “SC-1” (Zupančič et al., 2021a), which involved 15 min immersion in a 5:1:1 ratio of ultrapure water, hydrogen peroxide (Sigma-Aldrich, United Kingdom) and ammonium hydroxide (Sigma-Aldrich, United Kingdom) and subsequent immersion in acetone, isopropanol and ultrapure water. Drying was always done with inert nitrogen gas.
The cleaned PCB was then immersed in 0.5 mM 4-Aminothiophenol (4-ATP, Sigma-Aldrich, United Kingdom) in absolute ethanol for 19 h to form a self-assembled monolayer (SAM) on the gold surface of the electrodes. 19 h was experimentally determined to provide a stable SAM, similar to what can be found in existing literature for other thiol terminated SAMs (Xu et al., 2019). This SAM is redox active and through electropolymerisation (3 cycles of CV in 10 mM phosphate buffered saline, PBS, −0.25–0.7 V, 50 mV/s, Sigma-Aldrich, United Kingdom) a quasi-reversible redox state may be induced (Balakrishnan et al., 2017). Figure 2 shows the unpolymerised and polymerised forms of 4-ATP SAM. The polymerised SAM is then used to produce electrochemically generated acid (EGA) through the application of different voltages. The effectiveness of cleaning and presence of SAM was studied using ferri/ferrocyanide ([Fe(CN)6]3-/4-, Sigma-Aldrich, United Kingdom).
[image: Figure 2]FIGURE 2 | Schematic for 4-ATP SAM on gold electrode. (A) Unpolymerised form. (B) Electropolymerised form of 4-ATP SAM on gold electrodes and the redox states with an applied potential. Diagram adapted from the open access work of D. Balakrishnan (Balakrishnan et al., 2017), http://creativecommons.org/licenses/by/4.0/.
The production and behaviour of the EGA was monitored with a fluorescent dye, 5(6)-Carboxynaphthofluorescein (CNF, Sigma-Aldrich, United Kingdom). This dye is effective within the range of pH six to nine and has different optical properties in acidic/neutral and basic conditions (Bidmanova et al., 2012) due to the transition between the “open” and “closed” form of the fluorescein (Feng et al., 2020). This dye was dissolved in DMSO (Sigma-Aldrich, United Kingdom) and subsequent dilutions done using PBS or buffers of known pH between pH 4 and pH 10 (VWR, United States). The ratio between the emission wavelengths for basic and acidic pH, Eq. (1), was used to calibrate the optical properties of the dye on the PCB with the polymerised SAM. The optical data was collected using a USB spectrometer (USB4000-UV-VIS-ES from OceanInsight, United States) which was configured for the range of 200 nm < [image: image] < 880 nm and a long-life tungsten source was used to illuminate the PCB with a wavelength range of 350–1700 nm; giving a working range for this optical setup of 350–880 nm. This equipment was used in conjunction with a reflectance standard (a high-quality reverse-plated Ag mirror) to take reference and dark images to remove noise in the measurements. All optical data was taken at room temperature and pressure in the dark with minimal possible noise and interference.
[image: image]
OceanView (OceanInsight, United States) was used to record the spectroscopic data and employed pre-processing of the data comprising of averaging 10 scans and applying a Boxcar filter. This is a smoothing filter which improves the signal-to-noise ratio (SNR) by a factor of √N by replacing N data points with the average of those N data points (Chemistry Libre Texts, 2019); here n=4 which halves the signal-to-noise ratio (SNR). Post collection, the data was also smoothed using a 200 point Savitzky-Golay in OriginLab, which is a noise reducing low-pass filter (Savitzky and Golay, 1964). OriginLab was used for fitting and post processing.
In our study we define the device spatial resolution (Lee and Kwon, 2022) as the distance at which the effects of EGA are no longer observed via our optical characterization method, using our control value as the benchmark threshold. This is an important characterisation to define for future developments of these arrays: knowing where the EGA measured on one pad would be impacted by EGA on neighbouring pads on the array allows for confident data collection and analysis and is crucial for any future multiplexing of the array. These PCB arrays were designed to be used for IEF and protein preconcentration. By determining the spatial resolution of the EGA, it is established how best to design future arrays to maximise the potential for multiple proteins with different pIs to be separated and concentrated.
RESULTS AND DISCUSSION
Electropolymerisation of 4-Aminothiophenol self-assembled monolayer
Once the stable 4-ATP SAM was established on the cleaned gold electrodes, electropolymerisation was performed to improve the redox capability of the monolayer. The curve in Figure 3A shows the electropolymerisation: the first scan shows a large, irreversible, oxidation reaction which according to literature corresponds to the molecules’ polymerisation where an oxidised molecule forms a head-to-toe dimer with an adjacent molecule (Hayes and Shannon, 1996; Balakrishnan et al., 2017). The effect of this irreversible transition may be seen in Figure 3B which shows the CV results in 4 mM ferri/ferrocyanide ([Fe(CN)6]3-/4-) for the clean gold, unpolymerised SAM and after the polymerisation between −0.5 and 0.5 V for three cycles at 200 mV/s. The clean gold shows a standard redox curve with oxidation peak at 0.340 V and a reduction peak at 0.175 V, both of which are absent when the SAM is functionalised onto the surface. The suppression of redox behaviour for the unpolymerised SAM is shown in stark contrast to the behaviour when the SAM has undergone the polymerisation. The scale of the redox reactions at 0.5 V is almost 20 times larger for the polymerised SAM showing a clear change and improvement in Figure 3B.
[image: Figure 3]FIGURE 3 | (A) Polymerisation of 4-ATP SAM on PCB array, (B) CV in [Fe(CN)6]3-/4- for PCB array when freshly cleaned compared to with the 4-ATP SAM, (C) third, 25th and 50th CV scans for unpolymerised SAM, (D) third, 25th and 50th CV scans for electropolymerised SAM.
This is supported by Figures 3C,D which shows the difference in the redox peaks when cycled at −0.35–0.05 V for 50 cycles at 100 mV/s in 10 mM PBS for the unpolymerised and polymerised SAMs, respectively. This range of potentials was utilised to prevent polymerisation/further polymerisation whilst showcasing the redox behaviour of the SAM. The unpolymerised SAM shows no distinct oxidation peak but does show a decrease in current response at 0.05 V from scan 3 to scan 50. The same may be said for the electropolymerised SAM, however the clear oxidation peak shown in scan 3 also decreases towards a more linear behaviour as the 50 cycles progress. This shows a decrease in the redox behaviour, however does illustrate that by performing the electropolymerisation, the redox reactions become more reversible, as shown in literature (Balakrishnan et al., 2017).
Characterisation of 5(6)-Carboxynaphthofluorescein
To optically monitor the acid generation produced by a potential being applied to the electropolymerised SAM, a fluorescent dye, CNF, was selected. This dye fluoresces at different wavelengths depending on the pH of its environment, see Eq. 1), and may be characterised by taking the ratio between its emission wavelengths in basic and acidic/neutral pH respectively, a technique shown previously in literature for the calibration of this dye (Fuladpanjeh-Hojaghan et al., 2019). The results for the characterisation of 100 µM of CNF in 10 mM PBS may be seen in Figure 4. Preliminary data was collected and compared to that shown in literature over a wider pH range using pH buffers of known pH (pH 4–10) and was then further calibrated in the pH range of interest, pH 6–9.
[image: Figure 4]FIGURE 4 | Calibration curves for 5 (6)-Carboxynapthofluorescein (A) between pH 4 and pH 10, (B) between pH 6 and pH 9 with a linear fit, R2 value of 0.939.
CNF was prepared by first dissolving the dye in dimethyl sulfoxide (DMSO) and then diluting it further in buffer solutions to achieve a concentration of 100 µM CNF in a range of pHs. The PCB array with the polymerised 4-ATP SAM was secured in its holder and the well was filled with 1 mL of the 100 µM CNF. The setup was then positioned under the spectrometer and the ratio of wavelengths was recorded along with the raw data. Three repeats were taken for each pH. The holder ensured a more consistent path length for the optical measurements and a range of positions in the array were used to confidently calibrate the setup. Scattering from the holder, fluid and neighbouring pads meant that no two pads on the array gave identical measurements, therefore taking a range of pads within the calibration was essential. This data confirmed the sigmoidal behaviour shown between pH 4–10 that was shown in literature, and verified the linear response between pH six to nine, confirming this as the functional pH range of the optical setup using this dye.
Control of electrochemically generated acid
To produce the EGA, the electropolymerised SAM was subjected to 4 cycles of CV between −0.75–0.75 V at 50 mV/s and continually optically monitored. Using the aforementioned spectrometer and dye, the pH over time was determined through the ratio of intensities at 668 and 567 nm, and the current was measured using a potentiostat; the experiment was set up in a dark unperturbed environment. As the different potentials were cycled through, the polymerised SAM underwent redox reactions, exchanging electrons and changing the concentration of protons through the reaction shown in Figure 2B. The agreement between the current, voltage and pH may be seen in Figure 5. The oxidation potential of electropolymerised 4-ATP is reported in literature to occur at 0.17 V (Balakrishnan, 2019). Here, the turning point for the change in pH was experimentally determined to be 0.3 [image: image] 0.1 V in 100 µM CNF dissolved in 10 mM PBS, pH 7.5 [image: image] 0.1; this potential of 0.3 V was also shown to produce a steady rate of change in pH.
[image: Figure 5]FIGURE 5 | Voltage, current and pH change over time when cycling the voltage between -0.75 and 0.75 V at 50 mV/s for 4 cycles.
Three voltages (0.2, 0.3, and 0.4 V) were then trialled to determine the optimum reliability and stability of acid generation. A potentiostat was used to apply a constant potential, chronoamperometry (CA), for 60 min whilst it was continuously optically monitored. The data for this experiment may be seen in Figure 6 and shows the pH change after 60 min as well as the change over time. As can be seen in Figure 6A, this data indicates that 0.4 V provides the best option for changing the pH over time, with the linear fit shown in Figure 6B producing an R2 value of 0.997 compared to 0.963 and 0.674 for 0.2 and 0.3 V respectively. This demonstrates clear suitability of this potential to reliably and quantitatively change the pH over time with highly repeatable changes after 60 min as well as throughout. After 25 min, the behaviour is also shown to be distinct from the control and allows for the spatial resolution experiments to be conducted within one lab session, helping to eliminate any stochastic changes from experiments being conducted on different days. It is worth noting that visible degradation of the electrodes was occasionally observed after repeated use of the same pad when held at 0.4 V. All data here presented, however, is from electrodes that have not been used in any full experiments prior to those detailed here and will only have been subject to cleaning, functionalisation and polymerisation.
[image: Figure 6]FIGURE 6 | (A) pH change after 60 min of chronoamperometry of 0.2, 0.3 and 0.4 V (B) pH change over time.
Spatial resolution
The PCB array was then used to investigate the spatial resolution of this electrochemical/optical setup. As before, the electrodes were cleaned, functionalised and electropolymerised and the PCB secured in its holder to create a uniform path length when the 1 mL of 100 µM CNF in 10 mM PBS was pipetted into the well. The pad used for EGA, working electrode, was subjected to 0.4 V for a period of 25 min using CA to change the pH from its starting value of 7.2 [image: image] 0.1 in a 2-electrode configuration using the pseudo-reference electrode on the PCB. The spectrometer was set to monitor the pH at set distances from the working electrode; these distances corresponded to the distance between pad centres in different rows/columns in the array (Figure 7).
[image: Figure 7]FIGURE 7 | PCB array schematic showing labelling system and example spectrometer position.
All optical data was collected from unused, electropolymerised electrodes on the PCB array with the CA applied to pads at different distances away. Initially, differently spaced arrays were trialled to estimate the spatial resolution. This is defined as the distance at which the effects of the acid generation are no longer observed and is evaluated by the point of intersection of the line of best fit with the mean control threshold. It was found that the spatial resolution lies between 0.6 and 0.9 mm. Distances between this range were further investigated on an array with pads of 3 mm diameter and 0.3 mm spacing, with a testable range of 0.3–1.5 mm. At least three repeats were taken for each distance, with the holder ensuring the best repeatability of path length possible.
The data collected may be seen in Figure 8, which illustrates the pH change recorded at distances from 0.3 to 1.5 mm and shows a logistic dose response fit with an R2 value of 0.960. The fit for this data intersects with the data for the control at a distance of 0.664 mm which is the value for the spatial resolution of this setup and is the distance beyond which there is no recorded impact of electrochemical acid generation. Identifying the spatial resolution of the system allows for future PCB arrays to be designed to have electrodes spaced further than this to maximise the quantitative control of pH at every point in the array without interference from neighbouring electrodes. These PCBs, with e.g. pad diameters of 3 mm and separation distances of 0.9 mm, would then be used to quantitatively electrochemically change the pH of solution local to the electrodes, functionalised with a polymerised 4-ATP SAM, to the pI of a protein to change the concentration.
[image: Figure 8]FIGURE 8 | Spatial resolution data, mean pH change against distance from site of electrochemical acid generation.
CONCLUSION
In this work we present the first effort to practically implement local pH control electrochemically in PCB electrode arrays, a fundamental research step towards the implementation of the technique for practical IEF protein preconcentration arrays. We demonstrate that such an implementation is feasible in commercially manufactured PCB electrode arrays, with a pH change of 1.2 after 60 min, when biasing the electrodes at 0.4 V. The pH change response over time is linear, with smaller pH changes achievable in much lower timeframes in a highly controllable fashion. We have also identified the maximum distance from the biased electrode where a pH change is observable for our designed system at 0.664 mm. A linear relationship between the distance from biased electrode and pH change was observed below this threshold distance value.
Future development would aim to determine the feasibility of using this device as it currently exists, in “open air”, to concentrate samples of different proteins. Initial experiments will aim to preconcentrate a single type of protein and assess the minimum voltage change needed to achieve preconcentration and find the limit of detection for the methods used. Samples would be extracted during the application of voltage and the absorbance of the sample optically measured at 280 nm. This wavelength is known to correspond to the maximum absorbance in proteins (Sai et al., 2010). The Beer-Lambert Law correlates the absorbance intensity to the concentration of a species (Wypych, 2015) and could be used here with the aid of calibration methods. This extracted sample would be used to measure the change in concentration over time. With the optical methods described in this paper, the pH change could then be calculated and compared against the concentration. The device’s selectivity for multiple proteins within the sample could also be assessed by again extracting samples and taking a full fluorescence spectrum to determine the concentration. This would require the absorption spectra of the proteins used to be distinct as the absorption at 280 nm would not necessarily distinguish between different proteins within the sample.
Pulsing of the applied voltage, opposed to chronoamperometry, could be investigated to determine if a constant pH could be maintained. A staggered application of voltage over time to different pads in the array could also be used to create a pH gradient to be used for isoelectric focusing and protein preconcentration. These would be developed to correspond with future incorporation into a biosensing device. Whilst different buffers and starting pH conditions could also be investigated to determine if a different pH change could be attained and reached in a shorter period, PBS is a standard buffer in biosensing and changing the volume of sample and dimensions of the sample well itself to achieve this would be preferable.
Subsequent translation into an optically clear microfluidic device is planned once preliminary preconcentration experiments have been carried out. For external microfluidics, channels could be etched into PDMS, plasma bonded onto the surface of the PCB, micropumps used to create a flow and sample collection could occur using syringes (Kara et al., 2016; Zupančič et al., 2021b). Alternatively, new PCBs could be designed which incorporate microfluidic layers into the structure of the boards themselves (Moschou and Tserepi, 2017; Rainbow et al., 2020) as would be the case in the final design for the device. The microfluidics are to be designed to flow the sample over an array of electrodes, where the array is to be spaced at a distance greater than the spatial resolution calculated in this paper. This is to ensure there is no interference in the electrochemical acid generation caused by the acid generation produced by a neighbouring pad in the array. Allowing for the concentration of multiple proteins with different isoelectric points within the smallest possible microfluidic channel. This will allow a pH gradient to be formed within the channel and allow isoelectric focusing to take place and preconcentrate the sample ready for use in an accompanying biosensor. The use of microfluidics would allow for large volumes to be flowed through the channels, continuously concentrating specific proteins from the solution and allowing for the extraction of a greatly concentrated sample. This work enables the design of an IEF protein preconcentration module employing electrochemically produced pH gradient for the first time, opening new avenues in diagnostic Lab-on-PCB devices for low-abundance protein quantification.
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