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Lay Abstract 
 

Early and prompt detection of disease biomarkers is crucial in order to develop effective 

disease management strategies. Unfortunately, many gold-standard diagnostic techniques for 

infectious diseases, cancers, heart diseases, among other conditions prove to be time-consuming, 

costly, and reliant on trained professionals in a laboratory setting. Electrochemical and 

photoelectrochemical detection are two sensing modalities that show promising potential for 

point-of-care applications, as they are easily miniaturized, inexpensive, and can be used to detect 

both the presence of and the amount of analyte present.  However, up until now, these sensing 

modalities have mostly been confined to research settings. To expedite the commercialization of 

such sensors and to facilitate their translation to point-of-care diagnostics, we have developed a 

low-cost smartphone-operated electrochemical and photoelectrochemical readout system. 

Through the integration of peripheral instruments including a sample heater, electromagnet, and 

optical excitation source, this system is compatible with a number of different biosensors. 
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Abstract 
 

Despite the increasing number of electrochemical and photoelectrochemical biosensors 

reported in the research literature, few have achieved success outside of a laboratory setting. This 

can partly be attributed to accessibility issues with commercially available readout instruments. 

Consequently, low-cost and portable readout instruments have been developed by researchers, 

but these devices fail to address other key compatibility and accessibility challenges. Much like 

the commercial systems, these devices are not natively compatible with multiplexed signal 

assays consisting of two or more working electrodes, cannot control optical excitation sources 

for photoelectrochemical biosensing, nor can they interface with auxiliary instruments such as 

heaters and electromagnets. To this end, we have developed a low-cost smartphone-operated 

electrochemical and photoelectrochemical readout system for point-of-care biosensing. Our 

readout system can perform standard voltammetric techniques and is capable of synchronously 

controlling an optical excitation source to support photoelectrochemical biosensing. This device 

is compatible with standard three-electrode assays as well as dual signal assays with two working 

electrodes. We have also created a portable sample heater that can be controlled by this readout 

system to facilitate on-site sample heating and have also integrated a portable electromagnet to 

perform away-from-lab magnetic manipulation.  
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Chapter 1: Introduction 
 

1.1 Background 
From the rapid spread of the ongoing COVID-19 pandemic to the increasing rates of 

antibiotic resistances1, a number of recent health crises affecting both humans and animals alike 

highlight the critical need for accurate and rapid testing. Beyond pathogenic diseases, detection 

of early-stage cancer biomarkers like prostates specific antigen for prostate cancer2 and 

carbohydrate antigen 125 for ovarian cancer3 for example, are instrumental in increasing patient 

survivability and improving quality of life. Commonly employed techniques to detect pathogens 

include cell culturing4,5, polymerase chain reaction (PCR)4,5, enzyme-linked immunosorbent 

assay (ELISA)4,5, western blot4,6, and flow cytometry4,7. On the other hand, cancer diagnoses 

often rely on imaging techniques like magnetic resonance imaging and ultrasound8. Common 

among these techniques is their time-consuming nature and reliance on both expensive 

equipment and trained professionals, rendering them unsuitable for point-of-care (PoC) 

diagnostics. Accordingly, there is a need for rapid and decentralized diagnostic equipment which 

can be used to effectively control the spread of diseases and detect early-stage disease 

biomarkers. Such techniques could lead to more efficient and less expensive diagnostic pathways 

(Figure 1.1), which can ultimately help clinicians develop disease management strategies in a 

more timely manner. In particular, there has been growing interest in smartphone operated PoC 

devices due to their increased computational abilities, connectivity to the internet, and 

widespread global adoption 9. 

 

 

 



M.A.Sc. Thesis – A.Scott; McMaster University – Biomedical Engineering. 

 

 

2 

 

Figure 1.1: Point-of-care versus traditional diagnostic testing. Traditional testing methodologies 

face significantly more administrative burdens compared to point-of-care. 

 

Electrochemical and photoelectrochemical (PEC) biosensors have emerged as suitable 

candidates for PoC diagnostics10,11. These biosensors pose a number of advantages over other 

diagnostic techniques. In particular, they are easily miniaturized, inexpensive, rapid, and 

sensitive12. Importantly, the signal output of these biosensors can be used to detect the presence 

of and determine the amount of target analyte present.  

Readout of electrochemical and PEC biosensors is conducted using a potentiostat. 

Unfortunately, the few commercially available portable potentiostats13–15 prove to be too costly 

for many PoC applications and have no means of performing PEC biosensing. While there has 

been renewed interest in developing low-cost portable potentiostats among researchers, the vast 

majority of such devices are only compatible with standard two or three-electrode systems for 

electrochemical biosensing and would accordingly require manual reconfiguration to conduct 

multiplexed biosensing. Furthermore, some assays are laboratory-bound due to non-trivial 

sample preparation or signal actuation stages that rely on auxiliary laboratory instruments16,17. 

Accordingly, there is a need for a readout device with non-trivial actuation abilities that can 

perform multiplexed PoC electrochemical and photoelectrochemical biosensing. 
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1.2 Objectives 
The primary objective of this research is to develop a low-cost electrochemical and PEC 

readout system to facilitate PoC biosensing. Unlike other similar devices, this readout system 

should support dual signal assays without the need for manual reconfiguration of the electrodes. 

In order to perform PoC PEC biosensing, this readout system should interface with, and 

automatically control an optical excitation source. Due to the portable nature of this device and 

the low signal amplitude nature of many electrochemical and PEC biosensing experiments, it 

must be able to account for various sources of noise including 50/60Hz main line noise. To 

support biosensors with non-trivial processing and actuation requirements, this device will 

interface with commonly employed peripheral instruments, namely a sample heater and 

electromagnet. Accounting for the fact that users may be unfamiliar with electrochemical/PEC 

experimental protocol, this device should be easy to operate. Accordingly, sufficient instructions 

should be provided to the user, scan parameter configuration should be streamlined, and much of 

the data processing and analytics performed automatically without the need for manual 

intervention. 

 

1.3 Outline 
This document consists of five chapters. The following is an overview of the remaining 

four chapters. 

Chapter 2 consists of brief literature reviews which familiarizes the reader with topics 

pertinent to this work. In particular, this chapter reviews the fundamentals of electrochemical and 

photoelectrochemical biosensing, characterizes the different types of voltammetric techniques 

supported by this readout system, outlines the sensing principles of DNA and DNAzyme-based 

biosensors, and dives into the operating principles and development trends of potentiostats. 
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Chapter 3 focuses on the design and fabrication of a smartphone-operated readout system 

for point-of-care electrochemical biosensing. Several experiments were conducted to highlight 

the novelty of this device in comparison to both commercial and other lab-made potentiostats. In 

addition, the noise characteristics of the device are presented and the readout system is directly 

compared to a commercially available portable potentiostat. 

Chapter 4 elaborates on the modifications made to the aforementioned readout system 

such that it could support PoC PEC biosensing. Several experiments were conducted to highlight 

the versatility and applicability of this PEC reader.  In addition, the performance of this device is 

compared to a commercially available PEC workstation. 

Chapter 5 summarizes the key findings of this thesis. The contributions to the field and 

proposed future work are also discussed. 
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Chapter 2: Literature Review 
 

2.1 Preface  
The purpose of this chapter is to review key background information that is pertinent to the 

understanding of this work. First, an overview of the different sensing techniques employed in 

subsequent chapters is provided. Specifically, the principles of electrochemical and 

photoelectrochemical biosensing are presented and the different types of voltammetric techniques 

supported by this readout system are detailed. Following this, a review of the specific biorecognition 

elements employed in this work is provided. Lastly, the working principles of electrochemical/PEC 

readout systems are outlined and device development trends as reported in the literature are 

presented. This is done to highlight key differences in terms of both design and performance between 

other devices and the readout system presented herein. 

Multiple authors have contributed to the Review of Specific Biorecognition Elements section 

of this chapter, as it has been prepared for submission as part of a broader literature review with the 

working title “A systemic review of the DNAzyme based electrochemical biosensors for human 

health: Advancements towards clinical applicability” in the sensors section of the Journal of The 

Electrochemical Society. Dr. Richa Pandey was the primary author of this section. Enas Osman and 

Alexander Scott contributed to the writing and editing. Dr. Leyla Soleymani contributed to the design 

and writing of this section. All other sections of this chapter were independently written by 

Alexander Scott. Edits were provided by Roderick Maclachlan. 

 

2.2 Introduction to Electrochemical and Photoelectrochemical Biosensing  

Electrochemical biosensors 
Electrochemical biosensors have received significant attention in recent years as they are 

rapid, highly sensitive, easily miniaturized, and provide a straightforward relation between the flow 

of electrons and the biochemical reaction occurring at the electrode18,19. Importantly, electrochemical 

biosensors can be used to detect the presence and quantify the amount of bio-analyte present in a 
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solution20. Popular electroanalytical methods include electrochemical impedance spectroscopy (EIS) 

and voltammetry. In EIS, AC voltages of varying frequencies are applied to the electrochemical cell 

and using equivalent electrical circuit models, the impedance of the electrochemical cell can be 

interpolated21. This provides insight into the charge transfer and diffusion of reactants22. Conversely, 

in voltammetry the voltage applied to the electrochemical cell is varied as a function of time and the 

current generated through the resulting redox reaction is measured. Voltage is plotted against time to 

create voltammograms, graphical representations of the output of voltammetric scans. In many 

electrochemical methods, a three-electrode system is used 23. This consists of a reference electrode 

(RE), counter electrode (CE), and a working electrode (WE) on which the biorecognition element is 

surfaced immobilized23.  Importantly, the WE should be composed of a material that is redox-inert at 

the applied potential range since the electrochemical interaction of interest occurs on the surface of 

the WE24. The CE completes the electrochemical circuit and allows for current to flow through the 

electrochemical cell in order to compensate for the redox reaction occurring at the WE24. This 

electrode is typically made of a conductive and inert material like platinum24. Lastly, the RE provides 

a well-defined stable potential such that the potential at the WE can be measured against24. Saturated 

calomel electrode (SCE), standard hydrogen electrode (SHE), and Ag/AgCl electrodes are commonly 

used as reference electrodes24.  

The defining characteristics of voltammograms like the peak current, peak voltage, and 

general signal shape can be attributed to the combined effect of the Nernst equation and Fick’s 

laws24,25. In accordance with the Nernst equation (Equation 2.1), the potential of the electrochemical 

cell influences the concentration of the redox species and the relative rate of oxidization and 

reduction24,25. Fick’s first law (Equation 2.2) relates the flux of a material to the concentration 

gradient and diffusion coefficient. Fick’s second law (Equation 2.3) is used to determine the rate of 

change in concentration of a species as a function of time. Accordingly, this transportation of the 
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redox species controls the rate of reaction at the surface of the working electrode and explains the 

generation of a diffusion layer24,25. 

 

 

(2.1) 

𝐸 =  𝐸0 +
𝑅𝑇

𝑛𝐹
ln

[𝑂𝑥]

[𝑅𝑒𝑑]
 

Where: 

• E = the potential of the electrochemical cell 

• E0 = the standard potential  

• R = the universal gas constant 

• T = temperature 

• n = number of electrons 

• F = Farraday Constant 
 

 

(2.2) 

𝐽𝑂 =  −𝐷𝑂

𝜕𝑐𝑂

𝜕𝑥
 

Where: 

• J = diffusion flux 

• D = diffusion coefficient  

• 
𝝏𝒄𝑶

𝝏𝒙
 = concentration gradient of the redox species 

 

(2.3) 

𝜕𝑐𝑂

𝜕𝑡
=  −

𝜕2𝑐𝑂

𝜕𝑥2
 

Where: 

• 
𝝏𝒄𝑶

𝝏𝒕
=  rate of change of concentration 

• D = diffusion coefficient  

• 
𝝏𝟐𝒄𝑶

𝝏𝒙𝟐 = curvature of the concentration profile 

 

Photoelectrochemical biosensors 

PEC experiments, much like electrochemical experiments, require a potentiostat for 

readout purposes and a cell consisting of a suitable electrolyte, RE, CE, and WE on which the 
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biorecognition element is surface-immobilized. However, unlike in electrochemical experiments, 

PEC experiments make use of an optical excitation source and the WE must be composed of a 

photoactive material. Light is absorbed by the photoactive WE, resulting in the generation of 

electron and hole pairs, the subsequent charge transfer of the WE, and the generation of a 

photocurrent between the WE and CE11. This decoupling of the excitation source from the 

sensing modality grants PEC biosensors with high sensitivity and a low background signal11,26. 

Target analyte recognition events lead to changes in the photocurrent level. Signal-on 

assays enhance the photocurrent whereas signal-off assays decrease the photocurrent27. By 

comparing the photocurrent levels pre and post-target incubation, the amount of target analyte 

can be effectively quantified11. 

 

Voltammetry 
Voltammetric methods include square wave voltammetry, differential pulse, normal pulse, 

linear sweep, cyclic voltammetry, and chronoamperometry. Figure 2.1 is provided to illustrate the 

different types of voltammetric excitation signals and the resulting current responses.  

   

  

Figure 2.1: Illustrative representations of different excitation waveforms (i) and current response 

(ii) for (A) square wave voltammetry (SWV), (B) differential pulse (DP), (C) normal pulse (NP), 

(D) linear sweep (LS), (E) cyclic voltammetry (CV) and (F) chronoamperometry.  
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Square wave voltammetry (Figure 2.1A) is a small amplitude pulse technique whereby a 

symmetrical square wave is superimposed on a staircase waveform28. The current reading is a 

differential measurement wherein the current measured at the end of the return pulse  — known as 

the reverse current — is subtracted from the current measured at the end of the forward pulse — 

known as the forward current28. Importantly, the peak current is proportional to the concentration of 

the analyte28. Square wave voltammetry is known for its rapid response time, high sensitivity, and 

ability to suppress non-Faradaic background current29.  

In differential pulse voltammetry (Figure 2.1B), short amplitude potential pulses are 

superimposed on a base potential which is incremented/decremented by a step potential at the end of 

each pulse29. The resulting current is the differential measurement of the current at the end of the 

pulse and the current immediately prior to the pulse. Much like in square wave voltammetry, this 

differential measurement minimizes the impact of capacitive current, allowing for more sensitive 

measurements when compared to linear sweep techniques29.  

In normal pulse voltammetry (Figure 2.1C), pulse potentials of a set duration and increasing 

amplitude are superimposed on top of a DC potential and the current is sampled at the end of each 

pulse28. Normal pulse voltammetry is primarily used in experiments wherein the stability of the WE 

surface is paramount since in this technique the electrode surface returns to its initial conditions at 

the end of each pulse28. 

In linear sweep voltammetry (Figure 2.1D), the potential is linearly swept as a function of 

time. In so doing, a redox reaction occurs at the surface of the WE. Initially, little current is 

generated; however, faradaic current is generated as the sweep progresses. The amount of current 

generated rapidly increases until the peak current is recorded at which point the current begins to 

decrease. This property is the result of the increase in electron transfer in conjunction with the 

development of a diffusion layer at the surface of the working electrode24,30,31.   
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The cyclic voltammetry excitation waveform (Figure 2.1E), much like that of linear sweep, 

involves the linear sweeping of potential as a function of time30. As the potential is swept towards the 

end potential, current will flow, oxidizing or reducing the analyte depending on the polarity of the 

sweep30. However, unlike linear sweep, once the end potential is reached, the potential is then swept 

in the opposite direction30. In so doing, the analyte is either oxidized or reduced in opposition with 

the previous sweep30. Cyclic voltammetry is widely used as it provides information about the 

reversibility of the redox reactions and electrochemical kinetics24,30. It should be noted that due to 

their similarities, cyclic voltammetry can generally be used in place of linear sweep. 

Unlike the previous methods, in chronoamperometry current is measured as a function of 

time32. The WE is initially held at a potential that does not lead to a redox reaction and is later 

stepped to a large final potential that mediates the generation of current33. In many applications, the 

potential may be stepped back to the original value after a certain amount of time has passed33. It 

should be noted that chronoamperometry is one of the slowest voltammetric techniques because 

sufficient time must pass in order to minimize the impact of electrode charging capacitance current32. 

Another key limitation of chronoamperometry is that it is not selective32. This is because the applied 

step potential is sufficiently large enough to reduce/oxidize multiple species in the solution. In a 

subsequent chapter of this work, we employed a modified version of chronoamperometry for PEC 

biosensing wherein the potential is kept constant and the current is measured as a function of time 

while an optical excitation source is toggled OFF and ON. 

 

2.3 Review of Specific Biorecognition Elements 
There exist various types of biorecognition elements that specifically interact with an 

analyte of interest through different types of biochemical mechanisms34. This includes 

enzymes35,36 nucleic acid37–40, functional nucleic acids like DNAzymes41–43, aptamers44,45, and 

other proteins46–48. In this work, both DNA and DNAzyme based biosensors are used. 
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Accordingly, in this section, an overview of the operating principles of these two biorecognition 

elements is presented. 

As a molecule, DNA is inherently more stable than proteins. It can be easily synthesized 

and chemically modified. It is stable over extended periods of time, and it has predictable and 

programmable features. One of the biggest advantages of using DNA-based probes — typically 

short oligonucleotides — for molecular recognition and signal transduction is the inherent 

electrochemical properties of DNA49–51. DNA can be immobilized on the surface of an electrode, 

and by this mechanism, changes in the secondary structure of the DNA, hybridization state of the 

DNA, or interactions of the DNA with target analytes can lead to changes in the electrical 

properties of the DNA49. DNA can also be labeled with redox moieties, adding complexity 

oftentimes resulting in increased specificity, to the device49,50. Additionally, the negatively charged 

backbone of the DNA allows for its interaction with electroactive molecules, whereas other 

electroactive molecules preferentially interact with double versus single-stranded states (i.e., 

groove binders or intercalators which interact with double-stranded DNA). 

Investigations into the functional capacity of nucleic acids were propelled forward in the 

late 1980s, significantly by the parallel work of Sidney Altman and Thomas R. Cech. Their work 

demonstrated that RNA was capable of catalytic behaviour52. Consequently, the early 1990s saw 

the development of in vitro selection methods to identify synthetic catalytic RNA molecules 

(ribozymes) as well as both RNA and DNA affinity ligands (aptamers)53–56. Only five years after 

the seminal discovery of naturally occurring Ribozymes, synthetic DNAzymes which could cleave 

RNA were described by Breaker and Joyce57. Since then, there has been rapid growth in the field 

of functional nucleic acids (FNAs) with the development of DNAzymes58–62.  
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DNAzymes have been widely applied to the field of biosensing due to their dual role in 

molecular recognition and signal transduction, which can be designed for during in vitro selection. 

RNA-cleaving DNAzymes catalyze the intra- or intermolecular cleavage of a single ribonucleotide 

site generating an oligonucleotide fragment which can be used for signal transduction in diverse 

assays. RNA-cleaving DNAzymes can be derived either directly or indirectly by an iterative in 

vitro selection process. In general, DNAzymes can be easily modified to include internal or 

terminal modifications (i.e., fluorophores, quenchers, nanoparticles, reactive functional groups). 

They are relatively inexpensive to synthesize, and experience little-to-no batch-to-batch variation. 

In vitro selection begins with a library of partially randomized oligonucleotides. The library is 

prepared with two known primer regions that flank a centralized random region of a fixed length. 

RNA-cleaving DNAzymes also feature the addition of a known substrate region to the 5’-end of 

the template sequence. During the first essential step, the selection library is incubated with a target 

molecule or samples derived from a target organism (such as bacteria). For example, the library 

may be incubated with either a specific protein, small molecule, or the crude extracellular mixture 

obtained from a bacterial culture. Following incubation, the library is screened for library 

sequences that are activated by the targets. For RNA-cleaving DNAzymes, those undergoing a 

cleavage reaction in the presence of the target molecule are maintained, and those that remain 

intact are partitioned away. This is often achieved by gel electrophoresis, where the 

cleaved (active) portion of the selection library migrates at a different rate than the intact (inactive) 

portion of the selection library and is therefore physically separated. Following this partitioning 

step, active sequences are amplified by polymerase chain reaction using the pre-designed region, 

to obtain an enriched library in preparation for another round of selection. Through this iterative 

process, sequences that are highly active and selective are identified. Typically, multiple rounds 
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of selection are required63–65 with an average of 15 ± 4  rounds reported for bacterium-specific 

RNA-cleaving DNAzymes60.  

DNAzyme-based electrochemical biosensors are categorized as label-free, labelled, or bio-

barcode assays. In label-free assays, target binding changes the structural configuration of the 

DNAzyme caused by cleavage or the formation of the secondary-tertiary structures. This structural 

change reduces the access of redox reporters to the electrode surface in signal-off assays or 

increases the diffusion of the redox reporters in signal-on assays. In labelled assays, the DNAzyme 

is tagged with a redox moiety capable of generating an electrochemical signal. In labelled signal-

on assays, target capture brings the redox label to the electrode proximity; whereas in signal-off 

assays, the redox label is released from the electrode surface. In bio-barcode assays, target capture 

is first translated to the release of a barcode analyte such as small redox molecules or redox-tagged 

oligonucleotides, which is followed by the detection of the barcode at the electrode surface. 

 

2.4 Operating Principles of Potentiostats and a Review of Potentiostats Reported in 

the Literature 
Central to electrochemical and PEC biosensing is the potentiostat, which provides means 

of controlling the potential of the cell and reading the resulting current. The three-electrode 

potentiostat was originally developed by Archi Hickling — an electrochemist at the University 

of Leicester — so that the potential of the WE could be set to any desired value66. Early versions 

of potentiostats were large analog instruments and were accordingly confined to laboratory 

settings. The rise of digital electronics and improvements in integrated circuit manufacturing in 

the 1980s led to significant changes in potentiostat design. In particular, this enabled 

potentiostats to connect to computers so that measurements could be saved and the data 

processed67. Building upon this, significant effort has been made in recent years to improve the 

portability of potentiostats in order to facilitate away-from-lab biosensing9. 
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A simplified representation of a potentiostat can be found in Figure 2.2. This design 

makes use of three different operational amplifiers. At the output of the WE sits a 

transimpedance amplifier (TIA), which converts the current output of the cell into a voltage so 

that the measurement can be processed by digital components68. Importantly, this component 

draws little current so as to not impact the conversion68. A measurement resistor sits in parallel 

with a stabilizing capacitor, which is added to prevent oscillatory behaviour, to form a negative 

feedback loop. Real world operational amplifiers introduce input capacitance. This, in 

conjunction with the fact that the TIA provides unity gain due to the large resistance of the 

electrochemical cell relative to the feedback resistor, means that the TIA is unstable without the 

introduction of the feedback capacitor.  The current measurement range of the potentiostat is 

dictated by the value of the feedback resistor and the output of the TIA is calculated in 

accordance with equation 2.4. The transfer function of the TIA is shown in equation 2.5. Using 

equation 2.6, an appropriate feedback capacitor can be selected to prevent oscillations and ensure 

stable performance of the operational amplifier. 

 

(2.4) 

𝑉𝑜𝑢𝑡 =  −𝐼𝑐𝑒𝑙𝑙 𝑅𝑓 

Where: 

• 𝑽𝒐𝒖𝒕 =  the output voltage of the TIA 

• 𝑰𝒄𝒆𝒍𝒍 = the current entering the TIA through the electrochemical cell  

• 𝑹𝒇= the feedback resistor 

 

 

(2.5) 
𝑉𝑜𝑢𝑡

𝐼𝑐𝑒𝑙𝑙
=  

−𝑅𝑓

1 + 𝑠𝑅𝑓𝐶𝑓
 

Where: 
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• 𝑽𝒐𝒖𝒕 =  the output voltage of the TIA 

• 𝑰𝒄𝒆𝒍𝒍 = the current entering the TIA through the electrochemical cell  

• 𝑹𝒇= the feedback resistor 

• 𝑪𝒇= the feedback capacitor 

 

 

(2.6) 

𝐶𝑓 =  √
𝐶𝑖𝑛

2𝜋 ∗ 𝑅𝑓 ∗ 𝐺𝐵𝑊
 

Where: 

• 𝑪𝒇= the feedback capacitor 

• 𝑪𝒊𝒏= the input capacitance of the TIA 

• 𝑹𝒇= the feedback resistor 

• GBWP= the gain bandwidth product of the TIA 

 

 

 The RE connects to the positive terminal of a voltage follower (VF) to isolate the RE. 

This ensures that no current will be drawn from the RE, allowing it to act as a stable reference. 

Lastly, a control amplifier (CA) injects current into the electrochemical cell to compensate for 

the redox reaction occurring on the WE and to maintain the potential difference between the WE 

and RE.  
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Figure 2.2: Simplified potentiostat circuit consisting of a signal generation unit, control 

amplifier (CA), voltage follower (VF), transimpedance amplifier (TIA) with a feedback resistor 

and capacitor in parallel, and a data acquisition system. 

 

 

In recent years, a number of lab-made potentiostats have been developed that are less 

costly and more portable than commercially available potentiostats. For the remainder of this 

section, these lab-made potentiostats will be categorized based on their main objectives and key 

limitations. Noteworthy examples of each will be highlighted. Provided in Table 2.1 is a 

comparative summary of commercially available and select laboratory-made potentiostats 

including the reader developed herein. 
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Table 2.1: Comparison of Select Potentiostats 

Potentiostat Price 

(USD) 

Dimensions 

WHD (mm3) 

Weight (g) Supported 

Techniques 

PEC Connectivity 

Sensit Smart14 >700 43 x 11 x 25 10 LS, CV, SWV, 

DP, NP, CA, 

CC, MA, PAD, 

OCP, EIS  

No USB-C (phone, 

computer) 

Palmsens 413 >5,000 157 x 35 x 97 ~500 LS, CV, ACV, 

SWV, DP, NP, 

CA, ZRA, CC, 

MA, FAM, 

PAD, MPAD, 

LSP, CP, MP, 

OCP, SCP EIS 

No Bluetooth, USB 

(phone, computer) 

μStat-i 40015 

 

>5,000 100 x 36 x 132  

 

540 LS, CV, ACV, 

SWV, DP, NP, 

CA, ZRA, CC, 

MA, FAM, 

PAD, MPAD, 

LSP, CP, MP, 

OCP, SCP EIS 

No Bluetooth, USB  

(computer) 

Zahner CIMPS-

QE/IPCE69 

>10,000 Electronic 

load: 470 x 

160 x 446 

 

Potentiostat: 

364 x 160 x 

376 

Electronic 

load: 20,000 

 

Potentiostat:  

12,000 

 

 

LS, CV, ACV, 

DP,  CA, MA, 

CP,  EIS, among 

other PEC 

specific 

techniques 

Yes USB (computer) 

UWED70 ~60 80 x 23 x 40  56 LS, CV, SWV, 

DP,  CA, CP 

No Bluetooth (phone) 

DStat71 ~100 92 x 31 x 84  ~100 LS, CV, SWV, 

DP, CA, CP 

No USB (computer) 

Cheapstat72 <80 140 x 28 x 66 115 LS, CV, SWV No USB (computer) 

Enactsense / 

PECsense (this 

work) 

~100 75 x 15 x 45 

with case 

excluding 

battery 

50 with case 

excluding 

peripheral 

devices and 

battery 

LS, CV, SWV, 

DP, NP, CA 

 

Yes Bluetooth (phone) 

LS- Linear sweep; CV- cyclic voltammetry; ACV- AC voltammetry; SWV- square wave voltammetry; DP- 

differential pulse; NP- normal pulse; CA- chronoamperometry; ZRA- zero resistance amperometry; CC- 

chronocoulometry; MA- multistep amperometry; FAM- fast amperometry; PAD- pulsed amperometric 

detection; MPAD- multiple-pulse amperometric detection; LSP- linear sweep potentiometry; CP- 

chronopotentiometry; MP- multistep potentiometry;  OCP- open-circuit potentiometry; SCP- stripping 

potentiometry; EIS- electrochemical impedance spectroscopy 

 

 

Educational Potentiostats 

Motivated by the numerous real-world applications of electrochemical detection, several 

research groups have designed low-cost potentiostats to be used as educational tools to help 

familiarize students with the fundamentals of these techniques72–75. These potentiostats follow a 
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do-it-yourself approach and are composed of common, inexpensive electrical components. While 

these devices are markedly inexpensive (20-80 USD), they may not be suitable for all biosensing 

experiments given their low current sensing resolution and large excitation signal quantization 

error. Regardless, they highlight the growing need for low-cost potentiostats outside of a 

traditional research laboratory setting. 

Gabriel Meloni fabricated a low-cost (<30 USD) potentiostat for performing cyclic 

voltammetry using standard “off the shelf” electrical components designed for students to learn 

the fundamentals of electrochemistry75. This potentiostat uses an 8-bit DAC and the excitation 

potential range is limited to ±1V, resulting in an excitation signal resolution of 0.0078V. A single 

feedback resistor was used to yield a current measurement range of ±200μA. A 10-bit ADC was 

used and accordingly, the current sensing resolution of this device is 0.4μA. Another noteworthy 

example is Cheapstat, which was developed by Aaron Rowe and colleagues at the University of 

California Santa Barbara in 201172. This open-source, inexpensive (<80USD), and portable 

potentiostat laid the groundwork for other portable potentiostats to come. This potentiostat uses a 

12-bit DAC and the excitation potential range is limited to ±1V, resulting in an excitation signal 

resolution of 0.49mV. Cheapstat offers two current measurement ranges by toggling between 

two different feedback resistors (±10μA and ±100μA). By using a 12-bit ADC, the current 

sensing resolution of Cheapstat is 0.0049μA and 0.049μA for the ±10μA range and ±100μA 

range respectively. By connecting to a desktop computer and using the graphical user interface, 

users can select between cyclic, square wave, linear sweep, and anodic stripping voltammetry. 

Using this program, the voltammograms can be plotted, but it does not include any signal 

processing or analytical abilities.  
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Computer-Controlled Potentiostats 

As an alternative to the expensive commercially available potentiostats, many researchers 

have developed general-purpose, low-cost potentiostats to be used within a laboratory 

setting68,72,76–79. Compared to the previously mentioned education-centric devices, these 

potentiostats offer improved performance but are accordingly more expensive (50-200 USD). 

However, these devices have limited application in PoC settings given their reliance on a 

computer for data analysis. This proves to be a significant hurdle particularly in resource-limited 

environments given the added equipment cost and electricity dependence. Furthermore, many of 

these devices are controlled by highly technical software with advanced settings. Despite this, 

the analytical capabilities of these devices are limited as they do not include analytical 

algorithms found standard in the commercial systems. 

One of the most notable computer-controlled potentiostats reported in the research 

literature is DStat, an open-source potentiostat developed by Michael Dryden and Aaron 

Wheeler at the University of Toronto in 201571. This potentiostat is of particular interest as it 

offered significantly improved performance when compared to the previously mentioned 

Cheapstat while remaining cost-effective (~100 USD). This potentiostat uses a 16-bit DAC and 

the excitation potential range is limited to ±1.5V, resulting in an excitation signal resolution of 

46μV. Seven feedback resistors are used in conjunction with a 24-bit ADC, with a limit of 

detection of 600fA in the lowest current measurement range. The open-source nature of this 

device meant that researchers could revise the hardware or expand upon the functionality of the 

device through software modifications.  
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Smartphone-Operated Potentiostats 

In an effort to create more portable readout systems, some researchers have developed 

smartphone-operated potentiostats70,80–83. Most of these devices communicate with the 

smartphone via wireless protocols  70,80–82, although some rely on physical connections to the 

smartphone83. These smartphone-operated potentiostats are comparatively priced to the 

computer-controlled potentiostats and are inherently better suited for PoC biosensing given the 

ubiquity and portable nature of smartphones. Unfortunately, most of these smartphone 

applications provide little user interface beyond simply presenting the scan measurements in 

voltammogram format. Analytical functions such as data smoothening, peak detection, and 

classification algorithms remain unincorporated within these applications. Furthermore, while 

these smartphone-operated potentiostats have an away-from-lab focus, their inability to interface 

with and control other biosensing instruments renders any biosensor with such requirements 

dependent on other traditionally laboratory-bound external equipment.  

A prime example is the Universal Wireless Electrochemical Detector (UWED) developed 

by Alar Ainla and colleagues in 201870. This potentiostat was one of the first open-source 

smartphone-operated potentiostats reported in the research literature. This potentiostat is 

controlled wirelessly via BLE by an accompanying smartphone application. Collected scan data 

is transferred from UWED to the smartphone and subsequently uploaded to the Cloud. Given 

this reliance on the Cloud, UWED offers little in terms of signal processing in-app when 

compared to portable commercial systems. This potentiostat uses a 16-bit DAC and the 

excitation potential range is limited to ±1.5V, with a reported excitation signal resolution of 

67μV. A single feedback resistor grants this potentiostat a current measurement range of ±180μA 

range. By using a 16-bit ADC, the current sensing resolution of this device is 6.4nA barring any 

input-referred noise. 
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Chapter 3: A Portable and Smartphone Operated Electrochemical 

Reader and Actuator that Streamlines the Operation of 

Electrochemical Biosensors 
 

3.1 Preface 
The purpose of this chapter is to demonstrate the design and validation of a portable 

electrochemical readout system. The limitations associated with existing electrochemical readout 

systems are discussed. The design of the readout system is outlined. Experiments were conducted to 

validate the sensing abilities of the device, highlight its ability to control portable auxiliary 

instruments, and demonstrate its applicability with differential signal assays. 

Multiple authors have contributed to this chapter as it has recently been prepared for 

publication with the working title of “A Portable and Smartphone Operated Electrochemical Reader 

and Actuator that Streamlines the Operation of Electrochemical Biosensors” in the Journal of 

Analytical Chemistry. Enas Osman was responsible for preparing the DNA used in the 

electrochemical experiments. Alexander Scott was responsible for designing the hardware and 

developing all software associated with the electrochemical readout system. Alexander Scott 

conducted the electrochemical and electrical demonstration experiment, the sample heater validation 

using a 3-electrode bio-barcode assay experiment, and the magnetic manipulation validation 

experiment. Both Alexander Scott and Dr. Richa Pandey performed the two-channel electrochemical 

differential detection of Escherichia coli experiment. Alexander Scott wrote this article. Enas Osman 

wrote the DNAzyme synthesis and purification and the Preparation of crude intracellular matrix 

subsections in the Methods and Materials method section of this work. Dr. Richa Pandey contributed 

to editing. In addition, Dr. Leyla Soleymani contributed to the design and writing of this section. 

 

3.2 Introduction 
Since the commercialization of the first glucose biosensor in 197584, there has been 

tremendous interest in using electrochemical readout for disease management and health 
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monitoring at the point-of-care (PoC).  A number of electrochemical biosensors, which combine 

biorecognition elements with electrochemical transducers, have emerged in the research 

literature for detecting pathogens20 , extracellular vesicles85, biomolecules10,86, and small 

molecules87;  however, none of these classes of biosensors have penetrated the market to the 

same degree as PoC glucose monitors88. Issues related to sensor stability, trade-offs between 

assay time, sensitivity, and complexity, loss of performance in clinical samples, and integration 

challenges89 are all contributing factors to the difficulty in translating electrochemical biosensors 

from the laboratory to commercial markets. In the context of integration, it remains challenging, 

costly, and time consuming to adapt commercially-available electrochemical readers, 

postentiostatic or galavaostatic devices referred to generally as potentiostats, for use with 

specific PoC biosensors. In particular, commercially available potentiostats are prohibitively 

expensive and pose a number of developmental challenges for PoC analysis given their generally 

large size (although miniaturized potentiostats are becoming increasingly common14), difficulty 

in use and data interpretation by non-experts, and perhaps most importantly their lack of 

actuation abilities needed for evaluating certain biological assays. A vast number of bioassays 

require sample heating, magnetic manipulation, and multiplexed measurements, which are 

typically performed using devices separate from the potentiostat, posing significant integration 

challenges. 

In response, a number of lab-made potentiostats have been reported in the literature in 

recent years68,72,73,76–82,90–99. While these devices are less costly than their commercial 

counterparts, they do little to address other key integration challenges that inhibit many 

electrochemical biosensors from penetrating the market. Many of these lab-made devices rely on 

a connection to a computer68,76–79,96,100, which may not be feasible in all PoC applications, 
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particularly in resource-limited environments. Others rely on highly technical software that is 

tailored to researchers, providing little instructions to the user. In addition, little work has been 

done to incorporate the aforementioned actuation instruments despite their incorporation in a 

number of electrochemical biosensing experiments101. Lastly, both the commercial systems and 

the devices reported in the literature are designed for use with standard 2-electrode or 3-electrode 

systems and are therefore incompatible with multi-channel and multiplexed assays43.  

As such, the aim of this work was to develop a fully-integrated handheld electrochemical 

platform that combines dual channel (can be extended to multiple channels) signal readout with 

sample processing and signal actuation to expedite the translation of bioassays from the 

laboratory to the market. More specifically, this device can perform away-from-lab sample 

heating and magnetic manipulation. This device was thoroughly characterized by performing 

various electrochemical techniques and it was further validated using a two-working electrode 

biosensing assay which integrates electroactive DNAzymes with electrochemical readout for 

bacterial detection, thereby demonstrating the feasibility of the platform in a real-time PoC 

analysis capacity. 

 

3.3 Materials and Methods 

Reagents and Materials 

Escherichia coli K12 (E. coli K12; MG1655), which is regularly maintained in our 

laboratory, was used in this study. Lyophilized oligonucleotides were purchased from Integrated 

DNA Technologies, Inc (Iowa, United States). Methylene blue N-Hydroxysuccinimide (NHS) 

ester was purchased from Glen Research (Virginia, United States). Dimethyl sulfoxide (DMSO), 

sucrose, xylene cyanole FF, bromophenol blue, 10X tris-borate-EDTA buffer (TBE), tris, 

ethylenediaminetetraacetic acid (EDTA), Sodium Acetate, Glacial Acetic Acid, and sodium 
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chloride was purchased from Sigma-Aldrich (Ontario, Canada). Urea, and 40% 29:1 

bis/acrylamide was purchased from Bioshop Canada (Ontario, Canada). A Stuart handheld 

ultraviolet (UV) lamp 254/365 nm was purchased from Cole-Parmer (Ontario, Canada). 0.2μm 

filter discs were purchased from Acrodisc. The shaker (76407-108) was purchased from VWR 

(Ontario, Canada). BTV-AC1 electrochemical sensors (referred to here on as on-chip electrodes) 

were purchased from Palmsens BV (Netherlands). Magnetic beads, which are regularly 

maintained in our laboratory, were used to demonstrate our system’s capability of performing 

basic magnetic manipulation. All other chemicals were purchased from Sigma-Aldrich and were 

used without further purification. The specific DNA sequences used in this work can be found in 

SI Table 3.1.  

 

Device Engineering 

The device presented in this work, referred to here on as Enactsense (electrochemical 

actuator and sensing device), was designed around the low amplitude signal constraints 

associated with typical biosensing experiments and is capable of performing several types of 

voltammetric functions (Appendix 3.1). Enactsense is controlled via an Android application 

through Bluetooth Low Energy (BLE) rather than a dedicated program on a desktop computer, 

thereby capitalizing on the widespread global adoption, increasing processing power, and the 

decreasing cost of smartphones, and also rendering the system more portable and accessible. A 

summary of the device’s capabilities can be found in SI Table 3.2. 

Device schematics and printed circuit boards (PCBs) were designed using Autodesk Eagle. 

PCB manufacturing was conducted by JLCPCB and the individual components were hand-

soldered.  Enactsense is composed of the Arduino Nano 33 BLE development board, the 

MAX5217 digital-to-analog converter (DAC), a reconstruction filter made of the AD8656 dual 
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operational amplifier, a core potentiostat circuit consisting of the AD8606 dual operational 

amplifier and the LMP7721 precision operational amplifier, the ADS122C04 analog-to-digital 

converter (ADC), and the dual output REF2030 voltage reference.   

Novel to Enactsense is the incorporation of peripheral devices that expand upon the device’s 

capabilities. A custom sample heater circuit was developed to facilitate away from lab sample 

heating. A 3D printed case made of polylactic acid was designed using Autodesk Inventor and 

printed using an Original Prusa i3 MK3S 3D printer to house an adhesive flexible polyimide 

heater. This heater was made by Icstation and was purchased through Amazon Canada. The 

KS0320 Keyestudio Electromagnet Module was also integrated to facilitate away-from-lab 

magnetic manipulation and was purchased through Amazon Canada. 

We developed the firmware using the Arduino integrated development environment and it is 

responsible for computing the voltammetric excitation series, reading the resulting output from 

the electrochemical cell, controlling the peripheral devices, configuring the settings of the 

various integrated circuits, and communicating with the smartphone. The ArduinoBLE external 

library was used to simplify BLE communications. Sparkfun’s ADS122C04 Arduino library was 

used to interface with the ADC and properly configure its registers. Individual functions were 

created for each of the supported voltammetric scan types. 

We developed an accompanying smartphone application in Java using the Android Studio 

integrated development environment. This application is responsible for remotely controlling 

Enactsense, providing means of user interface, and performing any necessary signal processing 

and analysis. The BlessedBLE library102 was used to facilitate communication with Enactsense. 

The voltammetric scans are presented in graphical format using the open-source 
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MPAndroidChart graphing library103. In-app data smoothening was conducted using Marcin 

Rzeźnicki’s open-source SGFilter Java class104. 

 

Electrical and Electrochemical Characterization 

To quantitatively assess the noise performance of Enactsense, the device’s electrode 

connections were left open, and the current was measured in a typical laboratory environment for 

7 minutes in order to measure the input-referred noise of the current sensing portion of 

Enactsense (transimpedance amplifier and ADC). The ADC sampling rate was set to 20 samples 

per second (SPS). No efforts were taken to shield the device from any forms of interference.  

Subsequently, the redox behavior of [Fe(CN)6]4-/ [Fe(CN)₆]3-  was investigated at various 

concentrations and scan rates. On-chip electrodes were cleaned by performing 30 cyclic 

voltammetry scans with 0.5M sulfuric acid from 0 – 1.5V in 0.001V steps with a scan rate of 

0.1V/s using a commercial potentiostat. Following this, 2 mM, 1 mM, 0.5 mM, 0.25 mM, and 0 

mM of the [Fe(CN)6]4-/ [Fe(CN)₆]3-  solutions were prepared in 25 mM phosphate buffer saline 

(PBS) and 25 mM NaCl buffer (25:25 buffer). 40µL drops of the solutions were individually 

pipetted onto the on-chip electrodes following washing with deionized water. Cyclic 

voltammetry was then performed for a potential range of -0.2V – 0.5V, with steps of 0.001V and 

a scan rate of 0.2V/s. Subsequently, 40µL drops of the 2mM [Fe(CN)6]4-/ [Fe(CN)6]3-  solution 

prepared in 25:25 buffer were pipetted onto new on-chip electrodes. Cyclic voltammetry was 

then performed from -0.2V – 0.5V, with steps of 0.001V and scan rates of 0.2V/s, 0.1V/s, 

0.05V/s, and 0.025V/s. In-app data smoothening was not performed. The performance of 

Enactsense was compared to the commercially available Sensit Smart.  
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Peripheral Devices Validation 

The performance and characteristics of the sample heater and electromagnet were 

investigated. After first allowing the sample heater to pre-heat for one minute, an on-chip 

electrode was placed inside the sample heater for 30 minutes. The surface temperature of the on-

chip electrode was then recorded every 5 minutes using the SOVARCATE 960 infrared 

thermometer. Following this, new on-chip electrodes were cleaned by performing 30 cyclic 

voltammetry scans with 0.1M sulfuric acid from 0 to 1.5V in 0.001V steps with a scan rate of 

100mV/s using a commercial potentiostat. A mixture of 1µM tris(2-carboxyethyl)phosphine 

(TCEP) (1:100) and 1µM probe was prepared in 25 mM phosphate buffer saline (PBS), 25 mM 

NaCl, and 100mM MgCl2 buffer 25:25:100 solution. After allowing this mixture to stabilize 

following a 2-hour incubation at room temperature, 3µL drops of the mixture were pipetted onto 

the on-chip electrodes. The on-chip electrodes were then left to incubate at room temperature in a 

humid environment for 18 hours. Following this incubation period, 3µL drops of 100mM 

mercapto hexanol (MCH) backfill were pipetted onto the on-chip electrodes and left to incubate 

for 20 minutes at room temperature. Square wave voltammograms were recorded using 

Enactsense from 0V to -0.6V in 0.001V steps with a frequency of 60Hz and a pulse amplitude of 

0.025V. Subsequently, 10µL of methylene blue tagged target DNA with a concentration of 

150nM were pipetted onto half of the on-chip electrodes and 10µL of PMT20 was pipetted onto 

the remaining on-chip electrodes. The on-chip electrodes were then incubated for 30 minutes at 

approximately 37°C using the sample heater. Following this incubation, square wave 

voltammograms were recorded using Enactsense from 0V to -0.6V in 0.001V steps with a 

frequency of 60Hz and a pulse amplitude of 0.025V. A similar procedure was performed with 

another set of on-chip electrodes but they were instead incubated at room temperature (RT) 
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during the target DNA hybridization step. In-app baseline subtraction and data smoothening 

were performed. 

In order to demonstrate Enactsense’s ability to control an electromagnet within an 

electrochemical biosensing context, it was used to isolate magnetic microbeads in a suspension. 

The electromagnet was turned on and was placed directly beside a rectangular vial containing 14 

µL of DI water and 1 µL of magnetic microbeads for 30 minutes.  

 

Evaluation of a Two-Working Electrode Assay 

In accordance with the manufacturer protocol, 5’-Amino- modified E. coli DNAzyme (D) 

was labeled using methylene blue NHS Ester diluted in DMSO. The lyophilized DNAzyme was 

diluted in 0.1 M Carbonate/Bicarbonate buffer (pH 9). Next, the methylene blue NHS Ester was 

added to the DNAzyme for methylene blue tagging and left to incubate for two hours at room 

temperature. Subsequently, the DNAzyme was purified using 10% urea 40% 29:1 

Bis/Acrylamide page gel. Prior to loading into the gel, an Ethanol precipitation (0.1x Sodium 

acetate (pH=5.2), 2.5x 100% ethanol) step was performed. The gel was run for 1 hour and the 

DNAzyme bands were vitalized and cut using UV light (240 nm). Afterwards, the gel was 

crushed and eluted using an in-house elution buffer (200 mM NaCl, 10 mM Tris pH=7.5, 1 mM 

EDTA)105. The crushed gel was eluted two more times on a heated shaker at 300 rpm at 37°C for 

30 minutes. A final ethanol precipitation step was applied. The retrieved DNAzyme was then 

diluted in RNA/DNA free water for further use.     

The crude intracellular matrix (CIM) preparation protocol was adapted from that of Ali 

and colleagues105. Escherichia coli K12 (MG1655) was grown under the appropriate conditions 

and cultured in lysogeny broth (LB) media overnight until optical density reached OD600 ~1.0. 

Subsequently, 1 mL of each bacterial culture was centrifuged at 10,000g for 10 minutes and the 
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clear supernatant was discarded. The cells were then suspended in 500μL of 1x reaction buffer 

(50 mM HEPES, 150 mM NaCl, 15 mM MgCl2, Tween 20 0.01%, pH 7.5). The cell suspension 

was heated at 90°C for 5 minutes and subsequently left at room temperature for an additional 10 

minutes to ensure proper cell lysis. Next, the suspension was centrifuged at 13,000g for 10 

minutes. The clear supernatant was then collected and passed through a 0.2μm filter disc. The 

supernatant was aliquoted and stored at −20°C and was used in DNAzyme cleavage experiments 

as needed. This CIM supernatant corresponds to ~2 Å~ 109 cells/mL. 

On-chip electrodes were cleaned by performing 10 cyclic voltammetry scans with 0.1M 

sulfuric acid from 0 – 1.5V in 0.001V steps with a scan rate of 100mV/s using a commercial 

potentiostat. Next, 3 µM of thiolated probe (TP) was reduced using 300 µM TCEP (1:100) for 2 

hours in the dark at room temperature. Concurrently, 5 µM of thiolated DNAzyme (TD) was 

reduced using 500µM TCEP (1:100) for 2 hours in dark at room temperature. After this 

reduction time had passed, 3µL drops of the TP and TD were deposited onto the respective 

electrodes. The electrodes were then left to incubate at room temperature for 18 hours. Following 

this incubation period, the on-chip electrodes were washed in 25:25 buffer. 3 µL drops of 

100mM MCH backfill were deposited onto the on-chip electrodes and left to incubate for 20 

minutes in the dark at room temperature. Square wave voltammetry was performed using 

Enactsense from 0V to -0.6 V in 0.001 V steps with a frequency of 60 Hz and a pulse amplitude 

of 0.025 V. Subsequently, a 10 µL solution of the aforementioned 106 CFU/ml bacterial CIM 

were pipetted onto half of the available on-chip electrodes assigned as Electrode 1 and 10 µL of 

PMT20 was pipetted onto the remaining on-chip electrodes assigned as Electrode 1 on-chip 

electrodes. These on-chip electrodes were then incubated for 30 minutes at 37°C in a 

conventional laboratory oven. Following this 30-minute incubation, the solution on top of these 
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on-chip electrodes were manually transferred to the on-chip electrodes assigned as Electrode 2. 

The on-chip electrodes assigned as Electrode 2 were then incubated for 30 minutes at 37°C in a 

conventional laboratory oven.  Square wave voltammetry was recorded using Enactsense from 

0V to -0.6 V in 0.001 V steps with a frequency of 60 Hz and a pulse amplitude of 0.025 V. In-

app baseline subtraction and data smoothening were performed. 

 

3.4 Results 

Device Engineering 

We developed a miniaturized (75 mm by 40 mm) and inexpensive (~95 USD) 

electrochemical reader and actuator (Enactsense) and an accompanying smartphone application, 

specifically made for use with biological assays. The Bluetooth Low Energy (BLE) 

communication protocol, a recent low-power revision of the traditional Bluetooth 

communication scheme, is employed so that the smartphone can remotely control Enactsense. 

Accordingly, we have developed a universal device that can interface with a wide range of 

smartphones regardless of their make or model. 

Enactsense (Figure 3.1A and 3.1B) is composed of the Arduino Nano 33 BLE 

development board, a digital-to-analog converter (DAC), multiple operational amplifiers, an 

analog-to-digital converter (ADC), and a voltage reference. We used the Arduino Nano 33 BLE 

development board as it natively supports BLE communications without the need for an external 

BLE module. Furthermore, the Arduino Nano 33 BLE development board has a number of 

programmable input and output channels, which we used to communicate with the DAC, ADC, 

sample heater, and electromagnet. Finally, this board is compatible with a number of open-

source libraries, which facilitated firmware development. Since the Arduino Nano 33 BLE does 

not output analog voltages, an external DAC was added. Specifically, we utilized the MAX5217 
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16-bit DAC to convert the signal from the Arduino Nano 33 BLE development board into an 

analog voltammetric excitation signal, which controls the potential between the reference 

electrode (RE) and the working electrode (WE). The dual output REF2030 voltage reference is 

used to set the maximum voltage output of this DAC to 3V. Accordingly, the voltage resolution 

of the DAC is 46µV, which allows for small step potentials and is in line with many commercial 

potentiostats106.  A reconstruction filter follows the output of the DAC in order to attenuate 

image frequencies, thereby correcting for the staircase effect associated with the discrete nature 

of DACs and leading to the generation of smooth voltammetric excitation signals. This fourth 

order filter is made of two AD8656 operational amplifiers and it offers 0dB gain in the passband 

with a -3dB frequency of 30kHz, which is suitable given the 100kHz bandwidth of the DAC. 

  
Figure 3.1: Overview of Enactsense. (A) Photograph of Enactsense and a 3D printed case with 

labels corresponding to the Arduino Nano 33 BLE, digital-to-analog converter (DAC), voltage 

reference, reconstruction filter, a core-potentiostat circuit consisting of a voltage follower (VF), 

control amplifier (CAmp), and transimpedance amplifier (TIA), multiplexer (Mux), and an 

analog-to-digital converter (ADC). (B) Functional block diagram of Enactsense with additional 

labels highlighting the reference electrode (RE), counter electrode (CE), and working electrodes 

(WE) and peripherals. (C) Smartphone application process flow. 
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The core potentiostat circuit, composed of three operational amplifiers, is situated after 

the reconstruction filter. The first operational amplifier is a voltage follower (VF) which is used 

to isolate and prevent the flow of current through the RE, thereby ensuring the RE can provide a 

stable reference. With that said, real-world operational amplifiers do not have an infinite input 

impedance meaning that an input bias current will still flow through the RE. Next, a control 

amplifier (CAmp) is responsible for injecting current into the cell to compensate for the redox 

reaction occurring at the WE. Lastly, a transimpedance amplifier (TIA) converts the current 

output of the cell into a voltage.  The AD8606 dual amplifier was used for the VF and CAmp in 

part due to its low input bias current (0.2 pA). The small input voltage offset (20 µV) and low 

voltage noise density (8 nV/Hz1/2) of this operational amplifier ensures that the applied potential 

is accurate. Whereas for the TIA, the LMP7721 was selected chiefly due to its markedly low 

input bias currents (3 fA), thereby ensuring that the current to voltage conversions are as accurate 

as possible. In order to support multiplexed measurements as required in many biosensing 

experiments, we added the MAX4644EUT to toggle the WE that is connected to the input of the 

TIA. This multiplexer has a switching time of less than 20ns.  

Even though the Arduino Nano 33 BLE development board has a built-in 12-bit ADC, 

the resolution may not provide the level of granularity needed to accurately make diagnostic 

conclusions. Accordingly, most commercial potentiostats make use of external ADCs with a 

minimum resolution of 16-bits 106.  As such, we opted to use the external ADS122C04 ADC to 

convert the voltage output of the TIA into a digital signal that can be recorded by the Arduino 

Nano 33 BLE and later transmitted to the smartphone. This precision ADC has an effective 

resolution up to 20-bit dependent on the sampling rate, which can be set from 20 samples per 
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second (SPS) up to 2000 SPS. The ADS122C04 features a built-in low-pass filter to suppress 

50/60 Hz line noise when sampling at 20 SPS.  

We have designed Enactsense to interface with a portable heater and an electromagnet to 

support away-from-lab sample heating and magnetic manipulation. The heater is powered by a 

separate 12 V power supply and can reach a maximum temperature output of 170℃. The 

temperature of the sample heater and the magnetic field strength are controlled directly by the 

Enactsense. 

In order to make Enactsense accessible and easy to use, we developed an accompanying 

Android application that is responsible for connecting to Enactsense, adjusting the voltammetric 

scan parameters, guiding the user through an experiment, signaling Enactsense to begin a 

measurement, and displaying the results (Figure 3.1C). We employed the BlessedBLE library to 

facilitate communication with Enactsense. Namely, we used this library to search for and 

connect to Enactsense, to inform Enactsense of any modifications made to the scan parameters, 

to receive scan measurements from Enactsense, and to send instructions to Enactsense in order to 

remotely control the sample heater or electromagnet.  The voltammetric scan parameters can 

either be manually entered by the user or imported by scanning custom QR codes, which we 

have designed to contain embedded information associated with a specific electrochemical 

biosensor. Editable parameters include the scan type, beginning potential, end potential, step 

potential, among other scan type specific parameters. We created several graphical animations to 

help walk the user through the various stages of a typical electrochemical experiment.  These 

stages include connecting the on-chip electrodes to Enactsense, adding the sample to the on-chip 

electrodes, heating the sample, and performing the scan. Preloaded video demonstrations provide 

the user with additional guidance. We employed the MPAndroidChart open-source graphing 
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library to generate graphical representations of scan measurement (voltammograms). However, 

the raw data can also be saved locally on the device in comma-separated values (CSV) format.  

Another key responsibility of the Android application is to perform signal processing. 

Owing to the noise background of electrochemical measurements that can at times be significant, 

data can be obfuscated leading to analytical errors107. To address this, various signal processing 

techniques have been proposed to smooth electrochemical datasets including moving median 

filters and Savitzky-Golay filters108. While moving median filters can be employed to help 

smooth the data, this approach can lead to truncated signal peaks108. Conversely, Savitzky-Golay 

filters more accurately preserve the structural integrity of the original signal108–110. As such, we 

employed Marcin Rzeźnicki’s open-source SGFilter Java class to perform this data smoothening.  

It should be noted that this approach does not address the fact that baseline currents, resulting 

from the composition of the WE, electrolyte, presence of dissolved oxygen, and experimental 

ambient conditions, can obscure the true peak amplitude of a signal111. In order to remove the 

above-mentioned baseline currents, we developed a moving average baseline correction 

algorithm. This algorithm computes the moving average baseline and subtracts this curve from 

the raw signal. The last analytical function we developed for the smartphone application is a 

simple peak detection algorithm that returns a list of local maxima and minima. 

From a firmware perspective, we employ two external libraries: the ArduinoBLE library 

which is used to facilitate BLE communication, and Sparkfun’s ADS122C04 Arduino library 

which is used to interface with the ADC and properly configure its registers. A function was 

developed to automatically reconfigure the sampling rate of the ADC based on the timing 

parameters of the voltammetric scan, allowing for improved signal-to-noise ratios when 

performing slower voltammetric scans. Individual functions were created for each of the 
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supported voltammetric scan types. Timer interrupts are used to appropriately update the DAC 

output and poll from the ADC in accordance with the scan’s timing parameters. In order to 

support biosensing experiments with dual signal electrodes, the firmware toggles the 

MAX4644EUT so that sequential electrochemical measurements can be performed. 

 

Electrical and Electrochemical Characterization 

The noise performance, as well as the electrochemical performance of Enactsense, were 

investigated and compared to the commercially available Sensit Smart, a widely-used 

miniaturized potentiostat by PalmSens. Electrochemical biosensing experiments are susceptible 

to electrical noise given their low signal amplitude and/or high frequency107. This unwanted 

distortion of the output signal can be generated intrinsically through the electrical components of 

the potentiostat or coupled from an external source. Open circuit noise measurements were 

performed to quantify the input-referred noise of Enactsense. It was found that the standard 

deviation of the open-circuit noise was greater than the effective resolution of the ADC (36 pA 

versus 19 pA). As such, the current sensing abilities of Enactsense are limited by the input-

referred noise of the device rather than the resolution of the ADC itself.  

To understand the electrochemical performance of Enactsense, we performed cyclic 

voltammetry using the [Fe(CN)6]4-/ [Fe(CN)₆]3-  redox couple at five different concentrations (2 

mM, 1 mM, 0.5 mM, 0.25 mM, and 0 mM) with a scan rate of 200 mV/s. Based on this scan 

rate, the ADC sampling rate for Enactsense was automatically set to 600 SPS. The performance 

of Enactsense was compared to the commercially-available Sensit Smart. The resulting 

voltammograms as recorded by Enactsense and Sensit Smart can be found in Figure 3.2A and 

Figure 3.2C respectively. A more detailed breakdown can be found in SI Table 3.3.   
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Figure 3.2: Comparison of cyclic voltammetry measurements between Enactsense and a 

commercial device. (A) Cyclic voltammogram of different concentrations of a [Fe(CN)6]4-/ 

[Fe(CN)₆]3-  recorded using Enactsense and on-chip electrodes with a scan rate of 200mV/s. (B) 

Cyclic voltammogram of 2mM [Fe(CN)6]4-/ [Fe(CN)₆]3-  recorded using Enactsense and on-chip 

electrode at variable scan rates. The inset highlights the linear relationship that was observed 

between the peak current and the square root of the scan rate. (C) Cyclic voltammogram of 

different concentrations of [Fe(CN)6]4-/ [Fe(CN)₆]3- recorded using a commercial potentiostat 

and on-chip electrodes with a scan rate of 200mV/s (D) Cyclic voltammogram of 2mM 

[Fe(CN)6]4-/ [Fe(CN)₆]3- recorded using a commercial potentiostat and on-chip electrode at 

variable scan rates. The inset highlights the linear relationship that was observed between the 

peak current and the square root of the scan rate.   

 

Using a concentration of 2 mM of [Fe(CN)6]4-/ [Fe(CN)₆]3-, cyclic voltammetry was 

performed at four different scan rates (200 mV/s, 100 mV/s, 50 mV/s, and 25 mV/s). This 

corresponds to sampling rates of 600 SPS, 175 SPS, 90 SPS, and 45 SPS, which were 

automatically determined by the firmware (Appendix 3.3). The resulting voltammograms as 
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recorded by Enactsense and Sensit Smart can be found in Figure 3.2B and Figure 3.2D 

respectively. The cyclic voltammograms show a linear change in peak current with respect to the 

square root of scan rate (Inset- Figure 3.2C-D) demonstrating the expected diffusion-controlled 

behaviour112.  A more detailed breakdown can be found in SI Table 3.4.   

The peak currents and voltages and peak shapes as recorded by Enactsense, and the 

commercial device are similar. Differences can partly be attributed to variation between the 

individual on-chip electrodes. It should be noted; however, that the noise performance of 

Enactsense improved when lower ADC sampling rates were used, hence why the high scan rate 

datasets appear noisier in comparison to the commercial device. Given the black-box nature of 

the commercial device, it is unknown if any signal filtration or processing is automatically 

conducted post-data collection. Data smoothening was not applied to Enactsense datasets.  

 

Peripheral Devices Validation 

Solution heating is used in a broad range of biosensing experiments for sample 

preparation (e.g. lysis) and/or for expediting binding kinetics (e.g. DNA hybridization)16. To 

enable the translation of electrochemical biosensors with such requirements from the laboratory 

to the market, a portable heater, operated by Enactsense, was created (Figure 3.3A). To 

demonstrate the effectiveness of this sample heater, an on-chip electrode was heated, targeting 

37°C, for 30 minutes. It was found that the surface temperature of the on-chip electrode reached 

37°C after approximately 15 minutes and plateaued at roughly 40°C  after 20 minutes (Figure 

3.3B). Future iterations of the sample heater should pre-heat the on-chip electrode in order to 

combat the long heating ramp time. We further evaluated the sample heater peripheral by using it 

in a DNA hybridization experiment (Figure 3.3C). In this experiment, single-stranded probe 

DNA was immobilized on the surface of the working electrode. The target DNA sequence was 
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tagged with methylene blue, a redox reporter. The hybridization of the immobilized probe with 

the redox DNA results in the generation of a signal. To detect DNA hybridization, square wave 

voltammetry was performed before and after target incubation. As previously discussed, data 

processing (Savitzky-Golay filtering and baseline subtraction) was conducted in-app. It was 

found that the heated on-chip electrodes incubated with target DNA produced a detectible signal 

with an average value of 20.5nA, whereas those that were incubated at room temperature did not 

(Figure 3.3D). The reproducible nature of these results demonstrate the effectiveness of the 

sample heater in promoting suitable conditions for DNA hybridization. 
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Figure 3.3: Sample heater validation. (A) A top-down view of the sample heater peripheral 

device. (B) Recorded surface temperature of the on-chip electrodes in the sample heater as a 

function of time. (C) Working principles of the bio-barcode assay. Probe DNA is deposited onto 

the surface of the WE. After depositing redox DNA, the on-chip electrodes are left to incubate 

for 30 minutes at 37°C to facilitate hybridization with the probe. (D) Representative square wave 

voltammograms of the bio-barcode assay recorded using Enactsense with on-chip electrodes 

before and after depositing: (i) 150nM of target DNA and incubating for 30 minutes at 

approximately 37°C using the portable sample heater peripheral; (ii) 150 nM of target DNA and 

incubating for 30 minutes at room temperature; (iii) blank target and incubating for 30 minutes at 

approximately 37°C using the portable sample heater peripheral; (iv) blank target and incubating 

for 30 minutes at room temperature. 
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In order to showcase Enactsense’s magnetic manipulation capabilities, it was used to 

isolate magnetic microbeads in solution. The electromagnet was turned on and placed directly 

beside a rectangular vial filled with a solution of 14µL of DI water and 1µL of magnetic 

microbeads as shown in Figure 3.4A for 30 minutes. We adopted this specific orientation in 

order to highlight that the formation of the magnetic microbead congregation was not the result 

of gravitational forces. As shown in Figure 3.4B and Figure 3.4C respectively, photographs of 

the vial were taken before and after this experiment to showcase the formation of the magnetic 

microbead congregation. Further research must be conducted to confirm the viability of this 

peripheral device for use with electrochemical assays. 

 

 
Figure 3.4: Electromagnet validation. (A) Photograph of the experimental setup. Photographs of 

a vial containing a mixture of DI water and magnetic beads before (B) and after (C) running the 

electromagnet for 30 minutes. 
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Evaluation of a Two-Working Electrode Assay 

Multiplexing is used in biological assays to evaluate a single sample for multiple target 

analytes and/or to obtain multiple readings per analyte for improved assay reliability43,113–116. For 

such assays, it is necessary for the potentiostat to read out signals generated on multiple 

electrodes. To demonstrate Enactsense’s compatibility with multiplexed assays, we used it in 

conjunction with a two-working electrode assay43. Briefly, this assay uses two working 

electrodes to detect E. coli. E. coli specific RNA-cleaving DNAzyme probes that are designed to 

cleave a segment of themselves in the presence of the target are surface-immobilized on the first 

electrode43,117. Single-stranded DNA probes, which are designed to capture the cleaved segment 

of the DNAzyme, are surface-immobilized on the second electrode.  In the presence of E. coli, 

the assay is designed to show a signal decrease on the first electrode and a signal increase on the 

second electrode.  

To validate the applicability of Enactsense with the above-mentioned two-working 

electrode assay, square wave voltammograms were recorded at each stage of the assay operation 

(Figure 3.5B), using the MAX4644EUT to automatically toggle between the two electrodes. As 

expected, in the presence of E. coli, the peak current decreased on the first electrode and 

increased on the second electrode. For the blank solution, the signal still decreased on the first 

electrode, likely due to DNAzyme degradation118; however, the signal changed by a much lesser 

amount on the second electrode in comparison to the target solution. The signal change on the 

two electrodes was calculated by subtracting the pre-target peak current from the post-target 

peak current and dividing the result by the pre-target peak current. In the event that no clear 

peaks were observed, as was the case with two of the first electrodes with target, the RMS noise 

values were used in place of the peak current. Data smoothening was not performed in these 

cases. On the first electrode, signal changes of 0.52 and 0.31 were observed for the target and 
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blank samples, respectively, demonstrating a measurable difference (signal-to-blank ratio of 

1.68) between the two samples. On the second electrode, much higher signal changes were 

measured using the target (84) and blank (6) samples, resulting in a remarkable signal-to-blank 

ratio of 14. Given the large signal changes on the second electrode, the data obtained from this 

electrode is more suitable for bioanalytical sensing. Nevertheless, the data obtained from the first 

electrode is critical for validating the quality of the manufactured chips. 
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Figure 3.5: Evaluation of Enactsense for multiplexed analysis (A) Schematic illustration of the 

two-electrode assay. In the pre-target phase, the first electrode shows a large redox signal due to 

the redox tag on the DNAzyme, whereas the second electrode does not exhibit a signal. 

Following target incubation on Electrode 1, the DNAzymes are cleaved, and the redox DNA 

barcode, causing a decrease in the measured electrochemical current. The solution is then 

manually pipetted onto the second electrode. Following the incubation of the solution on the 

second electrode, the DNA barcode binding results in a large redox signal. (B) Square wave 

voltammetry as recorded using Enactsense. (i) Electrode 1 measurements pre- and post-

incubation with 106 CFU/mL intracellular mixture of E. coli. (ii) Electrode 2 measurements pre- 

and post-incubation with the solution transferred from Electrode 1. (iii) Electrode 1 

measurements pre- and post-incubation with a blank sample. (iv) Electrode 2 measurements pre- 

and post-incubation with a blank sample. (C) Fold changes for target and blank samples on (i) 

Electrode 1 and (ii) Electrode 2, target representing 106 CFU/mL intracellular mixture of E. coli. 

and black representing PMT20. 
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3.5 Conclusion 
This work describes the design and validation of a smartphone-operated portable 

electrochemical reader and actuator (Enactsense) that is specifically designed for use with 

biological assays with heating, magnetic actuation, and multiplexed readout.  Enactsense is 

wirelessly controlled by an accompanying smartphone via Bluetooth Low Energy technology. 

This device supports multiple voltammetric scan types, the parameters of which can be manually 

edited or imported automatically by scanning a QR code through the smartphone application.  

The collected scan data is transmitted from Enactsense to the smartphone for data smoothening, 

peak detection, and baseline correction. Electrochemical validation of Enactsense with 

[Fe(CN)6]4-/ [Fe(CN)₆]3- solutions yielded markedly similar results with a high-end commercially 

available portable potentiostat, wherein both devices recorded similar peak currents and 

produced similarly shaped curves . Unlike the commercial system, Enactsense features native 

multiplexing and actuating capabilities, which are designed to allow the rapid translation of 

biological assays from the laboratory to the market. Enactsense was also used for the detection of 

bacteria using a two-electrode assay, demonstrating the feasibility of using this system with 

complex, real-world assays. Future development of Enactsense could lead to the incorporation of 

machine learning classification algorithms and additional peripheral instruments. 
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3.6 Appendix 

Appendix 3.1: Voltammetric Techniques 

Individual functions were developed for each of the supported voltammetric techniques. Timer 

interrupts, of which the specific timing intervals are determined in accordance with the scan’s 

timing parameters, are used such that the output to the DAC can be appropriately updated. 

Provided in Figure S3.1 is a composite of sample excitation waveforms for each of the supported 

voltammetric scan types as recorded using a Digilent Analog Discovery USB oscilloscope. Note, 

a 1.5V offset is applied to the excitation signals given that the Arduino Nano 33 BLE can only 

output values between 0V-3.3V. This offset is accounted for by a applying a 1.5V bias to the 

non-inverting terminals of both the control amplifier and transimpedance amplifier. To minimize 

input referred noise associated with the ADC, the minimum possible sampling rate is used based 

on the timing characteristics of the voltammetric scan. For square wave voltammetry, this is 

dependent on the frequency. For all other supported voltammetric techniques, the minimum 

ADC sampling rate is determined based on the scan rate. 

 

 

 
Figure S3.1: Sample voltammetric excitation waveforms. (A) Square wave voltammetry. (B) 

Cyclic voltammetry. (C) Linear sweep voltammetry. (D) Differential pulse voltammetry. (E) 

Normal Pulse Voltammetry. 
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Appendix 3.2: Supporting Tables 

SI Table 3.1: DNA Sequences 

TP 

(20 nt) 

  3ʹ-Thiol TAGCTAGGAAGAGTCACACA Capture DNA probe 

 

TD 

79 nt 

5ʹ- Methylene 

blue;  

R = riboA; 3ʹ-

Thiol 

MBTTTTTTGTGTGACTCTTCCTAGCT

RTGGTTCGATCAAGAGATGTGCGTC

TTGATCGAGACCTGCGACCGTTTTTT

TTTTSH 

E.coli DNAzyme  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SI Table 3.2: Device Specifications 

Supported Voltametric Scan types Square wave voltammetry, cyclic 

voltammetry, linear sweep, differential pulse, 

normal pulse 

Current range -10µA to 10µA (-20µA to 20µA for 

differential methods) 

Supply voltage 4.5-21V 

Signal generation resolution 16-bit 

Measurement resolution 24-bit (20-bit effective) 

Measurement sampling rate Programmable from 20sps – 2ksps 

Output range -1.5V to 1.5V 
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SI Table 3.3: Electrochemical Validation Comparison at Different Concentrations 

Potentiostat 

 

 

Peak Cathodic 

Current (µA) 

Difference in Peak 

Cathodic Current 

(E-reader – Sensit 

Smart) 

Peak Anodic 

Current (µA) 

Difference in Peak 

Anodic Current 

(E-reader – Sensit 

Smart) 

E-reader  0.33226 (0 mM) 

0.546346 (0.25 mM) 

0.910075 (0.5 mM) 

1.64917 (1 mM)  

3.576164 (2 mM) 

0.15221 (0 mM) 

0.053997 (0.25 mM) 

-0.00377 (0.5 mM) 

-0.14422 (1 mM) 

-0.074316 (2 mM) 

-0.268641 (0 mM) 

-0.585902(0.25 mM) 

-0.922914 (0.5 mM) 

-1.584334 (1 mM) 

-3.435929 (2 mM) 

-0.140619 (0 mM) 

0.304144 (0.25 mM) 

0.143536 (0.5 mM) 

0.024606 (1 mM) 

-0.257239 (2 mM) 

 Sensit Smart 0.180039 (0 mM) 

0.492349 (0.25 mM) 

0.913845 (0.5 mM) 

1.79339 (1 mM) 

3.65048 (2 mM) 

-0.127791 (0 mM) 

-0.890046 (0.25 mM) 

-1.06645 (0.5 mM) 

-1.60894 (1 mM) 

-3.17869 (2 mM) 
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SI Table 3.4: Electrochemical Validation Comparison at Different Scan Rates 

Potentiostat Peak Cathodic 

Current (µA) 

Difference  

(E-reader – Sensit 

Smart) 

Peak Anodic 

Current (µA) 

Difference  

(E-reader – Sensit 

Smart) 

E-reader  1.780262 (25mV/s) 

2.416615 (50mV/s) 

3.200974 (100mV/s) 

3.800662 (200mV/s)  

 

0.095452 (25mV/s) 

0.196745 (50mV/s) 

0.256614 (100mV/s) 

0.208282 (200mV/s)  

 

-1.342545 (25mV/s) 

-1.912291 (50mV/s) -

-2.618165 (100mV/s) 

-3.130803 (200mV/s)  

 

0.023985 (25mV/s) 

0.050329 (50mV/s) 

0.047515(100mV/s) 

0.185087 (200mV/s)  

 

Sensit Smart 1.68481 (25mV/s) 

2.21987 (50mV/s) 

2.94436 (100mV/s) 

3.59238 (200mV/s)  

 

-1.36653 (25mV/s) 

-1.96262 (50mV/s) --

-2.66568 (100mV/s) 

-3.31589 (200mV/s)  
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Appendix 3.3: ADC Sampling Rate Algorithm 

Given that the noise performance of Enactsense is dependent on the ADC sampling rate, 

algorithms were developed to determine the minimum ADC sampling rate in accordance with 

the timing parameters of the voltammetric scan. In cyclic voltammetry, current is sampled after 

each step potential is applied. Accordingly, the cyclic voltammetry sampling rate is dependent on 

the scan rate and the step potential size as shown in Equation 3.1. In the case of square wave 

voltammetry, current must be sampled at the end of the return and forward pulse. As such, the 

square wave sampling rate is twice that of the frequency as shown Equation 3.2.  

 

 

 

(3.1) 

𝐶𝑉 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 =
𝑆𝑐𝑎𝑛 𝑅𝑎𝑡𝑒 (𝑉𝑠−1)

𝑆𝑡𝑒𝑝 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝑉)
 

 

 

(3.2) 

𝑆𝑊𝑉 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝐻𝑧) ∗ 2 

 

 

The minimum ADC sampling rate had to exceed the above scan-specific sampling rates. This 

minimum ADC sampling rate also had to account for the DAC and ADC conversion times.  

The DAC conversion time was experimentally determined by updating the output of the DAC for 

5 minutes and measuring the difference in time pre and post conversion. The maximum recorded 

conversion time was found to be 1282μs. A similar procedure was followed to determine the 

ADC conversion times. Conversion times of 1371μs, 2039μs, 3400μs, 6125μs, 11600μs, 

22563μs, and 50251μs were recorded for 1000SPS, 600SPS, 330SPS, 175SPS, 90SPS, 45SPS, 

and 20SPS respectively. As such, the minimum ADC sampling rate had to satisfy the condition 

shown in Equation 3.3, which includes a 100μs safety tolerance.  

 

 

  

(3.3) 

𝐴𝐷𝐶 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑇𝑖𝑚𝑒
> (𝑆𝑐𝑎𝑛 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑒)−1 − 𝐷𝐴𝐶 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 − 100μs 

 

 

It should be noted that by minimizing the ADC sampling rate, noise may be under-sampled 

resulting in aliasing106.  
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Chapter 4: A Portable and Smartphone-Operated 

Photoelectrochemical Reader for Point-of-Care Biosensing 
 

4.1 Preface 
The purpose of this chapter is to demonstrate the design and validation of a portable PEC 

reader featuring synchronous control of an optical excitation source. The challenges associated with 

adapting PEC for PoC use are discussed. The design of the PEC reader is outlined. Experiments were 

conducted to validate and demonstrate the versatility of this device. 

Multiple authors have contributed to this chapter as it has recently been prepared for 

publication with the working title of  “A Portable and Smartphone-Operated Photoelectrochemical 

Reader for Point-of-Care Biosensing” in Elctrochimica Acta. Sadman Sakib was responsible for 

preparing the biosensors. Alexander Scott was responsible for designing and programming the PEC 

reader. Both Alexander Scott and Sadman Sakib performed the PEC experiments and contributed to 

writing. Dr. Sudip Saha contributed to editing. In addition, Dr. Leyla Soleymani contributed to the 

design and writing of this section. 

 

4.2 Introduction 
Biosensors are devices that bring together biorecognition and signal transduction elements 

for analyzing biologically-relevant analytes119–122. These devices are ideally suited for use in point-

of-care (PoC) diagnostics and health monitoring systems and are being extensively researched for 

diagnosing infectious diseases43,123, cancers2,3,124–126, cardiovascular diseases126,127, and 

neurological diseases125,128, to name a few. The rapid sample-to-result time of these devices at the 

point-of-need facilitates prompt and effective intervention by clinicians, which is expected to 

increase patient survivability and minimize the rates of disease transmission20,129.  

Multiple signal transduction strategies – electrochemical20,43, photoelectrochemical122,130–

132, electronic133,134, optical135,136, and mechanical134,137 – have been widely used in biosensing138. 
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Among these, photoelectrochemical (PEC) signal transduction, combining optical excitation with 

electrochemical readout, has generated tremendous interest due to its low limit-of-detection 

(LOD)139, high sensitivity26, and broad linear dynamic range140. The decoupling of the mode of 

signal excitation from the signal readout reduces the background signals that are generated at high 

voltage biases, enhancing the signal-to-background ratio and limit-of-detection of PEC 

biosensors11,26,27,122,141.  

The increasing number of PEC biosensors reported in the literature (from 35 search results 

up to 2011 on Pubmed to an additional 764 results up to 2021), is in stark contrast to the lack of 

such biosensors available in commercial markets. In many cases, this can be attributed to the 

limited number of suitable photoactive materials that meet the stringent chemical stability 

requirement of biosensors and the challenges resulting from the poor photostability of common 

reagents and analytes (e.g. DNA probes, antibodies, antigens) under high energy excitation11,122,142. 

Such issues are being addressed by researchers through the development of new chemically-stable 

photoactive materials such as semiconductor metal oxides11,132,143,144, quantum dots145–147, and 

carbon-based nanomaterials148–150 and the use of photocurrent enhancing strategies such as 

creating hybrid plasmonic nanoparticle-metal oxide nanostructures151,152, using carbon 

nanomaterials as highly conductive scaffolds153,154, using organic ligands/dyes to improve optical 

absorption131,155, and dual sensitization via coupling large & small bandgap semiconductors156,157 

for exciting these materials at lower energies (i.e. visible wavelengths). The limited commercial 

success of PEC biosensors is further compounded by the challenges associated with employing 

existing PEC readout devices for PoC use. While PEC workstations are commercially available, 

they are both prohibitively expensive and are not portable in nature. These devices are also feature 

rich, consisting of frequency analyzers, potentiostats, photodiode sensors, and tunable light 
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sources. However, many of these features are of no use in a PoC capacity. Conversely, none of the 

commercially available portable potentiostats13,14 support PEC biosensing, and their functionality 

cannot be expanded given their black-box nature71. In the same vein, none of the lab-made 

potentiostats reported in the literature9,68,70,72,78,158 can interface with or control optical-excitation 

sources and accordingly do not support PEC biosensing. Despite the promising potential of PEC 

biosensors as a PoC diagnostic technique, the need for a portable PEC readout device has gone 

unnoticed by both researchers and industry alike. 

As such, we sought to develop a portable and low-cost smartphone-operated PEC readout 

system to help expedite the translation of PEC biosensors from the laboratory to the real world. In 

particular, this device, referred to hereon as PECsense, can perform voltammetric measurements 

while synchronously controlling an optical-excitation source. This solution is made possible due 

to the increased processing power and decreasing cost of both smartphones and microcontrollers 

alongside both the widespread global adoption of smartphones in recent years and the development 

of low-energy consumption communication protocols like Bluetooth Low Energy (BLE). 

Cathodic/anodic currents were measured in response to different biases, and both rapid PEC 

cycling tests and long-term optical exposure tests were conducted in order to demonstrate the 

versatility and robustness of PECsense. The performance of PECsense was further compared to a 

commercial PEC readout device. Finally, to demonstrate the applicability of this newly-developed 

PEC reader, we used it alongside TiO2 photoelectrodes for PEC DNA biosensing. In order to 

distinguish between matched and mismatched DNA, we used PECsense to measure the change in 

photocurrent before and after DNA capture. 
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4.3. Materials and Methods  

Materials and photoelectrode fabrication 

Caffeic acid (CA) and 100 nm indium tin oxide coated poly(ethylene terephthalate) 

(ITO/PET) were purchased from Sigma-Aldrich. TiO2 nanoparticles (P25, containing 80% anatase 

and 20% rutile) were obtained from Nippon Aerosil Co. Ltd. An aqueous suspension of 0.66 g/L 

TiO2 nanoparticles was prepared, to which a solution of CA dissolved in 5% ethanol solution was 

added to produce CA-surface modified TiO2 nanoparticles (CA-TiO2). The mass ratio of TiO2 to 

CA in the CA-TiO2 suspension was 10:1. ITO/PET substrates with dimensions of 1.2 cm × 0.7 cm 

were masked with vinyl to preserve the electrical contact area. Substrates were subjected to 

(oxygen) plasma treatment for 1 min. The substrates were then coated with CA-TiO2 by depositing 

10μL of the suspension on the substrate surface and incubating in the oven at 85°C for 6 min. This 

process was repeated three times to deposit three layers.  

 

Device Design 

PECsense was tailored around the sensing parameters of the TiO2 nanoparticle surface 

modified with CA (CA-TiO2) biosensor previously developed by Sakib et al132. In order to 

perform PEC biosensing, PECsense can perform voltammetric techniques while synchronously 

controlling an LED matrix circuit which is used as an optical excitation source. This LED matrix 

circuit consists of four QT-Brightek PLCC6 white LEDs that have a neutral white color 

temperature (typically 4240K) and a typical intensity of 6000mcd. Printed circuit boards (PCB) 

for PECsense and the LED matrix circuit were designed using Eagle Autodesk and manufactured 

by JLCPCB. The electronic components were then hand-soldered onto the PCBs. The firmware 

was created using the Arduino integrated development environment and the accompanying 

Android application was written in Java using the Android Studio integrated development 

environment. 
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Device Characterization 

A standard three-electrode cell setup was used with white light as a photoexcitation 

source. A platinum (Pt) wire was used as the counter electrode, a silver/silver chloride 

(Ag/AgCl) electrode for the reference electrode and the CA-TiO2 photoelectrodes served as the 

working electrodes. The custom-made LED matrix circuit was used as an optical excitation 

source. The electrolyte solution used for the biasing experiment was composed of 0.5 M sodium 

hydroxide (NaOH) solution, whereas the electrolyte solution used for both the rapid PEC cycling 

and long-term exposure experiments was composed of 0.1 M phosphate-buffered solution (PBS) 

and 0.1 M ascorbic acid (AA).  The photocurrent measurement was done by running PECsense 

in chronoamperometric mode. The potential of the photoelectrode was fixed at 0 V, except for in 

the biasing experiment where the potential was varied. The performance of PECsense was 

compared to the Zahner CIMPS-QE/IPCE PEC workstation. 

 

DNA Hybridization and Detection Experiments 

DNA detection testing was conducted using CA-TiO2 photoelectrodes, a PBS/AA 

electrolyte solution, and the LED matrix circuit as a photoexcitation source. When measuring the 

photocurrent of the PEC cell, the potential was kept constant at 0 V and the working electrode 

was irradiated for 40 s in the middle of a 120 s runtime. A solution of 20 mM 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC), 10 mM N-hydroxysulfosuccinimide 

(NHS), and 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) was deposited onto the 

photoelectrodes and incubated for 1 hour. This was done in order to facilitate carboxamide 

linking between CA and amine-terminated probe single-stranded DNA (ssDNA). Subsequently, 

1 μM amine-terminated probe DNA was deposited on the photoelectrode surface and incubated 

for 2.5 hours. The photocurrent was measured at this point to get the after-probe photocurrent. 
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This was followed by the deposition of 100 nM target ssDNA, which was incubated for 1 hour.  

To test non-specific adsorption, some samples were spiked with 100 nM non-complementary 

ssDNA and/or 10% human blood plasma. The photoelectrodes were washed between each 

deposition step with DI water. The photocurrent was once again measured at this point to get 

after-target photocurrents. All the photocurrents were normalized by adjusting the after-probe 

photocurrents to the same level and multiplying the after-target photocurrent with the same 

adjustment factor. The photocurrents were further normalized by performing baseline 

subtraction. 

 

4.4 Results 

Device Design 

We have developed a portable (75 mm by 40 mm, <100g including a 3D printed case) 

and inexpensive (~100 USD) PEC reader, referred to as PECsense, which is wirelessly 

controlled by an Android application through the Bluetooth Low Energy (BLE) communication 

protocol to facilitate away-from-lab PEC experiments. In this design, we capitalize on the 

widespread global adoption of BLE-supported smartphones, rendering our system both smaller 

and less expensive than a standalone device. The specifications of PECsense are summarized in 

Table 4.1. 
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Table 4.1: PECsense specifications 

 

 

Alongside standard components that commonly make up a potentiostat (Figure 4.1A) – a 

core processing unit (Arduino Nano 33 BLE development board), a digital-to-analog converter 

(DAC), a reconstruction filter, potentiostat circuitry consisting of a voltage follower (VF), 

control amplifier (CAmp), and transimpedance amplifier (TIA), and an analog-to-digital 

converter (ADC) – our device also interfaces with a peripheral LED matrix circuit (Figure 4.1B) 

for PEC signal readout. The independence of the LED matrix circuit from the core device allows 

it to be modified to meet the optical requirements of different PEC assays. In this case, white 

LEDs were used as it had previously been demonstrated that the surface modified TiO2 

photoelectrodes were photoactive in the near-UV region and the visible part of the spectra132. 

 

Supported scan types Square wave voltammetry, cyclic voltammetry, linear 

sweep, differential pulse, normal pulse, chronoamperometry  

Current range -10µA to 10µA  

(-20µA to 20µA for differential measurements) 

Supply voltage 4.5-21V 

Signal generation resolution 16-bit (46µV quantization error) 

ADC resolution 24-bit  

Experimental current sensing resolution 36pA 

Sampling rate Programmable from 20sps – 1000sps 

(20sps used in this work) 

Typical LED matrix color temperature 4240K 

Typical LED matrix intensity 6000mcd 
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Figure 4.1:  Overview of PECsense. (A) A block diagram representation of PECsense consisting 

of the Arduino Nano 33 BLE development board, digital-to-analog converter (DAC), 

reconstruction filter, core-potentiostat circuit composed of a voltage follower (VF), control 

amplifier (CAmp), and transimpedance amplifier (TIA), and analog-to-digital converter (ADC) 

with a built-in low-pass filter (LPF). (B) Photograph of the LED matrix circuit. (C) The 

smartphone application process flow. 
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We developed a firmware function to perform chronoamperometric scans while 

synchronously controlling the LED matrix circuit. This function makes use of timer interrupts to 

toggle the LED matrix circuit ON and OFF. Scan parameters including the LED on and off time, 

the total duration of the scan, the voltage bias, pulse amplitude, pulse duration, and the sampling 

rate are all adjusted using the accompanying smartphone application. We undertook significant 

effort when designing the smartphone application to ensure it could easily be controlled even by 

inexperienced users. By providing graphical animations, the Android application guides the user 

through the different stages of a typical PEC experiment (Figure 4.1C). The collected scan 

measurements are then transmitted from PECsense to the smartphone via BLE for signal 

processing and to compile the results in a graphical format. In particular, we have developed 

functions to perform in-app peak detection and data smoothening using a Savitzky-Golay filter, 

an algorithm known for smoothening while preserving the shape and key features of the original 

signal108–110. 

 

Device Characterization 

Experiments were conducted to demonstrate the versatility of PECsense and highlight its 

applicability for a wide array of PEC experiments. In order to demonstrate PECsense’s ability to 

measure anodic and cathodic photocurrents, we applied different bias voltages (-1.0V, -0.75V, 

0.75V, 1.0V) in conjunction with an NaOH electrolyte solution and measured the resulting 

photocurrent. It was expected that the positive biases would yield anodic currents, and the 

negative biases would generate cathodic currents due to the oxidation of water and reduction of 

oxygen species, respectively. The working photoelectrodes, constructed via the drop deposition 

of TiO2 nanoparticle suspensions onto a conductive polymer substrate, were irradiated with 

white light using the LED matrix circuit at 30 s intervals for 150 s, in order to generate the 
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chronoamperometric curves (Figure 4.2). As expected, the results demonstrated that PECsense 

could measure cathodic and anodic currents when positive and negative biases were applied. 

However, in the case of both the -0.75V and 0.75V biases, the signals were obfuscated by noise 

given their low amplitude. The noise can partly be attributed to the lack of shielding from 

background illumination and electrical interference. It is well known that the cathodic 

photocurrent generation of metal oxides in alkaline solutions saturate in the region of -0.9 V to -

1.0 V159. This saturation is attributed to the diffusion limitation of oxygen species, thus limiting 

the reduction reaction159. This explains the large increase in cathodic photocurrent from -0.75 V 

bias to -1.0 V bias, as the system has not yet reached saturation. In contrast, the anodic 

photocurrent generation experiences saturation at a lower bias level of around 0.5 V. 

Accordingly, the anodic photocurrent increase from 0.75 V to 1.0 V is much lower159. 

 

Figure 4.2: Applied bias experiments using the PEC reader. (A) Anodic photocurrent generated 

by CA-TiO2 photoelectrodes at bias voltages of 0.75 V and 1.0 V using this device. The inset 

illustrates photocurrent generation via oxidation of water. (B) Cathodic photocurrent generated 

by CA-TiO2 photoelectrodes at bias voltages of -0.75 V and -1.0 V using this device. The inset 

illustrates photocurrent generation via reduction of oxygen species. 
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To further demonstrate the robustness of PECsense and showcase its applicability for 

PEC measurements with variable illumination periods, we conducted a PEC cycling test. The 

potential of the photoelectrode was held constant at 0 V bias and concurrently irradiated with 

white light using the LED matrix circuit at 20-s intervals for 20 minutes (Figure 4.3A). This 

experiment was replicated using the same LED matrix circuit and the Zahner CIMPS-QE/IPCE 

PEC workstation, a benchtop measurement system used as a control (Figure 4.3B). The two 

systems resulted in similar PEC currents that followed the illumination pattern, with gradual 

ramping of the photocurrents observed during the first 15 cycles. This behavior is owed to the 

photo-charging effect where charge carriers are built-up at the photoelectrode/electrolyte and 

substrate/photoelectrode interfaces, producing a capacitive charging response160,161. The short 

light-ON periods are not enough to reach the steady-state of the capacitive response, and some 

discharge occurs at a slower rate during the light-OFF periods, resulting in the sawtooth 

photocurrent waveforms. The small decreases in photocurrent observed near the latter half of the 

experiment can be attributed to mechanical degradation of the photoelectrodes due to rapid 

cycling. Differences in the results obtained from PECsense and Zahner CIMPS-QE/IPCE PEC 

workstation can largely be attributed to variability between photoelectrodes and the fact that the 

Zahner CIMPS-QE/IPCE PEC workstation was better shielded from background illumination 

and interference through the use of a faraday cage. This faraday cage was not used in 

conjunction with PECsense in order to better replicate the typical conditions associated with PoC 

measurements. This likely explains the larger photocurrent density observed using PECsense 

when the LED matrix circuit was toggled OFF. To investigate the electrical performance of 

PECsense, the input-referred noise was characterized. This parameter is a measure of the 

electrical noise due to the circuit barring any interference induced by the PEC cell. The working 
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electrode connector was left open and readings were taken for 7 minutes. The ADC sampling 

rate was set to 20 sample-per-second, thereby enabling the built-in 50/60 Hz low-pass filter. This 

sampling rate is in line with all other measurements conducted in this work. The standard 

deviation of the open-circuit noise measurement was found to be 36 pA. While no direct 

comparison is publicly available, preliminary results for the Zahner CIMPS-QE/IPCE PEC 

workstation indicate that the current accuracy is 0.01% of full scale for measurements in the 1 

µA – 100 mA and 0.1% of full scale outside of that range162. 
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Figure 4.3: Variable illumination experiments conducted using PECsense and a commercial 

PEC workstation. (A) PEC cycling test conducted using PECsense. (B) PEC cycling test 

conducted using the Zahner CIMPS-QE/IPCE PEC workstation. (C) Long term exposure test 

conducted using PECsense. Inset shows LED matrix intensity measurement using a photocell. 

(D) Long term exposure test using the Zahner CIMPS-QE/IPCE PEC workstation. Inset 

illustrates photocurrent generation via the oxidation of ascorbic acid following TiO2 

photoexcitation. 
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Next, we performed a long-term exposure test in order to demonstrate that the LED 

matrix circuit could be used as a stable optical excitation source without significant fluctuations. 

Photocurrent measurements were conducted using a PBS/AA electrolyte solution. The AA 

electrolyte is a hole scavenger and its oxidation at the photoelectrode results in the generation of 

anodic photocurrent (Figure 4.3D inset). The potential of the PEC cell was held constant at a 0V 

bias, and the working photoelectrode was irradiated with white light using the LED matrix 

circuit for 5 minutes, in order to generate the chronoamperometric curve (Figure 4.3C).  The 

performance was compared to the Zahner CIMPS-QE/IPCE PEC workstation (Figure 4.3D).  As 

shown in Figure 4.3, an anodic current is generated due to the oxidation of ascorbic acid at the 

working electrode when under illumination. Additionally, the PEC curves measured using 

PECsense are nearly indistinguishable from those recorded by the Zahner CIMPS-QE/IPCE PEC 

workstation, featuring similar shapes and peak photocurrents. Using a photocell, we measured 

the luminosity of the LED matrix circuit over a 5-minute period (Figure 4.3C inset) to verify 

consistent performance of the LED matrix circuit.  Throughout this 5-minute period, the 

resistance of the photocell remained constant, indicating that the luminosity of the LED matrix 

circuit was stable. The photo-charging effect observed for the PEC cycling test is also present in 

the long-term exposure test. However, without the intermittent discharging, the photocurrent was 

able to come close to achieving steady-state within the 5-minute LED matrix circuit ON period.  

 

DNA Hybridization and Detection Experiments 

In order to demonstrate the applicability of our newly developed handheld platform for 

PEC biosensing, we used it to detect signal changes in a DNA hybridization detection assay132. 

To this end, we fabricated photoelectrodes through drop deposition of TiO2 nanoparticle 

suspensions onto a conductive polymer substrate. Briefly, the main mechanism for detection of 
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this signal-OFF type biosensor is based on the photocurrent decrease due to steric hindrance 

following deposition of probe, which limits the access of electrolyte species with the 

photoelectrode surface and the capture of target ssDNA through DNA hybridization122,132,163,164 

(Figure 4.4A and 4.4B).  

 

Figure 4.4: DNA biosensor operation and data collection using PECsense. (A) Unmodified 

TiO2, CA-modified TiO2, probe DNA and target DNA. (B) DNA detection scheme. Following 

hybridization with target DNA, photocurrent decreases due to steric hinderance in the presence 

of ascorbic acid. (C) Photocurrent densities at unmodified, after-probe and after-target stages of 

signal-OFF DNA biosensor operation. The after-target samples include: only non-

complementary target in buffer (NC), non-complementary target & complementary target in 

buffer (Target+NC), only human blood plasma (Plasma), complementary target in human blood 

plasma (Target+Plasma), non-complementary target in human blood plasma (Plasma+NC), and 

both non-complementary target & complementary target in human blood plasma. (D) Summary 

of photocurrent signal decrease at each stage of the signal-OFF DNA biosensor operation. 
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To validate the performance of PECsense, we measured the photocurrent density after 

each stage of the operational process: unmodified; after-probe deposition; and after-target stages 

(Figure 4.4C).  Using this data, we calculated the percent reduction in photocurrent relative to the 

previous stage (Figure 4.4D). The unmodified photoelectrodes were composed of TiO2 

nanoparticles that were surface modified with caffeic acid to improve photocurrent generation 

through photo-absorption enhancement131,132,141. The peak photocurrent density of the 

unmodified stage was found to be 1.12 μA cm-2. The deposition of 1 µM probe ssDNA resulted 

in a 37.7 % average signal decrease. In the after-target stage, deposition of 100 nM  non-

complementary ssDNA in buffer (NC) as a control resulted in a slight 2.1 % decrease in signal, 

which can attributed to non-specific DNA adsorption on the photoelectrode27,165. In comparison, 

when a solution of 100 nM non-complementary and 100nM complementary target ssDNA in 

buffer (Target+NC) was deposited, the observed signal reduction was much larger at 51.8 %, due 

to DNA hybridization27,122. The four other samples in the after-target stage all contained 10% 

human blood plasma and showed a slightly higher signal decrease compared to the samples in 

buffer. This is due to higher non-specific absorption, and the presence of additional proteins and 

biomolecules in human blood plasma166. The control samples containing only plasma (Plasma) 

and those containing 100nM non-complementary ssDNA spiked in plasma (Plasma+NC) showed 

a signal decrease of 6.6 % and 8.0 %, respectively. The sample with 100nM target 

complementary ssDNA in plasma (Target+Plasma) displayed a 56.5 % signal reduction, whereas 

the sample with both 100nM non-complementary ssDNA and 100nM target complementary 

ssDNA spiked in plasma (Target+Plasma+NC) showed a higher signal reduction at 60.9 %. 

While the protocol as presented in this work is slightly modified, these results are in-line with 

those previously reported by Sakib et al.132, which were recorded using a commercial PEC 
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workstation. Accordingly, this demonstrates that the sensing abilities of PECsense is suitable for 

PEC DNA biosensing 

 

4.5 Conclusion 
A portable PEC reader (PECsense) has been validated using TiO2 surface-modified PEC 

DNA biosensors. Unlike other potentiostats reported in the literature9,68,70,72,78,158 and even many 

commercial systems13,14, this device interfaces with a custom LED matrix circuit to facilitate 

PEC experiments. It was found that PECsense offered similar levels of performance to the 

commercially available Zahner CIMPS-QE/IPCE PEC workstation at a fraction of the cost and 

in a significantly smaller form factor. We demonstrated that PECsense could be used in a number 

of different PEC applications, including experiments with variable illumination periods, those 

that yield cathodic and anodic currents, and those that operate under different potential biases. 

The independent nature of the LED matrix circuit from the core PEC readout device means that 

modifications can easily be made to the LED matrix to suit a specific PEC experiment. It is our 

hope that the device presented in this work can help transition PEC biosensing away from being 

conducted exclusively within a laboratory setting. 
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Chapter 5: Conclusion 

5.1 Thesis Summary  

 In Chapter 1, we highlighted the growing need for PoC diagnostic devices and introduced 

electrochemical and PEC biosensing, two sensing modalities that show significant promise for 

PoC use. Some of the key challenges associated with adapting these sensing modalities for PoC 

use were discussed and the motivations and objectives for this work were presented. 

 The aim of Chapter 2 was to provide the reader with the necessary background to 

understand this work by providing brief reviews on the following topics: 

1. Electrochemical and PEC biosensing; 

2. DNA and DNAzyme based biosensors; and, 

3. Operating principles and development trends of potentiostats. 

 In Chapter 3, a portable smartphone-operated electrochemical reader was developed and 

evaluated. The hardware design was detailed and an overview of the firmware and 

accompanying smartphone application was presented. This chapter consists of three sets of 

experiments, the key findings of which are as follows. 

1. Electrical and electrochemical characterization: The noise characteristics of the reader 

were determined through open-circuit noise analysis. The standard deviation of the input-

referred noise was found to be 36pA. This value is greater than the resolution offered by 

the ADC, indicating that the current sensing resolution is noise-limited. The 

electrochemical performance of this device was compared to the commercially available 

Sensit Smart. Cyclic voltammetry of [Fe(CN)6]4-/ [Fe(CN)₆]3-  at various scan rates and 

concentrations were conducted. Despite the significantly lower cost of the reader 
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developed herein, the cyclic voltammograms of the two systems exhibited similar peak 

anodic and cathodic currents and peak voltages. 

2. Peripheral device validation: A portable sample heater consisting of a flexible adhesive 

polyimide resistive heating element that could be controlled directly by the 

electrochemical reader was designed. This heater was used to promote DNA 

hybridization in a DNA bio-barcode three-electrode assay. A commercially available 

electromagnet module was also integrated and controlled by the electrochemical reader to 

isolate magnetic microbeads in a vial. 

3. Differential signal multiplexed assay: The electrochemical reader was used to perform 

sequential measurements of a dual signal assay for ultralow detection of E.coli. without 

the need for any manual reconfiguration of the electrodes. This assay consists of two 

working electrodes. The first contains surface-immobilized RNA-cleaving DNAzymes 

which release methylene blue tagged DNA in the presence of target DNA, resulting in a 

signal decrease. The second working electrode contains surface-immobilized DNA bio-

barcodes that selectively hybridize with the aforementioned methylene blue tagged DNA, 

leading to the generation of a signal. In the presence of target DNA, the first electrode 

experienced a notable signal decrease with an average fold change of 0.52. Likewise, the 

average fold change for the second electrode was found to be 84. Conversely, for those 

on-chip electrodes that were incubated with a blank solution, electrode 1 and electrode 2 

exhibited an average fold change of 0.31 and 6 respectively. Unlike other potentiostats, 

our electrochemical reader does not require any manual reconfiguration or hardware add-

ons to support sequential measurement of dual signal multiplexed assays.  
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 In Chapter 4, the readout system that was presented in Chapter 3 was adapted for PEC 

biosensing. The modifications to the hardware, firmware, and software needed to support this 

new sensing modality were discussed. This chapter consists of two sets of experiments, a 

summary of the key findings can be found below. 

1. Device versatility: To demonstrate the effectiveness of the PEC reader as a robust PEC 

biosensing platform, several experiments were conducted. First, PEC cells with an NaOH 

electrolyte were held at different biases in order to demonstrate the PEC reader’s ability 

to record both cathodic and anodic photocurrent. PEC cycling tests were conducted with 

the PEC reader and the commercially available Zahner CIMPS-QE/IPCE PEC 

workstation whereby the working electrode was irradiated with white light at 20-s 

intervals for 20 minutes. It was found that the two devices yielded markedly similar peak 

photocurrent densities and PEC curve shapes. Long-term exposure tests were also 

conducted wherein the working electrode was irradiated with white light for 5 minutes. 

Again, our PEC reader yielded very similar results to the Zahner CIMPS-QE/IPCE PEC 

workstation producing similar shapes and peak photocurrent densities. Using a photocell, 

the luminosity of the optical excitation source peripheral luminosity was confirmed to be 

stable over the 5-minute period.  

2. PEC DNA biosensing: Photoelectrodes made of TiO2 NP surface modified with caffeic 

acid were constructed. The PEC reader was used to synchronously control an optical 

excitation source and measure the resulting photocurrent. Photocurrent density was 

measured using the PEC reader after fabrication, post probe deposition, and following 

incubation with target. Relative to unmodified photoelectrodes, the percent reduction in 

photocurrent density following probe deposition was 37.7%. 100nM non-complimentary 
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ssDNA reduced the photocurrent density by 2.1% relative to the after-probe photocurrent 

density. On the other hand, 100nM non-complimentary plus 100nM complimentary DNA 

yielded a 51.8% reduction in photocurrent density. It was found that samples with human 

blood plasma yielded slightly larger photocurrent density reductions likely resulting from 

the addition of proteins and higher non-specific absorption. These results were in-line 

with those previously recorded using Zahner CIMPS-QE/IPCE PEC workstation, 

indicating that our PEC reader meets the stringent requirements for PEC DNA 

biosensing. 

 

5.2 Contributions to the Field 

This work contributes to the advancement of the field in five key areas. 

1. Low cost, portable, high-performance potentiostat  

While there continues to be a need for sophisticated and highly accurate potentiostats by 

researchers, the high cost associated with these devices can limit the implementation of 

electrochemical and PEC biosensors in a PoC capacity. Conversely, our device is a low-cost and 

portable alternative that offers high performance, comparable to some commercially available 

options.  

2. Away-from-lab sample preparation and signal actuation 

While several other low-cost potentiostats have been reported in the literature, none to our 

knowledge have attempted to integrate auxiliary instruments like heating units and 

electromagnets despite their use in a number of different electrochemical and PEC contexts. 

These instruments are often large and laboratory-bound, inherently preventing any 
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electrochemical or PEC biosensors with such requirements from being used outside of a 

laboratory setting. In this work, a proof-of-concept heater peripheral was designed that can be 

controlled automatically by the reader. This heater was used to perform the sample heating 

requirements associated with a DNA bio-barcode assay. Similarly, an electromagnet was used to 

perform magnetic manipulation. Following this approach, additional peripheral devices can be 

designed that will expand upon the actuating abilities of the reader and facilitate the adoption of 

biosensors with such auxiliary device dependencies outside of laboratory settings.  

3. Point-of-care photoelectrochemical biosensing 

To our knowledge, there has yet to be a laboratory-made potentiostat capable of supporting PEC 

biosensing. As such, our reader was designed to interface with and synchronously control a 

peripheral LED matrix circuit consisting of four QT-Brightek PLCC6 white LEDs expands. Our 

reader possesses many of the same adjustable parameters as a commercially available PEC 

workstation, thereby enabling our reader to be used in a number of different PEC applications. 

This includes experiments with variable illumination periods, potential biases, and experiments 

that yield cathodic or anodic photocurrents. 

4. Native compatibility with dual signal electrodes 

Unlike commercial systems and other low-cost potentiostats reported in the literature, our reader 

does not require any external hardware add-ons to support dual signal assays with two working 

electrodes. Our reader was designed to support these assays out-of-the-box and makes use of the 

MAX4644EUT switch to toggle between two working electrodes in order to perform sequential 

measurements. This is important as in many cases, the detection of multiple disease biomarkers 

may be required for an accurate diagnosis.  
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5. PoC user centric software 

Our accompanying smartphone application has been tailored for PoC users that may be 

unfamiliar with the electrochemical/photoelectrochemical process. This is in contrast to most 

laboratory-made potentiostats which provide little more user interface than adjustable scan 

parameters, start buttons, and voltammograms. Graphical illustrations are provided to help guide 

the user through the typical stages of electrochemical and photoelectrochemical experiments. In 

addition, an innovative system was developed to circumvent the manual configuration of scan 

parameters whereby these parameters can be imported automatically by scanning in an assay-

specific QR code. Video files are preloaded in the application to provide further guidance to the 

user. The smartphone application can also perform key data processing functions, including data 

smoothening, baseline subtraction, and peak detection.  

 

5.3 Future Work 

Future iterations of the reader should expand upon the device’s capabilities in four key areas. 

This will allow future iterations of the readout system to better meet the previously outlined 

design goals. 

1. Design and validate additional peripheral devices 

In this work, a peripheral sample heater, electromagnet, and an LED matrix were 

validated. Additional peripheral devices, such as microfluidic pumping systems, could be 

incorporated to further expand the sensing capabilities of our reader. This will expedite 

the transition of complex biosensors outside of laboratory settings towards PoC 

applications.  

2. Electrochemical Impedance Spectroscopy 
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At present, our reader only supports voltammetric techniques. The ADC possesses a 

maximum sampling rate of 2kSPS which is insufficient for many EIS experiments. In 

order to support EIS, an ADC with a higher sampling rate or a dedicated impedance 

converter system (such as the AD5933 from Analog Devices) can be used instead. The 

AD5933 is I2C compatible and features an onboard frequency generator and DSP engine. 

This engine can be used to compute the real and imaginary components at each 

frequency, so that the EIS magnitude and phase can easily be determined. Such hardware 

modifications will allow our readout system to support even more biosensors. 

3. Augmented analytical capabilities supported by machine learning. 

Machine learning algorithms can be incorporated to improve the analytical capabilities of 

our reader in a number of different ways. For example, support vector machine can be 

used to classify the presence or absence of a target analyte. Machine learning algorithms 

can also be employed for biofouling detection, noise reduction, and classification in 

multiplexed systems. An ever-expanding suite of machine learning tools can be used to 

facilitate model training and deployment on the accompanying Android application. The 

development of such algorithms will render our readout system more approachable as 

users will no longer be required to manually decipher scan results. 

4. Device optimization 

Our readout system and its associated peripheral devices can be optimized in several 

ways. Ensuring the device was easy to hand-solder was the primary concern when 

designing the PCB layout. Accordingly, little consideration was taken to minimize cross-

talk and electromagnetic interference. These factors should be considered when 

developing future iterations. Similarly, the device footprint could be minimized. In 
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conjunction, a proper housing unit could be developed with electromagnetic shielding 

abilities to further minimize the impact of electromagnetic interference. To facilitate 

firmware development, we based our readout system around the Arduino Nano 33 BLE 

board. However, this board includes a number of features that went unused including a 

built-in 12-bit ADC and inertial measurement unit. As such, future iterations of this 

reader could replace the Arduino Nano 33 BLE board with a lower cost BLE-supported 

microcontroller. The peripheral devices described in this work are proof of concepts, and 

several modifications can be made to their form factor to improve their overall 

performance.   
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