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Abstract 
 

 

There is a tremendous need for biosensing systems that can be operated at the point-of-care 

for disease screening and diagnostics and health monitoring. In spite of this, systems that offer the 

required analytical sensitivity and specificity in clinical samples, and are truly simple to operate 

using a sample-in-answer-out approach remain elusive. To address this challenge, the development 

and optimization of an electrochemical bio-barcode assay (e-biobarcode assay) that integrates 

biorecognition with signal transduction using molecular (DNA/protein) machines and signal 

readout using nanostructured electrodes is presented within this thesis. The e-biobarcode assay 

eliminates multi-step processing and uses a single step for analysis following sample collection 

into the reagent tube. Using this assay, a clinically-relevant performance for the analysis of prostate 

specific antigen (PSA) in undiluted and unprocessed human plasma: a log-linear range of 1 ng mL-

1 – 200 ng mL-1 and a LOD of 0.385 ng mL-1 was achieved. The simplicity of the e-biobarcode 

assay offers a realistic solution for biomarker analysis at the point-of-care. 

 

 

 

 

 

 



 
 

iii 
 

Table of Contents 
 

Abstract ......................................................................................................................................................... ii 

List of Figures .............................................................................................................................................. vi 

List of Schemes ........................................................................................................................................... vii 

List of Tables ............................................................................................................................................. viii 

List of Abbreviations ................................................................................................................................... ix 

Acknowledgments ....................................................................................................................................... xii 

Chapter 1: Introduction ............................................................................................................................. 1 

1.1 Background ....................................................................................................................................... 1 

1.1.1 Background on Point-of-care Biosensors ................................................................................. 1 

1.1.2 Challenges ................................................................................................................................... 2 

1.1.3 Motivation ................................................................................................................................... 4 

1.2 Objectives........................................................................................................................................... 8 

1.3 Thesis Outline .................................................................................................................................... 8 

Chapter 2: Literature Review on Electrochemical PSA Detection....................................................... 10 

2.1 Preface .............................................................................................................................................. 10 

2.2 Introduction to Electrochemical PSA Detection .......................................................................... 11 

2.3 Electrochemical Readout Methods for PSA Detection ................................................................ 13 

2.4 Detection Mechanisms .................................................................................................................... 17 

2.4.1 Sandwich Assays ...................................................................................................................... 18 

2.4.2 Direct Detection Assays ........................................................................................................... 24 

2.4.3 Indirect Detection Assays ........................................................................................................ 30 

2.5 Conclusion ....................................................................................................................................... 36 

Chapter 3: Optimization of a Bio-barcode Assay for Electrochemical Protein Detection ................. 38 

3.1 Preface .............................................................................................................................................. 38 

3.2 Introduction ..................................................................................................................................... 38 

3.3 Experimental ................................................................................................................................... 41 

3.3.1 Studying the Effect of Probe Density on the Generated Electrochemical Signal ............... 41 

3.3.2 Studying the Effect of Hybridization Time on the Generated Electrochemical Signal ..... 42 

3.3.3 Studying the Effect of the Ratio of the T*C* Strand to the CR* Strand During Annealing 

for Preparation of Bio-barcode Containing Duplex on the Signal-to-blank Ratio ..................... 42 



 
 

iv 
 

3.3.4 Studying the Effect of the Concentration of Assay Intermediates on the Signal-to-blank 

Ratio 43 

3.3.5 Studying the Effect of introducing a Protein Capture Reaction Step at 37℃ on the Signal-

to-blank Ratio .................................................................................................................................... 43 

3.3.6 Studying the Effect of Poly A as a Surface Blocker on the Generated Electrochemical 

Signal 44 

3.3.7 Studying the Effect of Human Plasma Dilution on the Total Electrochemical Signal Loss

 44 

3.4 Results and Discussion .................................................................................................................... 45 

3.4.1 Studying the Effect of Probe Density on the Generated Electrochemical Signal ............... 45 

3.4.2 Studying the Effect of  Target Hybridization Time on the Generated Electrochemical 

Signal  49 

3.4.3 Studying the Effect of the Ratio of the T*C* Strand to the CR* Strand During Annealing 

for Preparation of Bio-barcode Containing Duplex on the Signal-to-blank Ratio ..................... 50 

3.4.4 Studying the Effect of the Concentration of Assay Intermediates on the Signal-to-blank 

Ratio 52 

3.4.5 Studying the Effect of introducing a Protein Capture Reaction Step at 37℃ on the Signal-

to-blank Ratio .................................................................................................................................... 54 

3.4.6 Studying the Effect of Poly A as a Surface Blocker on the Generated Electrochemical 

Signal 56 

3.4.7 Studying the Effect of Human Plasma Dilution on the Total Electrochemical Signal Loss

 58 

3.5 Conclusion ....................................................................................................................................... 59 

Chapter 4: Bio-barcode Assay for the Electrochemical Detection of PSA .......................................... 64 

4.1 Preface .............................................................................................................................................. 64 

4.2 Introduction ..................................................................................................................................... 64 

4.3 Experimental ................................................................................................................................... 67 

4.3.1 Materials ................................................................................................................................... 67 

4.3.2. DNA sequences ........................................................................................................................ 68 

4.3.3. Duplex preparation for the bio-barcode assay ..................................................................... 68 

4.3.4. Recognition probe preparation .............................................................................................. 69 

4.3.5. Preparation of the sensing surface ........................................................................................ 69 

4.3.6. Fluorescence validation assay ................................................................................................ 70 

4.3.7. Verification of complex DNA structure formation using native PAGE ............................. 71 

4.3.8. Electrochemical validation assay ........................................................................................... 71 

4.3.9. Electrochemical quantification of PSA ................................................................................. 72 



 
 

v 
 

4.3.10. Nanostructuring of the planar electrodes ........................................................................... 72 

4.3.11. Determining specificity of the bio-barcode assay ............................................................... 72 

4.3.12. Studying the effect of poly-A on generated electrochemical signal .................................. 73 

4.3.13. Electrochemical experiments ............................................................................................... 73 

4.4 Results and Discussion .................................................................................................................... 73 

4.4.1 Validation of the Bio-barcode Assay ...................................................................................... 73 

4.4.2 Electrochemical Detection of PSA using the Bio-barcode Assay ......................................... 76 

4.4.3. Application and Selectivity of the E-biobarcode Assay ....................................................... 79 

4.5 Conclusion ....................................................................................................................................... 81 

4.6. Appendix ......................................................................................................................................... 83 

4.6.1. Native PAGE ........................................................................................................................... 83 

4.6.2. Fluorescent detection of PSA ................................................................................................. 85 

4.6.3. Determining the electroactive surface area of gold electrodes ............................................ 85 

4.6.4. CV scan of gold electrode in 2 mM [Fe(CN)6]4−.................................................................... 87 

4.6.5. Specificity of e-biobarcode assay ........................................................................................... 88 

Chapter 5: Conclusion .............................................................................................................................. 89 

5.1 Thesis Summary and Key Findings ............................................................................................... 89 

5.2 Contributions to the Field .............................................................................................................. 95 

5.3 Future Direction .............................................................................................................................. 97 

Bibliography ............................................................................................................................................ 100 

 

 

 

 

 

 

 

 

 

 



 
 

vi 
 

List of Figures 
 

Figure 1.1. Electrochemical methods ............................................................................................ 15 

Figure 1.2. Sandwich assays ......................................................................................................... 20 

Figure 1.3. Direct detection assays. .............................................................................................. 26 

Figure 1.4. Indirect detection assays ............................................................................................. 33 

Figure 3.1. Effect of probe concentration and deposition time ..................................................... 48 

Figure 3.2. Hybridization time ...................................................................................................... 50 

Figure 3.3. Annealing ratios for the preparation of assay intermediate duplex ............................ 51 

Figure 3.4. Assay intermediate concentration............................................................................... 54 

Figure 3.5. Reaction step. ............................................................................................................. 56 

Figure 3.6. Poly-A for surface blocking ....................................................................................... 58 

Figure 3.7. Human plasma dilution factor .................................................................................... 59 

Figure 4.1 Validation of the bio-barcode assay using a model streptavidin/biotin system .......... 76 

Figure 4.2. Evaluating the performance of the e-biobarcode assay for the electrochemical 

detection of PSA ........................................................................................................................... 78 

Figure 4.3. Validation of the performance of the e-biobarcode assay in the presence of biological 

interfering materials ...................................................................................................................... 80 

Figure 4.4. Native PAGE .............................................................................................................. 84 

Figure 4.5. Fluorescent detection of PSA ..................................................................................... 85 

Figure 4.6. Fabrication of 3D-nano electrodes ............................................................................. 86 

Figure 4.7. Cyclic scanning of the planar gold electrode in 2 mM [Fe(CN)6]
4− ........................... 87 

Figure 4.8. The peak electrochemical current in response to various targets ............................... 88 

 



 
 

vii 
 

List of Schemes 
 

Scheme 2.1. Schematic representation of an electrochemical chip and the detection mechanisms 

involved in PSA detection ............................................................................................................ 18 

Scheme 3.1. Schematic demonstrating the effect of molecular crowding .................................... 40 

Scheme 3.2. Schematic of simplified assay used to determine the optimal target hybridization 

time ............................................................................................................................................... 49 

Scheme 3.3. Schematic demonstrating the intermediates that were optimized ............................ 53 

Scheme 3.4. Schematic demonstrating each step of preparing the sensing electrode with poly-A 

as a surface blocker ....................................................................................................................... 57 

Scheme 4.1 Schematic illustration of the operating principles and the components of the bio-

barcdoe assay ................................................................................................................................ 66 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

viii 
 

List of Tables 

Table 1. All DNA sequences used within thesis written from 5’ – 3’. ......................................... 68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ix 
 

List of Abbreviations 
 

Ab1    Antibody One (capture antibody) 

Ab2    Antibody Two (signalling antibody) 

ALP    Alkaline Phosphatase 

BPH    Benign Prostatic Hyperplasia 

BSA    Bovine Serum Albumin  

Cdl    Double-Layer Capacitance  

CA    Chronoamperometry 

CASPE-MFD Commercially Available Screen-printed Electrode-Based 

Microfluidic Device 

β-CD β-Cycextrin 

CNT Carbon Nanotube 

CV    Cyclic Voltammetry 

DNA    Deoxyribonucleic Acid  

DPV    Differential Pulse Voltammetry 

DRE    Digital Rectal Exam  

dsDNA   Double Stranded Deoxyribonucleic Acid 

Ei    Initial Potential 

Ef    Final Potential  

Er    Reduction Potential 

EIS    Electrochemical Impedance Spectroscopy  

ELISA    Enzyme Linked Immunosorbent Assay  

FC    Fragment Crystallizable 

Fc    Ferrocene 

GCE    Glassy Carbon Electrode 

GO    Graphene Oxide 

GQD-AuNR   Graphene Quantum Dot Gold Nanorod 

HRP    Horse Radish Peroxidase  



 
 

x 
 

HQ    Hydroquinone 

IgG    Immunoglobulin G 

IL-6    Interleukin-6  

LOD     Limit-of-detection 

LSV    Linear Sweep Voltammetry 

MB    Methylene Blue 

MCH    Mercaptohexanol  

MGCE    Magnetic Glassy Carbon Electrode 

MNP    Magnetic Nanoparticle  

MPBA    4-Mercaptophenylboronic Acid 

NP    Nanoparticle  

PAMAM   Polyamidiamine  

PAP    Prostatic Acid Phosphatase  

paPSA    Proteolytically Active PSA 

PBM    Polymethylene Blue 

PCa     Prostate Cancer 

PL-4    Platelet Factor-4 

PLLA    Poly-L-lactide  

POC     Point-of-care 

Poly-A    Poly-adenine 

PSA      Prostate Specific Antigen 

PSMA    Prostate Specific Membrane Antigen 

Rct    Charge Transfer Resistance  

Rs    Electrolyte Resistance 

RCA    Rolling Circle Amplification 

rGO    Reduced Graphene Oxide  

RNA    Ribonucleic Acid 

RSD    Relative Standard Deviation 



 
 

xi 
 

SAM    Self-assembled Monolayer 

SCE    Standard Calomel Electrode 

SELEX   Systematic Evolution of Ligands by EXponential Enrichment  

SBR    Signal-to-blank Ratio 

ssDNA    Single Stranded Deoxyribonucleic Acid  

SWV    Square-wave Voltammetry 

TCEP    Tris(2-carboxyethyl)phosphine 

TWJ    Three-way Junction 

VEGF    Vascular Endothelial Growth Factor  

Zw    Warburg Impedance  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



 
 

xii 
 

Acknowledgments 
 

First and foremost, I would graciously like to thank my supervisor Dr. Leyla Soleymani for her 

guidance, support and encouragement for the past two years. Without her motivation, insight and 

knowledge, everything I have achieved in my Master’s studies would not be possible.  

I would also like to thank Dr. Feng Li not only for all his help and support throughout the duration 

of this project, but for the past four years.  

Thank you to Alex Guan for helping me with many trouble-shooting experiments and encouraging 

me throughout the past two years. 

I owe a great deal to the past and present members of the Soleymani group who have supported 

me everyday. The times we have spent together, inside and outside of the lab, will be some of my 

most cherished memories from the past two years. Thank you for all the fun we had together, I 

could not have asked for better people to work with. Additionally, thank you to Richa Pandey who 

not only contributed so much to my research and answered all my many questions, but also always 

provided me with a good laugh.  

Lastly, I want to thank all my family and friends who have always provided constant support and 

encouragement. To my husband Matt Guest, you inspire me every day and have been my biggest 

supporter from the start. Thank you for always believing in me and pushing me to be the best I 

can. 

 

  



M.A.Sc. Thesis – Sarah Traynor – McMaster University – Biomedical Engineering 
 
 

1 
 

Chapter 1: Introduction 
 

1.1 Background 

1.1.1 Background on Point-of-care Biosensors 

A sought-after form of clinical technology is one that enables diagnosis and monitoring of 

disease at the patient point of care (POC), performed in a non-invasive manner with a rapid 

turnaround time.1 The discovery of disease biomarkers has opened the door to the development of 

such technology through the emergence of biosensing platforms. Biosensors use biomolecular 

recognition to generate a detectable signal through binding of a specific molecular target, resulting 

in quantification.2 The most notable advantages of biosensing over traditional diagnostic methods 

such as polymerase chain reaction or cell culture, s the ability to rapidly analyze a small volume 

sample, the low cost of fabrication and compatibility with miniaturization, rendering it an 

acceptable technology for integration into portable handheld POC devices.3 

The need for early detection and continual monitoring has been the driving force for the 

development of biosensing technology and increasing the demand for POC biosensors.4 Early 

disease diagnosis is essential for increasing likelihood of survival, creating an effective treatment 

plan and can be facilitated with devices capable of rapid sample analysis in a sample-in-answer-

out format. In addition, such devices would enable decentralized continual monitoring both pre- 

and post-treatment, minimizing hospital visits by potentially at-risk patients.5 The ease of use and 

portability of POC biosensors combined with the decreased priced of manufacturing compared to 

conventional laboratory equipment offers a viable solution to reaching communities with limited 

resources and insufficient healthcare infrastructure.6  
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Putting a low-cost, simple to use, miniaturized diagnostic tool with rapid turnaround time 

into the hands of physicians, volunteers and patients around the world has the potential to not only 

save many lives, but also increase patient comfort during stressful periods.3   

  

1.1.2 Challenges 

While the need for POC diagnostic tools is well understood, the benefits are well defined, 

and there have been many reports claiming ultra-sensitive biosensing achievements, commercially 

available devices remain elusive.4 Currently, the POC device market with regards to disease 

management is dominated primarily by the glucose meter.7 The reasoning for the discrepancy 

between the high number of reported biosensors and the number of commercially available devices 

is attributed to the lack of truly simple tests.8 A simple test is defined by features such as ability to 

directly use unprocessed specimens, requiring only basic reagent manipulation (i.e. mix reagent A 

with reagent B), needs no operator intervention for analysis, does not require specialized or 

technical training, yields a result that is easy to read and does not require further calculations, and 

performs comparably to already existing methods.8 Of these requirements, designing a biosensor 

that 1. achieves sensitivity akin to classic methods 2. can perform unhindered by the matrix effect 

and 3. does so rapidly with a simple assay design , seem to be the most difficult to achieve 

simultaneously.9  

Achieving sensitivity with biosensing platforms that is comparable to or more superior than 

standard diagnosis methods has been extensively reported in literature, however it is critical that 

sensitivity is evaluated in clinically-relevant samples.10 The most significant bottleneck of 

biosensing devices is sample preparation prior to analysis. This step ultimately negates benefits of 



M.A.Sc. Thesis – Sarah Traynor – McMaster University – Biomedical Engineering 
 
 

3 
 

using a rapid detection system, thus a successful POC device must be able to perform in 

unprocessed biological samples.4 Detection of small biological molecules can become challenging 

in clinically relevant samples due to the complexity of the solution. Blood, urine, plasma and serum 

are all commonly sampled for disease diagnosis and can negatively impact detection sensitivity.11 

These fluids are comprised of many cells, molecules and proteins that may non-specifically adsorb 

onto the transducing surface, inhibiting signal transduction or target capture. Additionally, urine 

has an acidic pH that can denature sensitive assay reagents such as nucleic acid or proteins, 

effecting the biosensors readings.10 Preventing non-specific adsorption using surface blocking 

methods is essential for practical use in a complex matrix and circumventing the limitation that 

sample processing imposes.4 

The challenge of achieving these limits in clinically relevant samples is further increased 

when the number of wash and reaction steps are restricted. Reagent addition and separation steps 

introduce a source of error, variation and increases total readout time, reducing the practicality of 

the detection scheme.12 Minimizing these steps by developing no-wash biosensors not only makes 

the detection scheme more accessible to untrained users but also facilitates integration into POC 

testing.13  

Reagent stability also presents a problem in commercializing a biosensing device for 

clinical decision making. The biomolecules such as proteins or nucleic acid that are used for 

detection typically require refrigerated storage due to thermally instability.14 Realizing a device 

suitable for use in remote areas must comply with long-term stability at room temperature or 

potentially elevated temperatures, eliminating the need for cold chain transportation.15 
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 Overcoming the limitations presented must be done using cost-effective solutions as the 

market for POC devices heavily relies on the affordability of the equipment.16 Much research has 

been focused on increasing sensitivity, forgoing the cost criteria. Reagent, signal transduction and 

housing costs must be minimized in order to develop POC biosensors that can be used by a variety 

of users with different economic status.17 Demonstrating a detection scheme that utilizes cost-

effective reagents and transduction method while achieving high sensitivity in a simplistic manner 

is expected to aid in realizing a practical design for integrating into handheld devices and help 

meet the demand for POC biosensors.4  

  

1.1.3 Motivation 

The motivation of this thesis is to overcome some of the shortcomings that have  prohibited 

biosensors from being translated from the research lab to the market. These shortcomings, for the 

most part, center around integration of a sensitive and specific assay into a handheld device for  

analyzing clinical samples. Circumventing multi-step sample processing, sequential reagent 

addition, or non-specific interactions will aid in realizing a realistic tool for clinical analysis at the 

POC.  

Our goal was to develop a one-step protein detection assay and integrate it with an 

electrochemical readout method for sensitive detection. We focused on addressing 

1. Eliminating multiple reaction and wash steps typical of immunoassays 

2. Compatibility with miniaturized devices  

3. Enhancing sensitivity without amplification or separation elements 

4. Preventing non-specific adsorption in unprocessed clinical samples 
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Protein concentrations are widely affected in diseases and are secreted throughout the body 

making them excellent biomarker candidates and a focus of biosensing.18,19 The development of 

no-wash assays focuses on reducing reaction and wash steps in order to make protein biosensing 

assays more compatible with POC devices. They are centralized around simple mixing of sample 

solution with signal generating probes in solution, taking advantage of 3-dimensional diffusion of 

the target molecule and signaling probes.13  

Bio-barcode assays, which translate the capture of a protein target into the release of a 

DNA barcode, have been one of the leading assays in the development of simple no-wash assays.20 

These assays not only enable solution-based target capture but the translation from protein to DNA 

facilitates well-defined nucleic acid amplification methods such as PCR for increasing 

sensitivity.21 The major drawback of bio-barcode assays is the need for enzymes and/or 

nanoparticles (NPs) for amplification and magnetic beads for separation, contradicting the 

purposed benefits of one-step detection. The demonstrated success of bio-barcode assays has 

inspired us to develop an assay based on this design, however, we aimed to further improve it by 

eliminating the need for amplification or separation elements. Eliminating amplification elements 

such as enzymes from the detection scheme can enhance stability and reproducibility, aligning it 

to closer meet POC device criteria.22  

The signal transduction method is the main defining feature of a biosensor and must be 

carefully selected to obtain the desired sensitivity.23 Many techniques such as fluorescence24, 

luminescence25, electrochemistry26 and surface enhance Raman scattering27 have been used to 

successfully transduce binding interactions into quantifiable signals, typically performed by 

measuring a change occurring at a surface. Of these techniques, electrochemistry has proven to be 

one of the most advantageous signal transduction methods for the development of POC biosensors, 
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as exemplified by the wide success of the handheld glucose sensor.28 Electrochemical biosensors 

are rapid, sensitive, inexpensive, robust, easy to use and compatible with miniaturization, 

satisfying most criteria for commercially available POC products.22 For these reasons we chose to 

integrate our bio-barcode assay for sensitive protein detection with electrochemical readout. This 

integration is made simple using the bio-barcode assay since the protein capture can occur in 

solution and the resulting DNA barcode can be captured on an electrode surface. Electrochemical 

DNA biosensors rely on hybridization of a single stranded target with an immobilized capture 

probe and is made extremely simple with well-defined immobilization techniques and easy probe 

sequence modification.29 Modifying the released bio-barcode with a redox active molecule allows 

for us to detect the presence of the surrogate target on an electrode by probing with electrochemical 

techniques. The simple design of this electrochemical bio-barcode assay will allow for sample-in-

answer-out protein biomarker analysis, coinciding with POC device requirements.  

While eliminating amplification elements and decreasing number of washing steps 

enhances stability and turnaround time it can also decrease sensitivity.30 To circumvent this, 

alternative methods of increasing the assay’s sensitivity will be used. Surface modification 

resulting in 3-dimensional (3D) transducing surfaces has been shown to be extremely effective at 

increasing detection sensitivity of bioassays by allowing for the deposition of an increased number 

of capture probes with optimal spacing.31 Nanostructured surfaces can be fabricated using simple, 

reliable and fast electrodeposition techniques making it a much more viable option for increasing 

sensitivity than amplification elements.32 The important role of nano-structuring in biosensing will 

be demonstrated using gold electrodes engineered with 3D surface structures to enhance sensitivity 

of the one-step, amplification-free electrochemical bio-barcode assay.   
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As previously discussed, one of the major issues with developing POC biosensors is the 

inability to perform in complex matrices, usually due to non-specific adsorption. As a result, there 

have been many antifouling reagents developed using molecules such as poly(ethylene glycol) 

(PEG) to minimize adsorption of interfering molecules onto the surface of biosensors.33  Due to 

the auto-oxidization of PEG several other molecules have been used for preventing non-specific 

adsorption including biological reagents such as milk proteins and serum albumins with bovine 

serum albumin (BSA) being the most common.34 They work by adhering to the sensing surface in 

a controlled manner, decreasing the area for other larger interfering elements to adsorb. For our 

biosensor, we wanted to introduce a relatively inexpensive and simple method of preventing non-

specific adsorption that would not increase steric hindrance at the electrode surface or inhibit 

electron transfer. We chose to exploit the affinity between the DNA base adenine and gold35  by 

using a poly-adenine (poly-A) sequence for surface blocking. The small size of the molecule will 

not interfere with target capture and DNA does not significantly impact electron transfer.36  

 Ultimately, the goal of this work is to demonstrate simple, sensitive and rapid protein 

detection in a clinically relevant sample using an assay that is designed to be compatible with POC 

integration. This will be accomplished by combining all discussed features (bio-barcode assay, 

electrochemical readout, nanostructured electrode surface and poly-A) to construct a sample-in-

answer-out biosensing platform that addresses limitations of current assay designs. The 

performance of the developed assay will be evaluated using one of the most validated cancer 

protein biomarkers, prostate specific antigen (PSA).     
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1.2 Objectives 

The primary objective of this research is to design a sample-in-answer-out assay capable of 

detecting a relevant protein biomarker at a clinically relevant level, in a complex matrix. All 

objectives have been specifically chosen to coincide with viable translation of the detection assay 

into a handheld device.  

 

Specific objectives of this research are summarized below: 

 

1. Design a one-pot assay for protein capture and signal transduction 

2. Develop material engineering solutions for improving sensitivity 

3. Develop strategies for reducing non-specific adsorption 

4. Demonstrate practical clinical use focusing on sensitivity and selectivity 

 

1.3 Thesis Outline 

The remainder of this thesis is arranged as follows: 

 

Chapter 2 provides a literature review of electrochemical biosensors used for the detection of 

prostate specific antigen over the passed five years.  

 

Chapter 3 focuses on the development and optimization of critical aspects within the purposed 

electrochemical bio-barcode biosensors design. Probe density, target hybridization time, assay 

intermediate preparation and concentrations, reaction time, surface blocking and dilution factor of 

the biological sample were all investigated using a model streptavidin/biotin system. The 
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importance of each parameter is thoroughly discussed and the optimal condition for each is reached 

within this chapter.  

 

Chapter 4 focuses on validating the optimized assay conditions using a model cancer protein target, 

prostate specific antigen. A limit-of-detection is found for a baseline system using prostate specific 

antigen and planar gold electrodes and further material engineering is performed using 

nanostructuring to increase the sensitivity. The practicality of the sensor is then demonstrated by 

successfully detecting prostate specific antigen in unprocessed human plasma.  

 

Chapter 5 focuses on the conclusions of this work providing a summary of the key findings, 

contributions to the field and potential future work.  
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Chapter 2: Literature Review on Electrochemical PSA Detection 
 

2.1 Preface 

The focus of this chapter will be introducing biomarkers and how they can be used to 

identify lethal disease, specifically focusing on the relationship between prostate specific antigen 

(PSA) and prostate cancer (PCa). The importance of handheld devices for clinical application, and 

how biosensing in combination with electrochemical methods is aiding in the production of such 

devices will be discussed. An overview will be given on PSA biosensors, followed by in-depth 

review highlighting electrochemical PSA biosensors that have shown outstanding performance in 

clinically relevant samples over the past five years. These sensors will be divided into the 

mechanism of the assay scheme and compared across relevant metrics of clinical biosensors.  

Multiple authors have contributed to this chapter, as it has been published as a literature 

review under the title “Recent advances in electrochemical detection of prostate specific antigen 

(PSA) in clinically-relevant samples” in the sensors section of the Journal of The Electrochemical 

Society. Sarah Traynor independently wrote the introduction to electrochemical biosensors, 

introduction to electrochemical PSA detection, indirect detection assays and conclusion, and 

contributed to ideas, writing, editing and gathering of information for all other sections. Dr. Richa 

Pandey wrote the sandwich assays section, contributed to the detection mechanism section and 

made scheme 2.1, Roderick Maclachlan wrote the direct detection assays section and Dr. Amin 

Hosseini wrote the electrochemical readout methods for PSA detection section and made figure 

2.1. Dr. Tohid Didar, Dr. Feng Li and Dr. Leyla Soleymani contributed to the design and writing 

of the review.  
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This thesis is centered around the development of an electrochemical biosensor capable of 

detecting a cancer protein biomarker at clinically relevant levels. For this work, PSA was 

employed as a model protein target due to the high level of validation, as well as the significant 

clinical impact that coincides with the introduction of a POC device. An intensive background on 

electrochemical PSA sensors that have been presented within the last five years, focusing on three 

broadly categorized assay designs: sandwich assays, direct detection assays and indirect detection 

assays is given. This review has been done to demonstrate how the performance and design of the 

sensor covered in this work compares and differs from what currently exists.  

      

2.2 Introduction to Electrochemical PSA Detection 

Early diagnosis and surveillance of cancer allows for improved prognosis, increased 

survival rates, and a better quality of life for patients. This has fueled research in the discovery of 

early-stage cancer biomarkers, as well as in the development of new and improved technologies 

for ultra-sensitive biomarker analysis.37 Biomarkers are measurable biologically-relevant 

indicators, which are expressed in either increased or suppressed levels due to the presence of a 

disease.38 The fluctuation of biomolecular markers such as proteins and nucleic acids from normal 

physiological levels found in healthy humans is used for the diagnosis, prognosis and monitoring 

of diseases such as cancer, and has formed the foundation for developing clinical diagnostic tests.39 

Prostate cancer (PCa) is one of the most life-threatening diseases for men over the age of 

50 with the lethality being ascribed to the lack of symptoms that are expressed in early stages.40  

Consequently, tremendous efforts have gone into the discovery of biomarkers associated with PCa, 

and technology for their use in clinical applications. Prostatic acid phosphatase (PAP) was one of 
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the first biomarkers used for the diagnosis and staging of (PCa), but due to the difficulty in 

accurately quantifying the localized production of the isoenzyme to the prostate, investigators 

spent years trying to find a more reliable diagnostic reagent.41 In 1979 Wang and colleagues 

isolated and purified a 33-kD glycoprotein that was distinct from PAP, but was also highly specific 

to prostate cells, termed prostate specific antigen (PSA).42 A subsequent study found that PSA 

could be detected in human serum, proving that in addition to being cell-type specific, it is released 

into circulation enabling minimally-invasive analysis.43 Shortly after, it was concluded that the 

concentration of serum PSA coincided with prostatic tumor progression and could be used for 

diagnosis, staging and monitoring the disease after treatment.44 PSA was also identified in healthy 

males; however, a level above the threshold concentration of 4 ng mL-1 has been recognized as an 

indication of PCa.45 Although PSA is one of the most validated biomarkers for clinical decision 

making in regards to PCa, it is not currently used for PCa screening due to the controversies raised 

in the literature regarding the specificity of PSA. Increased levels of PSA is also associated with 

benign prostatic hyperplasia (BPH), leading to false positive PCa diagnosis and unnecessary 

invasive biopsies, demonstrating the lack of specificity required for a screening biomarker.46  

Despite this, PSA blood tests are commonly used in monitoring cancer progression in patients 

receiving treatment and for early diagnosis in combination with a digital rectal exam (DRE). Given 

that frequent PSA analysis is performed to monitor the efficacy of treatments in cancer patients (in 

the form of PSA velocity or doubling time measurement)47, there is a need for point-of-care tests 

with facile sample collection, easy operation, and rapid sample to answer times, similar to the 

home glucose test, for disease monitoring.48   

Tremendous research efforts have been focused on the POC detection of proteins, and 

particularly PSA, using biosensors.49 Electrochemical biosensors have been central in the 
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development of handheld bioanalytical systems as they combine sensitivity, specificity, and 

multiplexing with scalable and cost-effective manufacturing.50 Due to their promise in creating 

market translatable technologies, this review is focused on electrochemical biosensors for the 

detection of PSA. PSA detection using optical methods – fluorescence51, colorimetric52, surface 

plasmon resonance53, and surface enhanced Raman spectroscopy54– have been discussed 

elsewhere. Several articles have been published on the electrochemical detection of PSA in the last 

five years with multiple reviews focusing on a particular electrode material55,56, biorecognition 

element57, or signal transduction mechanism for PSA detection. The rest of this chapter will focus 

on categorizing electrochemical PSA detection platforms based on their operating mechanisms, 

and solely include assays that have been validated with clinical samples or using complex 

biological matrices over the past five years. This chapter is meant to highlight the advantages and 

disadvantages of various biosensing mechanisms used for PSA detection, demonstrating the 

importance of choosing the right assay for the particular application case.  

 

2.3 Electrochemical Readout Methods for PSA Detection 

Electrochemical methods rely on charge transfer and electrochemical reactions occurring 

at the electrode/electrolyte interface for signal generation.58 A typical electrochemical sensor 

consists of a working (sensing), counter, and reference electrode.59 The desired electrochemical 

reactions take place at the surface of the working electrode while the counter electrode creates a 

conduction path within the electrolyte, leading to a current flow between the working and counter 

electrodes. Typically, working and counter electrodes are made of conductive and chemically 

stable materials such as gold, platinum, carbon, and silicon.60 A reference electrode is employed 

to control the applied potential on the working electrode.  The most frequently used reference 
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electrodes are saturated calomel electrode (SCE) and Ag/AgCl electrode, due to their steady and 

distinct reference potentials.61,62 The most common electrochemical techniques employed in PSA 

sensing for point-of-care platforms include chronoamperometry (CA),62,63 cyclic voltammetry 

(CV),64,65 linear sweep voltammetry (LSV),66 differential pulse voltammetry (DPV),67 square-

wave voltammetry (SWV),68 and electrochemical impedance spectroscopy (EIS).65,69 In this 

section, we briefly describe these methods. 

In CA, a potential step is applied to the sensing electrode and the current response of the 

system is measured as a function of time (Figure 2.1a).58 Typically, the initial potential (Ei) is 

chosen so that redox reactions are minimized, whereas, the final potential (Ef) results to fast surface 

reaction kinetics and the generation of a diffusion-limited current.70 It is difficult to sense the 

existence of multiple target analytes using CA, which has led to the wide-spread use of 

voltammetric techniques in biosensing. In LSV (Figure 2.1b), the applied voltage is linearly 

scanned from Ei to Ef with a constant scan rate (voltage ramp), measuring the generated 

electrochemical current.  When the working electrode potential approaches the reduction potential 

(Er), the cathodic current increases. As the applied potential increases, the concentration of the 

electroactive species on the working electrode surface decays. Due to the generation of a 

concentration gradient, the flux of the species towards the electrode increases and thus the current 

grows. As the scanning continues and the potential passes Er, the flux reaches its maximum point 

and then drops due to exhaustion of the analytes at the electrode surface, resulting in a peaked i-v 

curve.  

If the direction of the voltage sweep is reversed (Figure 2.1c), the reduced species become 

re-oxidized at the electrode surface generating an anodic current.71 CV has an extensive application 

in electrochemical sensing. Valuable data regarding redox potentials and reaction rates of the 



M.A.Sc. Thesis – Sarah Traynor – McMaster University – Biomedical Engineering 
 
 

15 
 

electroactive species and their interactions can be collected from CV curves.58 However compared 

with other voltammertric techniques, they suffer from lower analytical sensitivity due to the 

presence of a non-Faradaic background current.  

 

Figure 2.1. Electrochemical methods: a) CA step potential and current response as a function of time; b) LSV potential ramp and 
resulting i-v curve; c) CV potential sweep and resulting CV curve; d) DPV potential waveform and current response; e) SWV 
potential waveform and current response; f) Applied sinusoidal potential, corresponding Nyquist plot, and EIS equivalent electrical 
circuit (inset). 

 

DPV and SWV are two classes of voltammetric techniques that increase analytical 

sensitivity by removing the background capacitive signal.71 DPV applies a sequence of voltage 

pulses of fixed amplitude that are overlapped on a potential ramp (Figure 2.1d).71 The current 

measurement is performed at two specific points on each pulse, the first just before application of 

the pulse and the second at the end of the pulse. The reason for choosing these sampling points is 

to allow for the non-Faradaic current component to decay. For each pulse, the first current 

measurement is subtracted from the second and plotted against the base potential. The obtained 

peak current is directly proportional to the concentration of the electroactive analytes on the surface 

of the working electrode. SWV is another form of pulse voltammetry in which a symmetrical 

square-wave potential with a defined amplitude is overlaid on a staircase potential with a fixed 

step height, where the leading pulse of the square wave concurs with the staircase step (Figure 

2.1e). The net current is calculated by subtracting the reverse current (anodic) from the forward 
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current (cathodic) and the current peak is centered on the redox voltage. Similar to DPV, the 

obtained peak current is directly proportional to the quantity of the electroactive species. SWV 

possesses many advantages including high sensitivity, elimination of background currents, and 

rapid response time.72   

EIS is a highly sensitive label-free technique which can be used to detect a single 

biomolecule on the surface of a sensing electrode.73,74 It is based on the application of a small 

sinusoidal voltage (Figure 2.1f) to the working electrode and measuring the complex impedance 

at the electrode/electrolyte interface over an appropriate frequency range.75 The obtained 

impedance spectrum is then fitted with an equivalent electrical circuit model composed of resistors 

and capacitors, providing an insight of the electrode/electrolyte interface. The corresponding 

circuit model of a three-electrode electrochemical cell is shown in Figure 2.1f-inset,  where Rs is 

the resistance of the electrolyte; Rct represents the charge transfer resistance caused by redox 

reaction of electroactive species  with the working electrode; Zw is known as Warburg impedance 

caused by the diffusion process of reactants and Cdl represents the double-layer capacitance at the 

working electrode/electrolyte interface.76,77 The measured equivalent impedance is described using 

the Nyquist plot (Figure 2.1f), where the real part of the obtained impedance is plotted on the X-

axis and the imaginary part is plotted on the Y-axis. At high frequencies, the plot is illustrated by 

a semi-circle with Rct representing its diameter. At low frequencies, where ion diffusion dominates, 

the plot is basically a straight line with a slope of 45°.78 Changes in the impedance spectra are 

caused by the specific interactions of target proteins with bioreceptors on the surface of the 

working electrodes.79 EIS-based biosensors are well-known for their high sensitivity and 

specificity, rapid sample-to-response time, and their capability for integration with microfluidic 
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devices. However, the drawback of using such a sensitive technique includes the interference from 

non-specific adsorption onto the electrode surface.77,80 

 

2.4 Detection Mechanisms 

Electrochemical biosensors for PSA detection can be broadly categorized based on their 

approaches for translating biorecognition events into electrochemical signals. These are 

schematically illustrated in Scheme 2.1 and described below.       

1. Sandwich assays: In these assays, the target analyte is sandwiched between two 

biorecognition elements, typically antibodies for capture and subsequent signal 

transduction. The biorecognition event is translated into an electrochemical signal by 

labeling one of the biorecognition elements with enzymes or nanoparticles (NPs) as 

described later.       

2. Direct detection assays: These assays typically use an immobilized biorecognition element 

for analyte capture and generate a change in electrochemical signal based on a single 

binding event with PSA. 

3. Indirect detection assays: These assays rely on the capture of PSA by biorecognition 

elements such as aptamers or DNA/protein complexes. Upon target capture, dynamic 

biorecognition systems undergo structural changes that can be programmed to release or 

generate an additional detectable element that results in an electrochemical signal change.       
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Scheme 2.1. Schematic representation of an electrochemical chip and the detection mechanisms involved in PSA detection: 
Sandwich Assay, Direct Detection Assay and Indirect Detection Assay. 

2.4.1 Sandwich Assays 

Enzyme linked immunosorbent assay (ELISA) is a commonly used sandwich assay for 

protein analysis and is typically programmed to transduce an optical signal change.81 

Electrochemical analogues of ELISA use biorecognition and target labeling steps similar to those 

used in ELISA; but employ voltammetry or amperometry to generate an electrochemical signal. 

This method relies on sandwiching PSA between two highly specific biorecognition elements such 

as antibodies.  Typically, one antibody (Ab1) is designated for the capture of the target while a 

second antibody (Ab2) is used for signal generation or amplification. The first interaction usually 

occurs between an immobilized Ab1 and the PSA molecule, followed by binding of Ab2 to the 
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Ab1-PSA complex. Ab2 can be labelled with either an enzyme or a redox molecule to achieve an 

electrochemical signal upon successful capture of the target protein. Antibodies are used in most 

sandwich assays as biorecognition elements but there are alternatives such as aptamers and 

nanobodies, which are also discussed in this section. 

In electrochemical sandwich assays, the redox properties of the enzyme tagged Ab2 is 

commonly used for signal transduction. In this approach, Ab2 is directly tagged with enzymes such 

as horse radish peroxidase (HRP), alkaline phosphatase (ALP), glucoamylase, β-galactosidase or 

glucose oxidase, which catalyze the reduction of their respective substrates in the presence or 

absence of a mediator.70 HRP is a widely used enzyme in electrochemical sandwich assays that 

catalyzes the reduction of H2O2 in the presence of hydroquinone (HQ).70 Chen et al. developed 

commercially available screen-printed electrode-based microfluidic devices (CASPE-MFDs) to 

demonstrate the detection and quantification of PSA in human serum samples. 82 In this assay, 

magnetic beads conjugated with Ab1 were immobilized on the gold screen printed electrodes. 

Following PSA capture on the magnetic beads, HRP/Ab2 was introduced to the electrode using 

microfluidics. Magnetic beads were used to increase the surface density of Ab1 on the electrode 

surface and to enhance the capture of target PSA. The redox current was generated by the 

enzymatic and electrochemical reaction between HRP and HQ respectively using both CA and 

SWV. Using these devices, a linear range of 0.001-10 ng mL-1 and a limit-of-detection (LOD) of 

0.84 pg mL-1 were obtained for detecting PSA in serum. HRP is the most commonly used enzyme 

in electrochemical sandwich assays due to its stability and fast reaction kinetics. However, it 

produces a background signal in the absence of the analyte due to the electrochemical activity of 

its H2O2 substrate.  Additionally, HRP relies on the use of mediators for signal generation. ALP 

has been used to overcome the background and mediator limitations of HRP. For example, Zani 
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et al. demonstrated a magnetic bead-based assay that used mouse IgG-Ab1 for PSA capture and 

ALP tagged anti-mouse FcC IgG for signal transduction.83 ALP catalyzes the conversion of α-

naphthyl phosphate to α-naphthol. Oxidation of α-naphthol at the electrode surfaces generates an 

amperometric signal (Figure 2.2a). This sensor demonstrated a linear range of 1–80 ng mL-1, and 

a LOD of 2 ng mL-1 in human serum samples. While enzyme-based sandwich assays are highly 

specific to PSA, they have limitations due to the intrinsic instability of enzymes.84 These assays 

also require multiple aggressive washing steps to alleviate non-specific binding that may lead to 

false negative or false positive results. 

 

Figure 2.2. Sandwich assays: a) Magnetic bead based assay for PSA detection using ALP (Reprinted from (Zani et.al; 2010)83 with 
permission from Electroanalysis); b) Pd@CuO NP based detection of PSA (Reprinted from (Chu et.al;2016)85 with permission from 
Royal Chemistry Society); c) Multiplexed detection of PSA using  magnetic NPs (Reprinted from (Tang et.al; 2016)86 with permission 
from American Chemical Society). 
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To further enhance assay sensitivity and LOD, NPs can be used as labels. NPs may serve as 

enzyme alternatives for directly catalyzing redox reactions, or they can function as scaffolds for 

increasing the loading density of enzymes or antibodies. Incorporation of NPs offers ease of 

labeling, tunable physical and chemical properties, and large surface-to-volume ratio. The increase 

in available surface area enables enhanced loading of enzymes for better signal amplification and 

allows for increasing the quantity of Ab1 for increasing capture efficiency.87,88 Nanomaterials such 

as NPs89,90, nanoclusters91, nanosheets92, or cargo releasing nanocarriers93,94 have been used in 

electrochemical sandwich assays. Chu et al. chose biocompatible Pd@CuO NPs for enhanced 

catalysis towards the reduction of H2O2 (Figure 2.2b). 85 They constructed a sandwich assay based 

on the Ab1-PSA-Ab2-Pd@CuO architecture, with a linear range of 10-5 - 102 ng mL-1, and a LOD 

of 0.002 pg mL-1. This sensor showed a recovery rate of 99.2%-101.2% in human serum for PSA, 

which is a measure of signal preservation associated with a known amount of PSA quantified using 

the sensor in a biological solution that contains material that may interfere with signal generation. 

Feng et al. constructed a sandwich assay with Ab1-PSA-Ab2- PtCu@rGO/g-C3N4.
95 In this study, 

bimetallic Pt-Cu NPs were integrated with 2D rGO-gC3N4 to improve electrical charge transfer 

and activity for the reduction of H2O2. This assay demonstrated a linear range of 50 fg mL-1-40 ng 

mL-1, a LOD of 16.6 fg mL-1, and a recovery rate of 99.7% - 101.0% for PSA detection in human 

serum. Tang et al. demonstrated that integrating magnetic NPs (MNPs) labelled with Ab2 and HRP 

into a high-throughput microfluidic array aided in sensitive, rapid and parallel detection of PSA 

and three other prostate cancer protein biomarkers (Figure 2.2c).96 The device consisted of a thirty 

two-electrode sensor-array, with eight electrodes dedicated to detecting each analyte. Antibodies 

for PSA, prostate specific membrane antigen (PSMA), interleukin-6 (IL-6) and platelet factor-4 

(PF-4) were immobilized onto each of the eight-electrode sensing patches. The capture of each 
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protein target was performed off-chip and in serum using MNPs labelled with four different 

antibodies. Following analyte capture by the respective antibodies, MNPs were loaded into the 

sensor by a syringe and captured by a ring-shaped magnet. A HQ/H2O2 solution was then loaded 

for signal generation using DPV (Figure. 2.2c). A LOD of 0.05-2 pg mL-1 and a dynamic range of 

sub pg mL-1 - above 1 ng mL-1 were achieved. The clinical relevance of the device was 

demonstrated by analyzing seven patient samples and comparing device performance against 

ELISA. The results were well-correlated with ELISA demonstrating a relative standard deviation 

(RSD) of ±3-10%. The use of NPs in sandwich assays provides a promising avenue for enhancing 

analytical performance of biosensors. In spite of this, the development of NPs that combine 

chemical stability, biocompatibility and highly efficient catalysis remains a challenge.   

In addition to antibodies, aptamers and nanobodies have been used for the recognition of PSA 

in electrochemical detection platforms. The use of these biorecognition elements is envisioned to 

solve the challenges related to the low stability, high non-specific adsorption, and chemical 

functionalization of  antibodies.97 Nanobodies are clones of the various domains of an antibody; 

however, they do not include the fragment crystallizable (FC) regions, making them smaller and 

more resistant to non-specific interactions compared to antibodies.97 They can be raised against 

PSA in vivo and used for capture and detection antibodies.98 Using this adaption to the universal 

sandwich assay, Liu et al. were able to reach a LOD of 0.08 ng mL-1 with a linear range of 0.1 – 

100 ng mL-1 and 90-100% recovery in three spiked human serum samples.98 This sensor was 

challenged with 17 patient samples, and an excellent correlation was found between this assay and 

a commercially available analyzer based on photometry (Roche Cobas).  

Aptamers are single-stranded DNA or RNA molecules that have very high affinity and 

specificity to non-nucleic acids targets, such as proteins, small molecules, or whole cells. Because 
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aptamers are selected in vitro and can be mass produced through chemical synthesis, they have 

emerged as promising antibody-alternatives in sandwich assays.99 Aptamers are first identified 

through Systematic Evolution of Ligands by EXponential enrichment (SELEX) that involves 

isolation from synthetic DNA libraries in vitro.100 Savory et al. were the first to identify an aptamer 

for PSA by applying a genetic algorithm to aptamer sequences that were selected through the 

SELEX process.101 Aptamer-based sandwich assays build on the same operating principles as 

those based on antibodies. However, since the size of aptamers are significantly smaller than 

antibodies, the detection aptamers are typically conjugated to small redox molecules – instead of 

enzymes – for directly generating an electrochemical signal. This modification was demonstrated 

by Meng and colleagues who replaced the detection antibody with a PSA-specific aptamer labelled 

with ferrocene (Fc).102 In the presence of the target, an Ab1/PSA/Apt2-Fc sandwich was formed, 

and the electrochemical response of Fc was recorded using DPV. This assay displayed a linear 

detection range of 0.05 – 100 ng mL-1 with a LOD of 0.017 ng mL-1 and a human serum recovery 

rate of   96.8-101.4%.  Chen et. al demonstrated the innovative use of nucleic acids within a 

sandwich assay by utilizing DNA tetrahedron as a scaffold for the immobilization of Ab1, and used 

HRP-tagged Ab2/Au for signal transduction.62 The DNA tetrahedron did not interact directly with 

the target; however they enhanced the assay sensitivity due to the increased nano-spacing for the 

antibody to efficiently capture PSA and Ab2 compared to double stranded DNA molecular linkers. 

A LOD of 1 pg mL-1 was obtained for a linear range up to 0.02 ng mL-1. The analysis of PSA in 

patient samples was successfully validated using the standard chemiluminescence methods. 

Conventional sandwich assays have proven to be reliable and powerful tools for 

electrochemical PSA analysis over the past 25 years.103 These assays have demonstrated a LOD 

as low as 1.25 fg mL-1 and have resulted in dynamic ranges as wide as 10 fg mL-1 – 100 ng mL-1.  
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The customizability of these assays provides an excellent quantitative analysis platform that can 

be applied to a wide variety of protein biomarkers. While sandwich assays are considered one of 

the most successful strategies for detecting PSA, the multiple operational steps and washing 

procedures used in these assays hinder their reproducibility and limits their applicability for POC 

analysis. Hence, there is an urgent need for developing single-step and label-free assays for PSA 

analysis, which will be discussed in the next section.      

 

2.4.2 Direct Detection Assays 

Contrary to sandwich assays, direct detection assays require a single biorecognition 

molecule and binding event for detecting the target analytes. Elimination of the second binding 

event reduces assay complexity and reagent amounts, increases assay speed, decreases false 

positive signals associated with non-specific interactions of the detection antibody with the 

transducer, and allows for in situ analysis.104 In a typical design, the recognition elements, 

antibodies and aptamers, are immobilized onto the electrode surface and specific binding of PSA 

is measured. The complex that is formed through the binding of the biorecognition molecule and 

PSA creates an inert layer that alters the flux of electrons or redox species to the electrode 

surface.78,79 These effects can be measured through impedance-based, voltammetric or 

amperometric techniques, most commonly EIS, DPV or CA. 

Impedance-based techniques have found great success for direct sensing of PSA since 

protein capture at the electrode surface directly influences the double layer capacitance and charge 

transfer resistance of the interface.105 EIS is typically used for direct PSA analysis, where models 

based on the Randles circuit are used to extract the resistive and capacitive parameters.106 PSA 

capture at the electrode hinders the ability of redox species to reach the electroactive surface, which 
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increases the charge transfer resistance and decreases the double layer capacitance.107 Using this 

direct detection strategy with anti-PSA capture antibodies and bovine serum albumin (BSA) used 

as a blocking agent (Figure 2.3a), a LOD of 0.06 ng mL-1 with a recovery rate in a range of 91% 

– 106% in human serum was acheived.108 A major challenge with this technique is that non-

specifically adsorbed molecules, in addition to specific PSA capture, can influence the measured 

signal. To circumvent this issue, surface blockers such as carbo-free, gelatin, ethanolamine 

hydrochloride and BSA have been used following surface functionalization with capture 

antibodies or inside target solutions for reducing non-specific adsorption.109 

Aptamers have also been used in similar electrochemical setups to detect PSA using EIS. 

Contrary to antibody recognition, upon binding to the target, the aptamers typically undergo a 

structural change that gives rise to a signal change. As a result of the structural changes that 

aptamers undergo, both decrease110 and increase111 in the Rct have been reported, depending on the 

mechanism that is used to detect PSA. In one mechanism, target capture results in a blocking layer 

that impedes the ability of redox species to interact with the electrode surface. The performance of 

aptamers and antibodies in direct PSA detection using such mechanism was compared on graphene 

quantum dot gold nanorod (GQDs-AuNR) modified screen-printed electrodes. Through the use of 

EIS, LODs of 0.14 ng mL-1 and 0.42 ng mL-1 (with linear ranges of 0.1–12 ng mL-1 and 0.4 –12 

ng mL-1) were achieved with aptamers and antibodies respectively, demonstrating an enhanced 

LOD with aptamers.112 The second mechanism arises from the inherent negative charge of 

aptamers. In this case, when PSA molecules bind to aptamers on the surface of the electrode, a 

decrease in the charge transfer resistance is seen. This reduction in charge transfer resistance is 
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either related to the PSA architecture exposing more positive charges when bonded to the aptamer 

or due to the screening of the charges of the aptamer by the protein (Figure 2.3b).  

 

Figure 2.3. Direct detection assays: a) EIS based PSA immunoassay using reduced GO decorated with AuNPs, functionalized with 
PSA-specific antibody, and blocked using BSA (Reprinted from (Assari et al; 2019)108 with permission from Microchimica Acta.);  b) 
EIS-based PSA  aptasensor Au electrodes (Reprinted from (Jolly et al; 2015)110 with permission from Elsevier); c) Amperometric- 
based PSA immunosensor on polypyrrole coated halloysite nanotubes decorated with PdNPs (Reprinted from (Li et al; 2017)113 
with permission from Springer); d) Voltammetric-based PSA immunosensor on Au electrodes (Reprinted from (Cevik et al; 2016)114 
with permission from Elsevier). 

 

In either case, this reduces the electrostatic barrier for the transport of ferro/ferricyanide 

anions towards the electrode surface.110  Using this mechanism, PSA concentrations lower than 1 

ng mL-1 in a linear range of 0.5 – 1000 ng mL-1 were measured. The measurement of a decrease in 

Rct compared to the increase observed in the first mechanism is important for distinguishing 

between specific target capture and non-specific adsorption. In the first mechanism, both non-
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specific adsorption and selective target capture result in an increase in Rct; however in the second 

mechanism, target binding results in a decrease in the Rct and non-specific adsorption results in an 

increase in the Rct. 

 EIS has been extensively shown to register subtle changes corresponding to specific 

protein binding, but practicality of the technique for clinical PSA sensing is questioned. As briefly 

discussed earlier, non-specific interactions of biomolecules in complex samples poses a high risk 

for obtaining a false positive result, however EIS has also been demonstrated to be extremely 

environmentally sensitive in the absence of interfering biomolecules.115 Extreme sensitivity to 

electrode contamination, buffer incubation and multiple scans may be overcome by introducing 

multiple control experiments performed in parallel, however these additional requirements impede 

on the desired simplicity of a clinical biosensor. For this reason, voltammetric and amperometric 

techniques have also been applied for the direct sensing of PSA. In these assays, protein capture 

reduces the flux of redox species to the electrode surface and decreases the electrochemical current, 

resulting in signal-off biosensors.116–123 These assays are operationally simple and have led to the 

development of sensors with a low LOD and a wide dynamic range. One example is an 

immunosensor fabricated by Li et al. (Figure 2.3c) that consists of halloysite nanotubes with a 

polypyrrole shell functionalized with antibodies and deposited on a glassy carbon electrode 

(Ab/HNTs@PPy-Pd/GCE).113 In this assay, PSA binding decreases the signal obtained from the 

reduction of H2O2, leading to a LOD of 0.03 pg mL-1 and a linear dynamic range of 0.0001 - 25 ng 

mL-1. This assay demonstrated successful PSA detection in human serum with a recovery rate of 

100.8% - 103.2%. Another approach to direct detection of PSA using voltammetry involves 

incorporating redox-active moieties directly onto the electroactive surface and relying on the 

inhibition of efficient electron transfer caused by the formation of an insulating layer through 
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accumulation of target protein on the surface. This configuration produces a signal-off sensor 

where the change in signal is dictated by steric hindrance caused by surface capture of PSA.124–129 

Çevik et al. constructed a direct detection platform using Fc-cored polyamidiamine dendrimers 

(Fc-PAMAM) deposited on a gold electrode (Figure 2.3d).114 Anti-PSA antibodies were 

immobilized onto the electrode surface and a change in the electrochemical response of the redox 

core upon binding of PSA could be measured using DPV. A clinically relevant linear range of 

0.01-100 ng mL-1 was reported and a detection limit of 0.001 ng mL-1 was calculated.  Zhang et al. 

used a similar strategy of incorporating a redox active moiety onto the electrode surface, but 

instead of relying on the formation of an insulating layer, PSA was quantified by the dissociation 

of the insulating layer. An aptamer-streptavidin-DNA complex was reversibly immobilized onto 

a hemin-graphene/palladium NP/GCE.130 Binding of PSA to the complex prompted a dissociation 

event from the surface due to weak coordination chemistry used for immobilization. The result 

was exposed hemin at the surface and an increase in the hemin oxidation peak, detected using 

DPV. The linear range was found to be 0.025 - 205 ng mL-1 with a LOD of 8 pg mL-1. Signal 

recoveries ranging from 95.0-100.3% were found in three spiked human serum samples. 

Novel catalysts are being increasingly used in direct detection assays to increase the 

binding-induced signal changes. AuNP functionalized CuO2@CeO2 core shell particles have been 

used in such assays for harboring the capture antibodies.131 The synergistic effects of the two metal 

oxides with the metal and the architecture of the composite increases electron transfer efficiency 

and reaction efficiency towards the reduction of H2O2 for a one step Ab-PSA interaction. This 

immunosensor demonstrates a linear detection range of 0.1 pg mL-1 - 100 ng mL-1 and a LOD of 

0.03 pg mL-1. A study of different concentrations of PSA in human serum demonstrated a recovery 

rate ranging from 98.3% - 100.2%.  
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While steric hindrance has proven to be useful in developing assays for the direct detection 

of PSA, other approaches using signal reporters have been used to translate a single binding event 

to a measurable signal. One strategy involves incorporating redox molecules directly into the 

biorecognition elements, where analyte capture causes a structural change, which results in a 

change in the position or accumulation of the redox molecules relative to the electrode surface. 

Such assays have been developed using methylene blue (MB) as the redox molecule and PSA 

aptamer as the biorecognition element by taking advantage of the intrinsic binding properties 

between MB and DNA. Free MB in solution can interact specifically to exposed guanidine bases 

in single stranded DNA (ssDNA) or intercalate into double stranded DNA132 and can be detected 

using voltammetric methods133. Both signal-on134 and signal-off135,136 aptasensors have been 

developed using MB/DNA interactions by immobilizing a PSA aptamer onto an electrode surface 

and monitoring an increase or decrease in current. Another method of employing a MB-based 

aptasensor is through direct conjugation of MB to one end of an immobilized PSA aptamer. The 

structural change of the aptamer caused by PSA binding leads to a change in electrochemical signal 

that can be detected by voltammetry. Sattarahmady et al. constructed a PSA sensor by 

immobilizing a MB modified aptamer sequence onto a nanostructured gold electrode and 

measured the reduction of MB using DPV.137 Aptamer folding caused by specific recognition of 

PSA resulted in a decreased distance between MB and gold, achieving more efficient electron 

transfer. This signal-on sensor demonstrated a linear range of 0.125-128 ng mL-1, a LOD of 50 pg 

mL-1, and successful performance in multiple human serum samples. Structure switching aptamers 

have also been used with metal NPs as the signal reporter rather than MB. Zhao et al. reported a 

PSA biosensor that relied on the structural change of a Ag/CdO NP labelled aptamer to cause a 

decrease in the electrochemical signal by dissociation from the electrode surface.138 Aptamer 
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functionalized Ag/CdO NPs were assembled onto GO/Fe3O4 nanosheets, which could then 

magnetically adsorb onto the surface of a magnetic GCE (MGCE). A large DPV signal could be 

generated in the absence of PSA, but upon biorecognition, dissociation of the NPs caused by the 

reversible association of aptamer with the nanosheet resulted in a decrease in the generated signal. 

The linear range of the biosensor was found to be 50 pg mL-1 – 50 ng mL-1 and the LOD was 

calculated to be 28 pg mL-1. The recovery of PSA in four human serum samples were in the 97.3 

– 103.4% range, demonstrating the potential for practical use. The use of the MGCE contributed 

to simple and automated assembly of the electroactive components onto the electrode surface while 

the Ag core of the NP allowed for enhanced electron transfer. The combined components of this 

sensor attributed to the wide, clinically relevant linear range, low LOD and ease of fabrication. 

The structure-switching capabilities of aptamers and their conjugation with small redox molecules 

enables the development of direct signal-on biosensors, which has been challenging to develop 

using antibodies.   

  Direct detection assays reduce the amount of analytes and washing steps that are required 

in sandwich assays and decrease the complexity of PSA analysis. Additionally, these assays can 

be used for monitoring analytes in situ.113,139 The shortcoming of these assays is that non-specific 

adsorption of materials onto the sensing surface often produces a signal that is difficult to decouple 

from the signal generated through target binding.78 

 

2.4.3 Indirect Detection Assays 

While there is value in the simplicity of direct detection assays and the versatility of 

sandwich assays, “indirect” assay designs not belonging to these categories have been developed 

to increase the sensitivity of biosensors, diminish the need for expensive reagents, and to enable 
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multiplexing. As with sandwich and direct detection assays, indirect detection assays rely on the 

specific biorecognition of PSA using antibodies or aptamers. However, this single binding event 

does not result in a detectable signal. Instead they rely on additional interactions, such as DNA 

strand displacement140, to either release a surrogate target, or indirectly induce a reaction that 

generates an electrochemical signal correlating to PSA concentration. Typically, the signal 

generated by these assays is transduced using voltammetric techniques.  

Through the indirect detection mechanisms, it is possible to introduce functional 

components for signal enhancement and target recycling for signal amplification. Non-enzymatic 

target recycling was reported by Zhao et al. where a series of DNA strand displacement reactions 

initiated by PSA capture led to the capture of a dual reporter DNA immobilized metal-polymer.141 

PSA aptamers were immobilized onto magnetic beads along with a partially complementary DNA 

strand that could be released upon biorecognition of PSA (Figure 2.4a). The release of the partially 

complementary strand could hybridize with hairpin DNA that was immobilized onto a GCE/AuNP 

electrode. This hybridization event exposed a toehold region, through which a catalytic DNA 

segment could displace the partially complementary DNA strand while maintaining the open form 

of the immobilized hairpin DNA. This open form left a region of the immobilized hairpin DNA 

that was complementary to the reporter probe DNA unprotected and available for hybridization. 

The reporter probe DNA was conjugated with Au/Pt-polymethylene blue (PBM) composites that 

when bound to the hairpin DNA through complementary base pairing with the reporter probe 

generated a large current signal. The release of the partially complementary strand could further 

open other hairpin DNA molecules, demonstrating surrogate target recycling. SWV was used to 

measure the electrochemical signal and H2O2 was used to catalyze the redox reaction of the PBM 

reporter, further enhancing the signal. An ultra-low LOD and wide linear range were reported as 
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10 fg mL-1 and 2.3 fg mL-1- 100 ng mL-1, respectively. This sensor proved its clinical applicability 

with successful recovery rates of 98.8-103% in two human serum samples, and acceptable relative 

error when compared to chemiluminescence immunoassays. Enzymatic amplification has also 

been performed, utilizing rolling circle amplification (RCA), to generate long DNA sequences that 

could associate with CuNPs.142 This assay involved two recognition elements, an immobilized 

antibody and an aptamer/RCA primer loaded AuNP. A sandwich structure could be formed 

between the loaded AuNPs and antibodies in the presence of PSA, triggering the generation of 

RCA products. The generated products specifically interacted with CuNPs that could be 

subsequently dissociated and measured using differential pulse stripping voltammetry on an gold 

electrode. The cascade of signal amplification processes resulted in a linear range of 0.5 – 500 fg 

mL-1 and a LOD of 0.02 fg mL-1. The sample analysis performed in human serum was compared 

to results obtained using an electrochemiluminescence immunoassays and a relative deviation of 

less than 8% was reported. Miao et al. constructed an ultrasensitive signal-off sensor driven by 

target-triggered dissociation, measured by LSV.66 They utilized DNA origami as a molecular 

scaffold, PSA aptamers as recognition elements, AgNPs as signal reporters and an exonuclease as 

a signal amplification component (Figure 2.4b). The PSA aptamer sequence was designed with an 

NH2 terminus for the attachment of AgNPs. Immobilization of the unlabeled aptamer to the 

electrode surface was done via complementary base pairing with a sequence in the DNA scaffold. 

Upon recognition of PSA, the conformational change in PSA aptamer resulted in its dissociation 

from the complementary strand. Signal transduction was done through the addition of AgNPs onto 

the sensor after introducing the sample. In the absence of the target, a large signal was obtained 

using LSV; however, in the presence of PSA, the lack of the amino-terminated aptamer resulted 

in a reduced signal. Prior to the addition of AgNPs, exonuclease was introduced to free captured 
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PSA by degrading the aptamer, allowing for target recycling and enhanced sensitivity. A LOD of 

0.11 pg mL-1 was achieved with a linear range of 1 pg mL-1 - 160 ng mL-1. The performance of the 

device was challenged in six undiluted human serum samples and was compared to the results 

obtained through an immunoradiometric assay. The RSD ranged from 1.73-6.08% showing 

acceptable agreeance between the two detection methods. 

 

Figure 2.4. Indirect detection assays: a) Enzyme-free target recycling based assay for the detection of PSA using dual metal PMB 
(Reprinted from (Zhao et al;2018)141 with permission from Elsevier); b)Target-triggered dissociation based assay for PSA detection 
with enzyme assisted amplification (Reprinted from (Miao et al;2018)66 with permission from Elsevier); c) Simultaneous detection 
of PSA and VEGF using ssDNA modified GO and PLLA (Reprinted from (Pan et al;2016)143 with permission from Elsevier); d) 
Enzymatic peptide cleavage based assay for the detection of PSA using host-guest interaction of Fc and β-CD (Reprinted from (Xie 
et al;2015)144 with permission from the Royal Society of Chemistry).  

Many assays have reported great success not only because of the use of target recycling for 

amplification but also because of the use of other signal generation strategies, such as metal NPs. 

Xia et al.145 was able to demonstrate how metal NPs can be used to greatly amplify the 

electrochemical signal without the use of enzymes or other target recycling tactics. Using an 
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aptamer as a biorecognition element, PSA could be captured at the electrode surface and 

subsequent reactions could be performed to exploit the saccharide groups of the glycoprotein upon 

immobilization. The PSA-aptamer complex was decorated with 4-mercaptophenylboronic acid 

(MPBA) that induced in situ network formation of AgNPs. The solid-state Ag/AgCl reaction from 

the AgNP network could be measured using LSV and a linear range of 0.5-200 pg mL-1 was 

obtained, as well as a LOD of 0.2 pg mL-1. When challenged with clinical samples, acceptable 

RSDs were achieved, validating the clinical performance of the sensor. In this assay, signal 

generation is achieved by the aggregation of AgNPs onto protein saccharides; therefore, it can be 

easily applied to the detection of other relevant glycoproteins.  

Non-metallic NPs have also been used in the indirect detection of PSA. An assay designed 

by Pan et al. was able to simultaneously detect PSA and vascular endothelial growth factor 

(VEGF), a non-specific tumor protein biomarker, by incorporating poly-L-lactide (PLLA) NPs for 

delivering the target capture elements and amplifying the electrochemical signal (Figure 2.4c).143 

The detection was based on the increase of steric hindrance and the resultant decrease in electron 

flow from [Fe(CN)6]
3-/4- to the electrode in response to target binding. A solution of ssDNA and 

GO was incubated on an Au electrode to manufacture a sensing platform capable of capturing 

VEGF through association with the specifically chosen ssDNA sequence. After incubation of the 

electrode with the first target protein, PLLA NPs labelled with both anti-PSA and anti-VEGF were 

introduced and specifically interacted with the VEGF-ssDNA complex on the electrode surface. 

Decrease in electrochemical signal corresponding to this binding event was recorded using DPV. 

PSA could then bind to the PLLA NP-VEGF-ssDNA, further reducing the electrochemical signal. 

Linear ranges of 0.05 – 100 ng mL-1 and 1 – 100 ng mL-1 for VEGF and PSA were obtained, 

respectively. The LOD for both proteins were the lower limit of the linear ranges.  
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Antibodies and aptamers are common biomolecules used to detect protein targets such as 

PSA, but recently peptides are being used as biorecognition elements within indirect assays.146 

Peptide sequences incorporated into PSA detection assays are not used to capture or immobilize 

the protein, but rather exploit the proteolytic activity of PSA to induce an electrochemical signal. 

One approach employs an enzymatically cleavable peptide sequence that upon interaction with 

proteolytically active PSA (paPSA) results in a cleavage of the portion of peptide responsible for 

generating a detectable signal by binding to metal NPs.147 Decrease in electrochemical signal can 

be directly correlated to the concentration of paPSA, generating a signal-off sensor. Conversely, 

the enzymatic cleavage can increase the signal magnitude by reducing steric hindrance on the 

electrode surface.148 In this design, the cleavable peptide sequence immobilized on the surface was 

chemically conjugated to BSA, enhancing surface blockage and decreasing electron transfer with 

the redox active electrolyte. Exposure of the electrode surface as a result of peptide cleavage by 

paPSA increases the electrochemical signal, presenting a signal-on method for paPSA detection. 

A different approach uses the cleaved peptide as a surrogate target molecule for the detection of 

paPSA. Xie and colleagues demonstrated this by taking advantage of both the enzymatic properties 

of PSA and the host-guest interaction between Fc and β-cycextrin (β-CD) to create a sensor capable 

of reaching a LOD of 0.78 pg mL-1 (Figure 2.4d).144 Two recognition elements were immobilized 

in this work; a peptide sequence with a PSA cleavage site labelled with a Fc molecule onto an 

Fe3O4@Au magnetic bead and β-CD onto multi-walled CNT-PAMAM on a GCE. The peptide 

sequence acted as a surrogate target as it could be cleaved from the magnetic bead in the presence 

of paPSA and captured by the β-CD on the CNT PAMAM electrode surface. The peptide cleavage 

was transduced into an electrochemical signal using DPV and Fc as a redox probe. The increasing 

concentration of electroactive peptides on the surface corresponded directly to the concentration 



M.A.Sc. Thesis – Sarah Traynor – McMaster University – Biomedical Engineering 
 
 

36 
 

of PSA through a linear range of 0.001 ng mL-1 – 30 ng mL-1. Recovery of paPSA in human serum 

was between 101.2 – 106.3%. The detection of a specific isoform of PSA could be viewed as a 

limitation, however, paPSA has been demonstrated to be involved in PCa metastasis rendering it 

a suitable protein biomarker for determining the aggression level.149 In addition, the low cost, ease 

of synthesis, and stability of peptides make them excellent substitutes for antibodies in 

immunoassays.  

The increased sophistication of indirect detection assays through incorporation of multiple 

biorecognition elements, NPs, redox labels or other biomolecular processes has led to PSA 

biosensors with increased sensitivity and selectivity and has provided a basis for multi-target 

analysis. Although the increased complexity of these assays results in a parallel increase in the 

number of washing steps and the amount of reagents; they have demonstrated ultralow and 

clinically-relevant LODs ranging from 1 ng mL-1 down to 0.020 fg mL-1. 

 

2.5 Conclusion 
 

In recent years, there has been tremendous research efforts towards improving the 

sensitivity, specificity and LOD of PSA detection using electrochemical methods for clinical 

decision making. Based on the operating principles, we can categorize the electrochemical 

detection of PSA into the conventional sandwich assay, direct capture assay, and the indirect 

detection assay. The sandwich assays are the electrochemical analogues of ELISA, which is 

commonly used in biological research and clinical analysis. Although sandwich assays are widely 

researched; these rely on multiple steps and a large amount of reagents. An alternative to this is 

the direct approach where a single capture event leads to signal generation by using the concepts 

of EIS and voltammetry. Indirect detection assays are another alternative to sandwich assays, in 



M.A.Sc. Thesis – Sarah Traynor – McMaster University – Biomedical Engineering 
 
 

37 
 

which PSA binding results in the release of a functional target, which can be captured for 

electrochemical signal transduction. This approach typically comes at a cost of increased 

complexity, with the advantage of increased sensitivity and selectivity. Although sandwich and 

direct detection assays have demonstrated clinically-relevant performance, the indirect detection 

assays shine in demonstrating a record performance: an assay of this type successfully detects as 

low as 0.11 fg mL-1 of PSA with a wide linear range of 1 fg mL-1 - 100 ng mL-1.148 Despite ultra-

sensitivity in detecting levels of PSA within the clinical realm, challenges exist when attempting 

to commercialize indirect biosensors with the main obstacles being reagent stability and the 

increased cost of reagents and materials. 
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Chapter 3: Optimization of a Bio-barcode Assay for 

Electrochemical Protein Detection 

3.1 Preface 

The focus of this chapter will be on optimizing reaction conditions in order to achieve the 

most efficient and successful protein detection. The importance of each condition will be discussed 

and results from varying conditions will be examined.  Probe density, target hybridization time, 

reagent concentrations, reaction time, surface blocking and dilution factor of the biological sample 

were all investigated using a model streptavidin/biotin system to develop the most optimal system 

for protein detection. 

Sarah Traynor was the only author to contribute to this section.  

 

3.2 Introduction  

 This thesis is centered around the development of an electrochemical detection scheme to 

be applied towards the detection of a protein cancer biomarker. To accomplish this, a bio-barcode 

assay integrated with electrochemical readout will be utilized to develop a simple biosensing 

platform with minimal reaction and wash steps and the applicability of the assay will be 

demonstrated using PSA. Bio-barcode assays have demonstrated uniquely exceptional 

performance in achieving ultra-sensitive protein detection (attomolar concentration) while 

maintaining a simplistic design.150,151 To eliminate the need for amplification and separation 

elements, the assay will use the formation of a proximity-induced three way junction (TWJ) in 

response to the target protein to release the bio-barcode.152 Capture of the protein target and release 

of the bio-barcode will be performed in solution and then transferred to an electrode for 

electrochemical detection. The released bio-barcode will be labelled with a methylene blue (MB) 
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molecule and captured by a double stranded (ds) DNA probe immobilized on the electrode surface, 

enabling signal generation via the reduction of methylene blue using SWV. The assay contains 

three important intermediates – the biorecognition motifs TB and B*C which are DNA strands 

conjugated to a biorecognition element, the MB labelled bio-barcode containing duplex T*C*:CR* 

and the ds capture probe CP:D1.  

 The assay design is presented in Scheme 3.1 and occurs as follows: 

1. Capture of the protein target will occur in solution through bio-

recognition elements conjugated onto DNA strands TB and B*C. 

2. Recognition of a single protein target by both TB and B*C will 

result in the formation of a DNA/protein complex. 

3. The resulting complex can bind a toehold region of the MB-labelled 

bio-barcode containing duplex (T*C*:CR*), initiating a strand 

displacement reaction that releases the MB-labelled barcode (CR*). 

The result is the formation of a three-way junction and a free single 

stranded labelled barcode.  

4. The single stranded MB-labelled barcode can participate in an on-

chip strand displacement reaction, displacing D1 from the CP:D1 

capture duplex. 

5. Square-wave voltammetry can be used to determine whether the 

MB-labelled barcode has hybridized with the capture probe via the 

reduction of MB at the gold electrode surface.  
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Scheme 3.1. Schematic of electrochemical bio-barcode assay. a) assay components in solution. TB and B*C recognize a protein 
target and form three-way junction with T*C* releasing MB-labelled CR*. b) On-chip hybridization of the released bio-barcode. 
The electrode is pre-modified with capture probe CP:D1 and mercaptohexanol. When CR* is released in assay it can hybridize with 
CP, releasing the D1 strand, resulting in an increase of electrochemical signal.  

 

Bio-barcode sensing platforms, like the one presented here, are compositions of many 

assay components and bio-recognition elements, forming a sensitive detection platform capable of 

quantifying ultra-low levels of a molecular analyte.153 To ensure that the system performs in a 

specific and reliable manner we should work to reduce the signal changes that may be caused by  

inefficient capture of target or surrogate target, inefficient strand displacement within the assay or 

interference from non-target molecules. Accomplishing this can be done by optimizing working 

parameters for ideal performance. The whole detection scheme is performed in two environments: 
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protein capture and release of the bio-barcode is done in solution followed by capture of the bio-

barcode on a surface. This results in two areas of optimizations, one affecting the efficiency of 

events occurring in solution and one affecting events at the electrode surface. For solution protein 

capture and release of the bio-barcode, optimizations should be focused on the preparation of assay 

intermediates, as well as the concentration of the intermediates. In addition, the incubation period 

of this protein capture step should be investigated. To ensure the capture of the labelled bio-

barcode on the surface occurs in an efficient manner, probe spacing, target hybridization time, 

surface blocking  and sample preparation should be optimized.     

 In this chapter, optimizations to the proposed biosensor using a developed baseline system 

with biotin as the biorecognition element and streptavidin as the protein target will be discussed. 

The optimizations include determining the probe density required to obtain the highest signal by 

investigating both probe concentration and deposition time, experiments performed to achieve the 

highest signal-to-blank ratio (SBR) by examining concentration of assay components and ratios, 

and exploring poly-A as a surface blocker. In addition, conditions required for successful PSA 

detection in a relevant biological sample will be investigated by determining signal loss in different 

levels of dilution of human plasma. The result of optimizing this biosensing platform will be 

demonstrated in chapter 4 when the analytical ability of the sensor is challenged. 

3.3 Experimental 

  3.3.1 Studying the Effect of Probe Density on the Generated Electrochemical 

Signal 

The sensing electrode was prepared following the procedure outlined in section 4.3.5 and 

probe DNA was annealed following the procedure outline in section 4.3.4. After annealing, probe 

DNA was reduced for 2 hours at a final concentration of 1, 0.5 and 0.25 µM using TCEP in 
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deposition buffer at a ratio of 1:50 (probe:TCEP). Following reduction, 3 µL each probe 

concentration was placed on an electrode and left for 2 hours in a humidity chamber in the dark. 

After 2 hours the electrode was washed in washing buffer to remove any non-specifically bound 

DNA and a CV scan was performed from 0 – 0.5 V in 2 mM [Fe(CN)6]
4−/3- to ensure 

immobilization. A MCH backfill was done using 100 mM MCH for 20 minutes, followed by 

another CV scan in 2 mM [Fe(CN)6]
4−/3- to ensure both removal of non-specifically adsorbed 

probe, and aligning of specifically adsorbed probe, with washing between each step. Once the 

sensing surface was prepared, 3 µL of 0.3 µM of CR* was put onto the electrode and the electrode 

was incubated in a humidity chamber for 30 minutes at 37°C. The electrode was then washed in 

washing buffer to remove non-specifically adsorbed target and SWV was performed from 0 – (-

0.5) V in washing buffer. This was repeated for probe deposition times of 4, 8, 16 and 24 hours.  

  3.3.2 Studying the Effect of Hybridization Time on the Generated 

Electrochemical Signal  

The sensing surface was prepared following the procedure outlined in section 4.3.5 with 

0.5 µM probe for 16 hours. After qualitative scans, 3 µL of 50 nM CR* was placed on the electrode 

surface and was incubated at 37°C for 5 minutes. The electrode was washed in washing buffer and 

SWV was performed from 0 – (-0.5) V in washing buffer. This was repeated for incubation periods 

of 15, 30, 45, 60 and 120 minutes.  

  3.3.3 Studying the Effect of the Ratio of the T*C* Strand to the CR* Strand 

During Annealing for Preparation of Bio-barcode Containing Duplex on the Signal-to-blank Ratio 

In order to produce a 1:1 ratio of T*C*:CR*, 10 µL of 100 µM CR* was mixed with 10 

µL of 100 µM T*C* and 30 µL of annealing buffer. For a 1.1:1 ratio, 10 µL of 100 µM CR* was 

mixed with 11 µL of 100 µM T*C* and 29 µL of annealing buffer. For a 1.2:1 ratio, 10 µL of 100 

https://en.wikipedia.org/wiki/Cyanide
https://en.wikipedia.org/wiki/Cyanide
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µM CR* was mixed with 12 µL of 100 µM T*C* and 28 µL of annealing buffer. Each mixture 

was heated to 90°C for 5 minutes and then the solution was brought to 25°C incrementally over 

30 minutes. 

  3.3.4 Studying the Effect of the Concentration of Assay Intermediates on the 

Signal-to-blank Ratio 

The sensing electrode was prepared following the procedure outlined in section 4.3.5. For 

optimization of the assay intermediates, the full e-biobarcode assay was performed with varying 

concentrations of T*C*:CR* and biorecognition probes TB and B*C. TB and B*C were mixed 

with T*C*:CR* and streptavidin in reaction buffer so that the final desired concentrations of TB, 

B*C and T*C*:CR* were reached and the final concentration of streptavidin was 10 nM. A blank 

solution was also prepared by adding reaction buffer in place of streptavidin. A 3 µL drop of 

solution was deposited on to the prepared electrodes and incubated at 37°C for 45 minutes in a 

humidity chamber. The electrodes were then washed in washing buffer and SWV was performed 

from 0 – (-0.5) V in washing buffer. 

  3.3.5 Studying the Effect of introducing a Protein Capture Reaction Step at 

37℃ on the Signal-to-blank Ratio   

The sensing electrode was prepared following the procedure outlined in section 4.3.5. For 

protein detection with a reaction period, 10 µL of 100 nM streptavidin was mixed with 10 µL of 

250 nM TB, 10 µL of 250 nM B*C, 10 µL of 200 nM T*C*:CR* and 60 µL of reaction buffer. 

The mixture was incubated in an Eppendorf tube for 30 minutes at 37°C. After incubation 3 µL of 

the mixture was deposited onto the prepared electrode and incubated in a humidity chamber for 45 

minutes. The electrodes were then washed in washing buffer and SWV was performed from 0 – (-

0.5) V in washing buffer. For protein detection without a reaction period, 10 µL of 250 nM TB 
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and B*C were mixed with 10 µL of 100 nM streptavidin, 10 µL of 200 nM T*C*:CR* and 60 µL 

of reaction buffer. A 3 µL drop of the mixture was immediately deposited onto the prepared 

electrode and incubated in a humidity chamber for 45 minutes. The electrodes were then washed 

in washing buffer and SWV was performed from 0 – (-0.5) V in washing buffer. 

  3.3.6 Studying the Effect of Poly A as a Surface Blocker on the Generated 

Electrochemical Signal 

The sensing electrode was prepared following the procedure outlined in section 4.3.5. For 

protein detection using poly-A as a surface blocker 10 µL of 100 nM streptavidin was mixed with 

10 µL of 250 nM TB, 10 µL of 250 nM B*C, 10 µL of 200 nM T*C*:CR*  and 60 µL of reaction 

buffer. The mixture was incubated in an Eppendorf tube for 30 minutes at 37°C. During this 

incubation period, 3 µL of 1 µM poly-A was deposited onto the prepared electrode and left at room 

temperature for 30 minutes. After 30 minutes the drop was removed using a KimWipe and 3 µL 

of the reaction mixture was deposited onto the electrode. The electrode was incubated in a humidity 

chamber at 37°C for 30 minutes. The electrodes were then washed in washing buffer and SWV 

was performed from 0 – (-0.5) V in washing buffer. 

  3.3.7 Studying the Effect of Human Plasma Dilution on the Total 

Electrochemical Signal Loss 

The sensing electrode was prepared following the procedure outlined in section 4.3.5. 

Human plasma was diluted 2x, 4x, 6x and 8x using reaction buffer. 5 µL of 100 µM stock solution 

CR* was mixed with 95 µL of undiluted human plasma. CR* was further diluted to 20 nM using 

the undiluted human plasma. A 3 µL solution of plasma spiked with  20 nM CR* was deposited 

onto the prepared electrode and incubated at 37°C for 45 minutes in a humidity chamber. The 
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electrodes were then washed in washing buffer and SWV was performed from 0 – (-0.5) V in 

washing buffer. This was repeated for 2x, 4x, 6x and 8x diluted plasma. 

 

3.4 Results and Discussion 

  3.4.1 Studying the Effect of Probe Density on the Generated Electrochemical 

Signal 

A typical electrochemical biosensor will have a biomolecule immobilized onto the surface 

of the electrode acting as a biorecognition probe. Many classes of biomolecules have been 

employed as molecular recognition probes, but one of the most well-understood is DNA.154 DNA 

is an excellent probe candidate since synthetic DNA is relatively inexpensive, stable and the target 

can easily be selected through manipulated of the capture probe sequence. One of the most 

common methods of immobilization of DNA onto an electrode surface is through the formation 

of a self-assembled monolayer (SAM).155 DNA can readily be modified to contain moieties that 

either have specific affinities for certain metals or can form covalent bonds with other chemical 

compounds. The thiol-gold interaction is one that has been heavily investigated and has been 

extensively used for immobilization of thiolated DNA onto a gold electrode. Under typical 

conditions, immobilization can be initiated by depositing a drop of thiolated DNA onto a clean 

gold electrode or submerging an electrode into the solution. Adsorption of thiolated DNA onto 

gold is believed to happen in a step-wise manner; first the bases of the DNA adsorb non-

specifically onto the gold, followed by a rearrangement that leads to the thiol-gold bond.156 The 

flexibility of the probe can cause folding of the DNA resulting in probe laying adjacent to the 

electrode surface, requiring another agent for probe alignment and removal of non-specifically 

adsorbed probe. MCH, a 6-carbon chain with a thiol group at one end and a hydroxyl group at the 
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other, has been extensively used for this purpose.157 The thiol group competes with the adsorbed 

DNA bases for gold, removing any non-specifically bound DNA, resulting in a SAM with a 

hydroxyl group protruding into the solution. This slightly negative hydroxyl group aligns parallel 

to the DNA and is thought to repel the negatively charged DNA, generating more order within the 

molecular probe layer. This stiff layer can now more efficiently hybridize a complementary DNA 

target due to the decreased steric hindrance caused by surface immobilization. 

For this detection scheme, a partial DNA duplex was used as the capture probe and 

immobilized onto the surface of the gold electrode via this SAM process. MCH was used in excess 

for removal of non-specifically adsorbed probe and for aligning the probe DNA. The process of 

depositing and aligning the probe was qualitatively monitored using cyclic voltammetry (CV) 

(Chapter 4 Appendix, Figure 4.7). Deposition of the ds probe results in the formation of negatively 

charged layer at the surface of the electrode. A reversible redox-active species such as [Fe(CN)6]
4-

/3- can be used to determine if probe has been successfully deposited onto the electrode surface by 

comparing a post-deposition scan to a pre-deposition scan. When a potential in the range of 0 – 

0.5 V (against Ag/AgCl) is reversibly applied to a gold electrode in a [Fe(CN)6]
4-/3- solution, 

characteristic oxidation and reduction peaks can be recorded. Upon addition of the negatively 

charged DNA [Fe(CN)6]
4-/3- is repelled from the surface resulting in attenuation of these 

characteristic peaks. After MCH is added and only the specifically adsorbed DNA remains, some 

recovery of the peaks can be observed.  

Probe density is an integral factor affecting the efficiency of a DNA biosensor that is 

influenced by many components.158 Spacing of probes on a surface directly correlates to target 

capture efficiency and must be optimized in order to achieve the best performance. There is an 

ideal probe density that must be reached, one that results in the most capture possible but also 
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achieves the least amount of steric hindrance. Steric hindrance is especially important when 

investigating DNA biosensors as accumulation of too much charge from the immobilized probe 

can inhibit efficient hybridization or strand replacement reactions necessary for target capture 

(Scheme 3.2). Probe concentration, deposition time and formation of an aligning SAM all 

contribute to the probe density and must be investigated.  

 

Scheme 3.2. Schematic demonstrating the effect of molecular crowding. a) Probe density is high preventing strand displacement 
to occur, caused by increase steric hindrance resulting in a low electrochemical signal. b) Probe density is optimized resulting in 
adequate spacing required for strand displacement. The electrochemical generated from the same amount of target as (a) has 
increased due to less steric hindrance.  

 

In order to optimize probe density, probe concentration and deposition time was first 

studied using a simple assay that involves capture of a MB-labelled single strand of DNA (CR*) 

by an immobilized double stranded (ds) probe (CP:D1). Figure 3.1 shows the results of this 
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optimization step, done by comparing the signals that were obtained using 0.3 µM of CR* using 1 

µM, 0.5 µM and 0.25 µM of probe for a series of increasing deposition times. Since at all 

concentrations of probe 16 hours resulted in the highest signal, 16 hours was chosen as the optimal 

deposition time, and because 0.5 µM of probe correlated to the overall highest signal, this was 

chosen as the optimal probe concentration. When the probe concentration was at the higher limit 

of 1 µM, signal magnitude was low for all deposition times, likely attributed to crowding of the 

electrode leading to the repulsion of the incoming negatively charged MB-labelled reporter. When 

the probe concentration was at the lower limit of 0.25 µM the signal magnitude was also low,  

likely due to the lack of probe.  

  

Figure 3.1. Effect of probe concentration and deposition time on the generated electrochemical signal obtained using 300 nM CR*. 
The error bars represent the standard deviation from the mean. Each bar represents average data obtained from the same sample 
measured using at least 2 electrodes.    
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  3.4.2 Studying the Effect of Target Hybridization Time on the Generated 

Electrochemical Signal  

A practical sensing device must be one that produces results in a rapid but reasonable time 

period, making hybridization time an important parameter. The kinetics of DNA strand 

displacement reactions are known to be very fast in solution but due to diffusion limiting steps and 

unfavorable conditions, slower at an interface.159 Hybridization time was investigated for this 

sensor by immobilizing the ds probe and monitoring the generated signal from 50 nM CR* at 

different hybridization times (Scheme 3.3).  

 

Scheme 3.3. Schematic of simplified assay used to determine the optimal target hybridization time. The single stranded target CR* 
is incubated on an electrode prepared with capture probe CP:D1. Varying times will yield different electrochemical signal due to 
the number of target molecules that are captured.  

 

Figure 3.2 shows the results of this experiment where increasing signal peaks until 60 

minutes can be seen. After 60 minutes, the signal decreased likely due to reverse reactions by the 

displaced D1 strand. In order to obtain optimal performance, a large signal generated in a short 

amount of time is quintessential. Since there was not a large difference between the signal obtained 

at 45 minutes and 60 minutes, a hybridization time of 45 minutes was used for all following 

experiments.  
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Figure 3.2. The peak electrochemical current in response to varying target hybridization times using 50 nM CR* as the target. The 
error bars represent the standard deviation from the mean. Each bar represents average data obtained from the same sample 
measured using at least 2 electrodes.  

 

  3.4.3 Studying the Effect of the Ratio of the T*C* Strand to the CR* Strand 

During Annealing for Preparation of Bio-barcode Containing Duplex on the Signal-to-

blank Ratio  

Decreasing background signal is crucial in obtaining a high SBR and pushing the LOD of 

a sensor to the lowest limit. In this designed assay, a partial duplex T*C*:CR* which contained 

the reporting strand CR* was in the assay mixture and could possibly contribute to a background 

signal if not properly hybridized. To make sure that the background was minimized, the ratio at 

which the duplex was annealed at was optimized. Annealing in the presence of excess T*C*  

results in a higher likelihood that all CR* is consumed but may also contribute to a lower generated 

signal. T*C* has complimentary regions to TB and B*C that could consume these strands, taking 

away from their participation in the reaction. For this reason, different ratios of 1:1, 1.1:1 and 1.2:1 
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T*C*:CR* were tested to see which produced the highest signal with the lowest background 

(Figure 3.3).  

 

Figure 3.3. Comparison of peak electrochemical current generated using varying annealing ratios for the preparation of assay 
intermediate duplex T*C*:CR* using 1 nM of TCcomp as the target. The error bars represent the standard deviation from the 
mean. Each bar represents average data obtained from the same sample measured using at least 3 electrodes.   

 

This was investigated using another simplified assay where the prepared sensor was 

challenged with a reaction mixture that contained 10 nM of T*C*:CR* at different ratios and a 

strand that was complementary to T*C* (TCcomp) at 1 nM, to mimic the formation of the TWJ 

and the release of the MB-labelled reporting barcode. The electrochemical signals that were 

obtained can be seen in Figure 3.3. In order to assess which ratio produced the best results the SBR 

was compared between each of the duplex ratio conditions. A ratio of 1:1 produced the largest 

signal and the largest background, while a ratio of 1.2:1 produced the lowest signal and lowest 

background, achieving SBRs that were 3.2 and 3.4 respectively. Conversely, a ratio of 1.1:1 

produced a large signal while maintaining a low background, affording a SBR of 4.5. A ratio of 
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1.1:1 was used to prepare the T*C*:CR* duplex for all further parameter optimizations and 

investigation of the proposed sensor. 

 

  3.4.4 Studying the Effect of the Concentration of Assay Intermediates on the 

Signal-to-blank Ratio 

Optimizations of the system have consisted of challenging the sensing electrode with a 

simplified version of the bio-barcode assay and have been focused on the release and on-chip 

capture of the MB-labelled bio-barcode. These aspects are fundamental within the assay and must 

be finely tuned before moving onto the more complex full protein capture assay. Since CR* release 

and on-chip hybridization conditions have been successfully optimized, further parameters of the 

e-biobarcode assay were investigated to ensure protein capture results in efficient release of CR*. 

Considerations of the full protein capture assay included intermediate strand concentrations, 

reaction temperature and reaction time. For the following optimization experiments, streptavidin 

was used as the protein target with biotin as the biorecognition element conjugated to both TB and 

B*C. The binding between this protein and small molecule is fast, almost irreversible and very 

well understood, making it an excellent biorecognition reaction to use as a model system for 

protein capture.160  

The background signal produced from the MB-labelled reporter containing duplex 

(T*C*:CR*) was previously examined by comparing SBR produced from varying annealing 

ratios, but in the full e-biobarcode assay there are additional factors that can contribute to the 

background signal. The full assay contains two biorecognition motifs (TB and B*C) that must only 

hybridize in the presence of a protein target, driven by proximity as a result of binding the same 

protein target. This hybridization event between TB and B*C leads to the formation of a TWJ, 
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releasing CR*. Spontaneous formation of the unstable duplex may form between TB and B*C at 

higher concentrations without binding of the target protein, resulting in the formation of the TWJ 

and consequently the displacement of CR*, yielding a false positive signal. In order to prevent 

this, the concentration of the intermediates which include the biorecognition motifs (TB and B*C), 

and the MB-labelled reporter containing duplex (T*C*:CR*) was investigated (Scheme 3.4).  

 

Scheme 3.4. Schematic demonstrating the intermediates that were optimized. The ratio of 1 duplex to 1.25 of each biorecognition 
motif is kept constant. The concentrations of each are varied through this experiment and used to detect a protein target.   

 

The ratio of T*C*:CR* to TB and B*C had been previously optimized at 1:1.25, however 

the concentrations required needed to be determined. Concentrations of 1 nM : 1.25 nM, 10 nM : 

12.5 nM, 20 nM : 25 nM, 60 nM : 75 nM and 100 nM : 125 nM were used to detect streptavidin 

at a concentration of 10 nM and the SBR was compared between each condition (Figure 3.4). A 

concentration ratio of 20 nM : 25 nM yielded the best results in terms of the largest SBR of 4.0. 

As the concentration of the intermediates increased to 60 nM : 75 nM and 100 nM : 125 nM, the 

signal produced increased, as did the blank signal resulting in SBRs that were 2.6 and 2.7, 

respectively. As the intermediate concentrations decreased below 20 nM : 25 nM, the blank signal 

decreased but the target signal also decreased, again resulting in a lower SBRs. Intermediate 

concentrations of 1 nM : 1.25 nM had a SBR of 3.3 while concentrations of 10 nM : 12.5 nM had 
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a SBR of 3.6. Achieving great sensitivity with a biosensor is heavily attributed to the SBR, 

therefore the intermediate concertation which produced the highest, 20 nM : 25 nM, was chosen 

for continued investigation of the proposed detection system.  

 

Figure 3.4. Peak electrochemical current generated using the e-biobarcode assay with varying concentrations of assay 
intermediates. The concentration ratios on the x-axis represent the concentration of T*C*:CR* to TB* / BC* in nM respectively. 
These signals were obtained using 10 nM streptavidin in reaction buffer as the protein target. The error bars represent the 
standard deviation from the mean. Each bar represents average data obtained from the same sample measured using at least 3 
electrodes. 

 

 

  3.4.5 Studying the Effect of Introducing a Protein Capture Reaction Step at 

37℃ on the Signal-to-blank Ratio   

An important consideration that influenced the design of this sensing platform was 

minimizing the number of wash and reaction steps in order to demonstrate sample-in-answer-out 

protein detection. A large limitation of many detection systems is the sequential addition of each 

component onto the sensing surface leading to many reaction and wash steps. To circumvent this, 

protein recognition with TB and B*C, and the release of MB-labelled CR* was done in the same 
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solution followed by on-chip hybridization that required a single deposition step. Timing of this 

intermediate protein capture step was optimized in order to maximize the amount of protein 

capture, and thus released CR*, while minimizing time requirements to maintain practicality. 

Incorporating a reaction step was investigated by comparing the generated electrochemical signal 

obtained when the sample and all intermediates were mixed and immediately placed on electrode 

for hybridization with the signal obtained when 30 minutes was allotted for the reaction of TB, 

B*C and streptavidin before adding T*C*:CR* and depositing onto the electrode. This reaction 

period was done at 37°C in order to increase the kinetics of the strand displacement reactions. 

Upon the introduction of a reaction step done for 30 minutes at 37°C, the SBR increased from the 

previous 4.0 to 4.3. While this was not a significant increase in the SBR, the increase that can be 

seen in the peak signal obtained from the 10 nM streptavidin target was encouraging enough to 

continue with the addition of this step (Figure 3.5). The extremely rapid interaction that occurs 

between streptavidin and biotin is likely the cause of the small change in the SBR obtained from 

increasing the reaction time and temperature, however, the goal of the sensor is application towards 

detection of PSA. The interaction between anti-PSA and PSA is not as efficient as the biotin-

streptavidin interaction, likely making this additional reaction period extremely important for 

demonstrating sensitive PSA detection. For these reasons, a 30-minute reaction time at 37°C was 

continually used for the optimizations to follow. 
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Figure 3.5. Peak electrochemical current generated using the e-biobarcode assay in response to 10 nM streptavidin in reaction 
buffer with and without a 30-minute reaction step performed at 37℃. The error bars represent the standard deviation from the 
mean. Each bar represents average data obtained from the same sample measured using at least 3 electrodes. 

 

  3.4.6 Studying the Effect of Poly A as a Surface Blocker on the Generated 

Electrochemical Signal 

When investigating the full protein capture assay, minimizing the blank signal was also 

approached from another perspective. Biomolecules are known to non-specifically adsorb onto 

electrode surfaces, interfering in the peak current that is obtained.161 This interference from 

biomolecules can occur in one of two ways; either the non-specific adsorption causes an increase 

in blank signal through the adsorption of the reporting molecule due to the affinity between the 

nucleotides and the surface162, or it can cause a decrease in overall signal by formation of an 

insulating layer that prevents target diffusion or electron transfer.163 In buffer, it is hypothesized 

that the non-specific adsorption interferes with the peak current following the former mechanism, 

while in a complex matrix, such as human plasma, with many interfering proteins and small 
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molecules, the latter is more prominent. In either case, it is extremely important to explore a 

method of preventing non-specific adsorption on the electrode in order to obtain the most efficient 

biosensor possible. The effect of a surface blocker was investigated using a 20-mer poly-A 

sequence, which worked to prevent non-specific adsorption through strong interactions with gold 

owing to NH2-gold bonding.35 It is believed that the small biomolecule adsorbs onto bare gold, 

causing the surface to have a slight negative charge, preventing the adsorption of other 

biomolecules. Poly-A was introduced into the reaction by depositing it onto the electrode for 30 

minutes, prior to deposition of the reaction mixture, in excess to assume complete coverage of 

exposed gold (Scheme 3.5).  

 

 

Scheme 3.5. Schematic demonstrating each step of preparing the sensing electrode with poly-A as a surface blocker. The capture 
probe CP:D1 is deposited followed by a MCH backfill for probe aligning and removal of non-specifically adsorbed probe. Poly-A is 
then deposited prior to use to block any exposed gold.  

 

The detection results using 10 nM streptavidin with and without 1 µM poly-A can be seen 

in Figure 3.6. In buffer, poly-A slightly reduced the blank signal and increased the target signal 

obtained minimally. However, these results indicate that a more prominent effect will likely be 

seen when performing protein detection in a more complex sample matrix.  
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Figure 3.6. Comparison of the peak electrochemical current that is generated using the e-biobarcode assay in response to 10 nM 
streptavidin in reaction buffer with and without 1 µM poly-A for surface blocking. The error bars represent the standard deviation 
from the mean. Each bar represents average data obtained from the same sample measured using at least 3 electrodes.   

 

  3.4.7 Studying the Effect of Human Plasma Dilution on the Total 

Electrochemical Signal Loss 

Demonstrating practicality of a detection system requires performance in a complex 

clinical sample such as human blood, plasma, serum or urine. Knowing that the e-biobarcode assay 

was going to be applied to the detection of PSA, the practicality was investigated by optimizing 

the design for use in human plasma. Many assays reach ultra-low sensitivities in clinical samples 

but commonly require dilution steps to prevent interference. As stated previously, it is believed 

that the adsorption of molecules in complex samples creates an insulating layer on the electrode 

surface that inhibits signal generation and to circumvent this poly-A was employed as a surface 

blocker. The usefulness of this surface blocked was challenged by investigating if, or how much, 

dilution of human plasma was required to obtain a signal from CR*. CR* was suspended in human 

plasma that had been diluted 2x, 4x, x, 8x and undiluted at a concentration of 20 nM and the 
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obtained signal was recorded (Figure 3.7). While the signal magnitude does decrease as expected, 

there is not a significant difference between undiluted and diluted plasma. Since performance in 

undiluted plasma would translate to no sample preparation, and the generated current was not 

greatly influenced, undiluted plasma was chosen for experiments to demonstrate practicality.  

Figure 3.7. Comparison of the peak electrochemical current generated from 20 nM CR* in human plasma that has been diluted at 
varying levels. The error bars represent the standard deviation from the mean. Each bar represents average data obtained from 
the same sample measured using at least 3 electrodes.   

 

3.5 Conclusion 

  In this chapter, optimizations were done towards the development of a protein biosensor 

using streptavidin/biotin binding as a model system. The optimizations that were performed in this 

chapter are going to be applied in the next chapter for evaluating the analytical ability and 

practicality of the sensor towards a real cancer protein biomarker. The conditions that were 

optimized include probe density, hybridization time, preparation conditions for assay 
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intermediates, concentration of assay intermediates, the effect of an incubated reaction step, 

surface blocking with poly-A, and sample processing.  

Probe density is one of the most critical factors affecting efficient capture of the release 

bio-barcode at the electrode surface. The effect of probe density was studied by depositing three 

different concentrations of capture probe (0.25 µM, 0.5 µM and 1 µM) on the electrode surface all 

for varying deposition times (2, 4, 8, 16 and 24 hours). The effect of the varying conditions was 

evaluated by measuring the current generated from the MB-labelled bio-barcode (CR*) 

hybridizing with the immobilized capture probe using SWV. For this study 300 nM of CR* was 

used as the target concentration. The results showed an overall increase in generated current for 

the increasing deposition times, until 16 hours where the current plateaued. The results also 

showed that a concentration of 0.5 µM of probe produced the highest currents at all deposition 

times. The optimal condition was found to be depositing 0.5 µM  of probe for 16 hours. The 

increasing generation of current over the increasing time periods to a plateau was expected as the 

electrode should eventually reach saturation. At this point, the amount of probe on the surface 

should be enough to ensure capture but not crowd the electrode resulting in steric hindrance.158 

We expected that the highest probe concentration would result in the crowding effect, and that the 

lowest probe concentration may not be sufficient for generating a large electrochemical signal.  

In addition to probe density, we investigated how increasing the hybridization time of the 

released bio-barcode effected electrochemical signal generation. This study was performed by 

detecting 50 nM of the MB-labelled bio-barcode (CR*) on the electrode surface after depositing 

the target solution on the sensing electrode and varying incubation times (5, 15, 30, 45, 60 and 120 

minutes). The resulting trend was an increase of electrochemical signal corresponding to 

increasing incubation times until 120 minutes where the signal significantly decreased (over 50%). 
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The increasing trend observed until 60 minutes was expected as an increasing incubation time 

allows more CR* to hybridize with capture probe, however the significant decrease in signal at 

120 minutes was not expected. We hypothesize that since the capture of the bio-barcode was 

dependant on a strand displacement reaction with the ds capture probe, the excess of time may 

have permitted the reverse reaction to occur, displacing CR*. The optimal time chosen for target 

hybridization was 45 minutes since a sufficient electrochemical signal was measured and the 

difference in signal between 45 and 60 minutes was not large enough to justify the additional time.  

Within the detection assay there were two main components – the biorecognition motifs 

TB and B*C, and the bio-barcode containing duplex T*C*:CR*. Preparing the bio-barcode duplex 

required annealing T*C* with CR* so that there was no free CR*, which had the MB label, in the 

assay solution. To ensure that a small blank signal was obtained when there was no protein target 

in the sample (thus increasing the SBR) the ratio at which T*C* was annealed to CR* was 

investigated. This was done by varying the ratio of the T*C* strand to the CR* during the annealing 

process. Annealing conditions were kept constant while the ratios varied from 1:1, 1.1:1 and 1.2:1 

T*C*:CR*. The effect of the annealing ratio was studied using one “target” solution containing 20 

nM of T*C*:CR* and 1 nM of a strand complementary to T*C* (TCcomp), and one “blank” 

solution containing 20 nM of T*C*:CR*. The electrochemical signal that was generated for both 

the target and blank solution was measured on separate electrodes using SWV and the SBR was 

calculated. The trend that was observed was a decrease in both the target and blank signal for the 

increasing amount of T*C* compared to CR* and the largest SBR of 4.5 was calculated for an 

annealing ratio of 1.1:1. This trend was expected as excess T*C* will ensure that all CR* is 

consumed, decreasing the blank signal. However, once all the CR* has been hybridized the 
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remaining T*C* can hybridize TCcomp. This reaction with excess T*C* will result in TCcomp 

consumption without the release of CR*, resulting in lower target signals.  

The concentration of assay intermediates was optimized to ensure that the release of CR* 

was only caused by binding of the protein target by the biorecognition motifs and not by 

spontaneous formation of the TWJ. Spontaneous formation can happen if the concentration of the 

assay components is too high, leading to an increased blank signal. The effect of assay intermediate 

concentration was studied by varying the concentration of both the bio-barcode containing duplex 

T*C*:CR* and the biorecognition motifs TB and B*C and calculating the SBR using 10 nM of 

streptavidin as the protein target. The ratio of the bio-barcode containing duplex to the recognition 

motifs was kept constant at 1:1.25 (T*C*:CR* : TB/B*C) but the concentration of the components 

was varied (1 : 1.25 nM, 10 : 12.5 nM, 20 : 25 nM, 60 : 75 nM and 100 : 125 nM). As expected, 

an increase in current generated using a target solution correlated directly to an increase in 

intermediate concentrations, as did the blank solution. The optimal concentration was found to be 

20 nM T*C* and 25 nM TB/B*C as it produced the highest SBR of 4.0.  

Optimizing protein capture in solution was achieved by investigating the results of a 

reaction incubation period. To do this, sample solution that contained 10 nM of streptavidin was 

added to the assay intermediates and incubated at 37℃ for 30 minutes. After the incubation, the 

solution was deposited on to the electrode surface and the electrochemical signal generated was 

measured. The SBR was compared between two tests, one done with the additional reaction step 

and one performed without. The introduction of the reaction step increased the SBR, however less 

than we expected (increase from 4.0 to 4.3). The information that was gathered from this 

experiment indicated that the reaction step enhanced protein capture but did not impact the blank 

solution. The binding of streptavidin to biotin is extremely rapid and we hypothesized that while 
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this interaction was not greatly enhanced during this step, a less efficient interaction could be. In 

addition, the little impact it had on the blank indicated that when using a less efficient protein 

capture method (antibody/antigen) for PSA detection this step would be useful for increasing the 

SBR.  

On-chip hybridization was also optimized by studying the ability of poly-A to act as a 

surface blocker. The effect of poly-A was investigated by performing protein capture in solution 

and then transferring the solution to both electrodes prepared with 1 µM of poly-A on the surface 

and without poly-A on the surface. The current generated from 10 nM of streptavidin in buffer was 

measured and compared between the two conditions. The electrode with poly-A on the surface 

showed a slight decrease in blank signal and a slight increase in target signal compared to the 

electrode with no surface blocker. It is expected that when working with a more complex matrix 

such as a biological sample 1 µM of poly-A could be used as an effective surface blocker.  

Protein rich biological fluid such as plasma is notorious for causing electrochemical signal 

loss. To ensure that our sensor would be able to perform in a clinically-relevant fluid we first 

optimized the level of dilution that would need to be done to the biological sample. This was 

performed using human plasma diluted 2, 4, 6, and 8 times, as well as an undiluted sample. The 

effect that interfering molecules had on MB-labelled bio-barcode capture and electrochemical 

signal generation was investigated by spiking 20 nM of CR* into the human plasma at the varying 

levels of dilution and measuring the current generated.  As expected, the generated current was 

less than previously observed in buffer however, it did not significantly vary for all dilution levels, 

including the undiluted sample. This result was surprising but demonstrated that if protein capture 

in solution lead to the release of the bio-barcode, the assay could be performed in unprocessed and 

undiluted human plasma.  
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Chapter 4: Bio-barcode Assay for the Electrochemical Detection of 

PSA 

4.1 Preface 

The focus of this chapter is to demonstrate the successful performance of the designed bio-

barcode assay towards electrochemical detection of a protein cancer biomarker. A brief 

introduction on electrochemical protein biomarker detection will be reiterated, and an insight into 

the enhanced performance of bio-barcode assays will be given. The analytical ability of the 

designed sensor will be covered focusing on PSA detection both in buffer and undiluted human 

plasma. The practicality and specificity of the proposed sensor will be discussed and performance 

metrics such as LOD will be highlighted.  

Multiple authors have contributed to this work as it has been prepared for publication under 

the title “Dynamic bio-barcode assay enables electrochemical detection of a cancer protein 

biomarker in undiluted human plasma using a sample-in-answer-out approach” in Angewandte 

Chemie International Edition. Sarah Traynor performed all electrochemical experiments and wrote 

the article. Both Sarah Traynor and Alex Guan performed fluorescence experiments, and Alex 

Guan contributed to writing. Richa Pandey contributed to editing and made scheme 4.1.    

4.2 Introduction 

Sensitive and accurate protein analysis is critical to disease diagnostics, monitoring, and 

management.164 The existing laboratory-scale instruments for protein analysis do not allow for 

frequent screening and monitoring of patients at primary healthcare settings, patient bedsides, or 

home settings mainly due to their high cost and complex operating protocols for non-technical 

users.3 To develop a point-of-care (POC) protein analyzer, major research efforts are targeted 
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toward developing sensitive and specific biosensors that parallel the handheld glucose monitor in 

terms of ease-of-operation, response time, and operating and equipment cost.165 

Electrochemical readout is ideally-suited for POC protein biosensing because it offers high 

detection sensitivity with rapid readout and is compatible with low-cost and miniaturized readout 

circuitry.166 However, most electrochemical protein biosensors fail to operate in a sample-in-

answer-out (SIAO) manner, especially when they are challenged with unprocessed clinical 

samples.167 This difficulty stems from the dependence of these assays on multiple steps involving 

washes, target labeling, and the addition of reagents to process the sample and amplify and 

transduce a signal.168,169 

Programmable DNA-based assays – target-responsive structure switching assays 

(DNAzymes and apatamer),170 proximity-dependent surface hybridization assays171–173  proximity 

ligation assays (PLA),174 and nucleic acid programmable protein arrays (NAPPA)175 – have been 

used to integrate protein capture with built-in signal transduction to eliminate the need for multi-

step processing.20 Among these methods, bio-barcode assays that generate a nucleic acid barcode 

in response to protein recognition hold great promise for simplifying protein analysis.21 In spite of 

this, the common employment of loaded nanoparticles (NPs)176 or enzymes177 for amplifying the 

nucleic acid reporter, makes single-step operation using these assays challenging.  

Combining the simplicity of a bio-barcode assay with the sensitivity of electrochemical 

readout offers tremendous potential for developing sensitive and specific, yet simple POC 

biosensors. Bio-barcode assays can be programmed to perform specific protein capture in solution, 

followed by the release of a short and fast-diffusing DNA barcode, thus eliminating the mass 

transport and steric hindrance issues encountered in surface-based protein biosensors.178 
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Additionally, since these assays have a built-in mechanism for releasing signal transducing probes, 

they can eliminate the need for the manual addition of reagents.151 

With the vision of creating a SIAO electrochemical bio-barcode assay (e-biobarcode assay) 

for analysing clinical samples, we integrated: (1) a proximity-induced bio-barcode assay, designed 

for electrochemical signal transduction using one-pot operation152, with (2) electrochemical 

readout using three dimensional nanostructured electrodes, optimized for enhanced sensitivity,31,32 

and (3) a surface coating of poly adenine (poly-A), used for reducing non-specific adsorption and 

biofouling (Scheme 4.1). The unique combination of these components enabled us to perform 

protein analysis in undiluted human plasma samples in a SIAO manner without the need for sample 

processing. 

 

Scheme 4.1 Schematic illustration of the operating principles and the components of the bio-barcdoe assay a) The sample is 
introduced into the assay vial (collect) and a drop of the sample/reagent mix (measure) is taken and placed on the electrochemical 
chip for measurement. Inside the assay vial, the antibody-modified DNA motifs TB and B*C bind the same protein target, inducing 
hybridization at a short complementary region (green region) initiating the formation of a three way junction with the exposed 
region of T*C*, releasing redox-labelled CR* from the T*C*:CR* duplex through toehold mediated strand displacement.  b) on-
chip hybridization of the redox-labelled bio-barcode: thiol binding immobilizes a partially complementary double-stranded capture 
probe CP:D1, followed by the addition of MCH for probe alignment and surface blocking. The released barcode displaces D1 from 
the CP:D1 immobilized duplex via toehold mediated strand displacement bringing the redox tag near the electrode surface, 
inducing an electrochemical signal. c) prevention of non-specific adsorption using poly-A as a surface blocker: after immobilization 
of CP:D1 and MCH, poly-A is deposited and adsorbed through adenine-gold interactions, preventing non-specific adsorption of 
biomolecules such as proteins found in clinical samples.  
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4.3 Experimental  

  4.3.1 Materials 

Magnesium chloride (MgCl2, ≥99.0%), sodium chloride (NaCl, ≥99.0%), phosphate buffer 

solution (1.0M, pH 7.4), 6-mercapto-1-hexanol (MCH, 99%), tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP), potassium hexacyanoferrate(II) trihydrate ([Fe(CN)6]
4−/3-, ≥99.95%), 

gold(III) chloride solution (HAuCl4, 99.99%), 100X tris-EDTA (TE, pH 7.4), 10X tris borate-

ETDA (TBE, pH 8.3), Tween 20,  bovine serum albumin (BSA), streptavidin from Streptomyces 

avidinii, biotin, prostate-specific antigen from human semen (PSA), glial fibrillary acidic protein 

from human brain (GFAP), were purchased from Sigma-Aldrich (Oakville, Canada). Biotinylated 

human kallikrein 3/PSA polyclonal antibody (goat IgG) and biotinylated normal goat IgG control 

was purchased from R&D Systems (Minneapolis, MN). SYBR gold nucleic acid gel stain, DNA 

gel loading dye (6X), acrylamide solution (40%), ammonium persulfate (APS), 10X sterile 

phosphate buffer saline (PBS, pH 7.4) and tetramethylethylenediamine (TEMED) were purchased 

from Thermo Fisher Scientific (Mississauga, Canada). Sulfuric acid (H2SO4, 98%) and 2-propanol 

(99.5%) were purchased from Caledon Laboratories (Georgetown, Canada). Ethanol was 

purchased from Commercial Alcohols (Brampton, Canada). Hydrochloric acid (37% w/w) was 

purchased from LabChem (Zelienople, PA). Human plasma was donated by the Canadian Plasma 

Resources (Saskatoon, Canada). All reagents were of analytical grade and were used without 

further purification. Milli-Q grade ultrapure water (18.2 MΩ·cm) was used to prepare all solutions 

and for all washing steps. Methylene blue modified sequences were purchased from Biosearch 

Technologies (Novato, CA) and purified by dual high-performance liquid chromatography 

(HPLC). All other DNA samples were purchased from Integrated DNA Technologies (Coralville, 

IA) and purified by HPLC.  

https://en.wikipedia.org/wiki/Cyanide
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  4.3.2. DNA sequences  

 

Table 1. All DNA sequences used within thesis written from 5’ – 3’.  

Sequence Name Sequence 5’ – 3’ 

TB Biotin-TTTTTTTTTTTTTTTGTGAGGTTCGTGTGATG 

B*C AAGCGTGTATCCCATGTGTCCCTCACTTTTTTTTTTTTTTT-biotin 

T*C* CATCACACGGACACATGGGATACACGCTT 

CR* MB-TCTTCCAATCAGTCTCTCAAGCGTGTATCCCATGTGTC 

D1 TCTTCCAATCAGTCTCTCAA 

CP TACACGCTTGAGAGACTGATTGGAAGA-SH 

Poly-a AAAAAAAAAAAAAAAAAAAAAA 

FAM-CP TACACGCTTGAGAGACTGATTGGAAGA-FAM 

IOWA Black-D1 IOWA Black-TCTTCCAATCAGTCTCTCAA 

TCcomp GTAGTGTGCCTGTGTACCCTATGTGCGAA 
 

 

  4.3.3. Duplex preparation for the bio-barcode assay  

The barcode containing duplex T*C*:CR* was prepared at a final concentration of 10 µM 

by mixing 10 µL of T*C* and 12 µL of CR*, each at an initial concentration of 50 µM, in 28 µL 

of annealing buffer (1x TE, 10 mM MgCl2, 0.05% Tween20). The mixture was heated to 90°C for 

5 minutes and then the solution was brought to 25°C inclemently over 30 minutes. The fluorescent 

capture beacon was prepared at a final concentration of 10 µM by mixing 10 µL of FAM labelled 

CP with 15 µL of IOWA Black labelled D1, each at an initial concentration of 50 µM in 25 µL of 

annealing buffer. The mixture was heated to 90°C for 5 minutes and then the solution was brought 

to 25°C incrementally over 30 minutes. The same procedure was followed for the thiolated capture 

probe used for all electrochemical detection; 10 µL of CP was mixed with 15 µL D1, each at an 

initial concentration of 50 µM, in 25 µL annealing buffer. The mixture was heated to 90°C for 5 

minutes and then the solution was brought to 25°C incrementally over 30 minutes.  
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  4.3.4. Recognition probe preparation 

DNA probes for detection of PSA were prepared following a previously published 

protocol.152 Briefly, 25 uµL of 2.5 µM TB or B*C was mixed with 25 µL of 3 µM streptavidin 

(both diluted in 1X PBS containing 0.01% BSA) and incubated at 37°C for 30 minutes, followed 

by 30 minutes at 25°C. 50 µL of biotinylated anti-PSA prepared in 1X PBS was added to the 

mixture and incubated for 1 hour at 25°C followed by 2 hours at 4°C. The recognition probes were 

then diluted with 150 µL of biotin solution (1X TE, 1 mM biotin, 0.01% BSA) to 250 nM and left 

at 4°C overnight.   

 

  4.3.5. Preparation of the sensing surface 

Pre-stressed polystyrene substrates (Graphix Shrink Film, Maple Heights, OH) were 

cleaned with ethanol, DI water, and then dried with air. Following the solvent cleaning step, a 

vinyl mask (BDF Graphics, Toronto, Canada) was put on the PS substrate and the electrode design 

was cut into the mask using a CraftRobo Pro (Graphtec, Tokyo, Japan). The mask was then 

removed from the portion of the working electrode space and gold was sputtered onto the surface 

using a Torr (DC/RF). The gold sputtered electrodes were then prepared for probe deposition by 

first electrochemically cleaning by running reversible CV scans in 0.5 M H2SO4 from 0 – 1.6 V at 

a scan rate of 0.1 V/s until the reduction peak was stable (Chapter 4 Appendix, Figure 4.6). The 

electrodes were then held at a high potential of 1 V For 10 seconds, followed by a low potential of 

-1 V for 10 seconds. The pre-annealed thiol modified probe (CP:D1) was reduced at a final 

concentration of 500 nM using a 50 mM TCEP solution in deposition buffer (25 mM phosphate 

buffer solution, 25 mM NaCl, 100 mM MgCl2) for 2 hours in the dark at room temperature. After 

reduction, 3 µL of reduced probe solution was dropped on the surface of the clean working 
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electrode and left in the dark at room temperature for 16 hours. Non-specifically adsorbed probe 

was then washed using washing buffer (25 mM phosphate buffer solution, 25 mM NaCl) and a 

CV scan was performed from 0 – 0.5 V in 2 mM [Fe(CN)6]
4−/3- to ensure immobilization (Chapter 

4 Appendix, Figure 4.7). A MCH backfill was done using 100 mM MCH for 20 minutes, followed 

by another CV scan in 2 mM [Fe(CN)6]
4−/3- to ensure both removal of non-specifically adsorbed 

probe, and aligning of specifically adsorbed probe, with washing between each step. 3 µL of 1 µM 

poly-A was deposited onto the surface of the electrode for 30 minutes at room temperature. The 

drop was removed using a KimWipe, but the electrode was not washed. The electrode was then 

ready for electrochemical detection experiments. All electrochemical experiments were carried out 

on a CHI 420b with a three-electrode set-up with a gold electrode as the working, a Ag/AgCl as 

the reference and a platinum wire as the counter. 

 

  4.3.6. Fluorescence validation assay 

For verification that a signal could be induced through recognition of the released bio-

barcode, 10 µL of 100 nM streptavidin was mixed with 10 µL of 250 nM TB, 10 µL of 250 nM of 

B*C, 10 µL of 200 nM T*C*:CR* and 60 µL reaction buffer (1X PBS, 10 mM MgCl2, 0.05% 

Tween 20) and incubated at 37°C for 30 minutes. A blank solution was prepared by adding 10 µL 

of buffer in place of streptavidin. After incubation an 81 µL volume was put into a well of a 96-

well plate. A 9 µL solution of the FAM/IOWA Black labelled CP:D1 capture beacon was added 

to the well and fluorescence was immediately measured every minute for 60 minutes. All 

experiments were done in duplicates.  

 

https://en.wikipedia.org/wiki/Cyanide
https://en.wikipedia.org/wiki/Cyanide
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  4.3.7. Verification of complex DNA structure formation using native PAGE 

All sequences were prepared at a concentration of 1 µM with reaction buffer. For target 

analysis, a reaction mixture containing 1.25 µM TB, 1.25 µM B*C, 1 µM T*C*:CR* and 1 µM 

streptavidin was prepared with reaction buffer. For the blank analysis, reaction buffer was used in 

place of streptavidin. The reaction mixture was incubated for 30 minutes at 37°C and then all 

samples were mixed in a 5:1 ratio with loading dye and loaded into a freshly prepared 10 % gel. 

A voltage of 80 mV was applied to the gel until separation was achieved. After separation, the gel 

was submerged in a 10000x dilute SYBR Gold solution for 40 minutes and then imaged on a 

Chemidoc MP.  

  4.3.8. Electrochemical validation assay 

To verify that protein detection could be performed using electrochemical analysis, 10 µL 

of varying streptavidin concentrations was mixed with 10 µL of 250 nM TB, 10 µL of 250 nM of 

B*C, 10 µL of 200 nM T*C*:CR* and 60 µL of reaction buffer. A blank solution was prepared 

by adding 10 µL of reaction buffer in place of streptavidin. The solution was incubated at 37°C 

for 30 minutes. After incubation the solution was mixed and 3 µL of the reaction solution was 

deposited onto the prepared sensing electrode and the electrode was placed in a humidity chamber 

for incubation at 37°C for 45 minutes. The electrode was then washed with washing buffer and 

SWV was performed from 0 – (-0.5) V in washing buffer. The LOD was calculated using the linear 

regression equation of the most linear region and the (LOB) which is defined as the highest signal 

obtained in response to a solution that is void of target analyte. 179  This method of LOD calculation 

was done to take into consideration the peak current that is produced via non-specific interactions 

within a blank solution and was used for all subsequent protein quantification. All experiments 

were done in triplicates.  
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  4.3.9. Electrochemical quantification of PSA 

For the detection of PSA in PBS and undiluted human plasma, 10 µL of varying PSA 

concentrations was mixed with 10 µL of 250 nM antibody conjugated TB, 10 µL of 250 nM 

antibody conjugated B*C, 10 µL of 200 nM T*C*:CR* and 60 µL of either the reaction buffer or 

undiluted plasma. A blank solution was also prepared by adding 10 µL of either reaction buffer or 

undiluted plasma in place of PSA. The solution was incubated at 37°C for 30 minutes followed by 

depositing 3 µL of the solution onto the prepared sensing electrode and the electrode was then 

placed in a humidity chamber and incubated at 37°C for 45 minutes. The electrodes were then 

washed in washing buffer and SWV was performed from 0 – (-0.5) V in washing buffer. All 

experiments were done in triplicate.  

 

  4.3.10. Nanostructuring of the planar electrodes 

A 10 mM HAuCl4 solution was prepared by mixing 30 mL of 0.5 M HCl with 207.9 µL of 

stock HAuCl4, followed by degassing with nitrogen for 20 minutes. Planar electrodes were cleaned 

by rinsing in isopropanol and DI water. The clean planar electrodes were then held at a potential 

of -0.7 V for 600 seconds in the degassed 10 mM HAuCl4 solution. The electrodes were then rinsed 

with DI water and stored for later used at room temperature. 

 

  4.3.11. Determining specificity of the bio-barcode assay 

For antibody specificity experiments, control recognition probes (TB and B*C) that were 

not specific for PSA biorecognition were prepared following the previous protocol (4.3.4) using 

normal goat IgG control in place of anti-PSA. Electrochemical protein detection was done using 
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10 µL of 250 nM control TB, 10 µL of 250 nM control B*C, 10 µL of 200 nM T*C*:CR*, 10 µL 

of 10 ng mL-1 PSA and 60 µL of reaction buffer. 

 

  4.3.12. Studying the effect of poly-A on generated electrochemical signal 

To investigate the affect of poly-A on signal generation, the same protocol was followed 

for preparation of the sensing surface, except deposition of poly-A was omitted. The same steps 

for electrochemical PSA detection using anti-PSA conjugated recognition probes were followed 

using 10 µL of 250 nM TB, 10 µL of 250 nM B*C, 10 µL of 200 nM T*C*:CR*, 10 µL of 100 ng 

mL-1 IL-6 or 10 µL of 100 ng mL-1 GFAP and 60 µL of reaction buffer. GFAP and IL-6 were 

prepared using 1X PBS.  

 

  4.3.13. Electrochemical experiments  

All electrochemical experiments were performed on a CHI 420b using a three-electrode 

set up with a Au working electrode, a Ag/AgCl reference electrode and a platinum wire counter 

electrode. Detection experiments were performed using SWV scanning from 0 – (-0.5) V with a 

step potential of 0.001 V, an amplitude of 0.025 V and a frequency of 60 Hz.   

 

 

4.4 Results and Discussion 

 

 4.4.1 Validation of the Bio-barcode Assay 

In order to validate the designed bio-barcode method, we first verified that protein binding 

triggers the release of a barcode DNA strand via a real-time fluorescence assay and using 
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streptavidin as a model protein target. Streptavidin was captured using the biotin molecules (Kd = 

10-15)160 modified at the 5’- and 3’-end of TB and B*C DNA motifs, respectively. TB and B*C 

were specifically designed to contain a six base pair long complementary region (green domain in 

Figure 4.1a) that does not form a stable duplex at room temperature. Recognition of the same 

streptavidin molecule by both sequences forces them to come closer together, hybridize, and form 

a DNA/protein complex (Figure 4.1a). Hybridization of the toehold region in T*C* (red domain) 

to the exposed single stranded regions of the TB:B*C duplex allows for strand displacement, 

resulting in the release of CR*. In the following signal generation step, a fluorophore(CP)- and 

quencher(D1)-labeled partial DNA duplex probe (CP:D1) was utilized, in which the released 

reporter CR* displaces the quencher strand, generating a fluorescence signal. Using this assay 

design, the fluorescent signal was measured in the presence and absence of the target analyte . At 

20 minutes, a signal-to-blank ratio of 13.5 was measured (Figure 4.1b), indicating a robust and 

rapid assay with little interference from unbound biorecognition elements. The successful 

formation of the designed DNA structure and the release of the barcode were further verified using 

native polyacrylamide gel electrophoresis PAGE (Chapter 4 Appendix, Figure 4.4). 

After demonstrating that the bio-barcode assay is capable of generating the designed 

products using fluorescence, we integrated it with electrochemical readout. Our electrochemical 

assay performs protein capture in solution, followed by on-chip hybridization of the released 

barcode at the electrode surface. This design enables the most critical step of protein capture to 

occur in solution, circumventing the diffusion and steric hindrance limitations that are encountered 

in surface-based antibody/protein binding.180–182 

We re-engineered the assay for electrochemical readout by immobilizing the capture probe 

(CP:D1 complex) on the electrode surface, eliminating the quencher and fluorophore needed in 
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the fluorescent assay, and modifying the CR* strand with an electrochemical reporter (methylene 

blue (MB)). The 3D nanostructured gold electrode used for electrochemical signal transduction 

was functionalized with three molecular layers designed to capture the desired target (capture 

probe, CP:D1) and repel the biological background (mercaptohexanol (MCH) and poly-A). The 

result was an SIAO system where the sample was introduced into a vial containing the reaction 

mix, followed by adding a drop of that solution to the chip, where the electrochemical 

measurement was performed (Scheme 4.1a). In the presence of the target analyte, the released 

barcode CR* is designed to hybridize with the immobilized capture probe and displace D1, which 

brings the MB moiety close to the electrode surface, thus generating an electrochemical signal 

(Scheme 4.1a,b). To examine the feasibility of the e-biobarcode assay, we established a baseline 

system using streptavidin as the target and planar gold as the electrochemical transducer. 

Increasing the protein concentration increased the current generated by the reduction of MB, 

demonstrating a signal-on electrochemical sensor (Figure 4.1c). This sensor demonstrates a log-

linear response in the 1 pM – 10 nM concentration range and a limit-of-detection (LOD) of 208 

fM (Figure 2d). Sensitive detection is vital for biosensors owing to the low abundance of 

biomarkers in clinical samples. The sub-pM LOD demonstrated here positions the proximity 

induced bio-barcode assay as a platform for ultrasensitive protein detection.  
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Figure 4.1 Validation of the bio-barcode assay using a model streptavidin/biotin system. a) Schematic representation of the 
fluorescence bio-barcode validation assay for protein detection. b) Generation of fluorescent signal by the release of the bio-
barcode upon recognition of the streptavidin protein target, Target = 10 nM streptavidin, Blank = 0 nM streptavidin. c) Validation 
of the e-biobarcode assay on planar gold electrodes using methylene blue as the redox reporter. Square wave voltammetry scans 
recorded for the increasing streptavidin concentrations from 0 nM – 1000 nM with a Ag/AgCl reference electrode. d) The peak 
electrochemical current extracted from c) in response to the increasing concentrations of streptavidin with linear trend included 
as an inset. The error bars represent the standard deviation from the mean. Each bar represents average data obtained from the 
same sample measured using at least 3 electrodes. 

 

 4.4.2 Electrochemical Detection of PSA using the Bio-barcode Assay 

 In order to demonstrate the applicability of the sensor to detecting relevant cancer protein 

biomarkers, prostate specific antigen (PSA) was employed as the target protein and polyclonal 

anti-PSA antibodies were conjugated to TB and B*C motifs as biorecognition elements. Upon 

binding, the DNA-antibody/protein complexes are generated, and the programmed strand 

displacement reactions are initiated, leading to the release and subsequent on-chip capture of the 

MB-labelled reporter barcode. As a result, the measured electrochemical current on planar 
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electrodes is increased with increasing PSA concentration (Figure 4.2a), indicating the successful 

detection of PSA. Using data gathered from over 30 chips, PSA was analyzed within a log-linear 

range of 0.5 to 100 ng mL-1 (y = 0.0305x + 0.0508, R2 = 0.97) with an LOD of 2.08 ng mL-1 

(Figure 4.2c). We expect this lower LOD compared to the case with streptavidin to be related to 

the lower binding affinity of anti-PSA and PSA compared to streptavidin and biotin, and the 

increased steric hindrance caused by larger biorecognition elements used for PSA. In clinical 

applications, PSA concentrations higher than a threshold level of 4 ng mL-1 are indicative of 

prostate cancer.45 Although the achieved LOD was below this clinically-relevant threshold, we 

sought to re-engineer our transducers for further enhancing their LOD for more robust and reliable 

sensing performance.  

Three-dimensional transducers created from the assembly of nanostructured building 

blocks allow for an increased number of  biorecognition probes to be deposited on the electrode 

surface with a more suitable orientation and spacing for target capture compared to two-

dimensional sensing electrodes.31,32,183,184 Additionally, we expect the bulky biomolecular 

complexes used in this assay to be accumulated at the electrode surface, making it critical to 

develop strategies for reducing steric hindrance at the surface.185 As a result, we hypothesized that 

performing the e- biobarcode assay on three-dimensional and nanostructured transducers would 

enhance the efficiency of interfacial DNA strand displacement reactions and assay sensitivity.186 

To validate this hypothesis, we created star-shaped gold electrodes with sharp edges that were 

designed to result in three-dimensional nanostructured electrodes (3D nano-electrodes) following 

electrodeposition (Chapter 4 Appendix, Figure 4.6).  
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We compared the performance of the 3D nano-electrodes with planar electrodes (Figure 

4.2c,d) in analysing PSA using the e-biobarcode assay. The 3D nano-electrodes demonstrated PSA 

detection within the clinically-relevant log-linear range of 0.5 ng mL-1 – 200 ng mL-1 (y = 0.1423x 

+ 0.1152, R2 = 0.99) with a sensitivity of 0.14 µA/ log (ng mL-1) and a LOD of 0.332 ng mL-1. As 

hypothesized, using the 3D nano-electrodes resulted in a remarkable enhancement in sensitivity 

(four times) and LOD (six times) compared to the planar electrodes, leading to an assay that is 

suitable for clinical analysis. 

Figure 4.2. Evaluating the performance of the e-biobarcode assay for the electrochemical detection of PSA. a) SWV responses for 
increasing PSA concentrations from 0 – 200 ng mL-1 obtained using planar electrodes with a SEM image of the planar electrode 
suface as an inset. b) SWV responses for increasing PSA concentrations from 0 – 200 ng mL-1 obtained using 3D nano-electrodes 
with a SEM image of the 3D-nano electrode surface as an inset. All electrochemical potentials are with respect to a Ag/AgCl 
reference electrode. c) Electrochemical detection of PSA on planar electrodes with peak current extracted from a) with the linear 
trend in the log concentration as an inset. d) Electrochemical detection of PSA on 3D nano-electrodes with the peak current 
extracted from b) with the linear trend in the log concentration as an inset. Each bar represents average data obtained from the 
same sample measured using at least 3 electrodes. 
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 4.4.3. Application and Selectivity of the E-biobarcode Assay 

For a biosensor to be used in clinical analysis and decision making, it must perform 

successfully in complex solutions such as serum, plasma, blood, or urine.187 These solutions are 

composed of proteins and other large biomolecules that can degrade assay reagents and/or non-

specifically adsorb onto the electrode surface and influence the sensor's performance. To 

circumvent these effects, surface blockers such as bovine serum albumin (BSA), short chain 

alkanethiols, poly(ethylene glycol), carbo-free blocking solution, and gelatin have been 

used.19,188,189 In our assay, we used poly-A strands to exploit the strong affinity between the 

adenine bases of DNA and gold35 to reduce the surface area of the unreacted electrode available 

for non-specific adsorption of interfering biomolecules. Unlike bulky proteins used as surface 

blockers, the small size of poly-A strands does not interfere with electron transport or the 

hybridization of the capture and reporter probes while reducing the negative effects of non-specific 

adsorption.  

To assess whether our bio-barcode assay integrated with poly-A as a surface blocker was 

suitable for clinical use, we challenged our system with samples that contained PSA spiked in 

undiluted human plasma. As previously observed with PSA targets suspended in buffer, increasing 

the target concentration resulted in an increase in the electrochemical current  (Figure 4.3a-b). 

Although the signal magnitudes decreased from the values measured in buffer, the sensitivity 

remained high, achieving an LOD of 0.385 ng mL-1 and a linear range in the log concentration 

from 1 ng mL-1 – 200 ng mL-1 (y = 0.1136x + 0.0883, R2 = 0.99) (Figure 4.3b). The loss in signal 

magnitude can be explained by the non-specific adsorption of large proteins and other molecules 
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present in undiluted plasma. Nevertheless, the poly-A played an instrumental role in maintaining 

the signal-to-blank ratio and as a result, the assay sensitivity and LOD (Figure 4.3c).  

 

Figure 4.3. Validation of the performance of the e-biobarcode assay in the presence of biological interfering materials. a) SWV 
responses for increasing PSA concentrations from 0 – 200 ng mL-1 obtained using 3D nano-electrodes in undiluted human plasma. 
All electrochemical potentials are with respect to a Ag/AgCl reference electrode. b) Electrochemical detection of PSA in undiluted 
human plasma with the linear trend of the log concentration as an inset. The peak currents are extracted from the data presented 
in a). c) effect of poly-A on electrochemical signal produced in undiluted human plasma using 1 ng mL-1 PSA. d) detection of 10 ng 
mL-1 of PSA with specific and non-specific recognition antibodies compared to blank signal obtained using anti-PSA. Each bar 
represents average data obtained from the same sample measured using at least 3 electrodes 

 

To further demonstrate the specificity of the bio-barcode assay, normal goat IgG control 

antibodies were used in place of anti-PSA as the detection element. As expected, a much larger 

current increase was seen with anti-PSA compared to the non-specific normal goat IgG antibodies 
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(Figure 4.3d). Furthermore, the sensor was challenged with non-specific proteins IL-6 and GFAP, 

with anti-PSA antibodies as recognition molecules (Chapter 4 Appendix, Figure 4.8). Again, a 

statistically significant signal increase was only observed when PSA was present in solution with 

the specific antibody (p = 0.316 for IL-6, p = 0.097 for GFAP, p = 0.003 for PSA). These results 

confirm that the assay is both specific and sensitive in real human samples and demonstrate the 

potential use in clinical applications.  

4.5 Conclusion 

In this chapter, the analytical ability of the bio-barcode assay was evaulted for sensitivity 

and practicalty for protein detection. The assay was first validated using the steptavidin/biotin 

binding model that was optimized in chapter 3. Real-time fluorescence was first used to validate 

that a bio-barcode was released in repsonce to a protein target (streptavidin). The result was an 

increasing fluorescent signal only when the protein target was in the solution and a SBR of 13.5 

was calculated after only 20 minutes. The assay was translated from fluorescent readout to 

electrochemical readout on planar gold electrodes and the ability of the sensor was investigated 

using increasing streptavidin concentrations from 1 pM to 1 µM. The results showed increasing 

electrochemcial current in repsonse to increasing protein concentration yeilding a LOD of 208 fM 

and a log-linear responce in the concentration range of 1 pM to 10 nM.  

The validated assay was then applied to the detection of a cancer protein biomarker, PSA, 

by conjugating anti-PSA antibodies to the biorecognition motifs. The assay was used to detect 

increasing protein concentrations from 0.5 to 200 ng mL-1. The results showed increasing 

generated electrochemical signal corresponding to increasing protein cocnetrations and a log-

linear range of 0.5 to 100 ng mL-1 was found with a LOD of 2.08 ng mL-1. The sensitivity of the 

e-biobarcode assay was then further enhanced using 3D-nano electrodes. The electrodes were 
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fabricated using electrodeposition to build 3D structures on the transducing surface. As expected, 

the LOD was enhanced (roughly 6 times) from 2.08 ng mL-1 to 0.332 ng mL-1 and an increase in 

the log-linear range was also observed (0.5 to 200 ng mL-1).  

The practicality of the sensor was then evalutated by applying it towards PSA detection in 

undiluted and unprocessed human plasma. PSA concentrations from 1 to 200 ng mL-1 were used 

and an increasing trend was observed for the measured current. A LOD of 0.385 ng mL-1 was 

calculated and a log-linear range from 1 to 200 ng mL-1 was observed. The instrumental role of 

poly-A in achieving such high sensitivity in an undiltued biological fluid was demonstrated by 

performing the e-biobarcode assay with 1 ng mL-1 of PSA on electrodes with and without 1 µM of 

poly-A on the surface. The results showed that the electrodes integrated with poly-A achieved 

higher signals than those without poly-A (2.6 times higher). This is expected as human plasma is 

a protein rich solution with many molecules that can non-specifically adsorb to the surface 

preventing target hybridzation or electron transfer.  

Lastly, specificity of the e-biobarcode was investigate using both non-specific 

biorecognition elements and non-specific proteins. To demonstrate the specificity of the 

biorecognition motifs we replaced the anti-PSA antibodies with control normal goat IgG 

antibodies. We used this modified e-biobarcode assay to try and detect 10 ng mL-1 of PSA, and 

the results showed that this could not be done. The electrochemical signal that was obtained was 

similar to the signal obtained from a blank solution. To demonstrate target specificity, the e-

biobarcode with anti-PSA biorecognition elements was used to detect 1 ng mL-1 of non-specific 

protein targets IL-6 and GFAP. The electrochemical signal that was generated in responce to these 

targets was not signifcantly larger than the signal obtained from a blank solution. Combined, these 

results demonstrate that the e-biobarcode assay is specific towards a protein target.   
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The  electrochemical bio-barcode assay demonstrated in this chapter allows proteins to be 

analyzed, in undiluted and unprocessed human plasma, with the analytical sensitivity and 

specificity that is required for clinical decision making. Importantly, this analysis is performed in 

a sample-in-answer-out approach without the need for the sequential addition of reagents or multi-

step processing, demonstrating a viable option for enabling clinical decision making at the point-

of-care. 

4.6. Appendix 

  4.6.1. Native PAGE 

 

In order to verify the formation of the desired DNA structures and the occurrence of the 

programmed strand displacement reactions, a native PAGE was performed. Biotinylated TB and 

B*C strands were used as the biorecognition element with 1 µM of streptavidin as the protein 

target to demonstrate protein capture and bio-barcode release. Lane 1 contained the blank which 

had 1.25 nM TB, 1.25 nM B*C and 1 µM T*C*:CR; lane 2 contained the target solution with 1.25 

nM TB, 1.25 nM B*C, 1 µM T*C*:CR and 1 µM streptavidin; lane 3 contained 1 µM CR*; lane 

4 contained 1 µM T*C*:CR*; lane 5 contained 1 µM TB; lane 6 contained 1 µM B*C. The 

formation of the TWJ can be seen as a wide band with the least migration distance, only forming 

in lane 2 with the presence of the protein target. Additionally, a less prominent T*C*:CR* band 

and an increase in the CR* band can also be seen in lane 2, suggesting the formation of the TWJ 

leads to the release of the bio-barcode. Alternatively, when there is no protein target present (lane 

1) the TWJ does not form and there is a prominent T*C*:CR band, indicating that without protein 

target the bio-barcode cannot be released.  
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Figure 4.4 Native PAGE of the bio-barcode assay using 1 µM streptavidin target; lane 1 contained 1.25 nM TB, 1.25 nM B*C, 1 
µM T*C*:CR; lane 2 contained 1.25 nM TB, 1.25 nM B*C, 1 µM T*C*:CR, 1 µM streptavidin; lane 3 contained 1 uM CR*; lane 4 
contained 1 µM T*C*:CR*; lane 5 contained 1 µM TB; lane 6 contained 1 µM B*C. 
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  4.6.2. Fluorescent detection of PSA  

For further verification that PSA could be detected using the bio-barcode assay, a 

fluorescence assay was done following the same procedure that was performed for the validation 

assay using a streptavidin target (4.3.6). The biotinylated TB and B*C motifs were conjugated 

with anti-PSA to be used as the biorecognition element and 1 µg mL-1 PSA was used as the protein 

target. The fluorescent signal was measured in the presence and absence of PSA and an increase 

in signal can be seen correlating to the presence of the protein target (Figure 4.5).  

 

Figure 4.5. Fluorescent detection of PSA in reaction buffer using 25 nM TB, 25 nM B*C, 20 nM T*C*:CR*, 20 nM FAM/IOWA 
Black CP:D1 and 1 µg mL-1 PSA. 

 

 

4.6.3. Determining the electroactive surface area of gold electrodes  

The electroactive surface area of a gold electrode can be found using the integration of the 

gold oxide reduction peak using the following formula: Γ = A / (v · 482 μC cm‐2) where Γ is the 

electrochemical surface area, A is the cathodic peak area in the cyclic voltammogram and v is the 

scan rate. 190 Substituting in values obtained from the plot by reversibly scanning from 0 – 1.6 V 
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(against Ag/AgCl) in 0.5 M H2SO4 at a scan rate of 0.1 V/s, the surface area of the planar electrodes 

was found to be 0.26 cm2 and the surface of the 3D-nano electrodes was found to be 1.13 cm2, 

roughly demonstrating a 4.5x enhancement of surface area. 

 

 

Figure 4.6. a) Schematic of the fabrication of the 3D nano-electrodes with SEM images of the electrode surface before and after 
electrodeposition. b) Characteristic redox curve for Au in 0.5 M H2SO4 produced from reversible cycling from 0 – 1.6 V against 
Ag/AgCl at a scan rate of 0.1 V/s.   
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  4.6.4. CV scan of gold electrode in 2 mM [Fe(CN)6]4− 

Measuring the CV curves of electrodes in [Fe(CN)6]
4−/3- can be used to qualitatively 

determine the surface passivation of the electrodes by assessing the oxidation and reduction peaks. 

On bare gold, [Fe(CN)6]
4− can access the surface of the electrode and can be easily oxidized to 

[Fe(CN)6]
3- followed by reduction back to [Fe(CN)6]

4−, producing the characteristic redox curve. 

When negatively charged DNA is deposited on the surface of the electrodes the anions are repelled 

hindering the redox activity of the species. The result is a flat curve with no peaks. MCH is used 

to both remove the non-specifically adsorbed DNA by competing for free gold sites and aligning 

the DNA probe by filling the self-assembled monolayer and slightly repelling DNA with the 

hydroxide. 191   

 

Figure 4.7. Cyclic scanning of the planar gold electrode in 2 mM [Fe(CN)6]4− for the verification of DNA probe and MCH deposition. 

 

 

https://en.wikipedia.org/wiki/Cyanide
https://en.wikipedia.org/wiki/Cyanide
https://en.wikipedia.org/wiki/Cyanide
https://en.wikipedia.org/wiki/Cyanide
https://en.wikipedia.org/wiki/Cyanide
https://en.wikipedia.org/wiki/Cyanide
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  4.6.5. Specificity of the e-biobarcode assay  

To demonstrate the specificity of the e-biobarcode assay, it was challenged with IL-6 and 

GFAP, two non-specific protein biomarkers. A larger current increase can be seen only in response 

to PSA, demonstrating specificity. Detection of these proteins was performed following the same 

protocol that was used for detecting PSA. 

 

 

Figure 4.8. The peak electrochemical current in response to various targets: blank solution, 10 ng mL-1 IL-6, 10 ng mL-1 GFAP and 
10 ng mL-1 PSA, all in reaction buffer. The error bars represent the standard deviation from the mean. Each bar represents average 
data obtained from the same sample measured using at least 3 electrodes. 
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    Chapter 5: Conclusion 
 

5.1 Thesis Summary and Key Findings 

In chapter 1, a brief background on biosensors was given, highlighting challenges of 

incorporating them into handheld devices for point-of-care analysis. The motivation of this work 

was discussed, and an outline of the objectives were presented.   

In chapter 2, a literature review on electrochemical detection of prostate specific antigen 

was done. The relevance of this chapter was to highlight work that has been done in the last 5 years 

and demonstrate the many classes of detection schemes currently being used. Prostate specific 

antigen was used as a model cancer protein marker in this research and so the clinical significance 

of the protein was also discussed.  

In chapter 3 optimization of the purposed bio-barcode assay for electrochemical protein 

detection was done. The parameters that were optimized and the key findings from each 

experiment were as follows: 

1. Studying the effect of probe density on the generated electrochemical signal (section 3.3.1) 

– Probe density is affected by both the concentration of the capture probe and the length of 

time given for immobilization. In this section square-wave voltammetry was used to 

determine the optimal deposition concentration and time of deposition for the capture probe 

used for on-chip hybridization of the released barcode DNA. The variance of capture probe 

concentration used was 0.25, 0.5 and 1 µM and the deposition time was  2, 4, 8, 16 and 24 

hours. The optimal conditions were characterized by the result that yielded the highest 

electrochemical signal generated from hybridization of a target strand to the immobilized 

probe. In this study 300 nM of the MB-labelled bio-barcode was used as the target. Overall, 
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the trend was an increasing electrochemical signal corresponding to an increasing 

deposition time with a plateau reached at 16 hours, for all probe concentrations. In addition, 

0.5 µM of probe yielded the highest electrochemical signal for all probe deposition times. 

The results indicated that 0.5 µM of probe left for 16 hours on the working electrode at 

room temperature achieved the optimal density.  

2. Studying the effect of target hybridization time on the generated electrochemical signal 

(section 3.3.2) – This section again used square-wave voltammetry to determine the time 

required for optimal target hybridization at 37℃ with the immobilized capture probe on 

the surface of the electrode. The electrochemical signal that was generated from 

hybridization of 50 nM of the MB-labelled bio-barcode with the capture probe was 

measured after incubating the sensing electrode with the target for 5, 15, 30, 45, 60 and 

120 minutes. The current showed an increasing trend with increasing hybridization time 

until 60 minutes. At 120 minutes the signal significantly dropped (over 50%). Although 

this result was not expected, we hypothesize it is a result of the reverse strand displacement 

reaction. The strand D1 that is displaced from the capture probe by CR* is likely displacing 

CR* when given excess time. The largest electrochemical signal was achieved after 60 

minutes; however, it was determined that the difference in generated signal between 45 

and 60 minutes was not enough to increase the total detection time. For this reason, 45 

minutes was chosen as the optimal target hybridization time.  

3. Studying the effect of the ratio of the T*C* strand to the CR* strand during annealing for 

preparation of bio-barcode containing duplex on the signal-to-blank ratio (section 3.3.3) – The 

importance of decreasing background signal through optimal assay intermediate 

preparation was explored in this section. Square-wave voltammetry was used to investigate 
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the signal-to-blank ratio obtained from varying the ratio of  the T*C* strand to the CR* 

strand during annealing of the duplex. The target for this study was 50 nM of a strand 

complementary to T*C* (TCcomp) used to replicate the formation of the three-way 

junction and the release of the bio-barcode. The ratios used were 1:1, 1.1:1 and 1.2:1, 

increasing the amount of T*C* relative to the amount of CR*. The trend observed was a 

decreasing target and blank signal in response to higher amounts of T*C*.  A ratio of 1.1:1 

(T*C*:CR*) resulted in the highest signal-to-blank ratio of 4.5, indicating this was the 

optimal ratio for preparing the intermediate duplex.  

4. Studying the effect of the assay intermediate concentrations on the signal-to-blank ratio 

(section 3.3.4) – Within the bio-barcode assay, there were intermediate DNA sequence that 

had to react together efficiently to release a reporting barcode while minimizing the 

background signal. In this section, square-wave voltammetry was used to determine the 

optimal concentration for each intermediate. In previous studies, the ratio of the barcode 

containing duplex T*C*:CR* to biorecognition motifs TB and B*C was determined to be 

1:1.25. This ratio was kept constant throughout this experiment with varying 

concentrations of each intermediate. The concentrations that were investigated were 1 nM 

: 1.25 nM, 10 nM : 12.5 nM, 20 nM : 25 nM, 60 nM : 75 nM and 100 nM : 125 nM 

(T*C*:CR* : TB/B*C). The increase of assay intermediate concentration corresponded to 

an increasing electrochemical signal for both the target and the blank solution. To compare 

the effect of the intermediate concentration the signal-to-blank ratio was determined, this 

time using 10 nM of streptavidin as the protein target. A concentration of 20 nM : 25 nM 

resulted in the largest signal-to-blank ratio of 4.0 and was determined to be the optimal 

intermediate concentrations.  High intermediate concentrations likely induced spontaneous 
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formation of the three-way junction, increasing the blank signal and at lower intermediate 

concentrations there likely was not enough biorecognition probe to generate efficient 

release of the MB-labelled bio-barcode, decreasing the target signal. In both cases the 

signal-to-blank ratios were affected. 

5. Studying the effect of introducing a 37℃ reaction step on the signal-to-blank ratio (section 

3.3.5) – This section examined the protein capture step that was performed in solution to 

circumvent issues that arise from surface capture of proteins. To ensure that protein capture 

was successful and efficiently released the MB-labelled bio-barcode, the effect of an 

incubation step prior to on-chip hybridization was studied. The effect was evaluated by 

measuring the electrochemical signal that was generated from the bio-barcode assay using 

10 nM of streptavidin with and without incubation at 37℃ prior to on-chip hybridization. 

When a 30-minute incubation step was introduced the signal-to-blank ratio slightly 

increased from 4.0 to 4.3, indicating that there was improvement. This experiment was 

done using the streptavidin/biotin model and it was hypothesized that a larger effect on the 

signal-to-blank ratio would be seen when using this assay with less efficient binding pairs 

such as antibody/antigen. The decision was made to include this step when validating the 

assay in chapter 4. 

6. Studying the effect of poly-A as a surface blocker (section 3.3.6) – In this section, the 

effectiveness of poly-A as a surface blocker was explored. The full e-biobarcode assay was 

performed in buffer with and without poly-A on the surface of the electrode and square-

wave voltammetry was used to obtain an electrochemical signal. Using 10 nM of 

streptavidin as the target in buffer, it was demonstrated that poly-A contributed to slightly 

decreasing the background signal and minimally increasing the target signal. It was 
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hypothesized that the effect of poly-A would be much more relevant in a more complex 

sample. It was determined that it should be a suitable surface blocker for the e-biobarcode 

assay at a concentration of 1 µM and was used for further experiments in chapter 4. 

7. Studying the effect of human plasma dilution on the total electrochemical signal loss 

(section 3.3.7) – Human plasma was to be used as the complex solution for validating the 

performance of the e-biobarcode assay. The first step in using a complex matrix is to 

determine the amount of signal loss with varying degrees of dilution so that the assay can 

successfully detect the target. Human plasma was diluted 2X, 4X, 6X and 8Xand square-

wave voltammetry was used to determine the electrochemical signal obtained from 20 nM 

of the MB-labelled bio-barcode. All levels of dilution (2-8X) resulted in similar signal loss 

as undiluted plasma (roughly 20%), suggesting that undiluted plasma could be used for the 

validation experiments.  

In chapter 4 the performance of the bio-barcode assay that was optimized in chapter 3 was 

demonstrated as follows: 

1. Validation of the bio-barcode assay (section 4.4.1) – In this section the bio-barcode assay 

was assessed for protein detection using both fluorescent and electrochemical signal 

transduction methods and the model streptavidin/biotin system. Real-time fluorescence 

was used to demonstrate that in the presence of the protein target a bio-barcode was 

released generating a signal. The assay was then re-engineered for electrochemical readout 

and once again was assessed using the streptavidin/biotin system on planar gold electrodes. 

The optimized conditions were used to test the e-biobarcode assay. A limit-of-detection of 

208 fM and a log-linear response from 1 pM – 10 nM was determined. This section 

revealed the bio-barcode assay as a potential platform for ultrasensitive protein detection. 
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2. Electrochemical detection of PSA using the bio-barcode assay (section 4.4.2) – In this 

section the applicability of the purposed e-biobarcode system was explored using a model 

cancer protein biomarker, prostate specific antigen. With a sub-pM detection limit being 

reached in the previous section using planar gold electrodes, the assay was directly applied 

to the detection of prostate specific antigen with minor changes. Biotin was replaced with 

anti-PSA as the biorecognition element for capture of the protein target, but all other 

conditions were kept the same. The limit-of-detection was found to be 2.08 ng mL-1 and a 

log-linear range from 0.5 to 100 ng mL-1 was demonstrated. This experiment revealed that 

the e-biobarcode assay was suitable for detection of a cancer protein biomarker, achieving 

a detection limit lower than the clinical relevancy (4 ng mL-1). While successful protein 

detection was performed, one of the objectives of this thesis was to demonstrate how 

material engineering can contribute to increased sensitivity. To do so, the planar electrodes 

were redesigned, and electrodeposition was performed to create an electrode with a 3-

dimensional surface morphology. This presence of the 3D nanostructures on the surface of 

the electrode was assessed using SEM and cyclic voltammetry, demonstrating an increase 

in electroactive surface area. The e-biobarcode assay was employed using the 3D-nano 

electrodes to determine if sensitivity was increased. A limit-of-detection of 0.332 ng mL-1 

and a log-linear range of 0.5 – 200 ng mL-1 was realized. This experiment revealed a four-

times enhancement in sensitivity and a six-times enhancement in the limit-of-detection.  

3. Application and selectivity of the e-biobarcode assay (section 4.4.3) – In this section, the 

practical application and selectivity of the e-biobarcode assay were demonstrated and the 

contribution of poly-A as a surface blocker in human plasma was highlighted. The e-

biobarcode assay was challenged with varying levels of prostate specific antigen spiked 
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into undiluted human plasma using the 3D-nano electrodes and a limit-of-detection of 

0.385 ng mL-1
 was determined with a log-linear range of 1 – 200 ng mL-1. This experiment 

showed minor (1 times) increase in the limit-of-detection of the purposed sensor in 

unprocessed biological sample compared to buffer, demonstrating use in a practical matrix. 

The selectivity was examined by substituting anti-PSA biorecognition elements with non-

specific anti-goat IgG control antibodies. Using this non-specific detection mechanism, it 

was shown that a signal increase was only generated using the specific biorecognition 

elements. A large contributing factor to the use of the sensor in unprocessed plasma comes 

from the use of poly-A as a surface blocker. This was demonstrated by performing the 

assay with and without poly-A in plasma. The result was a large increase in the target signal 

(2.6 times), indicating that it prevented insulating biomolecules adsorbing to the surface.  

 

 

5.2 Contributions to the Field  

The work described in this thesis contributed to the following fields in the following ways: 

 

Prevention of non-specific adsorption of interfering molecules 

The practicality of the sensor was demonstrated using spiked human plasma that did not undergo 

any processing. The ability of the e-biobarcode assay to be used under such conditions was 

attributed to both the use of poly-A as a surface blocker and performing protein capture in solution. 

Non-specific adsorption of poly-A to the surface of the electrode prevented other biomolecules 

from accessing the electrode surface therefore mitigating the effect of interferents in the solution. 

Non-specific adsorption is one of the most common challenges faced in biosensing devices. While 
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many options are available for surface blocking, this aspect of the thesis offers a solution with a 

molecule whose small size does not interfere with assay components or contribute to increasing 

steric hindrance.     

 

Increasing sensitivity using 3-dimensional nanostructures  

The use of surface modification, especially with regards to nanostructuring, to increase sensitivity 

has been well documented. This research confirms that 3-dimensional nanostructures can be used 

in electrochemical bio-barcode assays for increased sensitivity towards protein detection. Probe 

density was a parameter that was investigated and optimized in chapter 3, with results indicating 

that adequate spacing is required for optimal target capture. Engineering the electrode surface with 

3-dimensional structures promotes optimal spacing and an increase of probe deposition locations.  

 

Rapid analysis of a protein cancer biomarker in a sample-in-answer-out manner 

The work described within this thesis focused on developing a biosensor capable of sensitive 

protein quantification in a manner that would allow for feasible integration into a point-of-care 

device. The challenges of developing detection platforms that would allow for translation into 

remote clinical analysis have been thoroughly covered within this thesis. To reiterate the most 

prominent challenges faced; complexity of the assay, time requirements and sample preparation. 

The e-biobarcode assay presented here was uniquely translated from real-time fluorescence 

readout to electrochemical readout, taking the benefits of no-wash solution capture of the protein 

target and increasing the signal transduction sensitivity. We were able to demonstrate one-pot 

detection that occurred within 1 hour and 15 minutes with no required sample preparation or wash 
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steps. This will expedite biosensing research pertaining to integration into point-of-care devices 

and provides other researcher with a viable design for doing so.    

 

5.3 Future Direction 

The future of this work should address three outstanding areas that would further improve the 

ability and application of the purposed sensor.  

The first area is reagent stability and manufacturing costs. Both factors are extremely important 

in creating a commercially viable product ready for mass production. While the assay components 

are relatively cheaper than assays with comparable metrics and it does not rely on notoriously 

unstable reagents such as enzymes, the use of antibodies as the biorecognition element increases 

cost and can decrease stability if they are not properly processed. With respect to stability, further 

tests should be done using the e-biobarcode assay to assess whether the results will be reproducible 

over a prolonged period of time. Work should also be done to develop a method of properly 

preserving the assay reagents so that they can be shipped dry or easily stored.     

 The cost and stability of the sensor could potentially be explored using more reliable and 

cost-effective biorecognition elements. Aptamers and peptides have proven to be a good 

alternative to antibodies in detection schemes, demonstrating exceptional selectivity and stability. 

This future work would involve adapting the fundamentals of the e-biobarcode assay (release of 

the bar-code via three-way junction formation) with alternative biorecognition elements. This may 

require repeating some of the optimizations that were performed in this work but has the potential 

to decrease cost and increase stability.  
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The second area that should be investigated is the ability to detect other protein cancer 

biomolecules. Prostate specific antigen was chosen due to the high level of validation and 

comparable metrics in literature, as well as the clinical significance of the protein. The selectivity 

of the e-biobarcode assay that was demonstrated in this research suggests that translation to another 

protein biomarker is possible, however, the size of the protein biomarker was not specifically taken 

into any considerations. Further work should be done to demonstrate how this assay translates to 

the detection of different protein biomarkers by substituting the anti-prostate specific antigen 

antibodies with alternative antibodies. This work should begin with studies using similarly sized 

proteins but should also include both larger and smaller protein targets.  

The third area that should be focused on in future work is increasing the accuracy of the 

detection. The controversial relationship between prostate specific antigen serum levels and benign 

impairments such as benign prostatic hyperplasia indicates a non-specific nature of the 

biomarker.192 In order to ensure the utmost accuracy and minimize the amount of false-positive 

results obtained through prostate specific antigen quantification, the parallel analysis of multiple 

analytes is becoming increasingly important. As with many diseases, there are multiple biomarkers 

that indicate the development and growth of prostate cancer, some that are specific to prostate 

cancer and others that indicate general tumor growth.193 Vascular endothelial growth factor is one 

of the most commonly paired protein biomarkers but other detection schemes containing prostate 

specific membrane antigen, interleukin-6, and platelet factor-4 have been reported.194 In addition, 

nucleic acid is another class of important disease biomarkers that can be used for prostate cancer 

diagnosis and monitoring since they are circulated at early stages of disease and simple methods 

of amplification exist that aid in ultra-sensitive detection.195 
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While multiplexing promises an approach to increasing diagnostic accuracy, there have 

been few reports of successful simultaneous multi-target analysis. For this reason, the future of 

this purposed biosensor would be to incorporate elements that enable multi-analyte analysis. Due 

to the nature of the customizable bio-barcode assay, this complex task is feasible by modification 

of components in the detection scheme. The extreme selectivity of the assay demonstrated suggests 

that introduction of another protein capture element conjugated with a different protein biomarker 

antibody has the potential to initiate the release of an alternative bio-barcode labelled with a 

different redox tag. The ease of immobilization of the on-chip capture probe would allow for the 

co-deposition of multiple capture probe sequences, suggesting that a one-pot multi-target analysis 

could be plausible. Another method could potentially include modification to the chip design, by 

introducing additional working electrodes where alternative capture probes could be immobilized. 

In this design, multiple redox markers would not be necessary since obtaining a signal from a 

particular working electrode would indicate the presence of that particular protein biomarker. 

Another attempt at incorporating various biomarkers could include designing the sequence of the 

duplex containing the reporting redox-labelled bio-barcode such that a nucleic acid biomarker 

associated with prostate cancer could initiate the release of the reporting strand, and again modify 

the on-chip capture probe as necessary. While this design is specific for increasing the accuracy of 

prostate cancer diagnosis, many diseases can benefit from multi-analyte detection. The 

development of a universal sensor would be expected to drastically impact the accuracy of not 

only prostate cancer diagnosis and monitoring, but disease diagnostics as a whole.  
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