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ABSTRACT 

 Infectious disease detection is an extremely important field, as clinicians and 

scientists around the world continue to seek improved diagnostics. Electrochemical 

biosensors represent an emerging class of diagnostic techniques that are rapid, inexpensive, 

and easily scalable. By combining the intricate interactions of biological molecules with 

the sensitive techniques of electrochemistry, these biosensors hold great promise in the 

future of infectious disease sensing. The current thesis explores the development of two 

such devices, for Lyme disease and hepatitis B, by describing their design, assembly, and 

effectiveness. The Lyme sensor exploits a known protein-protein interaction between 

bacterial and human cells to produce a biomimetic sensor capable of binding individual 

bacteria. This biosensor proves effective at capturing the Lyme bacteria and producing a 

significant electrochemical response. Likewise, the hepatitis B sensor employs highly 

specialized surface chemistry to detect hepatitis-specific antigens. Through the 

development of these sensors, we hope to provide insight into potential devices that can 

combat these dangerous diseases. 
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1.0 INTRODUCTION 

 Infectious diseases are no laughing matter. If this past year of 2020 has taught the 

world anything, let it be that. What makes these illnesses so frightening is not necessarily 

their symptoms or health effects, but the sheer unpredictability that often characterizes 

them. While current science is excellent at making predictions about physical phenomena, 

infectious diseases remain a field filled with mystery and unpredictability. Some 

pathogens, like the 2019 novel coronavirus (SARS-CoV-2), can appear suddenly and take 

the world by storm – causing mass casualties in a short period of time1. Other diseases, 

such as the human immunodeficiency virus (HIV), have evaded human intervention for 

decades2. Lyme disease remains difficult to accurately diagnose3, Primary Amoebic 

Meningoencephalitis (PAM) has less than a 5% survival rate4, and over 66% of people 

under 50 have herpes5 – the list goes on and on and will certainly not improve sleep quality. 

However, despite the potential extinction-level power of infectious disease, all hope is not 

lost. Through dedicated and thorough scientific endeavor, humanity continues to advance 

the identification, diagnosis, and treatment of disease, with the eventual goal of rapid 

eradication.  

 While the treatment of infectious disease is important, it is of little use if the disease 

goes undetected. Thus, the ability to diagnose disease effectively and efficiently is of great 

importance to the medical and scientific communities. Traditional lab-centered diagnostic 

methods are standardized and well-established; however, many of them, especially the ones 

based on pathogen cultivation, are often slow, expensive, and have limited capacity6,7. To 

address these issues, recent years have seen an increased focus on the development of 
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alternative diagnostic approaches8. Point-of-care (POC) tests describe an emerging class 

of simple, portable devices that can be used to detect disease, or other health conditions, at 

the point of care – that is, during a trip to the doctor’s office or at one’s own home7. POC 

diagnostic methods are typically designed to be rapid, accurate, and inexpensive, while 

also easily implementable on a widespread scale.  

 While recent years have seen a surge in scientific focus on POC applications, these 

tests are not new to society. Two of the most well-known examples of POC biosensors 

include home pregnancy tests and blood glucose sensors6. These devices have been 

commercially available for decades and have proven extremely useful in eliminating 

healthcare costs and wait time. If a person had to go to the hospital every time they needed 

their glucose levels tested or pregnancy confirmed, the cumulative expenses and delays 

would be immense. By allowing at-home users to test themselves, POC biosensors save 

time and money for the user, hospital, and healthcare system.  

 In regard to infectious diseases, several POC devices have also been developed to 

assist with recent outbreaks throughout the world, including the Ebola virus9, Zika virus10, 

and SARS-CoV-211. These devices can significantly increase testing capacity in a short 

period of time, making them ideal for rapid responses to emerging illnesses. The 

inexpensive and portable nature of these POC devices also makes them ideal for 

deployment in isolated and impoverished areas of the world – for example, for the detection 

of HIV in sub-Saharan Africa. While there still exists many challenges in the development 

and eventual implementation of these POC devices, they have immense potential in the 

fight against infectious disease. 
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 The current thesis focuses on the development of electrochemical biosensors for 

infectious diseases by exploring the creation of two separate sensors. The first biosensor 

aims to detect Lyme disease and represents the bulk of the work presented here. This sensor 

uses inexpensive screen-printed electrodes as a platform to detect Lyme proteins and 

bacteria. The second biosensor explored here stems from work undertaken as part of a 

research exchange at the University of Bath, under the supervision of Dr. Pedro Estrela. 

This sensor aims to detect hepatitis B using gold disk electrodes to identify related surface 

proteins. 

1.1 Biosensors 

1.1.1 What is a Biosensor? 

  Biosensors comprise a large and rapidly expanding collection of analytical devices 

that utilize biological components to detect biological and chemical analytes. All 

biosensors consist of two main components: a biorecognition element and a transducer12. 

Biorecognition elements include antibodies, aptamers, enzymes, cells, and many other 

biological entities that interact specifically with a biological target. The role of these 

elements is to react, either chemically or physically, with an analyte of interest in order to 

indicate its presence in a sample. Since these biological interactions cannot necessarily be 

directly quantified, a transducer is required to convert these biological events into signals 

that can be recorded and analyzed in a coherent manner. Transducers may be optical, 

mechanical, piezoelectric, electrochemical, or any other method that can produce a 

measurable response.  
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 In comparison to traditional diagnostic methods (e.g. ELISA, PCR), biosensors aim 

to provide several key advantages that make them ideal for infectious disease diagnosis. 

The use of highly specific biorecognition elements ensures biosensors have both high 

selectivity and sensitivity13. The miniscule size of these elements allows functionalized 

surfaces to possess millions of potential interaction sites, leading to large linear response 

ranges14. The use of relatively fast techniques (e.g. impedance) leads to rapid response 

times, providing results in as little as a few minutes. Biosensors are also typically low-cost 

and many have the potential to be miniaturized into portable devices for in-field use15.  

1.1.2 Biomarker Selection 

Biological markers or “biomarkers” comprise any biologically based features that 

provide information and insight on health or disease status. These markers may be 

molecular (e.g. decreased insulin), physiological (e.g. excessive sweating), radiographical 

(e.g. lung lesions) or any other class of health-related indicators16. Using the information 

obtained from these biomarkers, clinicians can diagnose disease, monitor patient condition, 

assess patient risk, and predict treatment outcome, among other applications. When it 

comes to biosensors, researchers typically focus on molecular markers as they are physical 

entities that can be isolated and targeted. These molecular markers may be either 

endogenous – produced within the host body – or exogenous – produced by the pathogen. 

Exogenous molecular biomarkers, such as viral proteins, are often preferred over 

endogenous markers as the latter can be influenced by numerous other factors. For 

example, inflammatory biomarkers are elevated in response to most diseases and would be 

difficult to use in identifying a specific illness. In addition, exogenous molecular 
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biomarkers are typically abundant (many per virion/cell), easily accessed 

(surface/secreted), immediately present upon infection, unique to their respective 

pathogens, and present in a wide range of patient samples (e.g. saliva, urine).  

The selection of appropriate biomarkers is an essential step in the biosensor 

development process. Biomarkers serve as the main targets of biosensors and are used to 

determine whether or not a specific disease is present. Most importantly, biomarkers should 

be abundant in clinical samples – to help ensure a high sensitivity – and unique to the 

pathogen – to ensure a high specificity. 

1.1.3 Biomarker Characterization 

When a potential biomarker has been identified, it is important to fully explore the 

physical and chemical properties of the marker to ensure it will be compatible with the 

eventual sensor. For example, a biomarker that requires physiological pH to maintain its 

shape would be incompatible with a sensing method that requires a semi-acidic medium. 

The current manuscript focuses solely on protein biomarkers; however, other biomarkers 

(e.g. DNA, RNA) also have specific conditions that should be explored prior to sensor 

development. 

Protein size, both in mass and length, is one important factor to consider during 

biomarker characterization. While protein weight can usually be obtained through literature 

analysis, it can also be easily predicted from sequence information using online 

bioinformatics tools17. The weight of a protein biomarker can prove useful in understanding 

electrode-based molecular interactions and observed electrochemical responses. The 

length of a protein biomarker can be more difficult to determine as it is not as easily 
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obtained as protein weight. The dynamic nature of some proteins can also make it 

impossible to accurately determine a protein’s dimensions at any given point in time. As a 

simple approximation, protein length can be estimated by approximating the protein as a 

sphere18. By inputting protein molecular weight (𝑀) in kDa, the minimum radius (𝑅𝑚𝑖𝑛) 

of the protein sphere, in nm, can be predicted using equation 1: 

𝑅𝑚𝑖𝑛 = 0.066𝑀1/3     [1] 

The isoelectric point (pI) of a protein is another important parameter in 

electrochemical research as it provides insight into the protein’s electrical properties. pI 

describes the pH of a solution at which the protein of interest possesses an overall neutral 

charge. Thus, if solution pH > pI, the protein will be predominately negatively charged. 

Likewise, if solution pH < pI, the protein will be predominately positively charged. By 

understanding the electrical properties of the biomarker, it is easier to predict and interpret 

electrochemical results. It may also be useful to fine-tune solution pH to maximize sensor 

response to the analyte. pI can be obtained from literature or estimated based on protein 

sequence information using online bioinformatics tools19. 

1.1.4 Biosensor Terminology 

 The basic developmental process for biosensors has been presented, but there 

remains some common terminology that is used to describe and characterize biosensors.  

1.1.4.1 Limit of Detection, Sensitivity & Specificity 

 The limit of detection (LOD) is one of the most frequently employed methods to 

assess biosensor ability. The LOD describes the lowest concentration of analyte that can 

be reliably detected, as a statistically significant difference, by the assay/device. There are 
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numerous ways to calculate LOD depending on the system of analysis, all of which rely on 

a statistical method of assessment. One of the most common ways to calculate LOD is 

through the construction of a simple calibration curve; that is, a plot of some measured 

response as a function of concentration. From this curve, LOD can be calculated using 

equation 220: 

𝐿𝑂𝐷 =  𝑘
𝑠𝑏

𝑚
= 3

𝑠𝑏

𝑚
     [2] 

 This equation relies on the slope of the calibration curve (𝑚) – typically a linear 

regression line, the standard deviation of the blank (𝑠𝑏) – the standard deviation of several 

measurements without analyte, and a statistical factor (𝑘), which defines the confidence 

interval. A value of k = 3 is typically used21, which is reflected in eq. 2.  

 Sensitivity, as the name implies, describes how sensitive a device or method is to 

the detection of an analyte. When used in a clinical sense, or in relation to medical sensors, 

it is defined as a percentage probability of avoiding a type II statistical error (false 

negative). If a test has a high sensitivity, then it is excellent at detecting an analyte at very 

low concentrations, or at least at concentrations near the lower end of the typical clinical 

range. If a test has low sensitivity, then it is likely to falsely deem infected patients as 

disease-free due to an inability to detect low analyte levels. Sensitivity is sometimes used 

interchangeably with LOD as both describe the ability of a test to detect low analyte 

concentrations; however, they are functionally distinct terms. LOD describes a specific 

concentration limit for an assay/device, while sensitivity describes the ability of an 

assay/device to detect low concentrations of analyte22. 

 Specificity describes how specific a device or method is at targeting the intended 

analyte. When used in a clinical sense, or in relation to medical sensors, it is defined as a 
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percentage probability of avoiding a type I statistical error (false positive). If a test has high 

specificity, then it is only responsive to the analyte of interest and positive results typically 

mean confirmed disease presence. If a test has low specificity, then the test may be 

responsive to several analytes, so a positive result does not necessarily mean the disease is 

present. 

1.1.4.2 Linear Range 

 When a calibration curve of response versus concentration is constructed, it 

typically follows a consistent pattern. At concentrations that are too low for the sensor to 

detect, the response will be essentially zero as little-to-no response is recorded. Then, as 

the concentration increases to a detectable range, the response begins to follow a 

predictable pattern. This range of concentrations that have predictable responses is referred 

to as the linear range as the concentration-response data here typically follows a linear 

pattern. Near the higher end of the linear range, a similar flattening as was seen near the 

lower end occurs; this is due to saturation of the sensor surface. Every sensor has a limited 

number of recognition elements on its surface. Eventually, when the analyte concentration 

is high enough, the sensor will achieve its maximal response. After this point, the addition 

of further analyte will lead to the same maximum saturated response.  

1.1.4.3 Reproducibility 

 One of the most important features in a biosensor is the ability for it to produce 

consistent results, regardless of internal and external factors. This reproducibility is 

necessary for the eventual clinical implementation of these devices to ensure they are both 

accurate and precise. Unfortunately, this is also one of the most common difficulties that 
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biosensors face. Biosensors aim to be inexpensive, portable, and use small sample volumes, 

which is extremely beneficial; however, these features also have their downsides, as they 

can make consistent reproducibility hard to achieve. Reproducibility is often reflected as 

the standard deviation in response that is included in a standard calibration curve. 

1.2 Electrochemistry 

1.2.1 The World of Electrochemistry 

 Electrochemistry was born from the marriage of chemistry and electricity and 

represents a multidisciplinary field with applications in almost every avenue of scientific 

research. From next-generation sequencing to self-propelled nanorobots, and everything in 

between, electrochemistry offers tools and techniques that have revolutionized the modern 

era23,24. The application of electrochemical techniques in sensing is a relatively new 

approach, compared to more classical methods, and has the potential to significantly 

improve analytical sensing25. 

1.2.2 Electrochemical Biosensors 

Electrochemical biosensors operate by facilitating and/or monitoring electrical 

interactions between various components (e.g. analytes, electrodes). These sensors are 

typically divided into two over-arching categories based on the nature of the electrode-

analyte interaction: biocatalytic sensors and affinity sensors12. Biocatalytic sensors rely on 

catalytic interactions between the electrode surface and the analyte, which produce 

electroactive species that can be detected through electrochemical means. For example, 

many glucose sensors rely on glucose oxidase for the catalytic reduction of oxygen to 
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hydrogen peroxide to indicate glucose presence26. Affinity sensors rely on the specific 

association between a biorecognition element on the electrode surface and an analyte in 

solution. For example, electrodes may be functionalized with an antibody specific to an 

analyte which, after binding to analyte, can be electrochemically detected27. 

Compared to other biosensor transducers, electrochemical approaches provide 

several unique advantages that make them ideal for infectious disease sensing. One of the 

largest benefits of electrochemical sensors is the high sensitivity – and low limits of 

detection – that often result from employing sensitive electroanalytical techniques25. Using 

these methods, scientists have acquired detection limits as low as the zeptomolar (10-21 M) 

range28,29, which highlights the extreme sensitivity of these approaches. Electrochemical-

based sensors also function well with small sample volumes and are not heavily affected 

by interfering biological sample components (e.g. cells, other proteins)25. In addition, these 

sensors can be easily miniaturized into portable devices for in-field use (e.g. blood glucose 

sensors) and are typically inexpensive30. 

Electrochemical biosensors often operate using a minimum three-electrode system, 

including working, counter, and reference electrodes. The working electrode is the site of 

interest, where the redox event being studied takes place and whose parameters can be 

manipulated externally (e.g. applied potential). The counter electrode serves to balance the 

electrochemical system by counteracting whatever reaction takes place on the working 

electrode (e.g. oxidation on the working electrode is countered by reduction at the counter 

electrode). Finally, the reference electrode serves as a reference point, providing a potential 

against which all measured potentials can be defined. 
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1.2.3 Impedimetric Biosensors 

While electrochemical biosensors may utilize any number of electrochemical 

techniques, affinity sensors – which are the primary focus within this thesis – commonly 

employ impedimetric techniques. These techniques are aptly named as they involve 

measurements of impedance – the overall opposition to electrical current in a circuit. 

Impedimetric biosensors are especially useful for affinity-based sensing approaches as they 

are particularly sensitive to surface alterations and binding interactions31. The 

impedimetric techniques explored within this document rely on the use of indirect detection 

methods to assess activities on the electrode surface. Indirect impedimetric sensing 

involves the addition of a reversible redox-active species or ‘redox probe’ to a solution, 

such that it can be continually oxidized and reduced back and forth when exposed to an 

electrode. Subsequent modification of the electrode surface is reflected in the ease with 

which the redox probe reaction occurs. 

1.3 Lyme Disease 

1.3.1 Lyme Disease Prevalencea 

 Lyme disease, or Lyme borreliosis, is an increasingly prevalent illness caused by 

several bacteria in the Borrelia genus. While several species can cause Lyme disease, 

Borrelia burgdorferi is the predominant pathogenic species in North America; B. garinii 

 

a This section was adopted as verbatim from Flynn & Ignaszak (2020)52. 
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and B. afzelii are responsible for most infections in Europe and Asia. Transmission of 

Borrelia is facilitated by ticks within the Ixodes genus, which serve as the primary vector 

and retainer host for the bacterium. Borrelia is transferred to a mammalian host when an 

infected tick attaches to, and feeds on the blood of, the host. During blood-feeding, 

Borrelia, located in the salivary glands of the tick, enter the mammalian host via the tick’s 

saliva, transmitting the Lyme bacteria and causing the disease. By exploiting the natural 

feeding relationship of ticks on mammals, Borrelia is easily transmitted to deer, livestock, 

and humans. 

Since Burgdorfer’s seminal paper realizing Borrelia as the causative agent of Lyme 

disease32, the widespread range and inconspicuous nature of the disease have become clear. 

According to the Centers for Disease Control and Prevention (CDC), there are 

approximately 30,000 reported cases of Lyme disease in the United States each year; 

however, more recent estimates place this number as high as 300,000, owing to frequent 

misdiagnosis and under-reporting3,33,34. Not only is Lyme disease the most common vector-

borne illness in the US, but recent studies suggest that it is on the rise in other locations as 

well. With climate change leading to the northern expansion of temperate conditions, 

reservoir and vector hosts of Lyme disease stray further and further from their original 

habitats. Because of this, B. burgdorferi is expected to expand its territory northward by 

250-500 km in the next 30 years35. Increases in Lyme disease incidence are already 

occurring in many parts of Canada and are expected to continue into the next decades36,37. 

As well, Lyme disease continues to rise steadily throughout Europe (e.g. Germany, 

Sweden, Austria) and is beginning to take hold in Asia, particularly in regions of China38–

40.  
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The earliest manifestation of Lyme disease is the appearance of a typically 

bullseye-shaped rash, known as an erythema migrans, at the site of infection. While this 

rash is generally sufficient for Lyme diagnosis, it only occurs in 70-80% of cases, making 

it unreliable as a main indicator41,42. Other than the erythema migrans, the most common 

symptoms are headaches and arthralgia, but these are far too general to indicate Lyme 

disease43. As the disease progresses, Borrelia disseminate from the tick bite and travel 

throughout the body, causing early disseminated symptoms that can include multiple 

erythema migrans, carditis, and meningitis34. If left untreated for a prolonged period, Lyme 

disease may progress to a more severe late stage that can include encephalitis and arthritis, 

among other serious symptoms. While Lyme disease is easily treated with antibiotics if 

caught early, delayed diagnosis and/or treatment can prove more difficult to treat and lead 

to more serious health effects44. 

1.3.2 Current Methods of Testingb 

 In cases where an erythema migrans is not present or proves inconclusive, a global 

consensus of guidelines recommend the use of a standard two-tiered (STT) serology 

approach for the diagnosis of Lyme disease45. This approach involves an initial enzyme 

immunoassay (EIA) or immunofluorescence assay (IFA) to measure antibody response to 

Borrelia antigens – often in the form of a whole-cell Borrelia sonicate43. If this EIA/IFA 

returns a positive or inconclusive result, then a follow-up Western blot is used to verify the 

presence of antibodies for a panel of specific Borrelia proteins. Meta-analysis of thirteen 

 

b This section was adopted as verbatim from Flynn & Ignaszak (2020)52. 
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two-tiered serology studies across North America estimated the sensitivity of the approach 

at 46.3% for those with early-stage Lyme disease (symptoms for less than 30 days), 89.7% 

for those with early disseminated Lyme disease (30+ days), and 99.4% for those with late-

stage Lyme disease46. Specificity estimates for the two-tiered methodology were 

approximately 99% for all disease stages.  

Recently, a modified two-tiered (MTT) approach, in which the western blot of the 

STT is replaced with a second immunoassay, was approved for use in the United States47. 

Compared to the STT, the MTT demonstrates increased sensitivity for early Lyme disease, 

similar sensitivity for later stages of the disease, and similar specificity for all stages48. A 

comparison of the STT and MTT approaches on several collections of sera from patients 

with erythema migrans and early Lyme disease estimated the sensitivity of the MTT test 

to be approximately 50%, while the sensitivity of the STT test on the same samples was 

approximately 40%49. 

 While the sensitivity of the current two-tiered serology approach is very high for 

disseminated Lyme disease, it remains quite difficult to detect the disease in its early stages. 

The development of anti-Borrelia antibodies can take upwards of three weeks to reach 

sufficient detection levels in the blood50. Since the current standard relies on these 

antibodies, it is evident that a more direct method of detection is necessary to diagnose 

Lyme disease prior to its dissemination. The necessity of improved diagnostics is 

underscored by the recent and expected increases in Lyme disease, the potential for serious 

health difficulties, and the current diagnosis difficulties (e.g. misdiagnosis, false positives). 
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1.3.3 Previous Lyme Biosensor Advances 

 The development of biosensors for Lyme disease is a relatively new area of 

research; however, it has seen significant advancement in recent years. The first Lyme 

biosensor was published in 200851; this used surface plasmon resonance with antigen-

modified chips to detect Lyme antibodies in human serum. Since then, there have been 

fewer than ten published biosensors for Lyme disease52. Each of these has utilized different 

techniques, detected different biomarkers, and resulted in varying degrees of success. 

Several of these sensors have shown great promise and achieved sensitivities for early 

Lyme disease (80.0-85.7%) that exceed the STT/MTT approaches53–55; however, there 

remains work to be accomplished prior to commercialization. While field effect transistors 

have been employed in Lyme biosensing56, there has yet to be a Lyme biosensor that 

employs electrochemical techniques. Thus, the current sensor represents the first attempt 

at an electrochemical-based biosensor for Lyme disease. 

1.4 Proposed Electrochemical Sensing of Lyme  

1.4.1 Molecular Events of Lyme Disease 

  After transmission of Lyme bacteria into the host’s body – a process that requires 

approximately 24-48 hours – the host is considered to have Lyme disease57. While the 

bacteria remain at the site of infection for some time, they eventually begin to disseminate 

through the body. These bacteria migrate throughout the extracellular regions of various 

tissues and organs, where they can reside and cause various health difficulties58. The 

stabilization of Lyme bacteria within the body is achieved through the interaction of 

specific bacterial membrane proteins with human proteins found throughout the body. 
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While Borrelia species express several adhesins that interact with the human body, one 

particular interaction is predominantly responsible for Lyme adhesion; this interaction is 

between the Lyme BBK32 protein and the human fibronectin protein59. 

 BBK32 is one of several known microbial surface components recognizing 

adhesive matrix molecules (MSCRAMMs) that mediate the attachment of Borrelia to host 

tissues60. This lipoprotein is approximately 48 kDa in size and is described in terms of its 

N-terminal and C-terminal domains. Fibronectin, to which BBK32 adheres, is a 440 kDa 

glycoprotein dimer that exists throughout the body as both a soluble plasma protein and 

insoluble cellular protein61. Each fibronectin chain consists of 3 types of repeating 

domains: 12 fibronectin 1 (Fn-1) domains, 2 fibronectin 2 (Fn-2) domains, and 15-17 

fibronectin 3 (Fn-3) domains61. Fibronectin dimerization occurs through self-association 

between Fn-1 and Fn-3 domains62. Plasma fibronectin is also known to undergo additional 

association beyond dimerization to form large multimeric complexes; however, the 

mechanism behind this association is poorly understood63. 

 BBK32 adheres to fibronectin through β-strand addition between the BBK32 N-

terminal region and fibronectin Fn-1 domains64. This type of interaction involves the 

formation of a tandem β-zipper, where β-strands on both proteins adhere through hydrogen 

bonding in an anti-parallel manner65. This tandem β-zipper interaction appears to have 

independently evolved in other bacterial species (e.g. Streptococcus sp.) that bind to 

fibronectin as well, suggesting it is a favorable method of attachment to the host64. X-ray 

diffraction (XRD) data of the BBK-fibronectin interaction is rendered as a 3-D model and 

presented in Figure 164. 
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Figure 1: BBK32 fragment (yellow) binding to fibronectin Fn-1 fragment (white) 

visualized using Molecular Operating Environment on previously reported XRD data64,66. 

1.4.2 Electrode Modification 

  Recent years have seen the emergence of several Lyme disease biosensing devices; 

however, the electrochemical detection of Lyme disease remains an unexplored topic. In 

response to this opportunity, the current thesis explores the potential of an electrochemical 

biosensor for Lyme disease. The biosensing methodology outlined here was theorized 

based on the well-established interaction between the Lyme BBK32 and human fibronectin 

proteins. Through functionalization of electrodes with fibronectin, a biomimetic surface is 

produced that is capable of interacting with the BBK32 protein and, by extension, the Lyme 

bacteria. Upon attachment of either individual proteins, or Lyme bacteria, to the electrode 

surface, electrochemical measurements can provide a fast and quantifiable response to 

indicate bacterial presence.  
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1.5 Hepatitis B & Sensing Efforts 

1.5.1 Current Status of Hepatitis B 

 Hepatitis B is a viral infection that targets the liver, where it can cause serious and 

lasting damage. This disease is divided into two distinct types based on the ease with which 

it is removed from the body. Acute hepatitis B is often naturally cleared by the body’s 

immune system within a few months, while chronic hepatitis B describes an illness that 

persists for over six months and may last a lifetime. Symptoms of the disease range from 

inconvenient (e.g. fatigue, vomiting, dark urine) to severe (e.g. cancer, cirrhosis) or even 

fatal. While vaccines for hepatitis B are available in most developed nations, there remains 

a large portion of the world that is susceptible to this life-threatening illness. In 2015, 

approximately 257 million people had chronic hepatitis B, and approximately 887,000 

people died due to the illness67. In addition, individuals living with human 

immunodeficiency virus (HIV) infections are particularly susceptible to hepatitis B due to 

the weakened state of their immune systems. Thus, regions of the world where both HIV 

and hepatitis B dominate, such as western and southern Africa, are at especially high risk 

of hepatitis-related fatality68.  

1.5.2 Current Methods of Testing 

 Current methods to diagnose hepatitis B typically rely on the assessment of blood 

samples for either hepatitis-related antigens or antibodies69. These tests rely heavily on 

centralized testing facilities, which is excellent for those located in first-world countries; 

however, the implementation of similar diagnostics in third-world countries is much more 

difficult. As part of a global initiative to overcome hepatitis, the World Health Organization 
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(WHO) has set targets to reduce chronic hepatitis B and C infections by 90% and deaths 

by 65% by the year 203070. As part of this plan, the WHO calls for increased access to 

affordable hepatitis diagnostics, particularly in areas of Africa with limited access to 

healthcare71. Thus, the development of effective and affordable biosensors for hepatitis B 

diagnosis is a necessary topic in current biosensor research. 

1.5.3 Our Sensing Approach  

 In response to the call for improved hepatitis B diagnostics, as well as the need for 

improved diagnostics for various diseases throughout less-developed countries, this thesis 

presents some preliminary work on the development of a hepatitis B biosensor. This 

biosensor aims to detect a well-documented hepatitis B antigen – the hepatitis B surface 

antigen (HBsAg) – which is known to exist at high serum concentrations in both acute and 

chronic cases. Levels of serum HBsAg for both symptomatic and asymptomatic individuals 

range between 0.1-82,480 IU/mL72. According to the WHO, 1 IU/mL equals approximately 

1-10 ng/mL for HBsAg73; therefore, the clinical concentration of HBsAg ranges between 

100 pg/mL and 820 µg/mL – this concentration is significantly high for a protein 

biomarker, making it an excellent target for the proposed sensor. 

 While the aforementioned Lyme sensor utilizes a protein biorecognition element, 

the hepatitis B biosensor uses DNA aptamers instead. These aptamers comprise single-

stranded DNA oligonucleotides that are screened for their ability to bind to specific targets. 

In this case, an aptamer was identified that was capable of specifically interacting with 

HBsAg74. Thus, modification of the electrodes with these HBsAg-aptamers should provide 
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a highly specific surface for HBsAg interaction that can be monitored through 

electrochemical measurements. 
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2.0 EXPERIMENTAL 

2.1 Electrochemical Setup 

2.1.1 Screen Printed Electrodes 

 Screen Printed Electrodes (SPE) represent a relatively new facet of nanotechnology 

research that involves the screen printing of molecular-based ‘inks’ onto a substrate – 

similar to digital printing with a computer. By printing conductive inks (e.g. carbon, gold) 

onto simple plastics, electrodes can be manufactured in a way that is simple, inexpensive, 

and fast. These factors together enable the mass production of SPEs, which makes them 

perfect for use, and subsequent implementation, in sensing devices. SPE-based infectious 

disease biosensors are an area of active research and have already led to the development 

of several such devices75. 

 The carbon SPE used in these experiments were obtained from Pine Research 

Instrumentation76. These electrodes were constructed through screen-printing of a carbon 

ink onto the surface of a polyethylene terephthalate (PET) substrate. A silver layer, used as 

a conductive lining, separates the electrodes from the underlying plastic. The carbon SPEs 

(Fig. 2) consist of three co-located electrodes: a 5 mm x 4 mm carbon working electrode, 

a ~0.52 cm2 carbon counter electrode, and a 1 mm diameter circular Ag/AgCl reference 

electrode. 
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Figure 2: Carbon SPE showing co-located electrodes. 

2.1.2 Disk Electrodes 

 Gold disk electrodes were also used in the work presented here. These electrodes 

were obtained from BASi® and consist of a 3 mm diameter circular gold working 

electrode77. These electrodes were used in conjunction with a Ag/AgCl reference electrode 

and platinum wire counter electrode. 

2.2 Oxidation of Multi-walled Carbon Nanotubes 

2.2.1 Oxidation Process 

 Multi-walled carbon nanotubes (MWCNT) were oxidized to introduce carboxylic 

acid functionalities to their surfaces. The goal of these carboxyl groups was to both increase 
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the polarity of the molecules, for improved interaction with polar fluids, and provide 

functional groups for the attachment of necessary proteins. MWCNT oxidation was 

achieved through reflux in nitric acid using a protocol adapted from Rosca et al78. 

Approximately 0.35 g of MWCNT were dispersed in 60% nitric acid to a concentration of 

7 mg/ml and refluxed for 18 hours at 118°C. The round-bottom flask (RBF) was immersed 

in a silicon oil bath to ensure uniform heating. Upon reflux completion, the MWCNT 

mixture was vacuum filtered and thoroughly rinsed with distilled water to ensure removal 

of small carbon fragments and other impurities. The purified MWCNT powder was oven 

dried for 24 hours at 50°C. 

2.2.2 X-Ray Photoelectron Spectroscopy 

 X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique used to 

determine the elemental composition of materials. Not only can this method provide insight 

into typical atomic characteristics (e.g. oxidation state), but it can also reveal corresponding 

bonded atoms – allowing for a wide range of applications in chemistry and beyond. The 

basis for XPS lies in exploiting the photoelectric effect – the ejection of electrons from a 

material upon application of electromagnetic radiation. In this case, the radiation being 

applied is in the form of X-rays, which are directed at the sample under high vacuum 

conditions. The kinetic energy of the emitted ‘photoelectrons’ is measured and used to 

determine the electron’s binding energy. XPS data is presented as a plot of counts per 

second (CPS; the number of times a given value is obtained each second) versus binding 

energy in electron volts (eV). Through deconvolution of the initial raw CPS data, different 

peaks can be obtained and assigned to corresponding atoms, bonds, and functional groups. 
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 XPS was employed to confirm and quantify the oxidation of MWCNT. To 

achieve this, the nature of both oxygen and carbon atoms, as well as their corresponding 

bonds, was explored. All XPS experiments were performed using a VG Microtech 

MultiLab ESCA 2000 X-ray Photoelectron Spectrometer at Dalhousie University. 

2.3 Electrode Functionalization 

2.3.1 Surface Activation of SPE 

 Prior to any modification of the SPE, it is necessary to treat the surface of the 

working electrode to remove impurities and activate the carbon surface76. To achieve this, 

dilute nitric acid was drop casted onto the working electrode surface. SPE were first rinsed 

with distilled water to form a thin layer of water over the working electrode. Then 20 µL 

of 1 M nitric acid was injected into the previously formed water bubble, ensuring the acid 

only contacted the working electrode. After five minutes of incubation, the nitric acid was 

thoroughly rinsed off of the SPE, while carefully ensuring there was no contact with the 

reference electrode. 

2.3.2 Modification of SPE with MWCNT 

 After activation of the SPE, oxidized MWCNT were drop casted on to the working 

electrode surface. MWCNT were diluted in distilled water to a stock concentration between 

0.125 – 1.0 mg/mL. Next, 5 µL of this MWCNT stock was deposited onto the working 

electrode; this volume was ideal to achieve full electrode coverage. The SPEs were dried 

at room temperature for approximately 45 minutes, until the MWCNT layer was dry and 
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appeared as a smooth, uniform film. After formation of the MWCNT layer, the SPE were 

gently rinsed with distilled water to remove any loosely attached MWCNT. 

2.3.3 Functionalizing SPE with Fibronectin 

  SPE functionalization began with the addition of cross-linking agents to prime the 

carboxylic acids for protein addition, using an adapted protocol79. N-hydroxysuccinimide 

(NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were used to achieve 

this. A 20 µL portion of 5 mM NHS and 2 mM EDC was drop casted onto the MWCNT-

coated working electrode; the SPE was then incubated for 60 minutes at 4°C. After the 60-

minute incubation, the NHS/EDC linker solution was rinsed off with distilled water and 5 

µL of a 1 mg/mL plasma fibronectin solution was immediately drop casted onto the 

working electrode. The fibronectin solution was incubated on the electrodes for 60 minutes 

at 4°C. After the fibronectin incubation, the electrodes were rinsed with distilled water and 

stored at 4°C in ambient air. All incubations took place in a humidity chamber to minimize 

evaporation.  

2.3.4 Cleaning Disk Electrodes 

 Gold disk electrodes were initially prepared using three distinct processes: chemical 

cleaning, mechanical polishing, and electrochemical cleaning. These steps were necessary 

to ensure all electrodes were cleaned in a consistent manner. During chemical cleaning, 

electrodes were immersed in a solution of 50 mM potassium hydroxide and 30% hydrogen 

peroxide for 5 minutes80, which was expected to remove organic contaminants. Next, 

electrodes were polished using 1 µM, 0.3 µM, and 0.05 µM alumina slurries in order of 

decreasing particle size. Electrodes were sonicated in ethanol and then water after each 
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polishing. After alumina polishing, electrodes were polished using only distilled water and 

dried with nitrogen. Finally, prior to use, electrodes were electrochemically cleaned 

through voltammetry cycling in 0.5 M sulfuric acid and rinsed with distilled water81. 

2.3.5 Functionalizing Disk Electrodes with Aptamers 

 Gold disk electrodes were functionalized with thiol-modified HBsAg-aptamers 

using a protocol adapted from Jolly et al82. To begin, a portion of aptamer was diluted to 

10 µM in a folding buffer. The diluted aptamer was then heated to 95°C in a block heater 

and left at that temperature for 10 minutes. After heating, the aptamer solution was 

passively cooled to room temperature over approximately 30 minutes. This heating and 

cooling of the aptamers allowed for the denaturing and subsequent annealing of the DNA 

to ensure consistent aptamer structure. Concurrently, a 6-mercaptohexanol (MCH) solution 

was prepared through an initial dilution in ethanol and subsequent dilutions in a binding 

buffer to a final concentration of 198 µM. MCH is a thiol-containing, six carbon alcohol 

that is added along with the aptamer to the gold electrode; this molecule also binds to the 

electrode and functions as a spacer to ensure aptamers have enough room to move freely. 

The prepared aptamer and MCH were combined with additional binding buffer to a final 

concentration of 1 µM aptamer and 99 µM MCH. This ensured a 1:99 aptamer-MCH ratio, 

which has previously displayed optimal results82. 

 After preparation of the aptamers, gold electrodes were incubated in 10 µL of the 

aptamer solution for 16 hours inside a humidity chamber at 4°C. After this incubation, 

electrodes were gently rinsed with distilled water and then incubated in 1 mM MCH for an 

hour. This second incubation was to ensure MCH could fill any remaining attachment sites. 
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Similar to before, electrodes were rinsed after the MCH incubation and incubated in 

concentrated StartingBlock™ for 30 mins to block the electrode. Finally, the electrode was 

rinsed and incubated once more for 1 hour in a measurement buffer solution. This 

incubation was performed to ensure stability of the self-assembled monolayer (SAM) prior 

to any electrochemical measurements. 

2.4 Confirmation of Electrode Functionalization 

2.4.1 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

(ATR-FTIR) 

 ATR-FTIR is a method of infrared spectroscopy that can be directly applied to solid 

and liquid samples. This technique uses a crystal with a high refractive index, such that 

light transmitted through the crystal reflects internally and penetrates into a sample. In the 

current study, ATR-FTIR was employed to confirm the presence of fibronectin proteins on 

the surface of the electrode. By comparing the IR spectra of electrodes with and without 

fibronectin, IR should be able to determine whether or not functionalization was successful. 

All ATR-FTIR experiments were carried out with a Bruker Alpha II FTIR spectrometer 

with an accompanying ATR-FTIR attachment. 

2.5 Electrochemical Analysis 

2.5.1 Redox Chemistry 

 The field of electrochemistry was founded on the simple notion that applying an 

external voltage to a biological or chemical solution results in some form of reaction. Most 
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commonly, the presence of external voltage leads to the exchange of electrons between 

chemical species in solution. When a chemical species gains one or more electrons, this is 

referred to as a reduction event (eq. 3). 

𝑋2+   +    𝑒−    →    𝑋+     [3] 

 Similarly, when a chemical species loses one or more electrons, this is referred to 

as an oxidation event (eq. 4). 

𝑋+    →    𝑋2+   +   𝑒−     [4] 

 With a three-electrode system, the electrochemical reaction that occurs depends on 

the parameters of the working electrode. When an external potential is applied to the 

solution, species near the working electrode may be oxidized or reduced depending on their 

respective redox potentials and the voltage magnitude.  

2.5.2 Redox Probe  

 While some electrochemical sensors rely on the direct detection of redox-active 

analytes, the current sensors instead utilize redox active molecules in a more indirect 

fashion. Since the electronic properties of the working electrode are influenced by the 

binding of analyte to its surface, a reversible redox reaction can be used to track changes 

in these characteristics. When a resistive analyte binds to the electrode surface, the redox 

reaction will be impeded due to decreased access to the electrode. Likewise, if the electrode 

surface is made more conductive, this will facilitate the redox reaction. These alterations 

can be detected electrochemically and used to sense a wide range of analytes. 

 The electrochemical sensors explored here employ ferricyanide ([Fe(CN)6]
3-) and 

ferrocyanide ([Fe(CN)6]
4-) as a reversible redox couple or ‘probe’ whose activity is used to 
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determine electrode-based events (Fig. 3). This redox probe is one of the most commonly 

employed couples in electrochemistry – especially in the development of electrochemical 

biosensors.  

 

Figure 3: Reversible redox process for the ferricyanide/ferrocyanide redox probe. 

2.5.3 Open Circuit Potential (OCP) 

 OCP refers to the passive difference that exists between the potential of the working 

(𝐸𝑊) and reference (𝐸𝑅) electrodes in solution when no external voltage is applied (eq. 5). 

𝐸𝑂𝐶𝑃   =    𝐸𝑊   −    𝐸𝑅     [5] 

 This measurement can assess the stability of a system over time by recording 

changes in OCP over time. When the electrode becomes stable in the solution, the OCP 

will approach a near-flat line with little to no fluctuation. In addition, once the OCP of a 

system is known, the OCP potential can be applied without fear of external forces (e.g. 

additional voltage) influencing a reaction.  

2.5.4 Cyclic Voltammetry 

 Cyclic voltammetry (CV) is one of the most frequently employed electrochemical 

techniques in existence due to its widespread applications in many scientific fields. During 
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CV, the voltage applied to the working electrode is changed over time – swept back and 

forth between two defined potentials; the resultant current is recorded and plotted as a 

function of voltage (Fig. 4). This technique is helpful as it provides information on the 

electrochemical behavior of a solution, as well as the parameters of the cell system. When 

the voltage is sufficient to facilitate a redox event, an increase or decrease in current is 

observed due to the flow of electrons between the electrode and the chemical species; this 

is the faradaic current (Fig. 4). The gradual background change in current is the result of 

ion migration towards the charged electrode surface; this is the charging current (Fig. 4). 

If an electrochemical reaction is reversible, both an oxidation and reduction peak will be 

present at roughly the same magnitude; irreversible reactions may contain only one peak 

or two peaks of very different size. 

 

Figure 4: Generic cyclic voltammogram of a reversible electrochemical reaction. 
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 All CV data was collected using a scan rate of 100 mV/s and a potential range of -

0.8 V to + 0.8 V. 

2.5.5 Differential Pulse Voltammetry 

 Differential Pulse Voltammetry (DPV) is an electrochemical technique that records 

changes in current as voltage pulses are periodically applied to a solution. Unlike other 

techniques, DPV samples current immediately prior to applying the pulsed voltage. In 

doing this, charging effects resulting from the sudden potential change are minimized and 

only faradaic current is observed. A typical DPV plot contains a relatively flat baseline, 

with distinct peaks appearing as redox events occur.  

All DPV data was collected using a pulse width of 0.05 s, a voltage increment of 4 

mV, and a period of 0.5 s. 

2.5.6 Electrochemical Impedance Spectroscopy 

 Electrochemical Impedance Spectroscopy (EIS) is one of the most complex 

techniques frequently employed in electrochemical research. EIS operates by applying a 

small alternating current (AC) voltage, known as the excitation signal, to a solution; the 

resultant current is then measured. Using these two recorded parameters, the impedance of 

the system – the resistance to electron flow in the system circuit – can be calculated and 

investigated. In addition, this approach explores the impedance characteristics of 

electrochemical systems as a function of alternating frequency. A Nyquist plot (Fig. 5) is 

one of the most common ways to present EIS data and provides a simple, easy-to-interpret 

plot that is excellent for applications in electrochemical sensing. This plot displays 

imaginary impedance (-Z’’) as a function of real impedance (Z’) and contains several 
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useful parameters. Charge transfer resistance (RCT) describes the resistance of the electrical 

system to charge transfer between the electrode and solution and can be obtained as the 

diameter of any semicircles present in the plot (Fig. 5); it is possible to have multiple 

semicircles – and thus, multiple redox events. With regard to the current sensors, RCT refers 

to how difficult it is to exchange electrons between the redox probe and the electrode (e.g. 

high RCT means the reaction is greatly impeded). Solution resistance (RS) is obtained as the 

initial dip towards the x-axis (Fig. 5) and describes the innate resistance of the cell solution. 

It is also possible to derive both capacitance and diffusive effects from a Nyquist plot. 

 

Figure 5: Generic Nyquist plot of a reversible electrochemical reaction. 

 All EIS data collected for the Lyme sensor used an applied AC amplitude of 5 mV, 

a frequency range of 0.1 – 1,000,000 Hz, and an applied potential equal to OCP. All EIS 
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data collected for the hepatitis sensor used an AC amplitude of 10 mV, a frequency range 

of 0.1 – 100,000 Hz, and an applied potential equal to OCP. 

2.5.7 Cell Solutions 

2.5.7.1 Lyme Sensor Solution 

 Electrochemical measurements for the Lyme sensor were performed in a cell 

solution consisting of 0.01 M phosphate buffer (pH = 7.4), 0.05 M potassium chloride 

(KCl), and 5 mM ferrocyanide/ferricyanide (2.5 mM of each). Some experiments varied 

these concentrations; however, unless otherwise stated, the measurement was recorded in 

the above solution. 

2.5.7.2 Hepatitis B Sensor Solution 

 Electrochemical measurements for the hepatitis B sensor were performed in a cell 

solution consisting of 0.1 M phosphate buffer (pH = 7.4), 0.1 M KCl, and 10 mM 

ferrocyanide/ferricyanide (5 mM of each). 

2.6 Microscopy  

2.6.1 Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) is an advanced microscopic technique that 

uses high-energy electrons to visualize samples at high magnification. To achieve this, a 

beam of electrons is scanned across a material, which causes excited secondary electrons 

to be ejected from the sample surface. The SEM detects these secondary electrons and uses 
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them to construct an image of the sample, with resolutions significantly higher than typical 

optical microscopes.  

 All SEM images presented in this document were obtained using a JEOL JSM 6400 

scanning electron microscope. Samples were prepared through sputter coating of the 

sample with an ultrathin layer of gold. This conductive gold layer assisted in imaging by 

reducing beam damage, improving secondary electron emission, and reducing sample 

charging83.  

2.6.2 Energy Dispersive X-ray Spectroscopy  

 Energy Dispersive X-ray Spectroscopy (EDS) is an analytical spectroscopic 

technique used to assess the elemental composition of a material. This method relies on an 

applied electron beam and, as such, is typically paired with SEM or TEM. When excited 

core electrons are emitted from a sample, the energy released upon core electron 

replacement is used to determine atom identity.  

 All EDS performed in this document was acquired using an EDAX Genesis Energy 

Dispersive X-ray Analyzer, which was paired with the aforementioned JEOL JSM 6400 

SEM. To perform EDS, the SEM was first zoomed in on a very small portion of the sample. 

Next, EDS was recorded for the small region of the sample in view. EDS required an 

extremely small region so as not to dilute the elemental signal strength. 

2.6.3 Transmission Electron Microscopy 

 Transmission electron microscopy (TEM) is another advanced microscopic 

technique that is used to image materials at extremely high magnification. Similar to SEM, 

TEM involves an electron beam that is directed at a material; however, unlike SEM, TEM 
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measures electrons that are transmitted through a sample – not emitted from the sample 

surface. For this reason, TEM samples must be ultrathin to ensure adequate electron 

transmission for imaging.  

 All TEM images presented in this document were obtained using a JEOL JEM 2011 

scanning transmission electron microscope (STEM). STEM is a mode of TEM that 

combines both the scanning beam from SEM and the measurement of transmitted electrons 

from TEM. Samples were prepared by dilution in ethanol and subsequent drop casting onto 

a glass slide.  

2.7 Sample Incubation 

2.7.1 Lyme Samples 

 All Lyme samples were obtained from the Mount Allison University Lyme Disease 

Research Laboratory, courtesy of Dr. Vett Lloyd. Borrelia whole-cell sonicates were 

obtained from lysis and centrifugation of B31 strain B. burgdorferi. Dead B. burgdorferi 

samples were obtained by counting living bacterial samples and then freezing the bacteria 

in dilute salt environment for at least 48 hours. All Lyme samples were stored at -20°C 

until use. 

 The incubation of fibronectin-modified electrodes in analyte involved drop-casting 

of the sample onto the electrode surface and subsequent incubation in a humidity chamber. 

The sample volumes, incubation times, and incubation concentrations varied depending on 

the experiment. After analyte incubation, electrodes were rinsed with distilled water prior 

to electrochemical measurement. 
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2.7.1 Hepatitis B Samples 

 HBsAg proteins were obtained from Abcam (U.K.). Proteins were diluted in 

distilled water, resuspended, and frozen until use at -20°C. The incubation of aptamer 

modified electrodes in analyte involved drop-casting 2 µL of the HBsAg sample onto the 

electrode and letting it sit for 30 mins in a humidity chamber. After analyte incubation, 

electrodes were rinsed with distilled water prior to electrochemical measurement. 

2.8 Reagents and Materials  

2.8.1 Reagents 

 Multi-walled carbon nanotubes (MWCNT), 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), N-Hydroxysuccinimide (NHS), potassium ferricyanide, and 

potassium ferrocyanide, potassium chloride, disodium phosphate, trisodium phosphate, 

and nitric acid were purchased from MilliporeSigma (Canada/UK). Human plasma 

fibronectin purified protein in 150 mM sodium chloride and 10 mM sodium phosphate (pH 

= 7.5) was obtained from MilliporeSigma (Canada). StartingBlock™ (PBS) Blocking 

Buffer was obtained from Thermo Fisher Scientific (Canada/UK). Thiol-modified 

aptamers were obtained from MilliporeSigma (UK). TOP-10 E. coli were supplied courtesy 

of Dr. Yang Qu at the University of New Brunswick. 

2.8.2 Additional Equipment 

 All chemical solids used during experimentation were measured using Mettler 

Toledo balances. All Lyme electrochemical measurements were carried out using 

CHI660E and CHI760E potentiostats, purchased from CH Instrumentation (USA). All 
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hepatitis electrochemical measurements were carried out using a Metrohm Autolab 

µAUTOLABIII/FRA2 potentiostat.  
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3.0 RESULTS & DISCUSSION: LYME DISEASE SENSOR 

3.1 Oxidation of Carbon Nanotubes 

3.1.1 Dispersal of MWCNT 

 After oxidation, the MWCNT are expected to exhibit a much higher hydrophilicity 

due to the high polarity of the new carboxylic acid functionalities. To confirm this, non-

oxidized MWCNT and oxidized nanotubes were dispersed in water to a final concentration 

of 1 mg/ml, left for one minute, and then analyzed visually (Fig. 6). The untouched 

MWCNT immediately began to settle out of solution and grouped together at the bottom 

of the vial. In contrast, the oxidized MWCNT formed a shiny, ink-like solution and 

appeared to remain suspended indefinitely.    

 

Figure 6: Non-oxidized (left) and oxidized (right) MWCNT after one minute of 

suspension in water. 
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3.1.2 Confirmation of MWCNT Oxidation 

 MWCNT oxidation was further confirmed and characterized with XPS. Analysis 

of the carbon XPS spectra (Fig. 7) showed evidence of carboxylic acid functionalization. 

The peaks at ~286 eV and ~288 eV correspond to the presence of hydroxyl and carbonyl 

groups, respectively. These peaks were not present to a significant degree in the carbon 

XPS spectra of commercially acquired non-oxidized MWCNT (Fig. 7, inset), pointing 

towards their development during the oxidation process. Specifically, these two 

functionalities exist within carboxylic acids and suggest the presence of said functional 

groups. 

 

Figure 7: Carbon XPS spectra of oxidized MWCNT (main graph) and non-oxidized 

MWCNT (inset). 
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 XPS analysis was also used to explore the oxygen spectra of the oxidized MWCNT 

(Fig. 8). The peak at ~531 eV corresponds to carboxylic acid functionalities and provides 

direct evidence of successful oxidation. The oxygen XPS spectrum of the non-oxidized 

MWCNT (Fig. 8, inset) showed no evidence of any carboxylic acid peak. 

 

Figure 8: Oxygen XPS spectra of oxidized MWCNT (main graph) and non-oxidized 

MWCNT (inset). 

3.1.3 Assessing MWCNT Quality 

 Since the oxidation of MWCNT used relatively harsh conditions, and because long 

exposure to nitric acid is known to degrade carbon nanotubes78, MWCNT were assessed 

for potential breakdown after the acid treatment. TEM was used to visualize the MWCNT 
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before and after the oxidation process (Fig. 9). The long, filamentous nanotubes appear to 

be roughly the same shape and size in both images, suggesting that there was no significant 

damage caused by the nitric acid treatment.  

 

Figure 9: TEM images of MWCNT before (A) and after (B) oxidation in 60% nitric acid 

for 18 hours at 108°C. 

3.2 Construction of Lyme Electrodes 

3.2.1 SPE Surface Activation 

 Various concentrations of nitric acid were tested for their ability to clean and 

activate the carbon surface towards the oxidation and reduction of the 

ferricyanide/ferrocyanide redox couple. A high enough concentration was sought to ensure 

proper cleaning without damaging the electrode surface.   
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 Compared to the bare untreated SPE, all nitric acid treatments resulted in improved 

electrode kinetics, observed through the sharpening of redox peaks and smaller peak-to-

peak separation (Fig. 10). Of the concentrations tested, 0.5 M, 1.0 M, 2.0 M, and 4.0 M 

nitric acid resulted in voltammograms of roughly the same shape and magnitude. The 8.0 

M nitric acid treatment resulted in greater peak-to-peak separation and contained an 

unknown peak around 5-20 mV (Fig. 10, zoom), which likely represented some form of 

electrode degradation. Thus, the 8 M nitric treatment was deemed too harsh for the SPEs; 

a concentration of 1 M was selected for pretreatment as it was sufficient to improve 

electrode kinetics, yet low enough to minimize risk of electrode break-down. 

 

Figure 10: Cyclic voltammograms of carbon SPEs after incubation in various 

concentrations of nitric acid for 5 minutes and measurement in 10 mM PB, 1 M KCl, and 

10 mM [Fe(CN)6]
3-/[Fe(CN)6]

4- at a scan rate of 100 mV/s. 
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 During preliminary experiments, and prior to testing different nitric acid 

concentrations, the previously mentioned unknown peak appeared several times. Given the 

frequency of its appearance, the identity of this peak was investigated to help prevent 

erroneous results. As the peak occurred near 0 mV vs. Ag/AgCl, silver leaching from the 

printed reference electrode was the primary suspect. When the peak was observed during 

one of the functionalization experiments, DPV was used to capture the potential at which 

it occurred (Fig. 11). Here, the unknown peak occurred at approximately 10 mV; the second 

peak around 0.25 V corresponds to ferrocyanide oxidation. After initial DPV, the same 

solution was spiked with a mixture of silver chloride to a final concentration of 5 mg/ml. 

Subsequent DPV showed a significant increase in the height of the unknown reduction 

peak (Fig. 11), corresponding to the constructive interference of increased silver oxidation. 

Thus, it was determined that the interfering agent was silver. However, the source of the 

silver ions did not appear to be the reference electrode as nitric acid had not come into 

contact with it. Instead, the culprit was likely the conductive silver lining that exists 

underneath the carbon layer of the working electrode. Harsh nitric treatments appear to 

expose this underlying silver layer and lead to the release of ionic silver. 
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Figure 11: DPV of an electrode exhibiting an unknown contamination peak before and 

after the addition of silver chloride with a pulse width of 0.05 s, increment of 4 mV, and 

period of 0.5 s. 

3.2.2 MWCNT Modification of SPE 

 After activation of the carbon of the working electrode, MWCNT were drop casted 

on to the surface. The nanotubes appeared to form a thin, uniform layer on the surface of 

the electrode. EIS was used to assess the effect of the nanotubes in terms of altering the 

rate of electron transfer at the electrode surface. Various amounts of MWCNT were added 

to the SPE (Fig. 12) and the resultant charge transfer resistances of their spectra were 

compared. Increased amounts of MWCNT were expected to increase the conductivity of 

the working electrode surface and facilitate electron transfer to and from the redox probe. 

This effect was observed, as the highest amount of MWCNT tested (5.0 µg) resulted in a 
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barely detectable semicircle, with decreasing amounts of MWCNT resulting in semicircles 

of increasing diameter.  

 

Figure 12: EIS of electrodes modified with various amounts of MWCNT measured in 10 

mM PB, 0.05 M KCl, and 5 mM [Fe(CN)6]
3-/[Fe(CN)6]

4-. 

 Given the large and predictable influence of MWCNT quantity on RCT, the amount 

of MWCNT added to the electrode can be used to adjust the initial RCT of the functionalized 

electrode before analyte addition. Thus, several amounts of MWCNT were used in 

different experiments in order to optimize the initial EIS conditions. Since a larger initial 

RCT is easier to interpret, the smallest amount of MWCNT (0.63 µg) was used in the 

majority of experiments. 
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3.2.3 Optimization of Supporting Electrolyte 

 The electrode cell solution contains KCl as a supporting electrolyte to increase 

conductivity. Increasing solution conductivity is expected to decrease the solution 

resistance by altering the innate electrical state of the cell solution. Increased solution 

conductivity is also expected to facilitate the flow of electrons to and from the redox probe, 

reducing the resistance to charge transfer between the two species. EIS measurements were 

performed on cell solutions containing several different concentrations of KCl with all 

other variables (e.g. MWCNT quantity) held constant (Fig. 13). As expected, decreasing 

KCl concentration led to increases in both RS and RCT, with maximal RS and RCT occurring 

in the lowest tested concentration (0.05 M). 

  

Figure 13: EIS of electrodes modified with 5.0 µg of MWCNT measured in 10 mM PB, 

5 mM [Fe(CN)6]
3-/[Fe(CN)6]

4-, and various concentrations of KCl. 
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 Since the KCl concentration exhibits a similar inverse relationship to the MWCNT 

quantity, it can also be exploited to fine-tune the initial RCT of the functionalized electrode. 

Thus, several concentrations of KCl were used throughout this work to ensure optimal 

response of the working electrode. Since a larger initial RCT is easier to interpret, the 

smallest concentration of KCl (0.05 M) was used in the majority of experiments. 

3.2.4 Fibronectin Modification of SPE 

 Plasma fibronectin protein was added to the working electrode surface after 

activation of the carboxylic acid functionalities with EDC and NHS. To assess the amount 

of fibronectin that should be added to the electrode, three different masses of fibronectin 

were tested on electrodes modified with 0.63 µg of MWCNT. EIS was used to assess the 

relative change in RCT with varying fibronectin quantities and all other variables held 

constant (Fig. 14). Addition of fibronectin was expected to increase RCT due to the proteins 

blocking the electrode surface and impeding current flow. In addition, plasma fibronectin 

is known to have an pI of approximately 5.2 and is thus expected to be negatively charged 

at experimental pH (7.4)84. Since both fibronectin and the redox probe are negatively 

charged in solution, repulsive interactions may also contribute to an increase in RCT. Before 

fibronectin addition, EIS was very similar for each electrode, so differences in RCT after 

fibronectin addition could be directly compared. The smallest amount of fibronectin tested 

(1.25 µg) yielded the smallest increase in RCT as expected, and increased amounts resulted 

in greater RCT increases (Fig. 14). The RCT increase for both 2.5 µg and 5.0 µg appear to be 

quite similar, suggesting electrode saturation with fibronectin occurs at some point around 

this amount of protein. Thus, 5.0 µg of fibronectin was chosen as the ideal fibronectin 
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amount to use to ensure as many binding sites as possible without wasting additional 

unnecessary protein. 

 

Figure 14: EIS Nyquist plots of SPE modified with 0.63 µg of MWCNT and 

functionalized with different amounts of fibronectin, measured in 10 mM PB, 0.05 M 

KCl, and 5 mM [Fe(CN)6]
3-/[Fe(CN)6]

4-. 

3.2.5 Stepwise Modification of SPE 

 SPE functionalization was assessed at each step of the modification process to 

ensure the expected alterations in electrochemical measurement were observed. In general, 

any modification that increased the surface conductivity of the electrode was expected to 

increase measured current and enhance charge-transfer. Likewise, any modification that 

obstructed the electrode surface was expected to decrease measured current and impede 

charge-transfer. The activity of the electrode was assessed using both CV (Fig. 15) and EIS 

(Fig. 16).  
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 Initially, the bare carbon SPE, prior to any modification, was tested. CV and EIS 

of the bare electrode (Figs. 15 & 16) exhibited a low peak oxidation current (100 µA) and 

the highest RCT (9100 Ω), respectively, compared to the other modification steps. This 

observation is consistent with the expected low activity of the bare SPE, prior to nitric acid 

activation. According to the SPE manufacturer, the factory-produced SPE contain surface 

binding agents and other contaminants that initially impede the electrode’s activity76. 

 

 

Figure 15: CV at each step of fibronectin functionalization. 

 Next, the nitric acid treatment was applied to activate the electrode and enhance 

kinetics. As in Figure 10, the CV (Fig. 15) shows a significant improvement in peak 

oxidation current (130 µA) after the activation. Similarly, the EIS spectrum shows a 
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significant decrease in RCT, moving from 9100Ω to approximately 500Ω.

 

Figure 16: EIS Nyquist plot at each step of fibronectin functionalization. 

 The nitric acid activation was followed by MWCNT modification, which was 

expected to significantly increase the conductivity of the electrode surface. CV of the 

MWCNT-modified electrode (Fig. 15) showed an increase in peak oxidation current (142 

µA) relative to the previous step, as expected. The RCT also decreased (~450 Ω) relative to 

the nitric acid treatment (Fig. 16); however, this decrease was very small compared to other 

RCT alterations. 

 Fibronectin functionalization involved the attachment of proteins to the surface of 

the working electrode. These proteins were expected to block the electrode surface and also 

repel the redox probe, thus impeding electron flow. CV of the fibronectin-modified 

electrode (Fig. 15) showed a large decrease in measured peak oxidation current (92 µA), 
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which was lower than the initial bare electrode. EIS (Fig. 16) also showed a large increase 

in RCT, which changed from approximately 500Ω to 2500Ω. 

3.3 Confirmation of Electrode Functionalization 

 The functionalization of carbon SPE with fibronectin was presumed to be 

successful from the observed increase in RCT (Fig. 16); however, further confirmation, and 

potential quantification, was sought. Several methods were employed in an attempt to 

confirm fibronectin functionalization. 

3.3.1 ATR-FTIR  

 ATR-FTIR was used to confirm the presence of fibronectin on the electrode 

surface. Since proteins are known to produce characteristic IR spectra peaks, this technique 

should provide conclusive evidence of fibronectin attachment. Figure 17 contains the IR 

spectra, obtained via ATR-FTIR, for each level of electrode treatment; the top plot for the 

commercial fibronectin protein solution, the middle plot for the MWCNT-modified 

electrode, and the bottom plot for the fibronectin-MWCNT-modified electrode. The IR 

spectrum for the fibronectin solution contains two important peaks that are characteristic 

of all proteins. The first peak, commonly referred to as the Amide I peak, occurs at 

approximately 1700 cm-1 and is typically associated with carbonyl (C=O) stretching 

vibrations within the amide linkages between each amino acid. The second peak, 

commonly referred to as the Amide II peak, occurs at approximately 1600 cm-1 and is 

typically associated with N-H bending and C-N stretching vibrations within the 

aforementioned amide linkages.  
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 Compared to the fibronectin spectrum, the MWCNT electrode spectrum is 

relatively flat. There are a few peaks present; however, none of these occur within the 

1600-1700 cm-1 range of interest. After addition of fibronectin to the MWCNT electrode, 

the spectrum changes drastically. The fibronectin-MWCNT spectrum closely matches 

what would be expected from superimposing the fibronectin and MWCNT electrode 

spectra from earlier on top of one another. Most importantly, the fibronectin-MWCNT 

electrode spectrum has two prominent peaks within the 1600-1700 cm-1 region, which 

closely match the Amide I and II peaks observed in the fibronectin-only spectrum. This 

observation suggests that fibronectin functionalization was successful, with fibronectin 

present on the surface of the electrode.  
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Figure 17: ATR-FTIR of fibronectin proteins (top), MWCNT-modified electrode 

(middle), and fibronectin-MWCNT-modified electrode (bottom). 
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3.3.2 Microscopy 

 SEM was employed in an attempt to visualize the fibronectin proteins bound to the 

MWCNT. According to a previous study on fibronectin morphology, plasma fibronectin 

exists as long filamentous proteins (up to a few µm in length) of approximately 2-3 nm 

diameter after refrigeration at 4°C85. However, fibronectin is known to have a very dynamic 

structure and can exist in many different shapes and sizes, including both an elongated and 

compact form86. Using equation 1, the 𝑅𝑚𝑖𝑛 of fibronectin was calculated to be 

approximately 5.0 nm. Thus, the diameter of fibronectin, if fully compact, can be estimated 

to be at least 10.0 nm.  

 SEM analysis of the fibronectin-MWCNT-modified SPE was significantly 

different from the fibronectin-free MWCNT-modified SPE (Fig. 18). Compared to the 

control (Fig. 18, top), the fibronectin-modified electrode (Fig. 18, bottom) exhibited small, 

white amorphous shapes that were evenly distributed across the surface. Given that the 

only difference between the samples was the presence of fibronectin, the identity of the 

small white blobs was likely the plasma fibronectin proteins. Higher magnification of the 

proteins (Fig. 19) revealed that they were nestled among the MWCNT and clearly stood 

out against the dark background. A rough size estimate placed the white shapes at roughly 

100-120 nm in diameter; however, it was not possible to accurately determine the shape of 

the proteins.  
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Figure 18: SEM images of MWCNT-modified carbon SPEs without fibronectin 

functionalization (top) and with fibronectin functionalization (bottom). 

 While the 100-120 nm diameter visual estimate from SEM is significantly different 

than the 2-3 nm or 10 nm estimates predicted through literature or eq. 1, respectively, it is 

not unexpected. Fibronectin is well-documented to undergo polymerization in the presence 

of  metal ions, polyamines, and other unknown factors85,87,88. Thus, the white forms are 

likely multiple fibronectin molecules associated with one another; this also helps explain 

the apparent difference in their sizes as each may possess a variable number of individual 
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proteins. It is also likely that there are smaller, less-polymerized fibronectin groups present, 

but they are outside the resolution of the instrument. 

 

Figure 19: SEM images of fibronectin-functionalized MWCNT-modified carbon SPE. 

 TEM was used to visualize the fibronectin protein solution in an attempt to confirm 

the protein size at higher magnification (Fig. 20). The proteins, which appeared as black 

forms in TEM, appeared in a variety of different sizes, ranging from tiny dots to larger 

agglomerations. The tiniest of these dots measured as small as ~10 nm; however, it was 

difficult to determine a definite size at the obtained magnification. The largest 

agglomerations were similar in size (~100-140 nm) to the white forms seen in SEM of the 
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proteins. Thus, it appears that SEM could visualize fibronectin on the electrode, but could 

only discern the proteins that existed as polymerized groups. Given that the majority of 

fibronectin observed under TEM was much smaller, it is also likely that the electrodes are 

functionalized with much smaller protein groupings that are not observable under SEM. 

 

 

Figure 20: TEM of plasma fibronectin on a glass slide. 

3.4 Electrode Stability 

 While the ability of a sensor to detect an analyte is extremely important, it is also 

essential that the probe is able to remain stable over a long period of time. This is especially 

true with biosensors, as they often employ biological components that can degrade or 

become unstable under certain conditions. The stability of the assembled Lyme electrodes 
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was evaluated to approximate the lifetime of the sensor after assembly as well as the 

stability of its electrochemical readings. 

3.4.1 OCP Stabilization  

 Since all EIS experiments were carried out at OCP, it was essential that OCP was 

stable prior to analysis. After analyzing the OCP over time of several fibronectin 

electrodes, it was determined that OCP typically stabilized within 10 minutes for this 

electrode design (Fig. 21). The OCP always began at a relatively low or high value – 

typically low – and then approached an asymptote at the stable OCP value. When 

electrodes were prepared under the same conditions and used the same solutions, the stable 

OCP was typically within 5 mV of all other obtained OCPs for the same electrodes (approx. 

140 mV). Thus, prior to all electrochemical measurements, OCP was performed for 10 

minutes to ensure each electrode was stable and obtain an accurate OCP value. 

 

Figure 21: OCP versus time for a typical fibronectin-functionalized electrode. 
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3.4.2 Attempts at Overcoming Electrode Instability 

While OCP was typically stable for the Lyme electrodes, EIS was another story 

altogether. In order to assess the change in RCT after analyte binding, it was necessary to 

measure RCT before and after each run. To ensure high accuracy, it was essential that the 

initial EIS data collected was stable over time. However, this was no simple task. EIS data 

frequently changed over time, even between scans that were only minutes apart. Sometimes 

these alterations appeared to be random, drifting back and forth between increased and 

decreased RCT; other times the instability was biased in a specific direction, drifting 

towards increased or decreased RCT. With the fibronectin-modified SPE, the most common 

instability was an upwards or downwards drift in RCT. 

3.4.2.1 The Effects of Light 

 The [Fe(CN)6]
3-/[Fe(CN)6]

4-
 redox probe used in this study, and commonly used in 

many impedimetric sensors, is well-known to undergo degradation upon exposure to 

light89. During this process, the probe can break down into several species including 

cyanide ions (CN-) and hydrogen cyanide (HCN). These species are documented to cause 

instability in impedimetric sensors that use gold electrodes by etching the electrode 

surface90. Thus, it is also possible that light exposure has led to redox probe breakdown 

and subsequent attack of the released species on the electrode surface. While careful 

attention was made to keep the redox probe in a dark environment, the solution did 

experience temporary light exposure during solution preparation. To assess whether this 

minimal light exposure contributed to the probe instability, electrodes were tested under 

both semi-light and completely dark conditions. 
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 First, a fibronectin-functionalized electrode was immersed in a 5 mM solution of 

[Fe(CN)6]
3-/[Fe(CN)6]

4- that experienced slight light exposure. This exposure was minimal, 

for only about 4-5 minutes, and occurred during preparation of the probe solution and 

dispensing of said solution into the electrochemical cell. EIS was performed over a period 

of 18 hours and sampled every 10 minutes. These results are presented as a Nyquist plot 

showing one spectrum for the beginning of each hour (Fig. 22). The initial spectrum (in 

red) and the final spectrum (in green) show a significant change, with a difference of 

approximately 2000 Ω. This represents an RCT drift of approximately -1.85Ω/min. 

 

 

Figure 22: EIS of fibronectin-functionalized electrode performed every hour for 18 hours 

with minimal light exposure. 

 Next, a fibronectin-functionalized electrode was immersed in a 5 mM solution of 

[Fe(CN)6]
3-/[Fe(CN)6]

4- that was prepared under completely dark conditions. EIS was 
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performed over 18 hours with the same conditions as the previous minimal-light 

experiment. The Nyquist plot (Fig. 23) for the complete-darkness condition shows a 

significantly lower change in RCT over time. The change in RCT was approximately 900 

Ω, representing a drift of about -0.83 Ω/min. Thus, preparation of the redox probe in 

complete darkness appears to decrease the drift in RCT by approximately half. However, 

some instability in RCT remained; this indicated that there was another contributing factor 

affecting the electrode stability. 

 

 

Figure 23: EIS of fibronectin-functionalized electrode performed every hour for 18 hours 

with no light exposure. 

3.4.2.2 Electrode-to-Electrode Variation 

 While the complete removal of light during the electrode preparation process led to 

increased probe stability, there were still observable differences in the initial RCT stability 

for different electrodes. These differences were much less than when the probe was slightly 
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exposed to light, but they were still present. Significant care was taken to ensure that 

electrodes were prepared in a consistent manner; however, this deviation persisted despite 

these efforts. For example, Figure 24 shows two different fibronectin-MWCNT electrodes 

prepared in the same manner. Since EIS required approximately 179 seconds to complete 

one scan, it was performed every 3 minutes for 15 minutes in the same cell solution. Despite 

the similarity in conditions these two electrodes experienced, one electrode (Fig. 24, left) 

exhibited a very stable initial RCT while the other (Fig. 24, right) drifted significantly. 

 

Figure 24: EIS of two identical fibronectin-electrodes measured every 3 minutes using 

the same cell solution. 

 Other attempts to improve stability included testing with varied KCl, MWCNT, and 

fibronectin concentrations, immersion in a redox probe-free ‘stabilizing’ cell solution prior 

to analysis, and use immediately after preparation; however, these efforts showed no 

improvement in electrode-to-electrode stability. 
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3.4.3 Coming to Terms with Electrode Instability 

  Given that most of the efforts to stabilize the initial RCT of the electrode showed 

no improvement, the remaining instability was deemed minor and tolerable. This instability 

can likely be attributed to variation in the surface chemistry of individual electrodes. Given 

that the electrode modification process involved several attachment steps (e.g. MWCNT, 

fibronectin, etc.), any of these components could be causing unpredictable movement at 

the molecular level and thus changing RCT. In particular, the fibronectin protein is a 

relatively large protein at 440 kDa. If this protein were attached to the electrode in only 

one spot, then its swaying back and forth upon exposure to the solution could result in RCT 

changes. It was also determined that many of the fibronectin proteins appear on the 

electrode as aggregates. The ejection, or release, of individual fibronectin proteins from 

these aggregates could also explain RCT instability – particularly when it decreases over 

time. In addition to the fibronectin, this instability may also be caused by the movement or 

release of MWCNT from the electrode surface. 

 To minimize the effect of these variations, EIS was run repeatedly for at least five 

times prior to every experiment. If the rate of change in RCT between the initial and final 

spectra was below |0.5 Ω/min|, then the experiment proceeded normally. If the RCT 

difference exceeded this rate, then the process was repeated and EIS was run five more 

times. If after 3 attempts the electrode was still significantly unstable, then it was discarded. 

It should be noted that only very rarely was an electrode discarded – the vast majority 

stabilized within 10 EIS runs. 
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3.5 Electrode & BBK32 Interaction  

 The ability of the electrode to detect Borrelia presence was initially investigated 

using a whole-cell sonicate of B. burgdorferi proteins. Within this mixture of proteins, 

BBK32 was expected to bind to the fibronectin on the electrode and result in a measurable 

signal. 

3.5.1 Electrochemical Analysis 

 The electrochemical analysis of the protein mixture containing BBK32 was 

performed using EIS. Using this method, the attachment of BBK32 proteins was expected 

to increase RCT due to additional blocking of the working electrode by these proteins. As 

more and more protein binds to the electrode surface, the redox probe experiences 

increased difficulty in accessing the electrode, which subsequently increases the resistance 

to the probe’s electron transfer. In addition, the pI of BBK32, estimated using an online 

tool19 and the corresponding protein sequence91, is approximately 5.3, indicating the 

protein is negatively charged at experimental pH (7.4). Thus, increased negative charge on 

the electrode surface, through BBK32 attachment, may increase repulsion towards the 

negative redox probe and also increase RCT. 

 Initial EIS studies with the BBK32-containing protein mixture demonstrated an 

observable increase in RCT upon 3-hour protein incubation on a fibronectin-MWCNT SPE 

(Fig. 25, left). This increase appeared to be relatively constant, in terms of RCT change, 

with subsequent protein additions. A rough calibration curve was constructed from a plot 

of RCT versus added protein concentration (Fig. 25, right). After linear regression, these 

datapoints demonstrated a high degree of linearity, with an R2 value of over 0.99 and a 
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slope of 104.9 Ω • mL/µg. Repetitions of this BBK32 addition demonstrated similar high 

linearity; however, electrodes exhibited a significant degree of variation and could not be 

directly compared.  

 

Figure 25: Fibronectin-MWCNT electrode after 3h incubations in BBK32-containing 

protein mixture, showing the EIS curves (left) and calibration curve (right). 

 While the addition of the protein sonicates to the fibronectin-MWCNT electrodes 

led to an increase in RCT, it was not certain that this increase was due to the attached 

fibronectin or simply extraneous binding to the electrode surface. To assess the source of 

this binding, fibronectin-free MWCNT electrodes were incubated in the whole-cell 

sonicate similar to the previous fibronectin-containing electrodes. If these fibronectin-free 

electrodes showed no change in RCT, then the binding could be attributed to fibronectin; 

however, a similar increase in RCT would indicate binding to other parts of the electrode. 

 EIS of the fibronectin-free MWCNT electrodes exhibited an increase in RCT, 

similar to the fibronectin-modified electrodes (Fig. 26, left). This increase also appeared to 

be relatively constant, similar to before. A rough calibration curve exhibited a high degree 
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of linearity, with an R2 of over 0.98 and a slope of 91.0 Ω • mL/µg. Similar to the 

fibronectin-electrodes, repetitions returned similar trends, but values were highly variable 

between electrodes and could not be directly compared. While this RCT increase indicated 

that proteins were likely binding to other parts of the electrode, all hope was not lost. The 

obtained slopes of the fibronectin-containing electrodes were consistently higher than those 

of the fibronectin-free electrodes. Thus, it appeared that the fibronectin electrodes 

experienced a higher degree of binding, but this was overshadowed by extraneous protein 

binding.  

 

Figure 26: MWCNT electrode after 3h incubations in BBK32-containing protein 

mixture, showing the EIS curves (left) and calibration curve (right). 

3.5.2 Addition of a Blocking Buffer 

 To address the issue of unwanted proteins binding to unwanted parts of the 

electrode (e.g. exposed MWCNT), a protocol modification was sought that would limit the 

ability of incubated proteins to bind to the electrode surface. Blocking buffers are 
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commonly used in analytical science and consist of a protein, or mix of proteins, that bind 

to non-specific parts of an analytical surface; these proteins prevent the binding of 

irrelevant proteins during analysis. These blocking buffers greatly reduce the background 

noise of an analytical method by limiting the amount of non-specific interference by 

proteins other than the analyte of interest. 

 Initially, BSA was tested as a blocking agent. After the fibronectin incubation of 

the electrode preparation process, a 30-minute blocking step was added, where the 

electrode was incubated in a 5% BSA solution. This added step led to increased initial RCT 

values, indicating some binding had occurred; however, it did not completely prevent the 

binding of whole-cell sonicate proteins to the fibronectin-free MWCNT electrode. 

 Next, a different blocking buffer was prepared, using StartingBlock™ from 

Thermo Fisher Scientific. This mixture contains a single undisclosed protein and is 

commonly used as a blocking agent. After a 30-minute incubation in 4X diluted Starting 

Block™, fibronectin-free MWCNT electrodes were exposed to the whole-cell sonicate. 

These electrodes demonstrated a high degree of resistance to extraneous protein binding, 

with nearly zero change in RCT upon exposure to the Borrelia sonicate (Fig. 27). Both low, 

1 ng/mL, and high, 10 µg/mL, concentrations of the Borrelia proteins produced no 

noticeable change. Thus, the StartingBlock™ incubation was incorporated into the 

electrode preparation process. It should be noted that the sample incubations in Figure 27 

were only for 30 minutes, as opposed to the previous 3 hour incubations; however, the BSA 

tests were also performed with 30 minute incubations and resulted in extraneous binding, 

suggesting that incubation time was irrelevant to the blocking effectiveness.  
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Figure 27: EIS of MWCNT electrode after 30-minute incubations in different 

concentrations of the whole-cell sonicate. 

3.5.3 Improved Electrochemical Analysis  

 With the elimination of background noise, the fibronectin-functionalized electrodes 

could now be assessed without fear of non-specific interactions. Incubation of the new 

blocked electrodes in Borrelia proteins resulted in increased RCT, while the fibronectin-

free control electrodes did not. Figure 28 shows an example of one the EIS sets obtained 

through sequential 30-minute incubations of a fibronectin-MWCNT electrode in varying 

concentrations of Borrelia proteins. Increased concentrations of Borrelia proteins resulted 

in increased RCT as low as 1 ng/mL, which was the lowest concentration tested. Replicates 

of this electrode demonstrated similar increases in RCT upon exposure to the Borrelia 
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proteins; however, as with the unblocked electrodes, there was a high degree of variation 

between different electrodes. Thus, while the general trend appeared consistent, the 

electrodes were difficult to directly compare. 

 

Figure 28: EIS curves for blocked fibronectin-MWCNT electrode upon sequential 30-

minute exposure to increasing concentrations of Borrelia proteins. 

 Using the change in RCT – that is, the difference between the RCT of a tested analyte 

concentration and the initial RCT – calibration curves were constructed and used to assess 

the sensor’s ability. The calibration curve of the data presented in Figure 28 shows an 

excellent fit (R2 > 0.99) with a logarithmic regression model (Fig. 29). This trend was 

observed in the other blocked electrodes as well, despite their variability. For the example 

presented in Figures 28 & 29, the standard deviation of the blank was calculated to be 5 Ω. 
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These blanks were calculated on the same electrode by measuring the deviation in RCT in 

3-minute intervals, prior to the incubation of the electrode in any analyte. By using equation 

2, the standard deviation of the blank and the slope from Figure 29 indicate an LOD of 

approximately 83 pg/mL. However, it is important to note that this LOD was calculated for 

the results from a single electrode. Ideally, a calibration curve should incorporate multiple 

replicates, so that each tested concentration reports a measured response with an 

accompanying standard deviation. Attempts to relate results from multiple electrodes 

proved very difficult, and thus it was necessary to estimate LOD from each electrode 

separately.  

 

Figure 29: Calibration curve for EIS data presented in Figure 28. 
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 While the results obtained from different electrodes returned varying responses that 

were difficult to compare, all attempts to standardize these responses were halted. The 

reason for this halt was an issue that had been set aside up until now as the proof-of-concept 

was developed: specificity. While LODs were obtained for the Borrelia proteins, these 

LODs represented the response of the electrode a wide mixture of proteins – not necessarily 

BBK32 as originally theorized. In fact, there are several other proteins in Borrelia that are 

known or suspected to interact with fibronectin92,93. Thus, the project was transitioned to a 

more appropriate sample type, seeing as the sensor development process was complete. 

3.6 Electrode & Borrelia Interaction  

 Since the mixture of Borrelia proteins potentially contained other fibronectin-

binding proteins, it was decided that all further testing would be conducted on whole 

Borrelia bacteria. These bacteria were counted to determine concentration and 

subsequently killed via freezing. Thus, all experiments below utilize dead Lyme bacteria 

3.6.1 Electrochemical Analysis of Borrelia Bacteria 

 The electrochemical analysis of Borrelia bacteria proceeded similarly to the 

previous sonicate tests. EIS was performed both before and after bacterial incubation, with 

bacterial attachment expected to increase RCT through increased electrode coverage. Given 

that the bacteria are several orders of magnitude larger than proteins, successful binding is 

also expected to increase RCT significantly more than protein binding.  

 Initial Borrelia tests were conducted with the fibronectin-MWCNT electrodes. CV 

performed on these electrodes exhibited different peak currents before and after bacterial 

incubation. Figure 30 shows the cyclic voltammograms before and after incubation of the 
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electrode in Borrelia at a concentration of 2000 cells/mL. While the change in current was 

not significantly different after bacterial exposure, there was an evident decrease compared 

to the fibronectin electrode. This decrease in current can be explained through the binding 

of bacteria to the electrode surface, which is expected to somewhat impede the redox probe 

reaction.  

 

Figure 30: CV of fibronectin-MWCNT electrode before and after 30 min exposure to 

2000 cells/mL Borrelia. 

 EIS analysis of fibronectin electrodes demonstrated a significant increase in RCT 

after exposure to the Lyme bacteria. Figure 31 shows EIS curves for a fibronectin-

MWCNT electrode before and after 30-minute incubation in 2000 cells/mL of Borrelia. 

After incubation in the bacteria, RCT increased by approximately 1000 Ω, which suggested 

that Lyme attachment to the electrode surface was successful.   
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Figure 31: EIS curves of fibronectin-MWCNT electrode before and after 30 min 

exposure to 2000 cells/mL Borrelia. 

 While the attachment of Borrelia to the electrode appeared successful, it was 

necessary to confirm that this attachment was due to the presence of fibronectin. To achieve 

this, three electrodes were prepared with varying amounts of fibronectin – similar to the 

amounts tested in Figure 14. Since the two highest amounts of fibronectin tested seemed 

to represent the saturation of the electrode, they were expected to return similar EIS results. 

However, the lowest amount of fibronectin did not saturate the electrode, and was thus 

expected to bind fewer Borrelia and show a smaller increase in RCT. 

 EIS results obtained before and after incubation of the different fibronectin 

electrodes in Borrelia showed an increase in RCT for all electrodes (Fig. 32). While the 

electrodes with the two highest amounts of fibronectin (Fig. 32, A&B) showed a roughly 

similar increase in RCT (approx. 3750 Ω), the electrode with the smallest amount of 

fibronectin (Fig. 32, C) showed a significantly smaller RCT increase (approx. 2750 Ω). 
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These results were consistent with the expected RCT increases and indicate that Borrelia 

binding is dependent on fibronectin functionalization. 

 

Figure 32: Nyquist plots of electrodes with varying degrees of fibronectin 

functionalization (A: 5.0 µg, B: 2.5 µg, C: 1.25 µg) before and after incubation in 2000 

cells/mL Borrelia. 
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3.6.2 Electrochemical Analysis of E. coli Bacteria 

 After confirmation that the fibronectin-functionalized electrodes could successfully 

bind Lyme bacteria, it was necessary to ensure that this attachment was specific. To 

evaluate this, a different species of bacteria was selected to serve as a control to represent 

other interfering bacterial species. For this, E. coli was selected. Some strains of E. coli are 

capable of binding to fibronectin; however, it is unknown whether the strain used here – 

TOP10 E. coli – are capable of such binding. If binding was observed, another strain of E. 

coli or another species of bacteria would be used.  

 This control experiment was carried out similarly to the previous experiments that 

used Lyme bacteria. EIS was performed before and after incubation of the electrode in E. 

coli at a concentration of 2000 cells/mL for 30 minutes. The resultant EIS data from this 

experiment showed little-to-no change in RCT, with almost identical Nyquist plots before 

and after E. coli incubation (Fig. 33). This indicated that either E. coli did not bind to the 

electrode or bound so weakly that they were removed during the rinsing process. Either of 

these options point towards the specificity of the constructed electrode by demonstrating 

that it can, at the very least, distinguish Lyme bacteria from another bacterial species. 
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Figure 33: Nyquist plots of fibronectin electrode before and after 30 min. exposure to 

2000 cells/mL E. coli. 

3.6.3 Attempts to Construct Borrelia Calibration Curves  

 With the knowledge that fibronectin-MWCNT electrodes displayed large changes 

in RCT when exposed to Borrelia bacteria, while displaying at least some specificity in not 

responding to E. coli bacteria, it was time to quantify this positive Borrelia response. 

Similar to the calibration curves obtained for the BBK32-containing protein mixture, 

fibronectin-MWCNT electrodes were exposed to various concentrations of dead Borrelia 

in hopes of achieving a concentration-dependent response. EIS was recorded before and 

after incubation of the electrodes in 5 µL of Borrelia for 30 minutes (Fig. 34). All of the 

tested concentrations resulted in large RCT increases, which indicated that bacterial 

attachment was successful. However, similar to the results in Fig. 14, the tested 

concentrations appear to give approximately the same increase in RCT. This similar RCT 
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change appears to indicate the electrode achieved saturation, with all of the tested 

concentrations producing the same maximal response. 

 

Figure 34: EIS of fibronectin-MWCNT electrodes before and after incubation in various 

concentrations of Borrelia for 30 min. 

 To prevent saturation, there are two adjustments that can be made: either decrease 

the exposure time of the sample on the electrode – to reduce the time that Borrelia have to 

attach themselves to the surface – or decrease the concentration of Borrelia – so there are 

fewer bacteria present to attach to the surface. Thus, in an attempt to overcome saturation, 

both of the aforementioned adjustments were adopted. The incubation time for Borrelia 

was decreased to 10 minutes and the lowest tested concentration was moved an order of 

magnitude down to 103 cells/mL. EIS of fibronectin-MWCNT electrodes tested with these 

modified conditions (Fig. 35) continued to exhibit identical RCT increases for each of the 
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tested concentrations. This suggested that saturation was still occuring as low as 103 

cells/mL, even after decreasing the incubation time by 1/3.  

 

Figure 35: EIS of fibronectin-MWCNT electrodes before and after incubation in various 

concentrations of Borrelia for 10 mins. 

 Since only 5 µL of each sample was used to incubate the electrodes, the effective 

amount of bacteria exposed to the electrode was becoming very small at this point. For 

example, 5 µL of 103 cells/mL should theoretically contain around 5 bacterial cells. Thus, 

for this sample volume, it was unrealistic to lower concentration any further. It is possible 

to increase sample volume to negate this issue; however, this was difficult to achieve using 

the current incubation approach as there was no way to ensure larger volumes would 

completely contact the working electrode. Thus, incubation time remained the last 

parameter that could potentially overcome saturation. 
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 Incubation time was decreased a final time to 60 seconds, with EIS recorded before 

and after incubation of the electrodes in various bacterial concentrations (Fig. 36). While 

the measured RCT values of the tested concentrations were somewhat different, they were 

still very similar to one another. One evident distinction from previous plots is that the 

change in RCT does not consistently trend with concentration – for example, the 105 cell/mL 

sample yields the lowest change in RCT. The likely culprit for this inconsistency is the use 

of such a short incubation time, giving the bacteria little time to bind and stabilize on the 

electrode surface. Thus, it is likely that any observed differences in RCT are due to bacterial 

instability, not bacterial concentration.  

 

 

Figure 36: EIS of fibronectin-MWCNT electrodes before and after incubation in various 

concentrations of Borrelia for 60 sec. 
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 Given that all tested concentrations still demonstrated a large increase in RCT, it 

remains possible that the response is still saturated at this low incubation time. The ability 

of the electrode to produce a large measureable response after only 60 seconds is very 

promising; however, for the purpose of constructing a calibration curve, it is a persistent 

complication. While obtaining a calibration curve was not achieved during these 

experiments, it remains an area of future research. 

3.7 Imaging of Bacteria  

 While Borrelia binding to the electrode surface was indicated through 

electrochemical means, we sought further confirmation through imaging. To achieve this, 

electrodes were incubated in living Borrelia bacteria, killed for safety purposes, and then 

imaged under SEM. 

3.7.1 SEM of Borrelia killed via Ethanol 

 After exposure of the fibronectin-functionalized electrodes to living B. burgdorferi, 

the bacteria were killed through the immersion of electrodes in 70% ethanol for 10 minutes. 

SEM was used to analyze the working electrode surface approximately 48 hours after 

bacterial death (Fig. 37). This particular electrode was exposed to a 2500 cells/ml solution 

of Borrelia for 30 minutes. The SEM images obtained showed small, white spheres 

distributed across the electrode surface. Upon closer examination, these white forms 

appeared to be too spherical to be the bacteria, which are typically long and cylindrical. 
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Figure 37: SEM image of fibronectin-MWCNT electrode exposed to Borrelia bacteria 

after ethanol incubation. 

 EDS was employed in an attempt to determine the identity of the white spheres. 

The obtained EDS spectrum (Fig. 38) contained four predominant peaks, which were 

assigned to carbon, gold, chlorine, and silver in order of increasing energy. The carbon and 

gold peaks resulted from the carbon background (SPE surface and MWCNT) and gold 

sputter coating, respectively. The chlorine peak likely resulted from leftover chloride ions 

that remained after immersion of electrodes in the KCl-containing cell solution. The silver 

peak was the only peak present that had no obvious explanation.  
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Figure 38: EDS of fibronectin-MWCNT electrode exposed to Borrelia bacteria after 

ethanol incubation. 

 Given that the only known source of silver in the sample was from the SPE lining 

and reference electrode, it was presumed to have originated through electrode breakdown. 

Previous literature has described the generation of silver nanoparticles through reduction 

of Ag+ in ethanol upon exposure to nonionic surfactants94. Thus, it is possible that these 

white spheres represent silver nanoparticles that were accidentally produced through 

contact with some surfactant – possibly one left over from electrode manufacturing or 

assembly.  

3.7.2 SEM of Borrelia killed via Freezing  

Since SEM of the ethanol-killed bacteria-exposed electrode showed no evidence of 

bacterial attachment, it was determined that ethanol was too harsh of a treatment for the 

bacteria. While the ethanol served its purpose of killing the bacteria, it appeared to have 
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completely destroyed any evidence of them – if they were there to begin with. To determine 

whether bacteria were not attaching, or the ethanol was simply wiping them off the 

electrode, an alternative method was used to kill the bacteria. Lyme bacteria were killed by 

freezing for 48 hours after exposure to a dilute salt environment in accordance with 

previous literature95. 

SEM images were collected for both fibronectin-free and fibronectin-

functionalized MWCNT-modified SPE (Fig. 39). This particular electrode was exposed to 

a 2500 cells/ml solution of Borrelia for 30 minutes. While the control electrode (Fig. 39, 

left), without fibronectin, showed no evidence of bacterial attachment, the fibronectin-

functionalized electrode (Fig. 39, right) exhibited amorphous shapes distributed over the 

surface. These forms were translucent and appeared in a variety of shapes – all of which 

were relatively compact.  

 

Figure 39: SEM images of both fibronectin-free (left) and fibronectin-functionalized 

(right) MWCNT-modified SPE after exposure to Borrelia bacteria. 



 

84 

 

 While the observed forms were not long and thin – as expected of the spirochete – 

this did not necessarily mean that they were not the bacteria. According to literature, 

Borrelia are well-known to roll up into small balls upon exposure to stressful 

environmental conditions96. Thus, it is possible that the forms observed under SEM 

represent the Borrelia in their rolled-up defensive form. Higher magnification of the 

suspected Borrelia on the electrode surface (Fig. 40, inset) reveal a diameter of 

approximately 400-500 nm. This observed diameter is still slightly smaller than expected 

of typical Borrelia rolled forms, which are usually a few microns in length96. However, the 

smaller observed size may be due to previous cell lysis in the hypotonic salt solution or 

subsequent shrinkage during freezing – both of which would lead to smaller cell diameters. 

 

Figure 40: SEM images of fibronectin-MWCNT electrode exposed to Borrelia bacteria. 
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 Since the Borrelia appear to be a lot smaller than expected, the dispersal of said 

bacterial forms may provide some insight into bacterial binding. A zoomed-out view of the 

Borrelia-exposed fibronectin-MWCNT electrode (Fig. 40) shows the dispersal of the 

bacteria across the electrode surface, which appear as small white dots at lower 

magnification. These white dots appear to be uniformly dispersed across the surface, which 

suggests that bacterial binding is roughly consistent across the entirety of the electrode. 

Given that there is at least a micron or two of space between each bacterium, this may 

indicate that bacterial size was larger during initial attachment. Thus, bacterial crowding 

may be limiting the attachment of bacteria and saturating the electrode response; however, 

because of bacterial shrinkage, we cannot confirm whether or not this is the case. 
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4.0 RESULTS & DISCUSSION: HEPATITIS B SENSOR 

4.1 Electrochemical Analysis of HBsAg 

 Gold disk electrodes were modified with both HBsAg-specific aptamers and MCH, 

both of which attached to the surface via covalent association between thiol groups and the 

gold surface. To determine whether these electrodes were capable of eliciting a response, 

EIS was employed to assess RCT before and after incubation in HBsAg. Figure 41 shows 

the Nyquist plots obtained before and after incubation of the aptamer-modified electrode 

in various concentrations of HBsAg. Compared to the initial run, the presence of HBsAg 

led to noticeable increases in RCT. This RCT increase suggests that attachment of the analyte 

to the aptamer was successful, and that the binding of the analyte appears to impede the 

redox probe reaction in solution.  

 The data presented in Figure 41 is a proof-of-concept as electrodes were incubated 

in increasingly higher concentrations of HBsAg using the same electrode. Ideally, results 

should be reproducible on different electrodes. The tested concentrations were an order of 

magnitude off from one another to determine the approximate range at which the electrode 

was active. While one of these datasets is presented here (Fig. 41), the trend was consistent 

with other electrode results. Looking at the Nyquist plots, increasing concentrations of 

analyte led to a steady increase in RCT. This indicated that any alterations in RCT were 

dependent on the analyte concentration. As a control, blocked electrodes without aptamer 

were incubated in the analyte and tested. These controls showed no significant change in 

RCT, indicating that observed increases are the result of aptamer-related interactions. 
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Figure 41: HBsAg aptamer-modified gold disk electrode exposed to various 

concentrations of HBsAg. 

 Conversion of the obtained EIS data into a calibration curve as the change in RCT 

versus concentration (Fig. 42) showed a roughly logarithmic relationship. Logarithmic 

regression showed a relatively good fit for the data, with an R2 value of 0.93. Using the 

obtained data, the LOD was determined to be approximately 19 pg/mL. This limit is very 

promising as it is well above the lower clinical concentration limit of 100 pg/mL. 
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Figure 42: Calibration curve of data presented in Fig. 41. 

 While the results presented above show promise for the eventual development of 

an aptamer-based sensing method for HBsAg, it should be re-iterated that these results are 

a proof-of-concept. This preliminary work has limited replicates and, as such, lacks the 

necessary statistics that are required to draw concrete conclusions. Through future work on 

this project, we hope to obtain results that will lead to the eventual development of a 

functioning sensor that can work on live samples. 

  



 

89 

 

5.0 CONCLUSION 

5.1 Lyme Disease Sensor 

  The overall goal of the Lyme disease project was to develop a proof-of-concept 

approach for Lyme disease biosensing using an electrochemical method. This involved 

using the known biological interaction between Lyme surface proteins (e.g. BBK32) and 

the human fibronectin protein. By functionalizing the surface of SPE with MWCNT and 

fibronectin, electrodes were obtained that exhibited a coating of fibronectin proteins across 

the entirety of their surface (Figs. 17-19). With the electrode coated in proteins, it now 

presented a biomimetic surface that resembled interior surfaces of the body that are known 

to interact with Lyme bacteria.  

 Initially, the prepared electrodes were exposed to a mixture of Lyme proteins that 

was known to contain BBK32. These Lyme protein samples produced significant 

electrochemical responses, indicating the protein attachment was successful (Figs. 28-29). 

However, it was unknown at this point whether these responses were due to BBK32 or 

other proteins in solution. Thus, the samples under study were changed from a Lyme 

protein mixture to whole-cell dead Lyme bacteria. These bacteria were expected to still 

have BBK32 expressed on their surface and would thus be capable of binding to the 

fibronectin electrodes. 

 The exposure of electrodes to dead Lyme bacteria produced significant 

electrochemical responses, which indicated the sensor was capable of binding Lyme 

bacteria (Fig. 31). This attachment was confirmed as the measured electrochemical 

response was dependent on the amount of fibronectin present on the electrode (Fig. 32). In 
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order to demonstrate the electrodes had some degree of specificity, prepared electrodes 

were exposed to E. coli; this bacterium did not produce a response, suggesting that Lyme 

attachment was at least somewhat specific. On the topic of specificity, there remains some 

concerns regarding these electrodes. For one, several bacteria and other cells are known to 

interact with fibronectin97. Thus, there remains the possibility that this sensing method will 

be difficult to transition into real-world samples that may contain other fibronectin-binding 

contaminants.   

 After the successful attachment of Lyme bacteria to the electrode, attempts were 

made at constructing a calibration curve with various concentrations of bacteria. Initial 

trials revealed that while tested concentrations led to significant responses, and thus 

bacterial binding, the response appeared to be saturated, as all trials resulted in the same 

RCT increase (Fig. 34). In an attempt to overcome this signal saturation, both sample 

incubation time and concentration were decreased; however, saturation still occurred (Figs. 

35). In fact, there was evidence that saturation occurred in as little as 60s upon exposure to 

the Lyme bacteria (Fig. 36). This fast response is very promising for the effectiveness of 

an eventual sensor, but it made it extremely difficult to obtain a calibration curve. 

 Another issue that occurred throughout the electrochemical measurements was the 

inconsistency in obtained values between different electrodes. While all experiments 

tended to reveal the same trends, the actual values were typically very different, such that 

results could not be directly compared without a massive margin of error. The reason for 

this inconsistency may be due to the difficulties experienced in obtaining stable RCT values 

prior to sample exposure (Figs. 22-24). It is also possible that this reproducibility difficulty 

is due to either the electrode functionalization process – with electrodes containing 
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significantly different levels of attached fibronectin – or the use of SPE, which are known 

to be less reliable, and more variable, than more standard electrodes. 

 Finally, having confirmed attachment of Lyme bacteria through electrochemical 

means, we sought to visualize the bacteria on the electrode surface. To achieve this, 

electrodes were exposed to living Lyme bacteria, after which the bacteria were killed and 

imaged under SEM. Initial tests were performed by killing the bacteria in ethanol; however, 

this completely destroyed all evidence of the bacteria and unexpectedly produced silver 

nanoparticles through some reaction with the SPE (Fig. 37). After switching to freeze-

killing the bacteria, the Lyme bacteria were observed on the surface of the electrode (Fig. 

39). Although these bacteria appeared much differently than expected (small spheres as 

opposed to long lines), this was attributed to the fact that Borrelia roll into balls a defensive 

mechanism. Having visualized the bacteria stuck to the surface of the electrode, it was 

certain that the sensing method was successful. There exists some work before this 

approach can be finalized, but the overall result was promising. 

5.2 Hepatitis B Sensor 

 The overall goal of the hepatitis B project was to develop a rapid, inexpensive 

biosensor for the diagnosis of the disease. This sensing approach involved detecting 

HBsAg by attaching HBsAg-specific aptamers to the surface of gold disk electrodes. 

Exposure of the prepared electrodes to HBsAg led to measurable electrochemical responses 

that indicated successful attachment (Fig. 41). The calibration curve obtained for these 

results indicated decent fit of the data and an LOD of approximately 19 pg/mL (Fig. 42). 

While these results are promising, they represent a proof-of-concept and currently lack the 
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needed replicates to prove statistically significant. As mentioned in the acknowledgements, 

this work was cut short due to the ongoing pandemic, but the project is still a work in 

progress. 
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6.0 FUTURE WORK 

6.1 Lyme Disease Sensor 

 While the results obtained for the Lyme sensor are promising, there exists several 

issues that require additional work and improvement. As previously mentioned, the 

possibility of limited specificity exists due to other cells that can bind fibronectin. Thus, 

future work should explore potential ways to improve electrode specificity. Luckily, the 

BBK32-fibronectin interaction is somewhat unique, in the sense that it binds using a catch-

bond mechanism – a rare type of interaction, where bond strength can increase when higher 

stress is applied98. This mechanism is responsible for Lyme bacteria being able to bind to 

the inside of blood vessels and resist the flow of blood. As an example of how this bond 

type can be used to increase specificity, the electrode setup could be transitioned to a flow-

cell, where the cell solution is constantly cycled across the electrode surface. This flowing 

cell solution may provide enough stress to ensure strong Lyme attachment, while washing 

away other potential contaminants.  

 Another common issue with the electrodes was the inconsistency in 

electrochemical results. Future work may explore alternative electrode setups (e.g. disk 

electrodes) that may be more consistent. In addition, it may prove worthwhile to adjust the 

protocol to better ensure equal fibronectin addition; for example, increasing fibronectin 

amount well above the saturation threshold may ensure all electrodes are completely 

covered. These changes may also improve the initial RCT stability of the electrodes, which 

was also an ever-present issue with the electrodes used here. Overall, all future work should 
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aim to acquire results that can be statistically compared to produce an appropriate 

calibration curve that can accurately predict a LOD. 

6.2 Hepatitis B Sensor 

 The hepatis B sensor returned promising preliminary results; however, there 

remains a lot of work before the sensor can be finalized – or eventually commercialized. 

The largest necessity is to obtain a statically validated calibration curve, which will require 

many additional electrochemical measurements. In addition, the sensor will also be 

eventually transitioned to a different platform that is less expensive than gold disk 

electrodes. This is necessary for the sensor to have any justification is an inexpensive 

alternative and will require a whole new series of optimizations. Overall, the sensor is a 

work in progress and will hopefully produce more promising results within the next years. 
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