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1 Lay Abstract 

An electrochemical biosensor is a sensing device with the ability to detect biological species via 

the transduction of a specific biological event into electrochemical signals. These sensors are 

extremely useful for the detection of analytes in biological fluids for clinical diagnostics, to 

determine the presence or  absence of diseases. This manuscript addresses the challenges 

associated with the stability, reproducibility, and the low limits of detection associated with screen-

printed carbon electrodes used in electrochemical biosensing. Subsequently, due to the strong 

correlation between glycated hemoglobin (HbA1c) and C-reactive protein (CRP) to connote the 

risk of contracting coronary heart disease (CHD), the manuscript presents a novel label-free 

electrochemical biosensing method for the detection of HbA1c and CRP with low detection limits. 

Secondly, the manuscript identifies ambient storage conditions for the long-term stability of a 

biomolecule-free sensing device for the roadside detection of ultra-low concentrations of Δ9-

tetrahydrocannabinol (THC).  
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2 Abstract 

Electrochemical biosensors are renowned for their ability to detect a wide range of analytes in 

biological fluids for clinical diagnosis. The implementation of  biomarkers in electrochemical 

biosensors for clinical diagnosis is essential for the specific and accurate diagnosis of the disease 

with high sensitivity and selectivity. Therefore, this thesis evaluates the challenges pertaining to 

the stability, reproducibility, and obtaining a low limit of detection for the internal/external 

biomarkers associated with two distinct electrochemical biosensors.  

The first study tackles the challenge of detecting low analyte concentrations in a label-free 

biosensor. It introduces an innovative label-free electrochemical biosensing method for the 

detection of glycosylated hemoglobin (HbA1c) and C-reactive protein (CRP) to predict Coronary 

Heart Disease (CHD) progression using tailored redox probes, proposing a dual biomarker 

biosensing platform for future research. Calibration curves reveal an LOD of 5 mg/mL in PBS (8) 

FeCN (II) and 6 mg/mL in SB for a linear range of 0 – 30 mg/mL of HbA1c. Similarly, an LOD 

of 0.007 mg/mL and 0.008 mg/mL in PBS (7.4) PcA-NO2 and SB, respectively, is reported for a 

linear range of 0 – 0.05 mg/mL of CRP. 

The second study focuses on stabilizing a biomolecule-free sensor for the ultra-low 

detection of Δ9-tetrahydrocannabinol (THC) in roadside testing. Pre-depositing THC, an external 

biomarker for drug-impaired driving, onto the biosensor's working electrode enhances its 

interaction with analytes. However, THC's oxidative nature compromises sensor stability during 

manufacturing. Consequently, optimal electrode storage conditions were explored, indicating 

frozen storage as ideal for up to six months, effectively preventing THC oxidation at -18°C, while 

degradation occurs at 4°C. Modified electrodes stored under optimal conditions exhibit improved 

calibration curves when exposed to various THC samples. 
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Chapter 1 : Introduction 
 

1.1. Motivation 

The rationale for selecting this topic for the thesis stems from the imperative need for detection 

devices, particularly those based on electrochemical principles. Electrochemical-based devices 

offer rapid real-time results, cost-effectiveness, user-friendliness, portability, and a high degree of 

accuracy without necessitating extensive professional expertise. They align with the contemporary 

requirements of modern diagnostics. The first proposed sensor has the capacity to predict the 

progression of heart disease swiftly, eliminating the need for patients to endure prolonged wait 

times for their results and potentially contributing to life-saving interventions. On the other hand, 

the deployment of stable electrochemical sensors for roadside drug detection has the potential to 

significantly diminish drug-impaired driving incidents and subsequent collisions. Therefore, both 

electrochemical sensors focus on enhancing human well-being and contributing to the preservation 

of human life.  

1.2. Objectives 

The main objectives of this thesis encompass the mitigation of challenges inherent to biomolecule-

free and label-free electrochemical biosensors, including issues related to stability, reproducibility, 

and the detection of low analyte concentrations. Consequently, both manuscripts are dedicated to 

the resolution of these challenges and the development of accurate and precise electrochemical 

detection devices. The primary focus of the first manuscript is dedicated to overcoming the 

challenge of detecting low analyte concentrations, specifically targeting internal biomarkers 

glycated hemoglobin (HbA1c) and C-reactive protein (CRP) for the assessment of heart disease 

maturation in clinical diagnostics. On the other hand, the role of the second manuscript is to address 
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the chemical instability associated with a previously reported biomolecule-free device designed 

for the roadside detection of the external biomarker, Δ9-tetrahydrocannabinol (THC). 

1.3. Thesis Outline 

A schematic flow chart illustrating the overarching concepts and the underlying key themes 

explored within the thesis is depicted in Figure 1- 1. The flow chart is essential in demonstrating 

the synergistic interrelation between the two distinct categories of biomarkers explored (i.e., 

internal and external) within the two publishable manuscripts presented. Both emanate from a 

common foundational basis and pertain to modern clinical diagnostics through the utilization of 

electrochemical detection methodology.  

 
Figure 1- 1: Schematic flow chart representing the general theme of the thesis contents. 
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The thesis outline is as follows:  

→ Chapter 2 includes the literature review on the electrochemical detection of biological 

fluids with prime biomarkers using different electrochemical techniques.  

→ Chapter 3 outlines the challenges pertaining to label-free electrochemical sensors and 

provides a novel label-free electrochemical method for the quantification of low analyte 

concentrations for clinical diagnosis via the publishable manuscript, “Label-Free 

Electrochemical Detection of Glycated Hemoglobin (HbA1c) and C-Reactive Protein 

(CRP) to Predict the Maturation of Coronary Heart Disease due to Diabetes.” 

→ Chapter 4 focuses on the challenges associated with biomolecule-free electrochemical 

sensors and identifies optimal storage conditions aimed at enhancing the long-term stability 

of this approach via the publishable manuscript, “Determining Optimal Storage Conditions 

to Enhance the Stability of Δ9-tetrahydrocannabinol (THC)-Modified Screen-Printed 

Carbon Electrodes (SPCEs).” 

→ Chapter 5 summarizes the key findings and associated field contributions of this thesis.   
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Chapter 2 : Electrochemical Detection of Biological Fluids Using Screen- 
Printed Carbon Electrodes 
 

2.1 Preface 

This literature review aims to explicate the electrochemical (EC) detection of biological fluids 

using screen-printed carbon electrodes (SPCEs). The review provides an insight on the numerous 

EC techniques for the measurement of SPCEs and extends to presenting an in-depth analysis on 

the EC detection of biological fluids with prime biomarkers relevant in the subsequent chapters of 

this thesis.  

Rehmat Grewal is the sole author of this chapter.  

2.2 Introduction to Electrochemical-based Biosensors 

An EC biosensor is defined as an analytical device which functions based on the transformation 

of a biological response into an electronic signal [1]. EC-based biosensors have been tremendously 

advantageous in the field of medical diagnostics for the rapid and specific measurement of the bio-

analyte, in conjunction with the high sensitivity, energy efficiency, and economic feasibility 

presented by the device. Hence, EC-based biosensors have been used extensively for the detection 

of key bio-analytes including glucose, cholesterol, uric acid, hemoglobin, neurotransmitters, 

biological fluids, and also pathogens such as bacteria and viruses [2].   

A biosensor is primarily comprised of an EC transducer, a receptor, and a corresponding 

detector. The mechanism of detection for a typical EC biosensor entails: (a) the specific binding 

of the bioreceptor to the analyte which initiates the occurrence of a biological event in the interface, 

(b) the biological event resulting in generating a specific EC signal received by the transducer, (c) 

the EC signal amplified via a detector circuit and processed using an EC computing software by 

the human operator for analysis [3] (Figure 2- 1).  
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Figure 2- 1: The mechanism of detection for electrochemical biosensors for clinical diagnosis, 

created using BioRender.com. 

The fabrication of a successful EC biosensor necessitates materializing the following 

conditions:  the use of a highly specific biocatalyst and a biocompatible probe (if applicable), 

performing minimal pre-treatment of the sensor, obtaining an accurate and reproducible linear 

response, preferable for the biosensor to provide real-time analysis, and the overall biosensor to 

be small, portable, cost effective, and operable by semi-skilled operators [3]. EC-based biosensors 

can demonstrate high selectivity due to the prospect of immobilizing biological recognition 

elements such as antibodies, nucleic acids, receptors, or enzymes [4] on the sensor to induce a 

specific interaction between the substrate and the target analyte [5].  

2.3 Screen-Printed Carbon Electrodes for Electrochemical Biosensing 

The most vital constituent of an EC biosensor which influences the performance of the sensor is 

the electrode. The electrode material and associated surface modifications performed on the 
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electrode can elicit a major impact on the aptitude of the sensor to detect. Although glassy carbon 

electrodes (GCE), silicon electrodes, and gold (Au) based electrodes are widely used in 

laboratories for the purposes of standard sensing [6], these electrodes are often used as static 

devices and hence, lack portability [7]. With the demand for the biosensing device to be portable 

and offer real-time detection for the provision of point-of-care (POC) testing, screen-printed 

carbon electrodes (SPCEs) [8] were developed.  

SPCEs are the most common type of electrodes used for EC biosensing applications due 

to their versatility, low cost, mass producibility, reproducibility, miniaturization, and disposability 

[9]. The carbon-based electrodes are widely recognized due to their exceptional thermal, chemical, 

electrical, mechanical, and catalytic properties [10]. This category of electrodes has been utilized 

in the field of electrochemistry in abundance as a biological and chemical sensor, in the conversion 

and storage of energy, microelectronics, and as supercapacitors (SCs) [10].  

The EC biosensing for SPCEs are fulfilled via its base substrates: the working electrode 

(WE) or the sensing electrode, a counter electrode (CE), and a reference electrode (RE). Wherein, 

the WE serves as a vessel for conducting the biochemical reaction, the CE as a conductor, and the 

RE regulates a stable EC potential. Both, CE and RE must be chemically stable to aid in devising 

a connection with the electrolytic solution for current to flow through the WE [3]. The mode of 

measurement for biological systems in biosensing is typically electrochemical in nature, with the 

bio-electrochemical component as the transducer. The specific biological event engenders either a 

current that is measurable (amperometric), a potential that is measurable (potentiometric), or 

changes the conductive properties of electrode (conductometric) [5].  
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2.3.1 Amperometric Devices 

Amperometric-based sensors operate by measuring the continuous current materialized by the 

oxidation or reduction of the electroactive species in use [4]. The measurement of the current at a 

constant potential is termed as amperometry, whereas measurement of the potential with controlled 

variation is termed as voltammetry. Consequently, the intensity of the measured current using a 

linear range of potential is directly proportional to the concentration of the analyte of interest [4, 

5], mediated by the EC reaction occurring at the WE. As a result, studies [11, 12] demonstrate that 

amperometric-based devices present improved sensitivity to potentiometric devices.  

The most common examples of voltammetric techniques include linear sweep, differential 

staircase, cyclic, normal pulse, reverse pulse, differential pulse, and polarography [3]. Cyclic 

voltammetry (CV) is considered the most powerful EC voltammetric technique to analyze the 

oxidation and reduction processes of the electroanalytic solution, and the corresponding EC 

reaction rates. Another category of amperometric techniques is chronoamperometry, which 

involves the application of a square-wave potential to the WE and subsequently, the steady state 

current is determined as a function of time [3].  

2.3.2 Potentiometric Devices 

Potentiometric devices are responsible for measuring the total accumulated potential of the WE in 

the absence of current flow at the RE [3 – 5]. Potentiometric-based EC sensors are capable of 

delivering knowledge pertaining to the ion activity during an EC reaction and hence, are useful in 

detecting low concentrations from small sample volumes [13]. However, the variety of ions 

available is insufficient for the possibility of low detection limits due to the lack of important 

analytes, including nickel, mercury, and arsenate.  
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As per the International Union of Pure and Applied Chemistry (IUPAC), the two major 

advantages presented by potentiometric biosensors are: the biological species are a vital part of the 

receptor, and the resultant EC produced is in the form of a potential [14]. Additionally, 

potentiometry has also been used to determine the specific stage in a biochemical reaction during 

which, contrasting solutions of equivalent amounts would reach a state of equilibrium. 

Potentiometric devices based on field-effect transistors (FET) have also been used extensively to 

quantify changes in pH, selective ion concentrations, and determining the kinetics of biocatalytic 

reactions associated with enzymes [15].  

2.3.3 Conductometric Devices  

Conductometric devices are used to measure the electrical conductivity between the electrodes or 

the reference nodes of an electrolytic solution. These devices are often linked with enzymes 

wherein, the changes in the conductivity between two electrodes in a solution observed is due to 

the occurrence of an enzymatic reaction. Therefore, conductometric devices have been used to 

analyze the fluctuations in the concentration of a charged species in an electrolytic solution [16]. 

However, these devices are limited for clinical biosensing applications with majority clinical 

samples being ionic-based, and with the need to measure conductivity in high ionic strength 

solutions [17].  

Opposingly, multi-analyte and polymer-based conductometric devices have gained 

popularity due to improvements in sensor integration and semiconductor technologies in 

microelectronic devices, including FET-based ones [18]. This had led to the recognition of 

conductometric-based immunosensors fabricated with nanowires [19]. These devices have often 

been affiliated with the detection of drugs and contaminants, in biological fluids and environmental 

samples, respectively [20]. Furthermore, conductometric devices have been associated with the 



M.A.Sc. Thesis – R. Grewal.                                McMaster University – Biomedical Engineering 

 9 

use of whole cells for conducting toxicity analysis by arresting the cells to interdigitated electrodes 

[21].  

2.4 The Electrochemical Detection of Diseases in Biological Fluids 

EC biosensors can be used for the detection of a wide range of samples including biological fluids 

and specimens, food items, environmental samples, and cell cultures. Human body fluids or 

biological fluids (Figure 2- 2) are of great significance in the field of EC biosensing to provide 

confirmation for a clinical diagnosis, in monitoring the progression and predicting the maturation 

of diseases. Common biological fluids comprise of blood, saliva, nasal fluid, gastric fluid, seminal 

fluid, urine, vaginal secretions, amniotic fluid, and breast milk [22]. Considerable research has 

been conducted to identify appropriate surface modifications with specific binding affinities in 

biological fluids over extended periods of time [23].  

 
Figure 2- 2: Common human bodily fluids used for electrochemical biosensing, created using 

BioRender.com. 

Blood has been established as the standard biological fluid for the detection of diseases and 

illicit substances, with the pharmacokinetic effects of biomarkers in blood validated [24]. The 
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correlation between blood, oral fluids (OF), and urine must be explored further for the purposes of 

standardizing results [25]. Recently, OF have been used for EC biosensing applications extensively 

due to their non-invasive collection methods. Specifically, saliva is an OF which has been used as 

the primary biological medium for biosensing increasingly [25], highly relevant for coronavirus 

(COVID-19) diagnosis. Despite the challenges associated with developing a correlation amongst 

biological fluids, the correlation of using biological fluids in EC biosensing has often been reported 

[25]. 

The mechanism for the EC detection of diseases in biological fluids entails: the addition of 

the biological fluid onto the substrate, followed by the incidence of a specific interaction between 

the biomarker (target material) in the biological fluid with the bioreceptor on the sensor, resulting 

in a unique EC signal change, indicating the presence or the absence of the disease [26]. However, 

the lack of surface architecture in EC biosensors with the demand for measuring high concentration 

ranges has resulted in decreased sensitivity, and in the inability of the biosensor to identify the 

distinct response associated with the biochemical event. Additionally, the immunosensor is deeply 

affected by the differences in the pH and ionic strength of biological fluids [20].  

As per the World Health Organization (WHO), a biomarker can be defined as “any substance, 

structure, or process that can be measured in the body or its products and influence or predict the 

incidence of outcome or disease” [27]. The implementation of biomarkers as diagnostic indicators 

in clinically relevant samples is a necessity to provide specific and accurate assessments regarding 

the risk or the presence of diseases with high sensitivity and selectivity [12].  

A comprehensive analysis of the biomarkers relevant to this thesis will be provided in 

Chapters 3 and 4 to avoid any overlap of information. For the purposes of introducing the 

biomarkers of interest in the subsequent chapters of this thesis, biomarkers can be grouped into 
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two distinct categories: internal (“found in the human body”) and external (“not found in the 

human body”) biomarkers. While the list of internal and external biomarkers is endless, the 

following sections present the most common ones for the EC diagnosis of diseases. 

2.4.1 Internal Biomarkers  

Internal biomarkers comprise of substances or molecules which exist within the human body and 

are indicative of physiological processes and diseases. Bodaghi and associates [28] further 

categorize them into cellular, molecular (chemical, protein, or genetic), and imaging biomarkers, 

in addition to diagnostic, prognostic, and therapeutic biomarkers for clinical applications. 

Recently, high levels of urea and creatinine [29], C-reactive protein (CRP) [30], lactate 

dehydrogenase [31], and serum amyloid A [32] have been termed as valuable biomarkers for the 

prognosis of the ongoing COVID-19 pandemic.  

Blood glucose levels are an essential and established biomarker for the EC-POC sensing 

of glycemia [33]. Numerous amperometric and impedimetric EC biosensors have been developed 

for the detection of glycated hemoglobin (HbA1c) for diabetes with high sensitivity [34, 35]. Wu 

et al. [36] presented a novel β-Cyclodextrin coated EC biosensor for the selective recognition of 

low-density lipoproteins (LPL) to predict the accumulation of cholesterol. Balayan and colleagues 

[37] provide a comprehensive review on the recent EC biosensors fabricated for the measurement 

of CRP levels, directly linked with the development of coronary heart disease (CHD) [38, 39].  

Additionally, a highly-sensitive EC biosensor comprised of graphene oxide (GO), gold 

nanoparticles (AuNPs), and specific antibodies for the detection of prostate-specific antigen (PSA) 

has been reported for prostate cancer [40]. Supraja et al. [41] present a label-free EC detection of 

the cardiac biomarker troponin T using ZnSnO3 perovskite nanomaterials on a glassy carbon 

electrode (GCE). Other common biomarkers used for EC biosensing include aptamer-based 
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biosensors for the detection of brain natriuretic peptide (BNP) for heart failure [42], impedimetric 

immunosensors for the detection of thyroid stimulating hormones (TSH) [43], and the 

measurement of the steroid cortisol in human serum using an aptamer with an antifouling 

composite layer [44] .  

2.4.2 External Biomarkers  

Opposingly, external biomarkers consist of substances or molecules present in the environment 

which can influence the human body via inhalation, ingestion, or exposure to these contaminants. 

These consist of food samples, drugs, alcohol, metal contaminants in the water, waterborne 

pathogens, environmental pollutants such as pesticides and herbicides, organic pollutants, air 

quality pollutants including carbon monoxide (CO) and nitrogen dioxide (NO2) gases, bacterial 

toxins and microorganisms, hormone disruptors like bisphenol A (BPA) present in plastics, and 

oil spill contaminants such as hydrocarbons in aquatic environments.  

Ortega and colleagues [45] report a biomolecule-free EC sensing approach for the detection 

of ultra-low concentrations of Δ⁹-tetrahydrocannabinol in saliva. Florea et al. [46] present a highly 

selective EC sensor for the detection of cocaine using molecularly imprinted polymers (MIP) 

arrested onto graphene-based electrodes. Costa and associates [47] published a review on the 

specific biomarkers for the detection of alcohol, EC biosensors for the detection of alcohol in 

sweat, and the correlation between blood and alcohol.  

Furthermore, Riu and Giussani [48] provide a detailed review of the current EC biosensors 

for the detection of pathogenic bacteria in food as an alternative to traditional methods of analyses. 

Other examples include the EC detection of BPA using an MIP nanocomposite [49], amperometric 

detection for selective pesticides [50], low-cost and rapid air-quality (AQ) EC devices for the 
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measurements of CO, NO, NO2, and O3 [51], and microfluid-based EC biosensors for the 

detection of waterborne pathogens [52].  

  



M.A.Sc. Thesis – R. Grewal.                                McMaster University – Biomedical Engineering 

 14 

Chapter 3 : The Label-Free Electrochemical Detection of Screen-Printed 
Electrodes – Challenges and Perspective  
 

3.1 Preface 

This chapter introduces the challenges associated with the label-free EC detection of biomarkers 

in clinical diagnosis and provides a label-free EC sensing approach for detecting low analyte 

concentrations. Specifically, the publishable manuscript in Section 3.3 presents a label-free 

electrochemical detection method for HbA1c and CRP to predict the maturation of CHD. The 

manuscript renders a novel label-free EC sensing approach using specific redox probes with a high 

binding affinity to the biomarkers of interest. The contributors of the manuscript include:  

1. Ms. Rehmat Grewal  

2. Dr. Greter A. Ortega – divisions 2.3 and 3.1, and part of 3.2 (under the scope of section 

3.3 in this chapter). 

3.2 Introduction to the Challenges Associated with the Label-Free Electrochemical  

Detection of Biomarkers 
 

The term “label-free” sensing approach refers to the detection of the target analyte without the use 

of artificial probes or labels [53], allowing clinicians to monitor the interaction between the 

bioreceptor and the analyte in real-time. Label-free biosensors have the ability to detect target 

analytes in their biological form, without the need for chemical modifications and labelling. 

Additionally, they present a rapid response time, are economically feasible, can detect small 

molecules with minimal use of organic solvents, don’t necessitate the need for highly trained 

personnel, and offer a simplified process for analysis with high sensitivity [54].   

 Despite the numerous advantages demonstrated by label-free biosensors, achieving low 

limits of detection (LOD) can be challenging using this approach due to a variety of reasons. With 

label-free sensors highly reliant on subtle changes in the physical or chemical properties of the 
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analyte or the biomarker, this can lead to inducing a poor signal-to-noise ratio (SNR), especially 

for low analyte concentrations. The detection of smaller analytes can also deem unsuccessful in 

generating significant changes in the electrochemical signal, resulting in the inability to detect the 

analyte itself. Additionally, the lack of selectivity presented by labeled methods such as ELISA 

can induce the cross reactivity with non-targeted molecules. Therefore, the label-free detection of 

biomarkers can lead to affecting the sensitivity, specificity, and the practicality of the biosensor.  

 The subsequent section of this chapter emanates from the challenges stated above and 

provides a label-free EC biosensing approach for the detection of the internal biomarkers, HbA1c 

and CRP, for the maturation of CHD. The label-free approach proposed uses redox probes with a 

specific interaction with each biomarker to significantly improve the LOD. The redox probes 

presented aid in amplifying the corresponding EC signals retrieved during detection and hence, 

can measure low analyte concentrations with ease. The use of highly-specific redox probes also 

results in enhancing the kinetics between the biomarker and the surface of the electrode, promoting 

high selectivity and sensitivity.  

3.3 Label-Free Electrochemical Detection of Glycated Hemoglobin (HbA1c) and C-Reactive  

Protein (CRP) to Predict the Maturation of Coronary Heart Disease due to Diabetes 
 

Diabetes presents a high risk of promoting coronary heart disease (CHD). Prevailing evidence 

confirms that small increases of C reactive protein (CRP) in the human body can determine the 

tendency of developing CHD. In addition, glycated hemoglobin (HbA1c) is a well-recognized 

biomarker to evaluate diabetes progression. Given the positive correlation between diabetes and 

CHD, this research presents a label-free electrochemical method for the dual detection of %HbA1c 

and hs-CRP, facilitating early CHD prediction and cost-effective point-of-care diagnostics. With 

only a limited number of studies reported regarding both, the association and the electrochemical 

detection of HbA1c and CRP, this research represents a pioneering effort in this regard. This study 
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also presents an innovative approach by utilizing O-(4-Nitrophenylphosphoryl)choline (PcA-NO2) 

as a redox probe for the electrochemical detection of CRP, a method not documented in scientific 

literature before. The specific application of PcA-NO2 adds to the uniqueness of this research, 

marking a significant advancement in the field of electrochemical biomarker detection. The 

resultant calibration curves demonstrate a limit of detection (LOD) of 5 mg/mL in PBS (pH 8) and 

6 mg/mL in simulated blood (SB) for a linear range of 0 – 30 mg/mL of HbA1c. Conjointly, a 

LOD of 0.007 mg/mL and 0.008 mg/mL for measurement in PBS (pH 7.4) and SB are reported 

for a linear range of 0 – 0.05 mg/mL of CRP.  

1 Introduction 

 

Diabetes is a well-established risk element for the development of coronary heart disease (CHD) 

[1, 2]. National surveys conducted on the U.S. population illustrate that the occurrence of coronary 

heart disease was higher amongst adults with diabetes, opposed to those without diabetes. The 

initial extensive cohort study in diverse populations was the European Prospective Investigations 

into Cancer (EPIC) study, which reported a graded affiliation between the %HbA1c/Total Hb and 

the risk for CHD and death for both sexes [3]. Lastly, the most credible research emanates from 

the University of Cambridge which designed a meta-analysis to discover the reservations 

associated with the degree of affiliation between diabetes and fasting glycemia with the risk of 

developing CHD. Their findings demonstrate that the risk of contracting CHD was twice as greater 

in individuals with diabetes at the baseline [4].  

Glycated hemoglobin (HbA1c) is a significant biomarker for the long-term detection of 

glycemic index with its capacity to provide a cumulative history of glycemic levels from the 

preceding three months. The formation of HbA1c is a natural part of the physiological cycle 

wherein, the average plasma glucose and the amount of HbA1c in the plasma are directly 
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proportional to each other [5]. The corrective treatment for diabetes is determined based on the 

A1c levels, expressed as a percentage representing the concentration of the total hemoglobin that 

was glycated [5]. Therefore, HbA1c levels can be used to monitor glycemia for individuals with 

diabetes since it presents less day-to-day variability than glucose levels.  

According to the American Diabetes Association (ADA), diagnosis of %HbA1c/Total Hb 

within the 5.7 – 6.4% spectrum implies the existence of intermediate hyperglycaemia or 

prediabetic, and a value above the benchmark of 6.4% is defined as the high-risk range or diabetic 

[6]. A value below 5.7% is classified as the non-diabetic or the normal range. As a result, the 

development of a total hemoglobin sensor is necessitated, as the quantification of both total 

hemoglobin and HbA1c is imperative for assessing the proportion of hemoglobin that has 

undergone glycation. With %HbA1c defined as the concentration ratio of HbA1c to total 

hemoglobin (%HbA1c/Total Hb), the document will henceforth employ %HbA1c to represent the 

aforementioned measure. 

Subsequently, C reactive protein (CRP) is applicable as a pathological biomarker when the 

levels of CRP in the blood are relative to the intensity of the pathology with CRP levels < 10 mg/L 

classified as normal, and CRP levels > 10 mg/L indicative of elevation [7]. However, this threshold 

arises from redundant and outdated point-of-care tests, which lack the sensitivity to detect 

pathologies associated with lower concentrations. Hence, high-sensitivity (hs-CRP) tests were 

implemented to detect CRP concentrations as low as 1 mg/L to predict the maturation of CHD in 

individuals with no history of heart disease. The clinical range established for hs-CRP tests 

includes CRP < 0.1 mg/mL defined as low risk, 0.1 mg/mL < CRP < 0.3 mg/mL defined as 

moderate risk, and CRP > 0.3 mg/mL defined as high risk for developing CHD [8].  
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Several studies indicate that both biomarkers, HbA1c and CRP, can be used 

interchangeably for the detection of diabetes and CHD [9–13]. Researchers at John Hopkins 

University state that every 1%-point increase in HbA1c levels resulted in a 14% increase in risk of 

contracting a heart disease [14]. Although numerous clinical testing methods including 

immunoassays [15, 16], electrophoresis [17], spectroscopy [18, 19], and chromatography [20, 21] 

have been established for the detection of HbA1c and CRP in commercial devices (S1, Table S1-

1), the ease-of-use of these methods and equipment are often questionable. Contrastingly, the use 

of electrochemical (EC) methods offers a simple, feasible, and rapid detection  for a wide range of 

analytes [22, 23]. Furthermore, no studies associated with the binary electrochemical detection of 

%HbA1c and CRP have been reported yet.  

Herein, a label-free voltammetric method to detect %HbA1c and hs-CRP to predict the 

maturation of CHD is reported using specific redox probes with high sensitivity and selectivity. 

The study aims to present a biosensing platform for the dual detection of both these biomarkers 

connoted with the development of CHD. By providing reliable results instantaneously, the 

implementation of EC methods in point-of-care (POC) diagnostics can also aid in the detection of 

CHD at an early stage and save treatment costs [24]. This can be tremendously advantageous in 

making firm clinical decisions and improving patient diagnosis.  

2 Materials and Methods 

2.1 Experimental Protocol for the Detection of HbA1c & CRP 

2.1.1 Pre-treatment of the Electrodes 

Screen-printed carbon electrodes (SPCEs) purchased from Zensor R&D were used for the 

purposes of this research. The TE-100 Zensor electrodes were first washed with milliQ water and 

then dried in the fumehood using hot air flow.  
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The electrochemical (EC) pre-treatment was carried out using the PalmSens4 potentiostat, 

driven by the PS Trace 5-PalmSens software. The electrodes were subjected to cyclic voltammetry 

(CV) using 100 µL of 1M H2SO4 using the following conditions: an equilibration time of 3 s, an 

initial potential of -0.5V, a voltametric potential scan from -0.5 to 1 V, a step potential of 0.01 V, 

a scan rate of 0.05 V/s for a total of 3 scans. The H2SO4 solution was rinsed off from the electrodes 

using milliQ water and the process of pre-treatment was continued with 100 µL of 0.1 M KCl 

using the following CV conditions: an equilibration time of 3 s, an initial potential of -0.5V, a 

voltametric potential scan from -0.5 to 1 V, a step potential of 0.01 V, a scan rate of 0.1 V/s for a 

total of 3 scans.  

2.1.2  Electrochemical Deposition of Gold Nanoparticles (AuNPs) 

A concentration of 5 mM of chloroauric acid (HAuCl4) was dissolved in 0.1 M of KCl in a glass 

beaker on a hot plate subjected to magnetic stirring. Next, 0.1 M of 11-Mercaptoundecanoic acid 

(MUA) was first dissolved in ethanol, and then added to the solution stated above. The solution 

was then subjected to continuous magnetic stirring in the dark for 10 minutes, while 

simultaneously being purged with N2 gas. A volume of 100 µL was then added onto each 

individual pre-treated electrode and scanned using the following conditions of CV: an equilibration 

time of 5 s, an initial potential of 0 V, a voltammetric potential scan from 0 to -1 V, a step potential 

of 0.01 V, a scan rate of 0.05 V/s for a total of 5 scans. Finally, the solution was rinsed off from 

the electrodes using milliQ water and dried.  

2.1.3 Electrode Modification: Antibody Conjugation 

The electrodes were then divided into two distinct groups, for HbA1c and CRP detection. The 

antibody conjugation was performed using  antibodies specific to both analytes in conjunction with 
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1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). Both antibodies, anti-HbA1c (1 mg/mL) 

and anti-CRP (1 mg/mL) were purchased from MyBioSource.  

The antibody solution was created using 10 µL of the anti-HbA1c/anti-CRP with 0.0022 g 

of EDC in 100 µL of H2O. The first group of electrodes was modified using 5 µL of anti-HbA1c 

solution (AuNP/anti-HbA1c-SPCE) and the second group using 5 µL of anti-CRP solution onto 

the working electrode (WE) (AuNP/anti-CRP- SPCE). The modified electrodes were then stored 

inside of a wet chamber at room temperature for a period of 5 hours. The electrodes were rinsed 

with milliQ water and dried post incubation, followed by storage at 4°C.  

The free area of the modified working electrodes was blocked by using bovine serum 

albumin (BSA). In this sense, a concentration of 0.014 mg/mL of BSA was prepared in 10 mM of 

PBS (pH 8). A volume of 5 µL of the BSA solution was deposited onto the WE of both groups of 

electrodes prepared in this section, after which the electrodes were incubated at 37°C for 1 hour. 

Lastly, the BSA solution was washed from the electrodes using milliQ water and dried.  Error! 

Reference source not found. 

2.1.4 Detection 

2.1.4.1 The Detection of Total Hb 

The detection of total Hb was performed using the pristine TE-100 Zensor electrodes, untreated 

and unmodified. The total Hb detection solutions constituted of Hb sample concentrations of 0, 

50, 70, 100, 120, 150, and 170 mg/mL dissolved in phosphate buffer solution (PBS) (pH 8) and/or 

with simulated blood (SB), diluted by a factor of 10x. 10 mM of potassium hexacyanoferrate(II) 

trihydrate (FeCN(II)) was added to the sample to serve as a redox probe. A volume of 50 µL from 

the total Hb detection solution was then added onto three electrode array (i.e., the working, counter, 

and reference electrode), and scanned using the following conditions of differential pulse 
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voltammetry (DPV): an equilibration time of 60 s, a voltammetric potential scan from -0.5 to 1.0 

V, a voltammetric step of 0.01 V,  a potential pulse of 0.2 V, a time pulse of 0.02 s and a scan rate 

of 0.05 V/s. 

2.1.4.2 The Detection of HbA1c 

The detection of HbA1c was performed using the hemoglobin A1c protein (human erythrocytes) 

(1 mg/mL) procured from MyBioSource. The HbA1c detection sample comprised of HbA1c 

concentrations 0, 6, 9.7, 15, and 30 mg/mL dissolved in PBS (pH 8) and/or with SB, diluted by a 

factor of 10x. A concentration of 10 mM of FeCN(II) was added to the samples to serve as the 

redox probe. A volume of 50 µL from the HbA1c detection solution was then added to the 

AuNP/anti-HbA1c-modified WE SPCE array and incubated at room temperature (RT) for 30 

minutes prior to detection. The electrodes were then scanned using the following conditions of 

DPV: an equilibration time of 60 s, a voltammetric potential scan from -0.5 to 1.0 V, a 

voltammetric step of 0.01 V,  a potential pulse of 0.2 V, a time pulse of 0.02 s and a scan rate of 

0.05 V/s. 

2.1.4.3 The Detection of CRP 

The detection of CRP was achieved with the human C-reactive protein (1 mg/mL) purchased from 

MyBioSource. The CRP detection solution consisted of CRP concentrations 0, 0.05, 0.1, 0.3, and 

0.5 mg/mL dissolved in PBS (pH 7.4) and/or with SB, diluted by a factor of 10x. A concentration 

of 0.1 mM of O-(4-Nitrophenylphosphoryl)choline (PcA-NO2) was added to serve as the redox 

probe. A volume of 50 µL from the CRP detection solution was then added to AuNP/anti-CRP-

modified WE SPCE array and scanned (SCAN 1) using the following conditions of DPV: an 

equilibration time of 60 s, a voltametric potential scan from 0 to -1.5 V, a voltametric step of 0.01 

V,  a potential pulse of 0.2 V, a time pulse of 0.02 s and a scan rate of 0.05 V/s. The electrodes 
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were then maintained at RT for 10 mins before undergoing a second scan (SCAN 2), using the 

same DPV parameters as above. A detailed graphical abstract illustrating the experimental 

procedure is provided in Figure 3- 1 below. 

 
Figure 3- 1: Graphical procedure overview for preparing the electrodes for the detection of 

HbA1c and CRP levels, created via BioRender.com. 

2.2 Percent Recovery Analysis 

The percent recovery analysis was conducted by adding 10 µL of 5% chicken red blood cells 

(i.e., manufactured from whole blood, and procured from Innovative Research) to certain 

concentrations of Total Hb, HbA1c, and CRP.  
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2.3 Characterization 

The modified WE of the Zensor-T100 SPCE by electrochemical deposition of AUNP@MUA were 

characterized by scanning electron microscopy (SEM JSM 7000F) working at 5.0 kV with a LED 

detector and EDS analysis. Raman spectrum was performed with Renishaw InVia Raman 

Spectrometer with a laser at 635 nm (50% of power) and 20 accumulations scans.  

3 Results & Discussion 

 

3.1 Functionalization and Characterization of the WE in the Zensor-T100 Array 

 

The SPCE Zensor-T100 electrodes were first pretreated under acidic conditions and then modified 

with gold particles functionalized working electrodes. In this case, 11-Mercaptoundecanoic acid 

(MUA) is a fatty acid bifunctional group comprised of both carboxylic and thiol groups. Hence, 

this molecule was used during this process to act as a stabilizer in the process of generating AuNP’s 

and to create carboxylic moieties to initiate antibody (Anti-HbA1c and Anti-CRP) covalent 

attachment. 

Figure 3- 2(a) shows the cyclic voltammograms during the gold deposition and presents a 

comparison of CV signals in [Fe(CN)6]3−/[Fe(CN)6]4− and 0.1 mol/L KCl electrolyte solution 

corresponding with the pretreated electrodes before and after modification. The EC deposition of 

gold nanoparticles (AuNPs) is known to increase the electroactive surface area, and the 

conductivity of the electrochemical biosensor [25].  

Furthermore, electrochemical impedance spectroscopy (EIS) was used to characterize the 

electrode modification by using the electrolyte solution mentioned above as a redox probe. The 

Nyquist plots of the pristine SPCE, AuNp@MUA modified SPCE, and after conjugation with 

antibodies (e.g., Anti-HbA1c) are shown in Figure 3- 2(b). A modified Randle’s circuit model was 

used to extract accurate information about the circuit elements (inset in Figure 3- 2(b)).  
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The arcs or semicircles at relatively high frequencies in the Nyquist plots are related to the 

resistance (parameter R2) at the electrode|solution interface. Gold deposition improved the 

electrical conductivity (786 Ω) compared with the pretreated electrodes (1279 Ω). Additionally, 

the considerable change in the signals of the AuNp@MUA modified SPCE after the antibody 

coupling suggests successful conjugation while slightly increasing the resistance (991 Ω). In 

addition, the depressed semicircles in the Nyquist plots is attributed to non-ideal double-layer 

capacitances characteristic of rough surfaces (parameter Q1). The circuit adjusting resulted in Q1 

parameters for SPCE of 4E-7 T and 7E-5 T for AuNp@MUA-SPCE, demonstrating the roughness 

increment after the gold deposition.  

Scanning electron microscopies demonstrate a homogenous presence of AuNP@MUA 

agglomerates on the WE surface (Figure 3- 2(c) and (d)). The EDS layered image shown in 

Figure 2(e) confirms the gold nature of the clusters on the electrode with a high atomic weight 

composition of 54% (S1, Figure S1-1). 

The Raman spectrum analysis in Figure 3- 2(f) compares the SPCE surface before and after 

modification. The assoociated pristine WE spectrum depicts two traditional bands of graphitic 

carbon-based materials, corresponding to D at 1331 cm−1 and G at 1590 cm−1. On the other hand, 

AuNP@MUA modified electrodes present two additional bands at 1076 and 273 cm−1 assigned to 

C-C and Au-S valence vibrations. This result demonstrates the presence of MUA residues on the 

gold clusters.   
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Figure 3- 2: (a) Cyclic voltammograms during the AuNP@MUA deposition on the WE, 5 scans, 

and inset CV of SPCE and AuNP@MUA-SPCE  in [Fe(CN)6]3−/[Fe(CN)6]4− and 0.1 mol/L KCl 

electrolyte solution. (b) Nyquist plots for SPCE, AuNP@MUA-SPCE, and conjugated 

AuNP@MUA-SPCEs with antibodies, (AuNP@MUA-Ab-SPCEs). EIS were recorded at 0.22 V 

in 10 mM Na4Fe(CN)6 (in 0.1 M KCl). The inset in (b) shows the equivalent circuit used. (c and 

d) SEM images of AuNP@MUA-SPCE. (e) EDS layered image of AuNP@MUA-SPCE. (f) 

Raman spectrum of the working electrodes after pre-treatment and gold deposition. 
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3.2 The Detection of Total Hb  

 

The detection of total Hb in PBS (8) FeCN (II) was performed using the untreated and unmodified 

pristine TE-100 Zensor electrodes. The resultant DPV signals for total Hb concentrations 0, 50, 

70, 100, 120, 150, and 170 mg/mL in PBS (pH = 8) are depicted in Figure 3- 3(a), with the 

oxidation of FeCN (II) into FeCN (III) observed at a potential of 0.2 V. The x-axis represents the 

concentration of total Hb before dilution, with the measurement performed after a dilution of 10x. 

The oxidation curves demonstrate a gradual decrease in the current signals with the increase in the 

total Hb concentration.  
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Figure 3- 3: (a) DPV signals for the clinical range of Total Hb in PBS(8) FeCN(II) and resultant 

(b) calibration curve for the detection of Total Hb, (c) DPV signals for the clinical range of Total 

HbFeCN(II) with SB and resultant (d) calibration curve for the detection of Total Hb with SB. 

Wherein: 120 mg/mL < [Total HB] < 170 mg/mL = a healthy range, and [Total Hb] < 120 

mg/mL or [Total Hb] > 170 mg/mL = an unhealthy range [26]. 

FeCN(II) is a common redox probes used in numerous voltammetric and impedimetric 

biosensors [27]. Generally, there is no specific interaction between the FeCN(II) and the analyte. 

In this case, the analyte molecules hinder the electron transfer between the FeCN(II) and the 

electrode surface, engendering the final analytical signal [27]. However, additional consideration 

must be included in this work.  

In this particular case, hemoglobin proteins present two α and two β chains with heme 

groups in hydrophobic pockets with proximal His93(F8) residues. The great majority of all human 

Hb in functional erythrocytes exist in ferric oxy form (oxyHb-Fe(III)) and ferrous deoxy form 

(deoxyHb-Fe(II)), constituting approximately up to 97–98% of all Hb forms (equation 1). 

FeCN(II) presents a selective pH-binding selectivity in the region of His moieties due to high 

positive local electrostatic potential at this region with a pocket with enough space on open 

conformation (equation 2). Also, FeCN(II) might present a complex reaction and or catalytic 

activity with oxyHb-Fe(III) determined by the concentration ratio FeCN(II)/Hb, pH, and the 

correct orientation inside the cavity (equation 3) [28].  

oxyHb − Fe(III) ⇌ deoxyHb − Fe(II) (1) 

 oxyHb − Fe(III) +  𝐹𝑒𝐶𝑁(𝐼𝐼) ⟶  oxyHb − Fe(III) ∗ 𝐹𝑒𝐶𝑁(𝐼𝐼) (2)  

oxyHb − Fe(III) ∗ 𝐹𝑒𝐶𝑁(𝐼𝐼) ⟶ deoxyHb − Fe(II) + 𝐹𝑒𝐶𝑁(𝐼𝐼𝐼) (3) 

After an optimization study (S1, Figure S1-2 and S1-3), the best electrochemical signal 

during Hb detection was settled by using 10 mM of FeCN(II) in phosphate buffer with pH = 8 and 

using DPV. In order to have an idea about the possible interaction between the Hb and the FeCN(II) 
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in the testing conditions, UV-Vis spectrum was recovered from isolated and combined samples of 

Hb 30 mg/mL and FeCN(II) 10 mM in PBS pH=8 (S1, Figure S1-4). 

The spectrum of Hb resulted in the Soret band at 407 nm, and additional charge-transfer 

(CT) bands at 540, 575, and 631 nm, suggesting the prevalence of oxyHb − Fe(III) species [29]. 

After adding FeCN(II), the subtracted spectra with the corresponding control, resulted in a new 

contribution band at 420 nm in the mix of Hb and FeCN(II), indicating the presence of  𝐹𝑒𝐶𝑁(𝐼𝐼𝐼) 

and another contribution to the CT bands at 552 nm (between 540 nm and 575 nm), indicating a 

possible partial transformation to deoxyHb − Fe(II).  

In summary, both effects of sterical hindrance and specific interaction and possible redox 

reaction between Hb and the redox probe might decrease the local FeCN(II) concentration and 

availability on the electrode surface, dramatically decreasing the electrochemical oxidation DPV 

signal. Further studies must be carried out to demonstrate our understanding of the mechanism. 

In addition, the oxidation peak potentials shift with each subsequent Hb increased 

concentration, and the peak seems to have more than one contribution due to collateral oxidation 

reactions. Considering that an increase in the Hb attracts more FeCN (II) units to the protein 

surface, the proximity of ferrocyanide species might induce changes in the coordinative 

environment and interacting iron center reactions at different potentials [28].  

The corresponding calibration curve (Figure 3- 3(b)) was retrieved by using the average 

area under the curve (AUC) values for each concentration of total Hb. A coefficient of 

determination (R2) of 99% and a LOD of 2 g/dL or 20 mg/mL was established using a linear fit 

model. The calibration curve is able to categorize individuals into the healthy and unhealthy 

ranges of total Hb using 12 – 15 g/dL (i.e., translated into 120 – 150 mg/mL) as the healthy range 

for females, and 13.8 – 17.2 g/dL (i.e., 138 – 172 mg/mL) for males [26]. An individual 
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comprised of total Hb below these benchmarks would classify as an unhealthy person in the 

anemic range. 

The DPV signals associated with the detection of total Hb in PBS (8) FeCN (II) with 

simulated blood (SB) are illustrated in Figure 3- 3(c). Comparing these signals with those observed 

in Figure 3- 3(a), the presence of SB resulted in increased current signals due to the electrolytic 

composition and the ionic strength of the blood being higher than that of PBS. The calibration 

curve for the same is portrayed in Figure 3- 3(d), which presents an exceptional R2 value of 99%, 

and a LOD of 3.4 g/dL or 34 mg/mL for the range 0 – 17 g/dL or 0 – 170 mg/mL.  

3.3 The Detection of HbA1c  

 

The DPV signals for the detection of HbA1c in both, PBS (8) FeCN( II) (Figure 3- 4(a)) 

and with SB (Figure 3- 4(c)) using the pre-treated and AuNP/anti-HbA1c modified TE-100 Zensor. 

The corresponding x-axis represents the concentration of HbA1c before dilution, with the 

measurement conducted after a dilution of 10x. The electrodes were retrieved after performing a 

sample incubation for a period of 30 minutes at room temperature allowing specific interaction. 

Liu et al [31]., were able to bind HbA1c to the ferrocene-boronic acid solution after an incubation 

for 30 minutes after which, the resultant EC signals were observed to have increased. Furthermore, 

Eissa and Zourob [32] reported the maximum EC signal change in the current after using a primer-

based binding time of 30 mins for HbA1c. Additional electrochemical biosensors reported for the 

detection of HbA1c can be found in supplementary information S1, Table S1-2.  

With the oxidation potential identified at 0.1 V [33, 34], the EC signals decreased with an 

increase in the HbA1c concentration due to the previously explained Hb-FeCN(II) interaction.  

Different calibration curves were recovered considering current intensities and the area under the 

curve (AUC) pertaining to the original peak and post-deconvolution peaks (S1, Figure S1-5). 
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Figure 3- 4: (a) DPV signals for the clinical range of HbA1c in PBS(8) FeCN(II) and resultant 

(b) calibration curve for the detection of HbA1c, (c) DPV signals for the clinical range of HbA1c 

FeCN(II) with SB and resultant (d) calibration curve for the detection of HbA1c with SB. 

The results depicted in Figure 3- 4(b) and Figure 3- 4(d) correspond to the AUC of the 

original DPV signal versus the analyte concentration. The associated R2 values of 97% and 99% 

for HbA1c detection in PBS (8) FeCN (II), and in PBS (8) FeCN (II) with SB respectively, imply 

that the linear fit models demonstrate a significant relationship between the HbA1c concentrations 

and the resultant signal response. Additionally, the calibration curve provides a LOD of 5 mg/mL 

in PBS (8) FeCN (II) and 6 mg/mL in PBS (8) FeCN (II) with SB. Therefore, the calibration curves 

can aid in the diagnosis of HbA1c levels within the clinical range wherein, %[HbA1c]< 5.7%  
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classifies as non-diabetic, %[HbA1c] between the range 5.7 – 6.4% classifies as prediabetic, and 

%[HbA1c] > 6.4% is indicative of a diabetic patient.  

3.4 The Biosensing Electrolyte for the Detection of CRP 

 

Although PBS (8) FeCN (II) was initially used for the detection of CRP following the same 

approach for HbA1c (S1, Figure S1-6), ferrocyanide lacks the inherent specificity for CRP and 

hence was proven unsuitable for its measurement. Opposingly, phosphorylcholine (PcA) is the 

most abundant structural component of phospholipids found in the membranes of eukaryotic cells. 

It plays a major role in maintaining the physical properties of membranes and forming liquid 

crystalline bilayers spontaneously, with its trifling transfer rate between membranes [35]. This 

molecule presents a high affinity for CRP domains. 

The molecular mechanism for the high affinity between CRP and PcA-containing 

substances has been well corroborated [36, 37]. Wherein, the hydrophobic pocket of the PcA is 

known to interact with each subunit of the pentamer i.e., CRP, and activate the complement system 

[38]. The phosphate groups bind to the PcA-binding sites of CRP and induce a conformational 

change in the binding cites of the protein, allowing direct interaction with PcA [36]. Several studies 

have also reported the use of PcA for the EC biosensing of CRP [39–42]. Therefore, O-(4-

Nitrophenylphosphoryl)choline (PcA-NO2) was employed as the biosensing electrolyte for the 

detection of CRP. In this case, the presence of the highly electroactive NO2 group enables the 

compound to undergo the reduction process. As a result, the  PcA-NO2 presents a high affinity for 

the analyte while acting as a redox probe (S1, Figure S1-7).  

With PcA classified as a zwitterionic compound [43], the stability of the compound is 

highly dependent on the pH of the solution that its dissolved in. Zwitterionic compounds 

demonstrate better stability and reactivity at a pH value near their isoelectric point (pI). Since the 
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pI of PcA is known to be approximately at 7.4 [43], using PBS with a pH of 7.4 would result in 

the best stability of the compound. Therefore, 0.1 M of PcA-NO2 was dissolved in PBS (7.4) to 

transpire the specific and targeted detection of CRP to predict the maturation of CHD.  

3.4.1 The Detection of CRP 

 

The DPV signals associated with the detection of CRP concentrations 0, 0.005, 0.01, 0.03, and 

0.05 mg/mL in PBS (7.4) PcA-NO2 are depicted in Figure 3- 5(a). The x-axis represents the 

concentration of CRP prior to dilution, with the measurement performed after a dilution of 10x. 

Since the reduction of the nitro (NO2) group in PcA to the amine (NH2) group is a two-step 

reaction: PcA -NO2 → PcA -NH-OH → PcA -NH2 (S1, Figure S1-8 and S1-9) the resultant DPV 

signals illustrated in Figure 3- 5(a) and Figure Figure 3- 5(c) were retrieved after performing a 

second scan. Therefore, a second was executed after incubating the detection sample for a period 

of 10 minutes on the electrode after having completed the first scan. In this case, the CRP-PcA-

specific interaction induces an increment of redox probe species, NH-OH after the first scan, on 

the electrode surface resulting in signal amplification. Hence, an increase in CRP concentration 

led to an increase in the corresponding area under the curve values (Figure 3- 5(a) and Figure 3- 

5(c)).   
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Figure 3- 5: (a) DPV signals (Scan 2) for the clinical range of CRP in PBS(7.4) PcA-NO2 and 

resultant (b) calibration curve for the detection of CRP, (c) DPV signals (Scan 2) for the clinical 

range of CRP in PBS(7.4) PcA-NO2 with SB and resultant (d) calibration curve for the detection 

of CRP with SB. Wherein: [hs-CRP] < 0.01 mg/mL = low risk, 0.01 mg/ml < [hs-CRP] < 0.03 

mg/mL = moderate risk, and [hs-CRP] > 0.03 mg/mL = high risk for developing CHD. 

The corresponding calibration curves for the label-free EC detection of CRP in PBS (7.4) 

PcA-NO2 and in PBS (7.4) PcA-NO2 with SB are showcased in Figure 3- 5(b) and Figure 3- 5(d). 

Both linear fit models present an exceptional R2 value of 98% and 99% with an associated LOD 

of 0.007 mg/mL and 0.008 mg/mL for measurement in PBS (7.4) PcA-NO2 and in SB respectively. 

The models are able to predict the maturation of CRP with high sensitivity (hs-CRP): [hs-CRP] < 
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0.01 mg/mL = low risk of developing CHD, [hs-CRP]  0.01 – 0.03 mg/mL = moderate risk of 

developing CHD, and [hs-CRP] > 0.03 mg/mL = high risk of developing CHD.  

Additional electrochemical biosensors reported for the detection of CRP can be found in 

supplementary information, S1, Table S1-3. The novelty of the calibration curves presented arises 

from the utilization of PcA-NO2, a molecule known for its pronounced affinity to C-reactive 

protein (CRP), serving as the redox probe. While existing literature comprehensively establishes 

the strong affinity between PcA-containing compounds and CRP, it is noteworthy that the 

application of this specific molecule for the electrochemical detection of CRP has not been 

documented in scientific literature before. 

3.5 Interference Studies and Percent of Recoveries 

 

The cross-reactive interference studies performed for all the three analytes, Total Hb, HbA1c, and 

CRP is depicted in Figure 3- 6. The studies were performed using the original methods pertaining 

to the manufacturing and detection protocol of the analytes stated. In this case, the cut-off value of 

the three analytes were chosen to be submitted to the presence of high concentrations of a possible 

cross-reactive species. 

A volume of 10 µL of CRP (0.05 mg/mL) was added to the Total Hb (70 mg/mL) and 

HbA1c (9.7 mg/mL) detection samples, and 10 µL of Total Hb (100 mg/mL) was added to the 

CRP detection sample (0.03 mg/mL) to induce cross interferences. Comparing the AUC values for 

the IF samples with the original samples retrieved previously (Figure 3- 3(a),Figure 3- 4(a),Figure 

3- 5(a)), the results demonstrate similar AUC values and hence imply the presence of insignificant 

interferences. This result suggests that the electrochemical systems present herein could quantify 

total Hb, HbA1c, and CRP in mixed samples containing such analytes.  
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Figure 3- 6: Comparison of interference samples. 

The percent recovery analysis for all the three label-free EC biosensors was performed by 

adding 10 µL of Chicken Red Blood Cells Packed 5% to the detection sample for each analyte. 

The Total Hb, HbA1c, and CRP concentrations were quantified for each addition, as depicted in 

Table 3- 1 below. The practical applicability of the biosensors were measured by determining the 

recovery of the known concentrations added for each analyte. The corresponding recovered values 

for Total Hb were between 94.4 – 98.3%, 96 – 103% for HbA1c, and 90 – 95% for CRP. The 

satisfactory recoveries for all clinical ranges corresponding to the Total Hb, HbA1c, and CRP  

indicate that such a method has good specificity and applies to quantifying such analytes in 

complex biological samples. 

 

 

 



M.A.Sc. Thesis – R. Grewal.                                McMaster University – Biomedical Engineering 

 36 

 
Table 3- 1: Percent Recovery Analysis for all the three analytes. 

 

4 Conclusions  

 

The elevated inflammatory state induced by heightened C-reactive protein (CRP) levels plays a 

pivotal role in delineating the pathogenesis of Type 2 Diabetes Mellitus (T2DM), thereby 

substantiating the strong correlation between diabetes and Coronary Heart Disease (CHD). This 

study presents a novel label-free biosensing platform, enabling researchers to potentially conduct 

the concurrent detection of %HbA1c and CRP, in order to assess the risk of developing CHD.  

The calibration curves attained demonstrate a notable level of sensitivity and selectivity 

through the utilization of redox probes tailored to each biomarker. Notably, the redox probe PcA-

NO2, which contains phosphorylcholine (PcA), was employed for the assessment of C-reactive 

protein (CRP). It is noteworthy that this specific application of PcA-NO2 as a redox probe for CRP 

is a novel approach, unreported in literature studies. The study reports a LOD of 5 mg/mL and 6 

mg/mL in PBS (8) FeCN (II) and SB for the detection of HbA1c respectively. In addition, a LOD 
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of 0.007 mg/mL and 0.008 mg/mL for measurement of CRP in PBS (7.4) PcA-NO2 and SB 

respectively is reported.  

To broaden the scope of this study, the incorporation of dual working screen-printed carbon 

electrodes (DWSPCEs) can be considered to enhance sensitivity. Furthermore, the integration of 

electrochemical sensors with artificial intelligence (AI) is promising in advancing both diabetes 

prevention strategies and the efficacy of daily physical health assessments pertaining to the 

development of CHD. 
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Chapter 4 : Examining the Stability of Screen-Printed Carbon Electrodes 
– Challenges & Perspective  
 

4.1 Preface 

This chapter begins by outlining the challenges associated with biomolecule-free sensing devices 

and extends to explicitly examining the chemical instability of such a sensing approach for the 

roadside detection of THC [45], devised by the members of the same laboratory research group. 

The publishable manuscript presented in Section 4.3 stems from the research above and identifies 

optimal storage conditions to promote the long-term stability of the proposed device. The 

contributors of the manuscript include:  

1. Ms. Rehmat Grewal  

2. Dr. Greter A. Ortega – division 2.4, and parts of 3.2.3 and 3.3 (under the scope of section 

4.3 in this chapter). 

3. Dr. Herlys Viltres – divisions 2.5 and 3.2.1.1 (under the scope of section 4.3 in this 

chapter). 

4.2 Introduction to the Challenges Associated with the Stability of a Biomolecule-Free  

Electrochemical Sensor 
 

The term “biomolecule-free” refers to the development of a biosensor without the use of specific 

biomolecules including nucleic acids, enzymes, antibodies for the detection of the target analyte. 

Although biomolecule-free sensing approaches for drug detection eliminate the need for extensive 

pre-treatment, analyte adsorption, complex procedures, longer processing times and are cost-

effective [45], challenges pertaining with this method must be addressed before the 

implementation of this sensing approach.  

 Due to the lack of specific antibodies and enzymes, biomolecule-free sensing devices often 

struggle with achieving high sensitivity and selectivity. Consequently, the absence of signal 
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amplification mechanisms provided by enzymes can result in the inability to detect and 

differentiate between low concentrations of the target analyte. Other major challenges associated 

with a biomolecule-free sensor include the lack of stability and the reproducibility in the resultant 

EC signals over time. Furthermore, preserving the long-term stability without degradation of the 

sensor components whilst maintaining its performance is crucial for continuous biosensing 

applications.  

 The instability of biomolecule-free sensors in drug detection applications can be a result 

of: chemical instability caused by environmental factors such as temperature, humidity, and pH, 

sensor surface instability due to the degradation of the functionalized surfaces, electrode surface 

instability, or sample matrix effects as a result of interfering substances present in biological fluids 

[25]. Opposingly, challenges associated with the reproducibility could be due to the batch-to-batch 

inconsistency during the fabrication of the sensor, and lack of the antibody-antigen specific 

interactions. The subsequent section provides an in-depth analysis on the chemical instability of a 

biomolecule-free EC sensing device for the detection of THC [45] and provides optimal storage 

conditions to tackle this aberration.  

4.3 Determining Optimal Storage Conditions to Enhance the Stability of Δ9- 

tetrahydrocannabinol (THC)-Modified Screen-Printed Carbon Electrodes (SPCEs) 
 

THC (Δ9-tetrahydrocannabinol) is the major psychoactive constituent of cannabis, accountable for 

instigating euphoric effects in individuals. With the imperative need for a roadside testing device 

for the detection of THC, this study aims to overcome the challenges associated with the Stability 

of a biomolecule-free sensor capable of detecting ultra-low concentrations of THC. Since THC is 

highly susceptible to oxidation, this study explores different avenues to create optimal storage 

conditions to minimize the oxidation of THC prior to detection. Hence, all experiments were 

conducted by controlling the principal factors contributing to the oxidation of THC: temperature, 
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humidity, airflow and light, to extend the shelf-life of the manufactured electrodes and engender 

stable electrochemical signals. It was concluded that frozen storage conditions and a second acidic 

pH modification were ideal in improving the stability of the modified electrodes from day one, 

upto a period of six months.  

1. Introduction  

Δ9-tetrahydrocannabinol (THC) is a common natural component of the plant Cannabis sativa [1]. 

It is the chief psychoactive product of marijuana (cannabis) and is responsible for exhibiting 

euphoric effects in individuals. The legalization of medical and recreational marijuana in Canada 

has increased the number of drug-impaired drivers and the associated number of accidents. [2-5]. 

Epidemiologic data shows that the danger of being involved in a motor vehicle accident (MVA) 

increases 2-fold after cannabis consumption [3]. Hence, regulatory authorities require the 

development of roadside testing devices for the detection of THC to reduce cannabis-impaired 

driving.  

In order to be viable for the roadside testing of THC, the sensing device must be easy-to- 

use, portable, economical, operable under ambient environmental conditions, and administer 

results preferably in less than 5 minutes. However, the current sensing devices available are either 

enzyme or biomolecule based [6] and therefore are obligated to undergo complex procedures for 

the adsorption of the analyte [7], resulting in the whole process being extremely time-consuming.  

Ortega and colleagues [8] introduced a biomolecule-free electrochemical sensing approach 

for the detection of ultra-low concentrations of THC in phosphate buffer (PBS), real saliva, and 

simulated saliva. Their sensing device uses the approach of depositing THC molecules (THCi) 

onto the working electrode (WE) of the screen-printed carbon electrode (SPCE) prior to detection 

(Figure 4-1). In this case, the THCi on the WE improves the interaction with the THC analytes by 
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covalent binding and physical interactions. The final electrochemical detection is associated with 

the irreversible oxidation of the phenol group of THC. The design proposed is also successful in 

meeting the desired criteria listed above, for the device is easily operable, portable, cost-effective, 

and possesses a testing time of only 38 seconds. 

 

Figure 4- 1: An overview of the manufacturing and detection process proposed by Ortega et al. 

[8], created using BioRender.com. 

 

Although this approach [8] has resulted in creating an extremely efficient testing system 

for the detection of THC, it presents a major challenge. After the working electrode of the sensor 

is manufactured with an initial THCi electrodeposition, the intensity of the current is observed to 

be proportional to the amount of THC deposited when subjected to the electrochemical method of 
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square wave voltammetry (SWV). The decrease in the intensity of the signals from the 

manufacturing (SCAN 1) to the detection scan (SCAN 2) is a result of the partial oxidation of 

THCi plus the contribution of the THC analyte (Figure 4-1). However, with THCi being highly 

susceptible to oxidation, the intensity of the current decreases significantly with a lack of 

reproducibility when testing the modified electrode for sample detection via SWV. 

With the ability of THC to oxidize so easily, this makes the pre-treatment process very 

difficult, impacting the test process and the corresponding test results negatively. Thus, this 

research paper stems from the study above [8] and aims to explore different avenues to create an 

ambient environment which can potentially minimize the oxidation of THC prior to detection. 

Characteristics pertaining to the shelf-life of biosensors are extremely crucial for their overall 

performance and yet are often not reported in literature studies.  

The stability of the biosensor strongly dictates its commercial viability. All biological 

products, including biosensors are prone to ageing, directly influencing the functionality of the 

sensor. The ageing of a biosensor can be defined as a decrease in its sensitivity over the course of 

time. A study conducted by Panjan and colleagues [9] provides insight about the ageing of 

biosensors to be linearly dependent on temperature conditions. The study concludes that 

irrespective of their application, all electrochemical biosensors degraded faster at higher 

temperatures. Additionally, the study proposes a novel method to examine the characteristics for 

rapid ageing by using Arrhenius and linear models.  

Consequently, temperature, humidity, airflow & light are the four principal factors which 

contribute to the oxidation of THC. Controlling these factors can result in extending the shelf-life 

of the manufactured electrodes and provide stable intensity signals during the detection of THC. 

Therefore, the main objective of this research is to explore different storage conditions suitable for 
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preserving THC by minimizing the oxidation of THC during manufacturing. Finally, the sensor 

performance will be evaluated after applying the optimized storage conditions. 

2. Materials and Methods 

2.1 Materials  

TE-100 SPCE’s purchased from Zensor R&D were used for the purposes of this research. The 

deposition of the analyte onto the working electrode (WE) of the Zensor electrodes was performed 

using the machine-driven dispensing technology, the BioDot. The Glove Box 2700 Series and a 

multifunctional food vacuum sealer were purchased from Cleatech LLC and Hogance respectively, 

to store the electrodes in a low-pressure and an inert environment. Metallic mylar Ziploc bags lined 

with aluminum foil were used to impede the exposure of the THC-modified electrodes to light. 

Additionally, oxygen scavenger sachets were used to reduce the oxygen levels to less than or equal 

to 0.1%. The electrochemical detection was carried out using a PalmSens4 potentiostat, driven by 

the PSTrace 5-Palm-Sens software. Lastly, Δ9-tetrahydrocannabinol solution (1.0 mg/mL) in 

methanol was purchased from Sigma-Aldrich.  

2.2 Methods 

2.2.1 Electrode cleaning  

The TE-100 Zensor pristine electrodes were washed using milli Q water and then dried using hot 

airflow in the fume hood.  

2.2.2 Electrode modification  

The washed electrodes were modified with 130 ng of the Δ9-THC solution (THCi) prepared onto 

the WE using the BioDot, and then dried in the fume hood using warm airflow. The dried 

electrodes were then inserted into the multi-potentiostat and scanned (SCAN 1) with PBS (pH 7.4) 

using the following conditions for SWV: a precondition potential of 0.05 V for 0 s, an equilibration 
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time of 3 s, a voltametric potential scan from 0 to 0.8 V, a frequency of 15 Hz, an amplitude of 

0.025 V and a step potential of 0.005 V.  

2.2.3 Additional modifiers  

The THCi modified electrodes were also used in conjunction with a second modification of an 

additional modifier to further minimize oxidation. Hence, this modification was performed upon 

the completion of Section 2.2.2. The additional modifiers include PBS (pH 4), 13 ng of Ascorbic 

Acid (AA), 13 ng of Citric Acid (CA), and 5.2 ng of butylated hydroxytoluene (BHT) in 

conjunction with diethylene glycol monoethyl ether (Transcutol). 

2.2.4 Alternative modifiers  

Modifiers with similar electrochemical behaviour to that of THC were pre-deposited onto the WE 

as an alternative to THCi deposition. In this case, the modification stated in Section 2.2.2 was 

performed using the following modifiers instead of THC: 130 ng of tetrahydrocannabinolic acid 

(THCA), 130 ng of Δ9-Tetrahydrocannabinol Acetate (THC-OAc), 100 ng of dopamine (DA), and 

100 ng and 130 ng of cannabidiol (CBD).  

2.2.5 Electrode Storage  

Electrodes prepared in Sections 2.2.2, 2.2.4, and 2.2.3 were vacuum sealed using oxygen absorber 

sachets in mylar Ziploc bags and then stored at different temperature conditions.  

2.2.5.1 Optimizing temperature  

It has been reported that THC is highly unstable at room temperature [10] and exhibits favourable 

stability condition at lower temperatures [11-13]. Hence, the electrochemical sensors were stored 

at room temperature (RT), 4°C, and -20°C for the purposes of shelf-life studies.  
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2.2.5.2 Controlling atmospheric oxidation 

Oxygen absorbers function via the occurrence of a chemical reaction; they are comprised of 

powdered iron, which reacts with the oxygen in the atmosphere to form iron oxide, resulting in the 

rusting of the iron powder. Upon the oxidization of the iron powder, the O2 absorbers are loaded, 

and hence, the absorbing mechanism comes to an end. Subsequently, they are known to help reduce 

oxygen levels to less than or equal to 0.1%. Air oxidation plays a crucial role in contributing to the 

oxidation of THC [14, 15].  

2.2.5.3 Eliminating exposure to light  

Mylar is a clear material made from polyester resin which possesses numerous desirable properties 

for long-term storage, such as gas and moisture resistance, chemical stability, and high tensile 

strength. Mylar bags offer an extremely low Oxygen Transmission Rate (OTR) due to their thick 

foil laminate layer and hence, are impermeable to gases. They help in providing a thick layer of 

protection from moisture, light, and odour. The oxidative degradation of THC to CBN is known 

to have been accelerated when exposed to light [16, 17].  

2.2.5.4 Minimizing airflow  

Lastly, to minimize airflow, two different vacuum systems were implemented. In the first system, 

the vacuum pump was used in conjunction with a glove box purged with nitrogen (N2) gas and for 

the second vacuum system, the electrodes and the desiccants were vacuum sealed using a simple 

food vacuum sealer. Vacuum packing diminishes the amount of oxygen exposure and airflow, 

protects the contents from dust and moisture, and shields the electrodes from any physical damage. 

Literature has previously recommended storing THC under nitrogen gas whilst in the dark [18-

20].   
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2.2.6 Graphical procedural overview 

The comprehensive graphical procedural overview is depicted in Figure 4- 2 below, delineating 

the essential stages from electrode manufacturing, subsequent storage under varied temperature 

conditions, culminating in the detection process employing PBS/saliva via the electrochemical 

technique of SWV.  

 
Figure 4- 2: A graphical representation of the procedural overview of the storage conditions 

during the manufacturing process, created using BioRender.com. 
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2.3 Detection  

The electrodes were retrieved from their respective storage conditions after the specified time 

(Table 4- 1).  and subjected to SWV for the final reproducibility scan (SCAN 2) post-storage. All 

of the electrodes were tested at RT using PBS using the following SWV conditions: a precondition 

potential of 0.05 V for 30 s, an equilibration time of 3 s, a voltametric potential scan from 0 to 0.8 

V, a frequency of 15 Hz, an amplitude of 0.025 V and a step potential of 0.005 V. 

2.4 Sensor performance after optimization of the storage conditions 

The TE-100 Zensor electrodes were modified with 100 ng of THCi deposited onto the WE using 

the BioDot, vacuum sealed with oxygen absorbers and then stored in the freezer at -18°C for one 

week. The electrodes were then retrieved from their respective storage conditions after days 5, 6 

and 7, and then tested (after reaching RT upon thawing) with THC samples in PBS (pH 7.4) with 

concentrations 0, 5, 10, 25, 50, 100, 300 and 1000 ng/mL. The electrodes were tested using the 

following SWV conditions: a precondition potential of 0.05 V for 30 s, an equilibration time of 3 

s, a voltametric potential scan from 0 to 0.8 V, a frequency of 15 Hz, an amplitude of 0.025 V and 

a step potential of 0.005 V. 

2.5 Characterization  

X-ray photoelectron spectroscopy (XPS) was performed for the purposes of examining the best 

temperature condition for the storage of the THCi-modified electrodes. The THCi-modified 

electrodes were stored at RT, 4°C, and -18°C for a period of one week for XPS analysis. The XPS 

assessments were conducted utilizing a PHI Quantera II Scanning XPS Microprobe spectrometer. 

Survey scans encompassed an analysis area of 300 × 700 μm with a pass energy of 224 eV. High-

resolution investigations were performed using a pass energy of 20 eV. To rectify the spectra, 

adjustments were made to align them with the main line of the carbon 1s spectrum (representing 



M.A.Sc. Thesis – R. Grewal.                                McMaster University – Biomedical Engineering 

 55 

organic carbon) set at 285 eV. CasaXPS software (version 2.3.14) was employed for spectrum 

analysis. 

3 Results & Discussion 

3.1 Electrode degradation 

The THCi-modified electrodes vacuum sealed with O2 absorbers and stored at RT for a period of 

one week (Figure 4- 3) is detrimental in showcasing the instability of the modified electrodes, as 

a result of the oxidation of THC. Additionally, as portrayed in (Figure 4-1), the decrease in the 

peak values of the THCi-modified electrodes from the manufacturing (SCAN 1) to the detection 

scan (SCAN 2), also performed at RT, further validates the instability of the electrodes.  

 
Figure 4- 3: THCi modified electrodes (130 ng) vacuum sealed with oxygen absorbers at RT for 

a period of one week, where D = day. 

It has been well established in the literature that cannabis-based products tend to lose their 

potency during storage due to a loss in the amount of Δ9-tetrahydrocannabinol (Δ9-THC) [21]. The 

THCi-modified electrodes stored at RT 
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Stability of different cannabinoids is directly dependent on their storage conditions [22]. Prior to 

extraction, both THC and CBD exist in their acidic forms i.e., as THCA and CBDA in the corporeal 

plant. The neutral cannabinoids, THC and CBD are known to be stable for a period of two weeks 

at room temperature when stored in darkness. However, exposure to light can result in the 

deterioration of these compounds. Opposingly, the acidic cannabinoids are capable of 

decarboxylating into their neutral forms in the daylight, as well as in the dark. The oxidation is 

known to be a process which is highly reliant on temperature [14, 23].  

THC is a highly unstable compound which is easily oxidized to its nonenzymatic oxidation 

by-product cannabinol (CBN) under improper and prolonged storage conditions (Figure 4- 4). 

CBN consists of 1/4th the potency of THC, and hence, it is considered to be the less psychoactive 

compound. CBN is also the final product of the oxidation process, which seems to be dependent 

predominantly on heat and light [21]. Studies [11-13] validate the effect of heat and light on 

cannabinoid stability by presenting that the Δ9-THC content was found to be higher in samples 

stored at 4°C and -18°C in the dark, as opposed to samples stored at room temperature with 

exposure to light.  

 
Figure 4- 4: The decarboxylation and oxidation of Δ9-THC, created using BioRender.com. 
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Both cannabinoids, THC and CBD are highly electroactive species due to the presence of 

their respective hydroxyl groups [24]. Subsequently, the hydroxyl groups become deprotonated 

during oxidation and result in the formation of active phenoxy radicals [26]. This can lead to the 

prospective irreversible dimerization of both the cannabinoids at low potentials, resulting in the 

generation of an insulating layer on the surface of the WE after the first run [30].  

Jaidee and colleagues [13] conducted a study to examine the kinetics of Δ9-THC 

degradation in cannabis resin at different temperatures and pH conditions. Their study exhibits 

first-order and pseudo-first-order degradation kinetics for CBD and THC, respectively. 

Additionally, minimal transformation of THC was achieved with low temperature, and moderately 

acidic pH values in conjunction with shorter processing times. Another study [15] showed that 

THC samples stored at lower humidity levels (0% and 13% relative humidity) were deemed more 

stable with respect to degradation, as opposed to those stored at higher humidity levels. 

Additionally, it was found that air oxidation is another major factor contributing to the loss of Δ9-

THC during cannabis storage [14]. 

3.2 Electrode stability 

3.2.1 Electrode storage  

The THCi modified TE-100 Zensor electrodes vacuum sealed with O2 absorbers and stored on the 

lab bench at RT, under N2 gas in the glove box at RT, in the refrigerator at 4°C and, in the freezer 

at -18 °C for a span of one week are illustrated below in Figure 4- 5. The corresponding 

electrochemical signals obtained via SWV indicate that the set of electrodes stored at RT, 

irrespective of the storage condition, demonstrate instability as a result of the decrease in the peak 

intensity values of the electrodes over time. The electrochemical signals for electrodes stored at 

4°C present a decrease in the intensity after day one, after which the electrodes maintained their 
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stability. Irrevocably, the electrodes stored at -18°C presented a consistent stability over the entire 

span of one week and hence, this condition was further used to examine the long-term stability of 

the electrodes.  

DAY 1 

 

DAY 2 

 

DAY 3 

 

DAY 7 

 
Figure 4- 5: THCi modified electrodes (130 ng) vacuum sealed with oxygen absorbers at 

different temperature conditions. 

The THCi modified TE-100 Zensor electrodes vacuum sealed with O2 absorbers and stored 

in the freezer at -18°C for a period of six months is depicted in Figure 4- 6. The electrodes were 

tested after 15-20 minutes (i.e., the time consumed to reach RT upon thawing) with PBS (pH 7.4) 
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using SWV. The electrodes are stable over the entire span of the 6-month storage period at -18°C, 

supported by the low variability presented over time in the corresponding column graph.  

The practical significance of using these storage conditions for the long-term stability of 

the modified electrodes was further validated using statistical analyses (S2, section I). Specifically, 

a one-way analysis of variance (ANOVA) test was conducted to provide statistical evidence 

associated with the best storage conditions presented in conjunction with the Levene’s test for 

determining the homogeneity of variance, and the Tukey-Kramer test to compare multiple group 

means for each of the time periods.  

The corresponding coefficient of variation (CV) obtained for Figure 4- 6 (S2, Table S2-2) 

of 4.28% indicates a relatively low level of variability in dataset, when compared with the mean. 

The results from the Tukey test showcased that the group means for the pairs M2-D7, and M5-M4 

comprised of insignificant differences, statistically. With these time periods crucial in serving as 

the beginning and the end of the shelf-life study, the practical significance of storing the THCi-

modified electrodes at -18°C for a period of 6 months is validated. Additionally, the data also 

implies that although the error bars present higher variability amongst the electrodes during the 

first month of storage, this variability begins to decrease from the first month till the sixth.  
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Figure 4- 6: THCi-modified electrodes (130 ng) at -18°C over the span of 6 months (tested at 

RT). 

The results are in compliance with literature studies, which state that the oxidation of THC 

is arrested at temperatures as low as -18°C. Repka et al., [27] fabricated an HPC polymeric film 

comprised of THC to examine THC content and the extent of its degradation to CBN at fixed 

temperatures and time intervals. Their study concludes that the degradation of THC was 

insignificant for up to 15 months when stored at -18°C, with nearly 70% of the THC content still 

preserved. The study also reports that the percentage of CBN formation was maximum at 25°C, as 

opposed to lower temperatures such as 4°C and -18°C. Another study [28] articulates that the 

concentrations of THC-glucuronide in urine samples were stable for a period of one year at -20°C 

after which, the occurrence of adsorption, protein binding, or molecular degradation is probable. 

Additionally, the decarboxylation of THC has been proven to be occurring moderately when stored 

in the dark at -25°C [29].  

3.2.1.1 XPS Characterization 

The XPS characterization of the modified electrodes before and after being stored at different 

conditions (Room Temperature (RT), fridge at 4 0C (4CT), and freezer at -18 0C (-18CT)) was 

THCi-modified electrodes stored at -18°C for 6 months 
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carried out to understand the effect of each condition on the working electrode modification better. 

Carbon, oxygen, nitrogen, chlorine, silicon, and iron are the principal elements present in the 

working electrode of the screen-printed electrode employed in this study. After the electrode 

modification, an increase in the atomic percent of the Carbon and Oxygen elements is evidenced 

on the surface of the working electrode due to the incorporation of THC molecules (S2, Table S2-

13).  

 The C 1s high-resolution signal for the pristine screen-printed electrode (P-Z) was 

deconvoluted into four peaks at 284.4, 285.0, 286.5, and 289.0 eV attributed to C=C (aromatic), 

C-C/C-CH, C-OH/C-O-C/C-Cl, and O-C=O, respectively [30] After the electrode modification, 

an increase in the atomic percent of the second and third contributions and a decrease in the second 

peak are verified, which corroborates the incorporation of THC on the surface of the working 

electrode (Figure 4- 7, S2, Table S2-14). In the case of O 1s high-resolution signal for P-Z 

electrodes, two contributions were employed for this signal fit, which were related to C=O (532.5 

eV) and O-(C=O)-C/C-O (aromatic) (533.5 eV) [30].  
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Figure 4- 7: C 1s and O1s high resolution for THCi-modified electrodes after working electrode 

modification, (a) and (e) Control, and after being stored at different conditions, (b) and (f) Room 

Temperature (RT), (c) and (g) fridge at 4 0C (4CT), and (d) and (h)  freezer -18 0C (-18CT). 
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 Once the THCi-modified electrodes are prepared, a decrease and an increase in the 

atomic percent in the first (68.3% to 51.5%) and second contributions (31.7% to 48.5), 

respectively, is observed (Figure 4- 7, S2, Table S2-15). These results are attributed to the 

incorporation of the THC molecules on the working electrode surface and the oxidation of the 

quinones groups of THC structure, which appear at 532.2 eV (C=O, first contribution). 

 After the preparation of THCi-modified electrodes, different conditions for the 

modified electrode storage were studied to find the best requirements that allow the extension of 

the modified electrodes' usability for long periods. Figure 4- 7 shows the results of C 1s and O 1s 

high-resolution signals before and after storing the modified electrodes for one week at Room 

Temperature (RT), fridge at 4 0C (4CT), and freezer at -18 0C (-18CT) (Figure 4- 7(b), (c), (e), and 

(f)). As evidenced in the figure, the signals for both regions (C 1s and O1s) are wider when the 

electrodes are kept at room temperature (Figure 4- 7(b), (f)) and 4 0C (fridge) (Figure 4- 7(c), (g)). 

However, when the electrodes are stored in the freezer (-18 0C), the signals are less noisy and 

narrow (Figure 4- 7(d), (h)).  

 The principal changes in the C 1s high-resolution signals are observed in the three first 

contributions for RT and 4CT storage conditions when they are compared to the control signal 

(electrode analyzed after its preparation) (Figure 4- 7(b), (c)). These three peaks are assigned to 

C=C (aromatic), C-C/C-CH, and C-OH/C-O-C/C-Cl; for these storage conditions, there is no 

proper control of the OH functional groups oxidation in the THC molecules and the following 

formation of quinone, adducts or more complex structures [8].  

 In the case of the -18 0C storage condition, the main changes are observed in the C=C 

(aromatic), C-OH/C-O-C/C-Cl, and O-C=O (Figure 4- 7(d)), where an increase in the atomic 

percent is evidenced for the last contribution related to the quinone formation, this result suggests 
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that under this temperature there is better control of the THC molecules oxidation and stability of 

the electrodes during the storage process. On the other hand, more evident changes are observed 

in the O 1s peaks after storing the electrodes at the three different conditions.  

 In the case of RT and 4CT storage conditions, the main changes in the atomic percent 

observed were a decrease in the first contribution (C=O, 532.5 eV) and an increase in the second 

contribution (O-(C=O)-C/C-O (aromatic),  533.5 eV) (Figure 4- 7(f) and (g)). This result suggests 

that other processes are occurring in the THC molecules simultaneously as the OH oxidation, such 

as adducts or more complex structures.  

 In the case of the -18CT condition, an increase in the first contribution (C=O, from 

51.5% to 60.0%) and a decrease in the second contribution (O-(C=O)-C/C-O, from 48.5% to 

39.4%) (Figure 4- 7(h)) can be observed when these results are compared to the control (Figure 4- 

7e). This is related to the possibility that during the application of a potential to create C=O due to 

the OH groups oxidation in the THC molecules, the formation of quinones is more suitable than 

other adducts or more complex molecules when the modified electrodes are stored at this 

temperature, which give the THCi-modified electrode the possibility to be storage for more 

extended periods of time under this condition. Overall, it was evidenced that Oxygen plays the 

primary role during the working electrode modification and that the best condition for the storage 

of the THCi-modified electrodes is -18 0C.  

3.2.2 Additional modifiers 

 

The THCi 130 ng modified electrodes were used in conjunction with a second modification of 

PBS (pH 4), 13 ng AA, 13 ng CA, and 5.2 ng BHT. The results demonstrate that the THCi modified 

TE-100 Zensor electrodes with a second modification of PBS (pH 4) vacuum sealed with O2 

absorbers and stored at -18°C were found to be stable for six months, when tested at RT with PBS 
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(pH 7.4) (Figure 4- 8) (See statistical analysis in S2, section II(b)). Comparing these results with 

those depicted in Figure 4- 6, the electrodes with a second modification of PBS (pH 4) resulted in 

an increase in the intensity of the electrochemical peak values of the electrodes due to the increase 

in conductivity caused by the acidic pH value.  

 
Figure 4- 8: THCi-modified electrodes (130 ng) with a second modification of PBS (pH 4) at -

18°C over the span of 6 months (tested at RT). 

When tested using the same conditions at 4°C, the THCi modified electrodes with a second 

modification of PBS (pH 4) were stable for a period of three months (Figure 4- 9). Upon the 

completion of three months in storage, the THC is perceived to be fully oxidized, as depicted by 

the flat electrochemical signal observed from 4 – 6 months. The associated Levene’s test for 

absolute deviations concluded that with 0.05 > ⍺ for both, Figure 4- 8 and Figure 4- 9, the variances 

in the AUC values of the electrodes were found to be statistically insignificant over time (S2, 

sections II(b) and (c)). Interpreting Tukey’s test, multiple group means exhibited insignificant 

differences in the AUC values for the modified electrodes in Figure 4- 8 and Figure 4- 9 at the 

0.05 significance level, crucial for quality control and the stability of the electrode.  

THCi-PBS(4) modified electrodes stored at -18°C for 6 months 
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Figure 4- 9: THCi-modified electrodes (130 ng) with a second modification of PBS (pH 4) at 

4°C over the span of 6 months (tested at RT). 

As observed by Zanfrognini and colleagues [31], all cases of a modified electrode resulted 

in increasing the intensity of the peak current as a result of the local conductivity increment by 

coating the electrode with PBS salt. The surface acidic pH undermines the phenol oxidation of 

THC and results in improving electrode stabilization. The second modification of PBS was 

adjusted to pH 4 to facilitate restoring the ideal surface pH of the electrode to 7.4 for the purposes 

of THC detection.  

As previously stated, Repka’s study [27] reports the difference between THC degradation 

occurring at -18°C versus 4°C. The study demonstrates that although THC degradation was 

insignificant at -18°C with 70% THC content still preserved after 15 months, the degradation 

continued to occur at 4°C but at a significantly slower rate i.e., with 45% THC content preserved 

for the same time. Therefore, the electrodes stored at -18°C were able to resist oxidation for a 

period of 6 months (Figure 4- 8), as opposed to the electrodes stored at 4°C which demonstrated 

Stability for only 3 months (Figure 4- 9).  

Other additional modifiers, including Ascorbic Acid (AA) and Citric Acid (CA) were 

tested as oxygen scavengers (S2, section III). AA-modified and CA-modified electrodes continued 

THCi-PBS(4) modified electrodes stored at 4°C for 6 months 
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to cause a shift in the potential of the peak over time and provided low reproducibility of the scans 

when stored at 4°C (S2, Figure S2-1). Conjointly, electrodes with a second modification of BHT 

and Transcutol only remained stable for a period of 48 hours at RT, after which a flat signal was 

observed for the modified electrode (S2, Figure S2-2).  

3.2.3 Alternative modifiers 

In this provision, derivates of THC or molecules with a similar chemistry and electrochemical 

performance were used to mimic the THCi function and to obtain better Stability. In doing so, 

electrodes were modified with tetrahydrocannabinolic acid (THCA), Δ9-Tetrahydrocannabinol 

Acetate (THC-OAc), dopamine (DA), and cannabidiol (CBD) molecules by using the same 

electrodeposition protocol (S2, section IV). 

Electrodes modified with THCA resulted in displaying an additional second peak during 

detection (SCAN 2), implying partial decomposition of the compound into THC (S2, Figure S2-

3). Opposingly, the DA-modified electrodes displayed an extremely broad electrochemical signal 

and were unable to detect the oxidation of THC (S2, Figure S2-4). With the limit of detection being 

as low as 2 ng/mL for THC, the oxidation of phenolic compounds to quinones was expected to 

cause interferences in the electrochemical signal.  

The electrochemical signals obtained for electrodes modified with 100 ng and 130 ng of 

CBD were similar to that of THC i.e., illustrated by an electrochemical oxidation peak observed 

at 0.48 V (S2, Figure S2-5). Both THC and CBD are known to undergo the course of oxidation at 

the same potential values due to their analogous redox active moieties [31]. Nevertheless, for both 

species, the products of the electrochemical reaction present fouling on the surface of the electrode, 

which causes a drastic decay in the subsequent scans.  
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Lastly, an acetate-protected THC (THC-OAc), a synthetic cannabinoid with a higher 

stability than THC to oxidation, was also tested as an alternative modifier. This cannabinoid 

resisted unaltered electrochemical oxidation under the established SWV condition, serving as a 

perfect candidate to improve electrode stability (S2, Figure S2-6). However, aggressive chemical 

conditions are necessary to hydrolyze the acetate group to obtain the oxidation signal that mimics 

the THCi function during the THC detection. Therefore, THC-OAc resulted in being impractical 

for our sensor approach.  

3.2.4 Experimental summary 

An overview of the stability experiments conducted using different temperature conditions is 

presented below in Table 4- 1. The temperature conditions which ministered the best stability for 

the electrodes include storage at 4°C and -18°C. Although storing the electrodes at 4°C was able 

to render short-term stability using a majority of the modifiers tested, storing the electrodes at -

18°C provided superlative long-term stability for the THCi-modified electrodes. Conjointly, the 

THCi-modified electrodes with a second modification of PBS (pH 4) stored at -18°C were also 

successful in extending the long-term stability of the electrode to a period of 6 months.  

Table 4- 1: A summary of all the stability experiments conducted using different temperature 

conditions. 

✓ = Signal remained consistent. 

↓ = Signal changed in comparison to the previous day. 
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3.3 Sensor performance using the best storage conditions for the modified electrodes 

The calibration curves associated with THCi 100 ng modified electrodes vacuum sealed with 

oxygen absorbers and stored in the freezer at -18°C for one week, tested using 0, 5, 10, 25, 50, 

100, 300, and 1000 ng/mL of THC in PBS (pH 7.4) are illustrated in Figure 4- 10. The electrodes 

were tested using different concentrations of THC on days 5, 6 and 7 to examine the stability of 

modified electrodes during detection.  

With the limit of detection (LOD) and sensitivity proven to be dependent on the 

temperature of the substrate [32], storing the THCi modified electrodes at -18°C was able to 

influence these parameters positively. The corresponding results demonstrate better linearity, an 

improved LOD, and maintaining sensitivity over time. This suggests that the signal stability of the 

modified electrodes enhanced with increasing time, implying that the electrodes required a span 

of 7 days after storage before attaining stability.  

A biosensor must be stored at its reference conditions to examine the time period at which 

saturation occurs (exponential progression). The time period cannot be defined until saturation 

transpires, with the process being directly dependent on the application of the biosensor [33, 34]. 

The long-term shelf life of a thermally accelerated aging biosensor is known to be established 

typically after 4 days [9]. In this case, the 7-day time period allowed for the electrodes to 

acclimatize to the temperature and the physical storage environment before suspending the natural 

phenomena of aging.  

With biosensor aging defined as a decrease in the electrochemical signal over time, the 7-

day time period was adequate in stabilizing the electrochemical signals of the sensor prior to 

detection. Electrodes often require a period of stabilization for the purposes of conditioning, 
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removal of contaminants, equilibration, minimizing drift, and optimizing performance associated 

with consistency and reproducibility [35].  

 
Figure 4- 10: Calibration curves obtained for THCi-modified electrodes (100 ng) stored at -

18°C for a span of one week. 

4 Conclusions 

The results obtained during this study substantiate that the frozen storage of the THCi-modified 

electrodes provided optimal THC stability. Although the results illustrate that the degradation of 

THC impedes at 4°C, the oxidation of THC was found to be arrested at -18°C. While the storage 

of the THCi-modified electrodes vacuum sealed with oxygen absorbers in the absence of light at 

4°C demonstrated stability for about 3 months, the same electrodes stored at -18°C exhibited an 
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extended stability for about 6 months. Hence, temperatures as low as -18°C, and even lower 

possess the ability to arrest THC degradation and are ideal for the long-term stability of the sensor.  

Additional conditions implemented including the use of different oxygen scavenger 

additives, THC derivatives, and pH control deemed unsuccessful in improving the stability of the 

electrode. Finally, modified electrodes stored under optimal conditions were interrogated with 

different THC samples, delivering improved calibration curves after an aging period of one week.  

Although further studies must be conducted to apply this lab-scale discovery to real-life roadside 

testing applications, the optimal storage conditions identified in this study can help regulation 

authorities detect the toxicity of THC rapidly, accurately, and effortlessly via the use of stable 

biosensors.  
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Chapter 5 : Conclusions  
 

5.1 Thesis Summary  

This thesis presents a comprehensive review on the significance of employing electrochemical 

(EC) biosensing devices, characterized by their rapid response time, user-friendly operation, and 

precision in clinical diagnosis. Furthermore, the thesis investigates several challenges pertaining 

to EC biosensors, notable their susceptibility to chemical instability, lack of reproducibility, and 

the inability to detect low analyte concentrations. As a result, this research delves into identifying 

solutions to these problems in-depth, ultimately enhancing the performance and the associated 

functionality of the biosensor.  

5.2 Key Findings 

5.2.1 The Label-Free Electrochemical Detection of Glycated Hemoglobin (HbA1c) and C- 

Reactive Protein (CRP) as a Potential Maturation of Coronary Heart Disease (CHD) due to 
Diabetes 
 

The development of a label-free electrochemical sensor for the detection of HbA1c and CRP in 

Chapter 3 involved a series of optimization experiments. These experiments were specifically 

focused on the exploration of various redox probes, the evaluation of different electrochemical 

techniques and their associated parameters, as well as the manipulation of factors such as pH, 

concentrations, and incubation times. Particularly, the heightened sensitivity of this device arises 

from using tailored redox probes with a strong affinity for both biomarkers used. Specific key 

findings include: 

→ The utilization of PcA-NO2 as a redox probe which presented a notable affinity for CRP, 

which has not been reported in literature before. 

→ The employment of PCA-NO2 as a redox probe enabled the detection of ultra-low 

concentrations of CRP (hs-CRP). 
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→ The calibration curve for HbA1c yielded a LOD of 5 mg/mL in PBS (pH 8) FeCN (II) and 

6 mg/mL in simulated blood (SB) for a linear range of 0 – 30 mg/mL. 

→ The calibration curve for CRP demonstrated a LOD of 0.007 mg/mL in PBS (pH 7.4) PcA-

NO2 and 0.008 mg/mL for measurement in SB for a linear range of 0 – 0.05 mg/mL. 

→ The recovered values for HbA1c and CRP were between the range 96 – 103%, and 90 – 

95%, respectively, validating the specificity and the practical applicability of this approach. 

5.2.2 Determining Optimal Storage Conditions to Enhance the Stability of Δ9- 

tetrahydrocannabinol (THC)-Modified Screen-Printed Carbon Electrodes (SPCEs) 
 

To address the challenges of chemical instability and the resulting impact on reproducibility in the 

previously reported sensor [45], Chapter 4 focused on identifying ideal storage conditions for the 

THC-modified, biomolecule-free electrodes. This was achieved through a series of optimization 

studies targeting the control of temperature, humidity, airflow, and light conditions.  

→ The frozen storage of THCi-modified electrodes ensured the optimal long-term stability 

of THC for a period of six months.  

→ While the results demonstrated that the degradation of THC slowed at 4°C, it was observed 

that THC oxidation arrested at -18°C. 

→ The calibration curves associated with the detection of different concentrations of THC 

depicted that the electrodes needed a 7-day storage period to achieve optimal stability. 

5.3 Field Contributions 

5.3.1 The Label-Free Electrochemical Detection of Glycated Hemoglobin (HbA1c) and C- 

Reactive Protein (CRP) as a Potential Maturation of Coronary Heart Disease (CHD) due to 
Diabetes 
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→ Highlighting the robust correlation between diabetes and CHD, with only a limited number 

of studies reported regarding both, the association and the electrochemical detection of 

both.  

→ The development of a label-free electrochemical biosensor for the detection of CRP using 

a novel redox probe. 

→ All three calibration curves enable diagnosis within the clinical range, thereby facilitating 

the early-stage detection of CHD. 

→ Designing a platform for the label-free “dual detection” of HbA1c and CRP in the future. 

5.3.2 Determining Optimal Storage Conditions to Enhance the Stability of Δ9- 

tetrahydrocannabinol (THC)-Modified Screen-Printed Carbon Electrodes (SPCEs) 
 

→ Identifying ambient environmental storage conditions for the long-term stability of the 

THC-modified electrodes. 

→ Extending the shelf-life of the manufactured electrodes by engendering stable 

electrochemical signals. 

→ Assisting regulatory authorities in detecting the toxicity of THC through the utilization of 

stable biosensors. 
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Appendices 

S1. Supplementary Information (pertaining to Chapter 3) 

I. Existent commercial devices for the binary detection of HbA1c and CRP 

Table S1- 1: Current commercial devices available for the binary detection of HbA1c & CRP. 

Device 

Name 

Method of 

Detection 

Testing Matrix Range of Detection Time for 

Analysis 

(minutes) 

Ref 

HbA1c CRP HbA1c CRP HbA1c CRP  

Cobas b 101  Immunoassay Capillary or 

venous whole 

blood with 

anticoagulant 

(EDTA or 

heparin) 

Capillary 

or venous 

whole 

blood, or 

plasma 

with 

anticoagul

ant 

(EDTA) 

20-130 

mmol/mol 

(IFCC) or 

4-14 % 

(DCCT) 

0.30-40.0 

mg/dL 

6 4 [1] 

Skyla Hi 

Analyzer  

Immunoassay Whole blood Whole 

blood, 

plasma, or 

serum 

70 – 110 

mg/dL 

CRP > 40 

mg/dL 

6 6 [2] 

InnovaStar  Photometric/ 

Turbidimetric 

Whole blood Whole 

blood or 

plasma 

9-130 

mmol/mol 

(IFCC) or 

3-14% 

(DCCT) 

5-400 

mg/L 

(whole 

blood) and 

2-160 

mg/L 

(plasma) 

5 8 [3] 

Spinit  Advanced 

microfluidics 

with surface 

plasmon 

resonance 

Whole blood-

venous or 

capillary 

blood 

Whole 

blood, 

plasma, or 

serum 

N/A 2-300 

mg/mL 

6 4 [4] 

B-analyst  Biochips/micro

fluidics 

Whole blood Whole 

blood, 

plasma, or 

serum 

3.3-12.6% 

(DCCT) 

0.1-20 

mg/dL 

(CRP), 0.1 

– 4 mg/dL 

(hsCRP) 

7’30 7’30 [5] 
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II. AuNP Characterization 

The corresponding Figure S1-1 supports Figure 3- 2(e) in Chapter 3 by validating the presence of 

gold nanoparticles (AuNPs) 5mM arrested onto the screen-printed carbon electrode via cyclic 

voltammetry, with an atomic weight composition of 54%.  

 
Figure S1- 1: The Map Sum Spectrum retrieved using Aztec Live Smart Mapping to indicate the 

presence of AuNPs deposited onto the electrode. 

III. FeCN (II) Optimization 

The optimization studies for FeCN (II) were conducted through a systematic exploration of varying 

FeCN (II) concentrations, specifically 1 mM and 10 mM (Figure S1-2) and employing diverse 

electrochemical techniques including Square Wave Voltammetry (SWV), Cyclic Voltammetry 

(CV), and Differential Pulse Voltammetry (DPV).  
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Figure S1- 2: The comparison between the detection of total Hb in  [FeCN (II)] = 1 mM and 10 

mM using DPV after one minute. 

These methods were coupled with differential incubation times, namely 1 minute and 5 minutes, 

in order to determine the optimal conditions for the precise detection of Hemoglobin (Hb) (Figure 

S1-3). Ultimately, the electrochemical signal detection was performed using settled using 10 mM 

of FeCN(II) in PBS (pH 8) and using DPV, after an incubation time of one minute.  
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Figure S1- 3:The comparison between the detection of total Hb in 10 mM of FeCN (II) using 

different voltammetric techniques (DPV, SWV, and CV) and different incubation times (1 min 

and 5 mins). 

Additionally, to have a better understanding about the interaction between Hb and FeCN (II), the 

UV-Vis spectrum obtained using 30 mg/mL of Hb and 10 mM of FeCN (II) in PBS (pH 8) is 

depicted below in Figure S1-4.  

 
Figure S1- 4: The UV-Vis spectrum for Hb and FeCN (II). 
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IV. Existent electrochemical biosensors for the detection of HbA1c 

Table S1- 2: Electrochemical biosensors reported for the detection of HbA1c. 

Modified electrode Electrochemical 

Technique 

Linear Range LOD/Sensitivity Ref 

GOX/GNF/C-

Ab/DWSPCE 

CV 0.02 – 35 mM 

(glucose) and 0.01 – 1 

mg/mL (HbA1c) 

0.5 μAmm-2mM-1 

(glucose) and 0.09 

μAmm-2 μg-1ml 

(HbA1c) 

[6] 

AuNPs/SPE EIS/DPV/CV 20 – 200 μg mL-1 15.5 µg mL-1/ 

0.0938 µA/µgmL−1 

[7] 

Fe3O4NPs/MIP/SPE EIS 1 pM - 0.1 μM 1 pM [8] 

pTBA/MWCNT/SPCE CV 0.006-0.74 µM 3.7 nM [9] 

4-MPBA/AuNFs/SPCE CV 5-1000 μg mL-1 0.65% [10] 

APBA/pTTBA/Au 

NPs/SPCE 

AMP 0.1 to 1.5% 0.052 ± 0.02%. [11] 

CS/TEOS/RVC CV/AMP 0.2–12.0 mg mL-1 89 μg mL-1 [12] 

Dend-

FPBA/BA/GOX/GE 

CV 2.5–15%. 2.5% [13] 

 

V. The deconvolution of HbA1c peak values 

The electrochemical detection of HbA1c in PBS (pH 8) FeCN (II) resulted in displayed two 

distinct peaks, as visually represented in the accompanying figure S1-5. Consequently, the peaks 

were subjected deconvolution, with the area under the curve values serving as the basis for the 

construction of calibration curves for this analyte.  
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Figure S1- 5: Depiction of the two distinct peaks generated by the electrochemical detection of 

HbA1c in PBS (8) FeCN (II) using DPV (post-dilution of HbA1c concentrations by a factor of 10 

x) 

VI. Determining the biosensing analyte for CRP 

Although ferrocyanide FeCN (II) was also employed as the redox probe for the detection of C-

reactive protein (CRP), mirroring the approach utilized for HbA1c detection to ensure procedural 

uniformity, the corresponding results were unfavorable. FeCN (II) lacked the ability to 

differentiate between varying CRP concentrations, as illustrated in Figure S1-6, retrieved using 

CV. This limitation could be associated with the necessity for a more specific molecular interaction 

between the analyte and the redox probe to effectively detect low analyte concentrations.  
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Figure S1- 6: The detection of CRP in FeCN (II) PBS (pH 8) using CV, post-dilution by a factor 

of 10x. 

As a result, PcA-NO2 in PBS (pH 7.4) was used as the redox probe for the detection of CRP due 

to its specific affinity for the target analyte (Figure S1-7). 

 
Figure S1- 7: The specific interaction between PcA-NO2 and CRP mediated by the AuNP/Anti-

CRP modified electrodes, created via BioRender.com. 
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Notably, the conversion of the nitro (NO2) group in PcA-NO2 to the amine (NH2) group involves 

a two-step reduction process: PcA-NO2 → PcA-NH-OH (SCAN 1) → PcA-NH2 (SCAN 2) 

(Figure S1-8).  

 
Figure S1- 8: The two-step reduction process associated with the amine group of 

phosphorylcholine. 

Hence, due to the reason stated above, resultant DPV signals for the calibration curves were 

retrieved after performing a second scan (SCAN 2) for CRP in PcA-NO2 (Figure S1-9).  

 

Figure S1- 9: The depiction of the two-scan process for the detection of CRP in PcA-NO2 using 

DPV, post-dilution by a factor of 10x. 
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VII. Existent electrochemical biosensors for the detection of CRP 
 

Table S1- 3: Electrochemical biosensors reported for the detection of CRP. 

Modified electrode Electrochemical 

Technique 

Linear Range LOD/Sensitivity Ref 

GO-

COOH/AuNPs/MGAs/SPE 

DPV 0.001 – 100 ng 

mL-1 

0.001 ng mL-1 [14] 

GDQs/anti-CRP/SPCEs AMP 0.5 – 10 ng mL-1 0.036 ng mL-1/ 

12.45 μA ng-1 mL-1 

cm-2 

[15] 

AuNPs/SAM/anti-

CRP/SPE 

AMP 0.047 – 23.6 µg 

mL−1 

17 ng mL−1/90.7 

nA nM−1 

[16] 

AuNPs-IL-MoS2/GO-

DN/anti-CRP/GCE 

AMP 0.01 – 100 ng 

mL−1 

3.3 pg mL−1 [17] 

PMPC-SH/AuNPs/SPCE DPV 5 – 5000 ng mL-1 1.55 ng mL-1 [18] 

AuNPs/anti-CRP/GCE DPV 1 fg mL-1 – 100 

ng mL-1 

0.33 fg mL-1 [19] 
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S2. Supplementary Information (pertaining to Chapter 4) 

I. Statistical Analysis (ANOVA) 

The one-way analysis of variance (ANOVA) was conducted to provide statistical evidence 

associated with the best storage conditions presented in Figures 5-7 in the manuscript.  

a. THCi-modified electrodes (130 ng) at -18°C over the span of 6 months 

The associated ANOVA analysis (Table S2-1) was performed using a significance level (⍺) of 

0.05. With the resultant p-value < ⍺, the null hypothesis is rejected, implying that the mean AUC 

values for the modified electrodes are significantly different over time when stored at -18°C.  

Table S2- 1: Overall ANOVA analysis performed for the THCi-modified electrodes stored at -

18°C for 6 months. 

 

The corresponding percentage of variation (R2) of 98% (Table S2-2) signifies a highly 

robust model and indicates a strong relationship between the storage conditions and the stability 

of the electrodes. A coefficient of variation (CV) of 4.28% suggests a relatively low level of 

variability in the dataset compared to the mean. Hence, there is a high degree of consistency in the 

AUC values for the modified electrodes stored at -18°C over time. Analyzing Levene’s Test (Table 

S2-3) for determining the homogeneity of variance, the population variances are significantly 

different at the 0.05 significance level with the p-value < ⍺.  

Table S2- 2: Fit Statistics performed for the THCi-modified electrodes stored at -18°C for 6 

months. 
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Table S2- 3: Levene’s Test performed for the THCi-modified electrodes stored at -18°C for 6 

months. 

 

Lastly, the Tukey-Kramer test (Table S2-4) was conducted to compare multiple group 

means for each of the time periods, where Sig = 1 indicates that the difference of means is 

significant AND Sig = 0 indicates that the difference of means is insignificant at the 0.05 level. 

The results obtained demonstrate that pairs M2-D7, and M5-M4 consist of statistically 

insignificant differences with respect to their means. Since these are crucial time periods which 

mark the beginning and the end of the shelf-life study, the practical significance of using these 

storage conditions for the long-term stability of the modified electrodes is validated.  
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Table S2- 4: The Tukey Test performed for the THCi-modified electrodes stored at -18°C for 6 

months. 

 

b. THCi-modified electrodes (130 ng) with a second modification of PBS (pH 4) at -18°C over the  

span of 6 months 
 

The overall ANOVA analysis for the THCi-modified electrodes with PBS(4) at -18°C for 6 months 

is depicted in Table S2-5. The p-value < ⍺ infers that the mean AUC values for the electrodes are 

significantly different over time at the 0.05 significance level. The corresponding R2 value (Table 

S2-6) of 96% implies a solid correlation between the storage conditions and the stability of the 

electrode at those conditions.  
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Table S2- 5: Overall ANOVA analysis performed for the THCi-modified electrodes with PBS(4) 

stored at -18°C for 6 months. 

 

Table S2- 6:Fit Statistics performed for the THCi-modified electrodes with PBS(4) stored at -

18°C for 6 months. 

 

Examining the Levene’s Test for the electrodes in Table S2-7 with the p-value > ⍺, this 

corroborates that the population variances are not significantly different at the 0.05 level. Hence, 

the corresponding electrodes demonstrated exceptional stability using the storage conditions 

described.  

Table S2- 7: Levene’s Test performed for the THCi-modified electrodes with PBS(4) stored at -

18°C for 6 months. 

 

Analyzing the resultant Tukey Test for the associated electrodes in Table S2-8, multiple 

pairs of time periods consisted of insignificant differences between their means at the 0.05 

significance level. These pairs comprised of M1-D7, M3-M2, M4-M2, M4-M3, M5-M2, M5-M3, 

M5-M4, M6-M2, M6-M3,M6-M4, and M6-M5. Therefore, these specific groups do not exhibit 

statistically significant variation in shelf life, valuable for quality control and the product stability.  
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Table S2- 8: The Tukey Test performed for the THCi-modified electrodes with PBS(4) stored at -

18°C for 6 months. 

 

c. THCi-modified electrodes (130 ng) with a second modification of PBS (pH 4) at 4°C over the  

span of 6 months 
 

The overall ANOVA analysis for the affiliated electrodes is presented in Table S2-9. As 

per the p-value < ⍺, the AUC means for the modified electrodes are significantly different at the 

0.05 level. Approximately 76% of the total variation (Table S2-10) associated with the stability of 

the electrodes can be accounted for by the storage conditions used, specifically, the storage at 4°C 

in this case. Interpreting the Levene’s Test of Absolute Deviations (Table S2-11) with the p-value 

> ⍺, it can be concluded that the variances in the AUC values of the electrodes are insignificant 

over time at the 0.05 significance level.  
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Table S2- 9: Overall ANOVA analysis performed for the THCi-modified electrodes with PBS(4) 

stored at 4°C for 6 months. 

 

Table S2- 10: Fit Statistics performed for the THCi-modified electrodes with PBS(4) stored at 

4°C for 6 months. 

 

Table S2- 11: Levene’s Test (Absolute Deviations) performed for the THCi-modified electrodes 

with PBS(4) stored at 4°C for 6 months. 

 

Examining Tukey’s Test for multiple groups means in Table S2-12, numerous pairs of 

groups exhibited insignificant differences among the means at the 0.05 significance level. The 

pairs consist of M2-D7, M3-D7, M3-M2, M4-D7, M4-M2, M4-M3, M5-D7, M5-M2, M5-M4, 

M6-D7, M6-M3, and M6-M4. Hence, the Tukey Test supports the storage conditions tested for its 

contribution to extending the stability of the modified electrodes.  
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Table S2- 12: The Tukey Test performed for the THCi-modified electrodes with PBS(4) stored at 

4°C for 6 months. 

 

II. XPS Characterization 

Table S2- 13:  XPS survey data (atomic percentage) for the most concentrated elements in the 

materials. 

    *P-Z: Pristine TE-100 Zensor electrode 

 

 

 

Samples 

Elements (At. %)    

C 1s 

 

O 1s N 1s Cl 2p Si 2p Fe 2p 

P-Z* 82.2 8.7 0.4 7.9 0.9 0.3 

Control 77.4 9.1 2.2 10.1 1.0 0.2 

RT 81.1 9.5 1.4 7.4 0.4 0.2 

4CT 82.2 10.2 1.5 5.9 - 0.2 

-18CT 73.6 21.4 0.7 - 2.8 1.4 
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Table S2- 14: The peak-fitting results of C1s high-resolution signal of materials. 

Samples Assignment EB (eV) FWHM (eV) At. % 

P-Z 

C1s C=C aromatic 284.4 0.6 16.2 

C1s C-C, C-H 285.0 1.3 57.6 

C1s C-OH, C-O-C, C-Cl 286.5 1.3 22.0 

C1s O-C=O 289.0 1.3 4.2 

Control 

C1s C=C aromatic 284.4 0.7 18.2 

C1s C-C, C-H 285.0 1.5 51.1 

C1s C-OH, C-O-C, C-Cl 286.4 1.5 26.3 

C1s O-C=O 288.8 1.6 4.4 

RT 

C1s C=C aromatic 284.2 0.9 20.4 

C1s C-C, C-H 285.0 1.4 49.4 

C1s C-OH, C-O-C, C-Cl 286.3 1.5 26.0 

C1s O-C=O 288.7 1.7 4.2 

4CT 

C1s C=C aromatic 284.3 0.8 17.7 

C1s C-C, C-H 285.0 1.5 55.9 

C1s C-OH, C-O-C, C-Cl 286.4 1.5 23.8 

C1s O-C=O 288.7 1.6 2.7 

-18CT 

C1s C=C aromatic 284.4 1.0 24.8 

C1s C-C, C-H 285.0 1.4 55.5 

C1s C-OH, C-O-C, C-Cl 286.5 1.4 9.9 

C1s O-C=O 288.4 1.7 9.8 

 

 

 



M.A.Sc. Thesis – R. Grewal.                                McMaster University – Biomedical Engineering 

 109 

Table S2- 15: The peak-fitting results of O1s high-resolution signal of materials. 

Samples Assignment EB (eV) FWHM (eV) At. % 

P-Z 

O1s C=O 532.5 1.5 68.3 

O1s O*-(C=O)-C, C-O aromatic 533.5 1.6 31.7 

Control 

O1s C=O 532.2 1.6 51.5 

O1s O*-(C=O)-C, C-O aromatic 533.5 1.7 48.5 

RT 

O1s C=O 532.1 1.6 43.4 

O1s O*-(C=O)-C, C-O (aromatic) 533.4 1.8 56.5 

4CT 

O1s C=O 532.2 1.6 45.4 

O1s O*-(C=O)-C, C-O (aromatic) 533.4 1.8 54.6 

-18CT 

O1s C=O 532.4 1.6 60.6 

O1s O*-(C=O)-C, C-O (aromatic) 533.6 1.8 39.4 

 

III. Additional modifiers 

Organic compounds, including Ascorbic Acid (AA) and Citric Acid (CA) were used to perform a 

second modification on the THCi-modified electrodes to perform their role as antioxidants and 

radical scavengers in controlling the oxidation of THC. Both, AA-modified and CA-modified 

electrodes were vacuum sealed with O2 absorbers and stored at 4°C for a period of one week. 

Although the corresponding results (Figure S2-1) depict similar electrochemical behaviour to 

THCi-modified electrodes with a second modification of PBS (pH 4), the signals only remained 

stable for up to day three, after which the intensity of the signal was observed to decrease on day 

7. Additionally, electrodes with a second modification of these organic compounds also exhibited 

significantly low reproducibility.  
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Figure S2- 1: AA-modified electrodes (13 ng) and CA-modified electrodes (13 ng) stored at 4°C 

for a period of one week. 

BHT is yet another organic chemical which functions by blocking the propagation of free 

radicals, and hence, it was used for its antioxidant properties in this study. The THCi-modified 

electrodes were modified with a second modification of BHT in conjunction with Transcutol as 

was previously reported in the literature for THC [1], vacuum sealed with O2 absorbers and stored 

on the lab bench at RT for a period of one month. The results showcase (Figure S2-2) that the 

modified electrodes only remained stable for a period of two days at RT, after which flat signals 

were observed for the subsequent days.  
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Figure S2- 2: BHT-modified electrodes (5.2 ng) stored at RT for one month. 

IV. Alternative modifiers 

THCA is the inactive and the more stable precursor of THC due to the presence of an extra 

carboxylic group. The TE-100 Zensor electrodes were manually modified with 130 ng of THCA, 

vacuum sealed with O2 absorbers, placed in a mylar bag and stored on the lab bench at RT and in 

the refrigerator at 4°C for a period of one week (Figure S2-3). The electrodes were tested using 

PBS (pH 7.4) via SWV, during which the electrochemical signals displayed an additional second 

peak during detection (SCAN 2). The presence of the second peak denotes the occurrence of the 

partial decomposition of THCA into its decarboxylated product, THC.  

Comparing the different temperatures for storing the THCA-modified electrodes, storage 

at both RT and 4°C provided stable electrochemical signals for the entire span of one week. With 

reproducibility and high intensity values being prime factors in engendering stability, in addition 

to the second peak observed, the resultant intensities obtained in the graph are too low to be used 

for the purposes of THC detection.  
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Figure S2- 3: THCA-modified electrodes (130 ng) stored on the lab bench at RT and at 4°C for a 

period of one week. 

Dopamine is a neurotransmitter with a similar electrochemical behaviour to that of THC 

i.e., with an irreversible oxidation potential at approximately 0.45 V. An amount of 100 ng of DA 

was manually deposited onto the WE of the pristine electrodes after incubating the deposition 

sample for 0 minutes and 30 minutes. Irrespective of the sample incubation time tested, the DA-

modified electrodes exhibited a broad electrochemical signal comprised of two different oxidation 

potentials and hence, were unable to detect the oxidation of THC (Figure S2-4). In this case, DA 

displayed a reversible oxidation peak at 0.25 V, implying electro-oxidation of the molecule. After 

conducting the first scan, the subsequent four scans for the molecule presented a flat signal via 

SWV.   
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Figure S2- 4: The electrochemical behaviour of DA-modified electrodes (100 ng). 

Subsequently, the manual deposition of 130 ng of CBD was performed onto the WE of the 

TE-100 Zensor electrodes after incubating the deposition sample for 40 minutes. The CBD-

modified electrodes were vacuum sealed with O2 absorbers and stored on the lab bench at RT, and 

at 4°C for a period of one week. CBD is known to undergo the course of oxidation at the same 

oxidation potential value as THC (0.48 V) due to the analogous redox active moieties present in 

both molecules. The resultant graphs (Figure S2-5) obtained in PBS (pH 7.4) via SWV display the 

same electrochemical behaviour as that of THC at both temperature conditions. The peak current 

values demonstrate stability at both RT and 4°C until day 3, after which the signal is observed to 

decrease. 
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Figure S2- 5: CBD-modified electrodes (130 ng) stored on the lab bench at RT and at 4°C for a 

period of one week. 

Lastly, pristine electrodes were manually modified with THC-OAc (130 ng) and subjected 

to SCAN 2 using SWV at RT in PBS (pH 10) and PBS (pH 12). The resultant graph (Figure S2-

6) demonstrates the lack of signals due to THC oxidation despite a high basic pH, invalidating this 

modification for sensing purposes. Hence, the flat signals obtained were unfavourable for the 

purposes of extending stability for our research.  

 
Figure S2- 6: THC-OAc-modified electrodes (130 ng) SCAN 2 performed in PBS(10) and 

PBS(12) at RT. 
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