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ABSTRACT 
 
 

THE APPLICATION OF CARBON COMPOSITE ELECTRODES FOR THE ANALYSIS OF 

ENVIRONMENTAL AND BIOLOGICAL PATHOGENS 

 
 
 

Fast, reliable, and accurate detection of heavy metals is crucial in preventing adverse health 

effects. Heavy metal contamination comes from various human anthropological endeavors, and 

can leach into water, food, and consumer products such as cosmetics. Electrochemical detection 

of heavy metals has become a popular alternative to traditional analysis, using highly sensitive 

spectroscopic techniques. Carbon composite electrodes have been used for electrochemical sensors 

due to their chemical inertness, large potential window, and resistance to fouling. However, they 

can often suffer from poor electrocatalytic behavior, resulting in the need for extensive surface 

modifications. Moreover, traditional carbon composite electrodes have been limited in their 

pattern-ability and difficultly in fabrication. Thermoplastic electrodes were developed in 2017 to 

address these needs and are further discussed and characterized in this dissertation for applications 

towards heavy metal analysis. Overall, this dissertation seeks to use carbon composite electrodes 

to improve detection efforts for both environmental pollutants (i.e heavy metals) and biological 

analytes.  

 Chapter 2 introduces the use of stencil-printed carbon electrodes (SPCEs) for the analysis 

of heavy metals in cosmetic samples from Nepal, Ghana, and Uganda. The approach utilizes a 

previously developed method and adapts it, expanding its utility. The goal of the work is to develop 

a method that is capable of screening for heavy metal pollutants outside of traditional laboratory 

settings. An alternative sample extraction approach is detailed as well as the development of a 
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laboratory standard for heavy metal analysis in cosmetics. In addition to the electrochemical 

analysis, extensive analysis using inductively coupled plasma optical emission spectroscopy is 

conducted on the cosmetics samples, to better understand the Pb contamination and matrix 

complexity of the samples.   

 Chapter 3 focuses on the use of TPEs for the detection of heavy metals. Six formulations 

of TPEs, with different graphites and polymer binders, are characterized to better understand how 

the unique surface properties impact the analysis of heavy metals. The detection of Pb is used as a 

proof-of-concept model. The results illustrate that both the polymer and graphite can have 

intensive impact on the application of TPEs. Of the various formulations tested, polystyrene and 

polymethyl methacrylate show promise in detecting heavy metals within relevant ranges.  

 Chapter 4 pivots from heavy metal analysis and investigates the use of SPCEs for the 

detection of SARS-CoV-2 nucleocapsid protein. With the onset of the COVID-19 pandemic in 

2020, my research focus pivoted to address the need to develop reliable, accurate, and fast point-

of-care diagnostics for SARS-CoV-2 to help manage the spread of the virus. SPCEs are modified 

based on an ELISA (enzyme-linked immunosorbent assay) for the electrochemical detection of 

the N-protein. The assay developed sets the framework for a potential POC diagnostic, while 

meeting the industry need for fewer false negatives and lower limits of detection.  

 In summary, this dissertation seeks to implement and expand the utility of different kinds 

of carbon composite electrodes for the detection of heavy metals and biological analytes. The work 

described in this dissertation sets the framework for improving upon carbon-based electrochemical 

sensors for environmental and biological sensors. This work provides materials, methods, and 

fundamental characterization of carbon composite electrodes, and how different surface treatments 

and modifications can expand their utility in electrochemically sensing applications.  
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Chapter 1: INTRODUCTION 

1.1 Electrochemical Detection of Heavy Metals 

 Heavy metals (HM) are naturally occurring elements found in the Earth’s crust and are 

defined as elements with density greater than 5 g/cm3.1 They can categorized into two primary 

categories, essential and non-essential. Metals classified as non-essential include lead (Pb), 

cadmium (Cd), mercury (Hg), and chromium (Cr).2 Through various anthropogenic activities, 

heavy metals can leach into mediums such as food, water, soil, and consumer products, threatening 

human health.3,4 Through exposure to contaminated sources via either dermal adsorption, ingestion 

or inhalation, HM can bioaccumulate in the human body, leading to a cascade of health effects.5 

According to the Environmental Protection Agency (EPA), Pb can be permitted in drinking water 

up to 15 ppb, with the ultimate goal of zero Pb contamination.6 To prevent adverse exposure to 

heavy metals, monitoring of heavy metal concentrations is crucial. 

 Analysis of heavy metals usually utilizes highly sensitive spectroscopic techniques such as 

atomic adsorption spectroscopy, inductively coupled plasma-optical emission (ICP-OES) and -

mass spectrometry (ICP-MS).7 Samples often undergo rigorous preparation and digestion 

protocols, using concentrated acids and high temperatures in order to fully dissociate the metal 

ions from their sample matrix.8 While these methods are effective, they are time consuming, costly, 

and require experienced personnel. Electrochemical analysis of heavy metals has become a popular 

alternative as they are user-friendly, low cost, enable fast analyses, and can be miniaturized for 

utilization outside of typical laboratory environments.9 Typically, a three-electrode system is 

utilized for heavy metal detection that consists of a modified working electrode (WE), and 

reference electrode (RE), and counter electrode (CE). The electrolyte is the aqueous solution 

containing the heavy metal ion and the conductor is the electrode itself. By applying different 
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techniques, various half reactions can take place which allow for quantitative measurement of the 

heavy metal ions.10 

 Heavy metal ions can be electro-analytically measured with a variety of techniques, 

including potentiometry,11,12 chronoamperometry,13 cyclic voltammetry,14 and stripping 

voltammetry.15,16 Despite potentiometric and chronoamperometric techniques being viable 

techniques, they suffer from lower sensitivity/high LOD or require complex surface modification 

in comparison to voltammetry. For voltametric techniques, the potential is controlled, and the 

current response is used to measure the heavy metal ions in solution. In doing so, the technique is 

able to suppress the background current and increase sensitivity/LOD.10 Of the many 

electrochemical techniques that can be used, square-wave anodic stripping voltammetry (ASV) is 

the most common, lending to its high sensitivity and minimal background current. ASV can 

measure labile metal concentrations at the sub-ppb level using electrodeposition, which pre-

concentrates the metal of interest on the electrode surface. The sub-sequent oxidative stripping 

peaks, specific to individual metal ions, can then be used to quantify the metal ion of interest.17,18  

 Several different electrode materials have been developed for the electro-analysis of heavy 

metals. Mercury electrodes were one of the first materials used for heavy metal analysis, because 

of their high sensitivity, wide potential ranges, and ability to form amalgams with various metal 

ions.19 The hanging mercury drop electrodes were among the first to be used for trace metal 

analysis, but due to the instability of the electrode, research pivoted to thin-film mercury 

electrodes.20 The conductivity of Hg and the poor hydrogen evolution reaction (HER) kinetics 

allow Hg thin film electrodes to be utilized over wide potential ranges. Further, the Hg can form 

stable amalgams with deposited metals, increasing stability and deposition efficiency.21,22 Many 

Hg thin-film electrodes use a carbon base, and due to the toxicity of Hg, several efforts have sought 
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to replace Hg with a bismuth (Bi) film, which behaves in a similar manner to Hg but is non-toxic.23–

25 Much like Hg, Bi can form a thin layer on the electrode surface, promoting the nucleation of 

metal ions during deposition, which can then be stripped off (either anodically or cathodically), 

producing resolved and quantifiable peaks (Figure 1.1).26 With the movement away from Hg-

based electrodes, carbon-based electrodes have become more popular for heavy metal analysis. 

Chapters two and three seek to improve upon and develop novel electrochemical sensors for Pb 

analysis using carbon-based electrode systems.  

Figure 1.1: Schematic of the ASV process for heavy metal ions, utilizing a thin-film on an in-situ 
electrode system. Figure from Wygant, et al.21 
 
1.2 Electrochemical Biosensors 

 Environmental pollutants have also been detected using various types of biosensors. A 

biosensor consists of two main elements, the bioreceptor  and a transducer.27 The bioreceptor acts 

as a recognition element for the analyte of interest and the transducer converts the interaction into 

a measurable signal. Examples of common bioreceptors include nucleic acids, cells, antibodies, 
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and enzymes.28 Of the several different types of biosensors, electrochemical biosensors have been 

studied extensively because they are capable of low limits of detection, specificity, and are user-

friendly.29 The immobilization of a glucose oxidase enzyme on an oxygen electrode for the 

detection of glucose was one of the first reported electrochemical biosensors back in 1962.30 

Immunosensors, aptasensors, and enzymatic biosensors have all been developed for detecting a 

handful of environmental pollutants, including heavy metals.31 Enzymatic, whole cell, microbial, 

nucleic acid, and biofilm electrochemical biosensors have all been developed for the trace-level 

detection of heavy metals in water sources.32 These sensors are capable of detecting heavy metals 

within EPA and WHO regulations, making them promising candidates for environmental 

screening and prevention operations.  

 Beyond applications in environmental sensing, electrochemical biosensors are often 

utilized in medical, biological, and biotechnological applications.28 Biosensor use is growing 

exponentially in the medical field for diagnosis and monitoring of diseases, with a recent push in 

infectious diseases.33 Nucleic-acid amplification tests like PCR or immunoassays such as an 

ELISA are the most common methods for detecting infectious disease, but are also labor intensive 

and time consuming.34–37 ELISAs (enzyme link immunosorbent assay) are often used to detect an 

antigen or antibody of a disease using a conjugated enzyme and substate.38 Electrochemically, 

enzymes are chosen that can react with a substrate to create a redox product, which can then be 

measured and quantified.39,40  

In recent years, electrochemical biosensors have been applied to developing point-of-care 

(POC) diagnostics for a variety of diseases. POC tests are multifaceted, as they need to be fast, 

sensitive, and selective while also being small and user-friendly. Electrochemical biosensors fulfill 

several of those requirements, making them promising candidates for POC diagnostic 
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development.41,42 At the onset of the COVID-19 pandemic in 2020, there was a huge need for the 

development of point-of-care devices for the monitoring and diagnosis of the virus. The WHO 

listed POC diagnostic development for SARS-CoV-2 a top research priority. Several 

electrochemical POC diagnostics were developed that utilized microfluidics, screen-printed 

devices and electrochemical paper-based analytical devices.43 Several variations of carbon-based 

electrochemical systems were developed for the detection of viruses, with most implementing an 

ELISA-based surface modification approach using voltametric or impedimetric-mode based 

sensors.44 However, many of the POC sensors failed to meet the WHO minimum criteria for 

positive and negative sample detection and suffered when analyzing real patient samples. Chapter 

4 of this dissertation explores the preliminary development of a POC electrochemical biosensor 

for the detection of SARS-CoV-2 using a carbon-based ELISA system, seeking to address the 

drawbacks of other POC diagnostics for COVID-19.               

1.3 Carbon Electrodes 

 Carbon electrodes have come to the forefront in several industries because of the diverse 

physical and chemical properties they can emulate. Carbon based materials have wide potential 

windows, chemical stability, and complex surface chemistry while maintaining tunable electron 

transfer and charge-storage properties.45,46 Further, carbon electrodes are recognized for their inert 

electrochemistry47, which is imperative for deployment in sensing applications. Several types of 

carbon electrodes have been developed, which have utilized the various allotropes of carbon, 

including graphite, diamond, and fullerene – all of which present different electrochemical 

features.47 Graphitic carbon has become the most carbon allotrope for electrochemical sensors, 

being the most crystalline form of carbon and as such, exhibits properties similar to precious metal 

counterparts (electrical and thermal conductivity) and chemical inertness and lubricity.48 Graphite 
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can be broken down into natural and synthetic classifications, which can be further categorized 

into a handful for varieties.48 The type of graphite can then have a cascade effect on the 

electrochemical performance.  

 Carbon composite electrodes are one of the most common carbon electrodes used in 

electrochemical applications, and are defined by a conductive phase (i.e., carbon) being mixed 

with an insulating matrix.49 The type of insulating matrix and carbon source can have intrinsic 

properties on the electrochemical behavior. There are several types of carbon composite 

electrodes, including carbon paste, stencil or screen printed carbon electrodes (SPCE), and epoxy-

based electrodes.50–53 Stencil-printed carbon electrodes (SPCE) have been developed extensively, 

because of their low cost, ease of fabrication, and ability to be incorporated into point-of-need 

devices/applications.54–57 While SPCE can have limitations in regards to the their electrochemical 

performance in comparison to other carbon composite electrodes, several surface modifications 

can be implemented to enhance conductivity and their electron transfer kinetics. Further, the 

reduction in size of the electrodes allows for smaller reagent volumes while the disposability 

feature negates issues of cleaning and memory effects.53 SPCEs are attractive for heavy metal 

analysis as they eliminate carryover contamination and/or biofouling from multiple uses, which is 

a critical component when looking at trace-level analysis. Further, SPCEs can be versatile in both 

design and modification with the incorporation of different insulting inks (carbon or precious 

metal) and surface additives such as carbon nanomaterials or other covalent conjugations.58  

 Carbon composite electrodes can be greatly influenced by the type of insulator and graphite 

used for fabrication. Different graphites (sources and sizes) can lead to significant differences in 

surface functional groups, therefore effecting the surface chemistry of the electrode.59 Surface 

oxides are some of the most prominent surface functional groups, which can separated into acidic 
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(carboxylic, phenolic), neutral (benzoquinonyl) and alkaline groups (carbonyls).60 Surface oxides 

can be influenced by the morphology and surface preparation (sanding/polishing) of the electrode 

surface, which can then effect electron transfer, adsorption and electrocatalysis.47,61 Different 

techniques can be applied to activate the carbon surface, which can tune the surface chemistry 

towards detection of different analytes. Examples include plasma treatment to create more 

hydrophilic surfaces which attract aqueous analytes or electrochemical activation to create a net 

charge on the surface, promoting interaction with analytes of opposite charge.62 Further, the 

physical structure of the carbon electrode can impact the applicability. In relation to metal 

deposition, surfaces that contain mesopores or macropores that are more acidic are the most 

effective in depositing Pb.60,63 The binder, or insulator, can limit carbon composite electrode utility 

in respect to the electrocatalytic activity or the moldability. Some binders can interfere with the 

electrochemical performance by hindering electron transfer with the graphite and/or fabrication is 

limited, due to poor pattern-ability. Both aspects are important consideration when designing 

electrodes for sensing applications.  

1.4 Thermoplastic Electrodes 

 Thermoplastic electrodes (TPEs) were introduced in 2017 by the Henry group, and 

described as easily fabricated carbon composite electrodes that maintain excellent electrochemical 

properties.64 Broadly, TPEs are fabricated by combining a thermoplastic polymer, acting as the 

insulator, with a graphitic carbon source. Thermoplastic polymers are attractive insulators because 

they can be heated and molded into various patterns without losing their structural integrity.65 With 

the mechanistic properties of the thermoplastic unaffected, TPEs are only limited by the carbon 

particle size and respective mass loading of the carbon source.64,66 Previous characterization has 

shown TPEs can have 10:1 or higher carbon:polymer ratios, lending them to be highly conductive. 
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TPEs have reported conductivities up to ~1000 S/m, which is significantly higher than other 

previously reported SPCEs and in good agreement with other carbon composite electrodes.66–68  

 Several different types of thermoplastics have been implemented in TPEs, including 

polymethyl methacrylate (PMMA)64,69, polystyrene (PS)67,70, and polycaprolactone (PCL).66,71 

Previous characterization of TPEs with all three polymers have demonstrated that their 

electrochemical performance is comparable to other carbon composite electrodes, as well as glassy 

carbon and precious metal electrodes. The electrode characteristics can be tuned by adjusting the 

carbon source, thermoplastic, or the ratio of the two. Such adjustments can alter the 

electrochemical and physical characteristics, broadening their overall application. TPEs have been 

used to create biological sensors70–73, but little has been down to apply them to environmental 

pathogens such as heavy metals. The application of all three binder types with different carbon 

sources for application in heavy metal analysis will be further discussed in this dissertation.  

1.5 My Contributions 

This dissertation aims to apply carbon composite electrodes toward the sensing of both 

environmental and biological pathogens. In Chapter 2, SPCEs are used to characterize and analyze 

Pb contamination in cosmetic samples from resource-limited areas. The electrochemical method 

is adapted to be suitable analysis of samples with high metal contamination, rather than trace-level 

analysis, which is rarely done. The new method sets the framework for alternative analysis of 

heavy metals in cosmetics without the use of sophisticated instrumentation and hazardous 

chemicals.  

 Chapter 3 explores the utility of TPEs for environmental monitoring. The analysis of Pb is 

explored as a proof-of-concept model, to understand if TPEs can be applied to trace-metal analysis. 
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Unlike Chapter 2, where the focus is on high levels of contamination, Chapter 3 focuses on trace-

level analysis, with the goal of developing reusable sensors, unlike the SPCE counterparts which 

have been previously developed. Due to the surprising results, further physical and chemical 

characterization was conducted on several formulations of TPEs, to gain insight on which 

properties impact TPE performance. 

 Chapter 4 completely switches focus, with the development of an electrochemical sensor 

for the detection of COVID-19 nucleocapsid protein. Due to the on-set of the COVID-19 

pandemic, my research focus pivoted to address the need for low-cost, point-of-care sensors to 

combat the continued spread of the virus. The work with SPCEs from Chapter 2 was broadened to 

be applicable to biosensors. The work focuses on the adapting a sandwich ELISA approach to an 

electrochemical sensor, to create a highly sensitive and accurate diagnostic. The SPCEs are 

modified with antibodies for the SARS-CoV-2, using covalent conjugation to the electrode 

surface. Inactivated virus samples are then tested and quantified using electrochemically active 

enzyme substrates, bound specifically to the antigen target. A proof-of-concept clinical study is 

conducted, showing preliminary data that the sensor could be used to assess infectivity rates of 

individuals. While the sensor does not meet the requirements of a point-of-care diagnostic, it sets 

the framework for future POC devices.  

 Overall, this dissertation seeks to employ low-cost and tunable electrochemical sensors for 

the analysis of environmental and biological analytes. The majority of the work is focused on 

utilizing carbon composite electrodes as electrochemical sensors for heavy metals, with a specific 

focus on Pb contamination. The focus is then slightly shifted toward developing a carbon-based 

electrochemical system for the detection of COVID-19. More broadly, all three elements of the 
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dissertation provide preliminary groundwork for making electrochemical sensors more deployable 

outside of traditional laboratory settings, without sacrificing performance or accuracy.  
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 CHAPTER 2: Analysis of eyeliner cosmetic samples and the development of an alternative 

analysis method using citric acid and anodic stripping voltammetry.  

2.1 Chapter Overview: Heavy metal contamination in consumer products is not a new problem, 

but little attention has been given to potential contamination in cosmetic products, especially from 

resource limited settings such as Nepal, Ghana, and Uganda. This work presents the analysis of 

several eyeliners from each country, using both traditional digestion and analysis methods as well 

as the preliminary development of an alternative, safer method using citric acid and anodic 

stripping voltammetry. Preliminary results indicate that the alternative method is suitable for 

simple matrixes, but further development is needed before use in real cosmetic samples. ICP-OES 

results shows that 80% of the samples collected samples tested have dangerous levels of lead 

contamination. Moreover, as heavy metal analysis is not commonly done on cosmetics, the 

development of the spiked cosmetic standard was developed, for use in testing and optimizing the 

alternative analysis method. The work in this chapter is under preparation to be submitted to 

Analytical Chemistry. This work was done in collaboration with Dr. Toni Barstis from Saint 

Mary’s College and the University of Notre Dame. Dr. Barstis performed all the inductively 

coupled plasma experiments, including validation experiments of protocols developed and initially 

tested at CSU. Without her contribution, this work would not have been possible. All remaining 

experiments were performed by K. McMahon. 

2.2 INTRODUCTION 

Exposure to heavy metals can lead to a cascade of potential health concerns including, but 

not limited to cancer, respiratory diseases, kidney disease, and nervous system and skeletal 

damage.1,2 Human and animal exposure to heavy metals can occur from a variety of sources, 

including water, food, soil and consumer products such as cosmetics.3,4,5 Heavy metals are 
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naturally occurring elements in the Earth’s crust with high densities in comparison to water. Key 

elements include lead (Pb), cadmium (Cd), mercury (Hg), and chromium (Cr) as well as essential 

nutrients iron (Fe), copper (Cu), zinc (Zn), and nickel (Ni).6 For the purposes of this research, 

heavy metals include transition metals, post-transition metals, and the metalloid arsenic (As), due 

to its toxicity. Metals like Pb, Cd, and Hg are considered highly toxic and have no biological role 

while heavy metals like Fe, Ni, and Cu are necessary nutrients but in excess can cause several 

adverse health effects.7  

Despite regulations meant to minimize exposure, heavy metals continue to leach into sources that 

humans interact with regularly.8 Heavy metals are introduced into the environment through 

industrial, domestic, technological, and agricultural practices and through natural sources like 

weathering and volcanic eruptions.9 For example, activities like mining can produce waste with 

high levels of heavy metals that contaminate water sources.10 Heavy metals from contaminated 

water sources can be then transferred to other mediums like soil, plants, and food, which then leads 

to human and animal exposure.11,12  Depending on the metal and the type of exposure, permitted 

heavy metal concentrations by the World Health Organization (WHO), Environmental Protection 

Agency (EPA), and the Food and Drug Administration (FDA) can range from 0.5 ppb – 50 ppm.13 

Heavy metal exposure from cosmetics has been largely overlooked, however, many cosmetics can 

contain dangerous levels, especially in developing countries.   

Heavy metals are often present in cosmetic products, stemming from either matrix 

impurities or ingredients used in color pigmentations.14 For example, silicate mineral additives 

often found in eye shadows, lipsticks, care creams, and makeup powders can introduce trace levels 

of metal impurities into the product.15 Cosmetics most often contain Pb, Cd, Fe, Cu, Ni, Ti, Zn, 

and in rare circumstances, As and Hg.4 The FDA permits a range of heavy metal concentrations in 
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cosmetic products, depending on the metal toxicity. The United States regulations permit Pb 

concentrations up to 10 ppm and As concentrations in color additives up to 3 ppm.16 The European 

Union and Canada also have policies for metals in cosmetics, but in most other parts of the world, 

there is little regulation. Due to this lack of regulation, several studies have found regions in Asia, 

the Middle East, and Africa where heavy metal concentrations in cosmetics are dangerously 

high.17–20,12 For example, Surma eyeliners are often applied to children for cultural and medicinal 

traditions in addition to standard beauty routines.21,22 One study showed that Pb and Cd levels in 

Surma related cosmetic products ranged between 51.1 – 4839.5 ppm and 1-158.6 ppm respectively, 

which is substantially higher than FDA regulated levels (10 ppm).23    

Dermal exposure to heavy metals is generally considered less dangerous than ingestion; 

however, it can still have a significant impact on human health, as the metals can bioaccumulate 

over time.24 The use of contaminated cosmetics can lead to metal accumulation in the skin layers 

causing dermatitis or the metals can be transported through skin layers, entering the blood stream, 

leading to a cascade of moderate to severe health effects.25,26 One study showed that Pb can be 

rapidly absorbed through the skin via sweat glands and hair follicles, and was later detected in 

blood, urine, or sweat.27 Therefore, the development of an easy to use, cost effective platform 

capable of analyzing trace metal concentrations in cosmetics is critical. 

Several analytical methods are currently available for heavy metal quantification in 

cosmetics. These include inductively coupled plasma optical emission spectroscopy, atomic 

absorption spectroscopy, and atomic fluorescence spectroscopy.28 The current gold standard 

garnered by the U.S. Environmental Protection Agency (EPA), and used by the FDA is inductively 

coupled plasma mass spectrometry.29,30 While all these methods are sensitive, accurate, and 

suitable for trace metal analysis, they are cost-prohibitive, time-consuming, and require extensive 
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training. Further, samples must be collected in the field and transported back to laboratory settings 

for analysis. This makes it particularly difficult for resource limited areas to perform any kind of 

heavy metal testing. Additionally, sample preparation for analysis poses another significant 

obstacle.  

Cosmetic matrices are complex and generally consist of lipids, organic absorbers, and other 

organic additives, rendering extraction of heavy metals from cosmetic samples complicated. 

Therefore, coextraction of matrix components along with the metal ions becomes the primary 

hinderance.15 Secondly, a preparation technique that can be applied to a variety of cosmetic 

products is challenging, due to the diversity of the cosmetic matrices. Organic additives in the 

cosmetics can bind to the metal ion impurities, hindering metal lability, which is crucial for 

detection. Therefore, aggressive sample preparations are required to free any complexed metal.31  

Standard methods for sample preparation use strong acids and bases at high temperatures in a 

controlled environment to destroy the matrix while simultaneously capturing the metals.32 

Examples include microwave-assisted or close vessel acid digestions with combinations of nitric 

acid, hydrochloric acid, perchloric acid, and hydrofluoric acid.30,32 These acids are considered 

hazardous, requiring controlled operating conditions, further increasing the cost and time of 

analysis. Alternative, safe methods of sample preparation are of significant interest to not only 

decrease the cost of analysis but to enable analysis to be done by individuals with less training and 

expertise safely.  

To analyze the cosmetic samples in the field or in low resource settings, an alternative 

sample preparation protocol that avoids using any hazardous reagents is necessary. Soil samples 

are the closest related matrix to cosmetic products. Several studies have demonstrated successful 

implementation of less hazardous extraction protocols for analysis of heavy metals in soil samples. 
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Examples include the use of extraction solutions containing weak or diluted acid/bases, chelating 

agents, and redox manipulators.33 While soil samples have a similar matrix to cosmetics, they are 

still less complex and can be “cleaned” with more ease. Therefore, the successful extraction of 

metals from cosmetic samples remains elusive. 

Electrochemical approaches, in particular, anodic/cathodic stripping voltammetry, have been 

demonstrated as a suitable method for analysis of heavy metals, with sub part per billion (ppb) 

detection limits.34 Stripping voltammetry techniques have been used in trace metal ion detection 

for two primary reasons; the accumulation of the metal ions on the working electrode allows for 

preconcentration and the voltage pulses during the stripping step produces a high signal to 

background ratio, yielding high sensitivity of the assay.35 However, portable and nontoxic 

electrode materials have been a major hinderance. Recent work has looked at stencil-printed 

carbon electrodes (SPCEs) for trace metal ion detection, which can be fabricated from non-toxic 

materials.36–41 The electrodes are fabricated from glassy carbon, a form of graphitic carbon, and 

when used in combination with a bismuth film, generate well resolved voltammograms for trace 

metal ions.36  The bismuth is electrodeposited onto the working electrode to form a stable alloy 

with the metal ions, and shows similar electrochemical performance to traditional mercury-film 

electrodes, but without any added toxicity.34,37  

 The work described herein outlines an alternative method for the analysis of cosmetic 

samples from resource-limited settings. Analysis of varying levels of heavy metal contamination 

in eyeliner samples are first shown, examined with traditional digestion and analysis methods to 

demonstrate the need for routine analysis of cosmetics. An alternative extraction method coupled 

with an electrochemical technique is then described. To test the new method, a cosmetic standard 

was developed, to mimic a true cosmetic matrix with heavy metal contamination.  
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2.3 Materials and Methods 

Cosmetic Sample Collection 

Cosmetic samples were collected in Nepal in June of 2019, in Ghana in December of 2019, and 

Uganda in January of 2020. A variety of sample types were chosen. Samples of particular interest 

included any product labeled with “surma” or “kohl”, as those ingredients are banned in the US 

and have been shown to contain high levels of Pb, among other toxic metals. 17 samples were 

collected and stored at ambient temperatures prior to analysis.  

  

Schematic 2.1: Map of the three countries where eyeliner cosmetic samples were collected. Stars 

represent the regions in each country where the sample was obtained.  
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Table 2.1: List of collected in Nepal, Ghana, and Uganda. Brands are reported as seen on the label 
of the cosmetic, and the matrix was determined from the label and physical examination.  
 

Country Brand Matrix 

Nepal 
 

S.O.N.A.T.A Eye Liner Selfish Liquid 
S.O.N.A.T.A Premium Eye Liner Liquid 

Surma Mamira Solid/powder 
Perfect Eyeliner Waxy paste 

Sheetal Waxy paste 
Homemade child eyeliner Dried solid 

Ashok Solid/powder 
Eye Improvement Powder Solid/powder 

Surma Mamira Solid/powder 

Ghana 

Al-Asmad Solid/powder 
Kohl Al-Sherifain Solid/powder 

Lateef Surma Solid/powder 
Mumtaz Delux Kajal Cold Waxy paste 

Mumtax Delux Kajal Waxy paste 
Khojati Surma No. 13 Black Solid/powder 

Hind Noor Eye Liner Solid/powder 
Mumtaz Delux Kajal Cold Waxy paste 

Uganda 
Starlet Kojal Waxy paste 
Starlet Kojal Waxy paste 

 

X-Ray Fluorescence Spectroscopy 

An Orbis Micro-XRF Analyzer was used with a 30mm2 Silicon Drift Detector, rhodium x-ray 

source, and 30um PolyCap sensor. Samples did not undergo any preparation steps other than 

creating uniform physical surface for detection of the stage platform. 

Cosmetic Sample Digestion for ICP-MS 

Approximately 50 mg of each sample powder/liquid was weighed into pre-cleaned 15 mL 

Savillex® Teflon beakers. 4.0 mL of double-distilled (DD) concentrated (16N) HNO3 (Sigma 

Aldrich) was added to each sample and placed on a hotplate to reflux at 200oC for 48h. Samples 

were subsequently removed from the hotplate and cooled for 1h. Any sample residue adhered to 

the sides of the beakers was rinsed with 18 MΩ cm-2 water. The samples were then placed on the 
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hotplate at 110 oC to dryness. 2.0 ml of DD 16N HNO3 was added to the dried samples, and beakers 

were recapped and placed on the hotplate at 200oC for 48h. Samples were again removed from the 

hotplate and cooled. Two or three drops of 30% hydrogen peroxide were added to each sample. 

Once the reaction subsided, the samples were placed on the hotplate again for 60 min. This process 

of removing the sample to cool and adding H2O2 and DD concentrated HNO3 was repeated until 

there was no further reaction. Samples were placed on the hotplate at 110 oC to evaporate to 

dryness. Subsequent to this last evaporation cycle, 3 mL of concentrated DD HNO3 was added and 

then diluted to a final volume of ~100 mL with 18 MΩ cm-2 water. Aliquots from the digested 

solutions were used for both trace elements and isotopic measurements.  

Inductively Coupled Plasma Mass Spectrometry 

Trace element concentrations of all solution aliquots were collected on a Nu Instruments AttoM 

High Resolution (HR) inductively coupled plasma mass spectrometer (ICP-MS). All trace element 

analyses were conducted in wet plasma mode in medium mass resolution (M/△M ≈ 2500), and at 

the start of each analytical session the instrument was tuned and calibrated using a multi element 

solution (Li, B, Na, Si, Sc, Co, Ga, Y, Rh, In, Ba, Lu, Tl, and U; 1 ng/g).  Indium and Rhenium 

were used as an internal standard to monitor and correct for instrument drift and matrix effects. 

Trace element abundances were calculated based on an external calibration technique.  

Spiking Procedure (creation of lead-spiked cosmetic standard) 

A lead-spiked cosmetic standard was not commercially available, so one was made using the 

cosmetic Coty Airspun Loose Face powder. 2.0 grams of the Airspun cosmetic was mixed with 5 

mL of 50 ppm Pb2+ standard (Atomic Absorption Lead Standard (Sigma-Aldrich) for 48h while 

rotating at ~40 rpm. The samples were gravity filtered with W40 filter paper; both the filtrate and 

filtride conserved. The filtride was allowed to dry completely (~12h). 
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Extraction Solution  

An extraction solution was adapted from previous literature with modifications.33 Briefly, 250 mL 

of  0.5 M citric acid, at pH 2 was prepared by adding solid citric acid (Sigma-Aldrich) to deionized 

water. Solution was pH adjusted using either HCl or NaOH until desired pH was reached and 

solution was brought to volume.  

Extraction procedure  

0.2 g of cosmetic sample was added to 5 mL of 0.5 M citric acid, pH 2, and incubated for 2h at 

~40 rpm. Samples were suction filtered with W40 filter paper; both the filtrate and filtride 

conserved. The filtride was allowed to dry completely (~12h). 

Cosmetic Sample Digestion for ICP-OES 

For each sample, 50 mg of sample was weighed and placed into a CEM MARS6 Microwave 

Digester tube. 5 mL of trace-metal grade, concentrated (16N) HNO3 was then added to each 

sample, and all tubes were loaded into the CEM carousel. The pre-programmed CEM “USP RM 

Organic” digestion method (1030-1800 Watt power, 20-25 min ramp time, 15 min hold time at 

210°C) was used to microwave digest the samples. Following digestion, the samples were 

allowed to cool for at least 20 min. Each tube was carefully opened, and the contents were 

transferred to a Falcon tube and diluted with 20-25 mL of deionized water. 

Inductively Coupled Plasma Optical Emitting Spectra (ICP-OES) 

ICP-OES analyses of the cosmetic samples were conducted at the Center for Environmental 

Science and Technology (CEST) at University of Notre Dame using the Perkin Elmer Optima 

8000 ICP-OES with Prep3 instrument. At the start of each analytical session, the instrument was 

calibrated using standard Pb2+ (Atomic Absorption Lead Standard (Sigma-Aldrich) solutions, 0-
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10 ppm. Yttrium was used as an internal standard to monitor and correct for instrument drift and 

matrix effects. Lead concentrations were calculated based on the standard calibration curve. 

Stencil Printed Carbon Electrode Fabrication 

SPCEs were fabricated according to previous literature with no modifications.36 Briefly, 2 g of 

glassy carbon (Sigma-Aldrich) was combined with 1.8 g of commercial carbon ink (Ercon). Using 

a precut transparency stencil cut with a CO2 Epilog laser, the electrodes were printed onto a 

separate transparency sheet and dried at 65 °C for 30 min. Ag/AgCl ink (Sigma Aldrich) was 

painted onto the right electrode to serve as the reference electrode and dried at 65 °C for 30 min.  

Electrochemical Measurements 

Deposition and stripping parameters were adapted from previous work.36 All buffer, pH and 

bismuth concentrations were replicated with minor modifications to the electrochemical 

parameters. 0.1M, pH 4 acetate buffer was made using sodium acetate (Sigma Aldrich) and trace-

metal grade acetic acid (Fischer Scientific). Atomic Absorption Lead and Bismuth Standards (1000 

mg/mL) (Sigma-Aldrich) were used to create various concentrations for the calibration curves. 

Before deposition, electrodes were cleaned using chronoamperometry at 0.4V for 120 s, using 50 

µL of 0.1M acetate buffer, pH 4. 50 µL of Pb2+ standards and cosmetic samples were used for all 

measurements.  

Standard Addition Curves 

A 10 ppm Pb2+ standard, made from an Atomic Absorption Lead Standard (1000 mg/mL) (Sigma-

Aldrich) were added to the unknown sample, in 10 or 20 µL aliquots up to a total of 40 µL. All 

generated curves were fit to a linear regression model, and the lines of best fit were used to 

calculate the x-intercept. The unknown concentration was calculated using Equation 2.1. Vs is the 

x-intercept, Cs is the concentration of the standard, and Vx is the volume of the standard.  
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  𝐶𝑥 = − 
(−(𝑉𝑆)0)(𝐶𝑠)𝑉𝑥    Equation 2.1 

2.4 Results and Discussion: 

Cosmetic Sample Preliminary Analysis 

A handful of samples collected from Nepal were analyzed using X-Ray Fluorescence 

(XRF). Liquid or gel samples were not analyzed due to the incompatibility with the matrix and 

sample set-up in the instrument. Preliminary analysis was done using XRF because it is non-

destructive and often used to understand the composition of trace metals in environmental 

samples.42,43 As seen in Figure 2.1, the cosmetic samples contain a variety of heavy metals and 

other inorganic matter, including toxic metals of interest Pb, As, and Cr. Micronutrients such as 

Fe, Ca, Zn, and Cu were detected in high abundances, which is not unexpected as they are often 

used as additives. As the instrument and samples were not calibrated for quantitative analysis, only 

qualitative information was gathered.  

Figure 2.1: Representative X-ray fluorescence spectra of Nepali eyeliners from the Southwest 
region. Spectra represents relative abundances of inorganic species at the location of the x-ray 
source.  
 

Using the data collected from the X-ray fluorescence experiments, Cr, As, and Pb were 

chosen to be analyzed with inductively coupled plasma mass spectrometry (ICP-MS). Four black 

eyeliner samples were tested, all of various matrixes. Black eyeliners were chosen, due to their 
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higher probability of containing Pb contamination, due to the dark pigmentation.44 As seen in 

Table 2.2, all three metals of interest were found in the samples. In two of the samples, S6 S-3 and 

S1 SW-6, the Pb concentrations were 503 and 1543 ppm, respectively. This is 50x and 150x the 

amount of Pb permitted in cosmetic products by US regulations. The Cr and As concentrations 

were below the permitted levels for all samples. As Pb was seen in all samples with varying 

concentrations, further analysis was focused solely on Pb contamination.  

Table 2.2: Results of ICP-MS analysis, in mg/kg, of four eyeliner samples collected from Nepal. 
Samples were only run (n=1), due to limited sample inventory.  
 

 Chromium, 
(mg/kg) 

Arsenic, 
(mg/kg) 

Lead,  
(mg/kg) 

Sample 1 1.4 0.75 1543 

Sample 2  0.6 0.04 28 

Sample 3 0.6 0.04 3 

Sample 4 1.3 0.34 503 

 

Development of a cosmetic standard for heavy metal analysis 

To develop a method that can analyze cosmetics without the need for strong acids or 

traditional lab equipment, a cosmetic standard containing Pb first needed to be developed, as there 

are no commercially available cosmetic standards for heavy metal analysis. As Pb is often an 

impurity in darkly pigmented cosmetics44, a light powder, Airpsun, was used as the standard matrix 

to ensure Pb was not present prior to being added. The powder was mixed with a 50-ppm aqueous 

Pb solution and incubated for 48 hours, while rotating. The rotation ensures that the powder 

interacts with the Pb solution evenly. An aqueous solution of Pb was chosen to ensure the Pb was 

fully solubilized, increasing the likelihood of it chelating with the ingredients in the powder. The 



30 
 

“spiked” powder was then filtered, to remove any excess liquid and allowed to dry. The spike 

efficiency was determined by digesting the “spiked” sample and measuring the total Pb content 

using ICP-OES. Both the filtrate and filtrides were analyzed, to be able to determine the percent 

loss of Pb (Table 2.3). The majority of the Pb should remain in the filtride if the spiking protocol 

was successful.  

Table 2.3: Average Pb2+ concentrations from the ICP-OES results of the Airspun sample digestion. 
The filtride was digested for analysis of total [Pb2+] conjugated to the Airspun matrix. Filtrate was 
digested for analysis of total [Pb2+] not conjugated to the sample. Percent loss was calculated using 
the difference. Mg/L was converted to mg/kg, to account for mass of the cosmetic powder. Mass 
and volume of the sample were taken into account when calculating concentrations. 
 

 Theoretical 
[Pb2+], 

(mg/kg) 

Measured 
[Pb2+], in 
filtride 
(mg/kg) 

Measured 
[Pb2+], in 
filtrate 
(mg/kg) 

[Pb2+] 
loss, 

(mg/kg) 

Percent 
Loss (%) 

“Spiked” 
Airspun 

1249 ± 0.6 971 ± 40 0.6 ± 0.01 278 22 

 

On average, there is a percent loss of ~22% of the total Pb spiked into the cosmetic, 

equating the standard to have a concentration of ~40 ppm Pb2+. The loss is likely a result of the 

manual filtration process. During filtration, a small portion of the cosmetic powder would get 

trapped in the filter paper and is unrecoverable. This is further verified by comparing the dry 

weights of the spiked cosmetic before and after filtration. Prior to filtration, the total mass weight 

was 6.00 grams. After spiking, the sample weighed 5.04 grams, resulting in approximately one 

sixth of total mass loss. The spiking method proved reproducible (n=5) and was used for the 

development of a preliminary extraction solution, with a concentration of 40 ppm. The sample 

discussed above is representative and presents the average result of all Airspun standards made. 

For each batch of standard made, it was quantified on ICP-OES prior to use. 
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Development of Heavy Metal Extraction Solution 

To make metal analysis more available in resource limited settings, the elimination of toxic 

reagents is necessary. Traditional sample preparation involves destroying the sample matrix and 

extracting out the metals of interest with concentrated strong acids and high temperatures. This 

ensures there are no matrix interferences during measurement, allowing complete dissociation of 

the metal ions from chelators. To address this, alternative extraction approaches can be developed. 

Elements to consider are reagents that can break down matrix components, releasing the metal ion 

into solution or the promotion of ion-exchange, both of which can increase lability and decrease 

chelation. Therefore, rather than seeking to destroy the cosmetic matrix, it is only necessary to 

manipulate the sample enough to release the heavy metals into free solution.  

Citric acid (CA) is regarded as biodegradable metal chelator, as it is a naturally available organic 

acid. CA contains three carboxyl groups, which all act as potential coordination centers for heavy 

metals and can form stable metal complexes with Pb ions.45 Other organic acids such as ascorbic 

acid or oxalic acid have also been applied to metal removal in soil samples.46 Stability constants 

for the biligand complexes for each of the organics acids have been previously reported in the 

literature47 and are shown in Table 2.4, where the higher the stability constant, the stronger the 

ligand-metal interaction is.  

Table 2.4: Reported stability constants for Pb2+ metal ions with ascorbic, oxalic, and citric acid.47  

Organic Acid Log K 
Ascorbic Acid 3.5, 2.98, 4.08 
Oxalic Acid 5.82, 5.50, 6.33, 6.76 
Citric Acid 5.92, 6.08, 6.1 

 

For the proposed system, it is necessary to balance the ability of the metal to both associate with 

the ligand and consequently dissociate for analysis. CA was chosen as a starting candidate for the 
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extraction solution, as it capable of binding Pb with high affinity in relation to both ascorbic acid 

and oxalic acid, but an adjustment in solution conditions, such as pH, could release the metal ion 

back into free solution.  

 A preliminary solution composition for extraction consisted of a 0.5M CA solution at pH 

2. A low pH was chosen to resemble typical digestion pH’s, to maximize the amount of matrix 

destruction. A 0.5M solution was tested, as anything higher than 0.5M could be potentially 

hazardous to bring into field settings but concentrated enough to release metal ions into solution. 

The Airpsun standard was extracted using the solution and analyzed on ICP-OES, to understand 

the total Pb concentration that could be extracted, regardless of lability. Both the filtrates and 

filtrides were analyzed, to assess the efficiency of the extraction method. After extraction, the 

filtrides were subjected to traditional digestion to extract any remaining Pb in the cosmetic.  

Table 2.5: ICP-OES analysis of extracted Airspun (n=5). Filtride was microwave digested 
following extraction, to determine total [Pb2+] remaining in the sample, after extraction. Extraction 
yield was calculated using the difference between theoretical and measured concentrations.  
 

 Theoretical 
[Pb2+], 

(mg/kg) 

Measured 
[Pb2+], in 
filtride 
(mg/kg) 

Measured 
[Pb2+], in 
filtrate 
(mg/kg) 

[Pb2+] 
loss, 

(mg/kg) 

CA 
Extraction 
Yield (%) 

Airspun 
Extract 

971 ± 40 47 ± 2 914 ± 15 57 94 

 

Seen in Table 2.5, the total amount of Pb that was extracted on average was 914 mg/kg, with 47 

mg/kg left in the cosmetic. Considering the mass of the extracted sample and the volume of the 

extraction, this yields an extraction efficiency of 94%. This value is comparable to other CA 

techniques applied to lead remediation in soil and other environmental sources, while also taking 

less time and fewer resources.48,49 However, this does not account for the lability of the Pb. Small 

coordination complexes could be extracted using the solution, decreasing lability but having no 
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effect on the total Pb concentration. The filter paper was selected to be as selective for the atomic 

size of Pb as possible, but several small molecules could easily pass through the membrane. Since 

ICP-OES completely destroys any residual matrix components, the extraction efficiency is 

maximized, and other techniques that rely on metal lability could result in smaller extraction 

efficiencies.    

Applying Anodic Stripping Voltammetry toward the Analysis of Heavy Metals in Cosmetics 

As inductively coupled plasma optical emission spectroscopy cannot be taken out of a lab-

based setting, there is an opportunity to apply electrochemical techniques toward the analysis of 

heavy metals in cosmetics. Electrochemical techniques for metal analysis have been widely seen 

in the literature, in particular, square wave anodic stripping voltammetry (ASV).50–52 The electrode 

fabrication, solutions, and ASV conditions were adapted from previously published work.36 The 

adopted protocol was designed for sub-ppb Pb analysis, and adjustments were made to produce a 

wider working linear range, making it more suitable for cosmetic analysis, rather than water 

analysis. Kava et al demonstrated that a pH of 3.6 was optimal for Pb detection, due to the 

uniformity and thickness of the Bi film that is formed on the surface in a slightly more acidic 

environment. Bi is critical to the Pb deposition on carbon electrodes, as it forms an amalgam with 

the Pb during deposition, increasing stability and deposition efficiency.53 Despite this, when using 

higher concentrations of Pb, a pH of 4 showed the best result (Figure 2.2A). It is hypothesized 

that at pH 4, the Bi film is thinner. When using higher concentrations of Pb, there is more Pb 

present undergoing diffusion and a thicker Bi layer could hinder the electron transfer of the Pb 

during the stripping step.39 It was also determined that lowering the frequency to 10, versus 14, 

improved the linear correlation at higher concentrations (Figure 2.2B). Frequency can impact peak 

sharpness and background characteristics.54 As frequency increases, the oxidative peak current is 
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increased, but the peaks suffer from widening, making them less reproducible. By lowering the 

frequency, we improve the peak definition, allowing the higher concentration peak currents to be 

captured more accurately. For lower concentration levels, increasing peak current is imperative to 

maximize sensitivity and achieve a low limit of detection. Using the optimized conditions 

described above, a calibration curve was constructed in 0.1 M acetate buffer, at pH 4, and was 

used to quantify the labile Pb extracted from the Airspun samples throughout the remainder of the 

study (Figure 2.3). By fitting the peak currents of the extracted samples to the calibration curve 

(represented in red on Figure 2.3), and accounting for dilution factors, the labile Pb2+ 

concentration was determined in ppm.  

 

Figure 2.2: Calibration curves of Pb2+ to assess the optimal working linear range for A) pH and 
B) frequency. Optimal pH was determined using Pb concentrations from 100 – 750 ppb and 
frequency was determined using Pb concentrations from 250 – 1000 ppb.  

 

To further optimize the method, a pH study and acid study was conducted, to maximize 

the amount of labile Pb2+ extracted from the Airspun samples. As such, Airspun standards were 

extracted using four different acids, nitric acid (HNO3), hydrochloric acid (HCl), acetic acid, and 

citric acid and then run on the optimized ASV system (Figure 2.4A). Of the strong acids, HCl 

extracted the most labile Pb, which is expected due to its ability of breaking any covalent 
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interactions. Of the two organic acids, CA outperforms acetic acid, providing further evidence that 

CA is the best organic acid for the extraction of Pb from cosmetic samples. Additionally, the same 

Airspun standards were extracted using 0.5M citric acid solutions, ranging from a pH of 2-6 

(Figure 2.4B). A range of pHs were tested as relevant literature has shown that pH can impact Pb 

extraction efficiency.46,49,55,56 pH 2 showed the best extraction efficiency with 83% labile Pb2+ 

extracted, whereas pH 6 showed the worst with an extraction efficiency of 62.5%. All results were 

validated using ICP-OES, shown in Figure 2.4C and 2.4D and follow the same trends as the 

anodic stripping voltammetry data.  

Figure 2.3: Peak heights of Pb2+ standards normalized to the background buffer solution, ranging 
from 50 – 400 ppm are plotted. All standards contained 2 ppm bismuth. The red dot represents the 
average peak height of the extracted Airspun samples. The final concentration of extracted lead 
was calculated using the line of best fit. All dilutions factors were considered.   
 

As the ASV method can only measure labile Pb, rather than total Pb, it is likely that the 

Airspun matrix contains small organic ingredients that can act as chelators that are not affected by 

the CA and are permeable through the filtration step. It is also possible that a pH adjustment from 

2 to 4 (dilution of the standard into the acetate buffer) is not enough to fully release the metal ions 

from the CA coordination centers. Despite this extraction efficiency being less than what is 

observed with ICP-OES, the data is reproducible with small error margins. Further, the method 
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was able to quantify Pb concentrations above what is permitted by the FDA. Therefore, the ASV 

analysis method and CA extraction solution is capable of Pb analysis in cosmetics with simple 

matrixes. 

Figure 2.4: Final Pb2+ concentrations of the Airspun standards after extractions using different 
acids and different pHs. Labile [Pb2+] measured from Airspun standards using anodic stripping 
voltammetry after extraction from A) 0.5 M acids and B) 0.5M citric acid, ranging from pH 2-6. 
Total [Pb2+] measured using ICP-OES for C) 0.5M acids and D) 0.5 M citric acid, ranging from 
pH 2-6. The standard used for this study had an average concentration of 45 ± 3 ppm.  
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Testing of Real Samples using ICP-OES and ASV 

ICP-OES Analysis 

Since Pb concentrations were well above the ppb levels in the four samples analyzed on 

ICP-MS, ICP-OES was used to analyze the remaining samples. ICP-OES can be used for heavy 

metal analysis, much like ICP-MS, but it is a less sensitive technique. In total, 17 eyeliner samples 

from various regions of Nepal, Ghana, and Uganda were collected and analyzed, as shown in 

Schematic 2.1. Results are shown in Figure 2.4. Samples were microwave-digested, to determine 

the total Pb concentration of the cosmetics, shown in the blue bars. For the Nepali samples, Pb 

concentrations ranged from 2 ppm to ~2000 ppm. Of those samples, 67% of them were above the 

FDA permitted concentration of 10 ppm. Out of the Ghanian samples, 85% were above permitted 

levels. Only two Ugandan samples were tested, due to limited availability of samples during 

collection and both samples were above permitted levels. In total, out of the 24 samples that were 

analyzed, 79% of them had levels of Pb contamination that exceed the FDA permitted 

concentration of 10 ppm.  
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Figure 2.4: Comparison of the digested (blue) vs the extracted (red) Pb2+ concentration measured 
using ICP-OES of the 17 real samples analyzed.  
 

ASV Analysis 

As mentioned previously, the Airspun standard represents a simple cosmetic matrix. Since 

the CA extraction solution and ASV method were both successfully used to quantify the Pb 

concentration the Airspun standard, real samples were also tested, to determine the efficacy of the 

method on more complex cosmetic matrices. Four powder samples were tested, as their matrix 

most closely resembles that of the standard. Results are shown in Table 2.6. For all samples, Pb 

was measured and quantified, but the matrix had a large impact on the lability of the metal ion in 

the sample. Preliminary testing (not shown) of the sample using ASV showed that the labile Pb 

concentration was below what was quantifiable using the original calibration curve (Figure 2.3). 

To combat this, a 10 ppm Pb standard was added to the unknown sample in increasing volume to 
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generate a 3- or 4-point standard addition calibration curve for each sample. No more than 40 µL 

of standard was added, to preserve the integrity of the calibration curve and not mask the matrix 

effect. The standard addition plots for the four samples tested can be seen in Figure 2.6.  

Figure 2.6: Standard addition plots of A) S-3 Surma, B) SW-6, C) N-2 Med 1, and D) N-2 Child 
2. Linear regression lines of best fit were used to calculate the x-intercept. The x-intercept was 
then used to calculate the concentration of the unknown using the concentration and volume of the 
standard used using Equation 1. All data contains error bars, but points with small std dev are 
hard to see.  
 

The calculated Pb concentrations from the standard addition curves were 8.6 ppm, 330 ppb, 

1.32 ppm, 240 ppb for Samples 1-4, respectively. The extracted samples were also measured with 

ICP-OES, to determine the total Pb concentration extracted using the solution. Comparing the 

measured Pb concentrations between ICP-OES and ASV, Samples 2 and 4 had the most matrix 

interference with 0.5% of extracted Pb being labile, whereas Sample 1 had the least amount of 

matrix interference with 20% of the extracted Pb being labile. Collectively, all ASV measurements 
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were at least an order of magnitude below what was determined with the ICP-OES. Based on the 

low concentrations quantified by both the ASV and ICP method using the CA method, the 

complexity of the cosmetic matrixes has great impact on the utility of the approach. There are 

likely several potential interferents that have strong binding constants with Pb, decreasing the 

lability. Therefore, CA alone is not enough to extract Pb from cosmetics, and the extraction 

solution requires further optimization. However, all samples tested were able to be quantified to 

some degree using both methods. 

Table 2.6: Results of Pb analysis of four cosmetic samples, used ICP-OES and ASV. All samples 
were extracted with the CA extraction solution. Extraction efficiency was calculated by comparing 
the total Pb concentration to the Pb concentration measured after extraction. Concentrations were 
normalized to the mass of the sample and volume of extraction solution.  
 

 2.5 Conclusions 

The work detailed here illustrates a strong need to analyze and monitor the heavy metal 

concentrations in cosmetics from low-resource settings. Digestion and ICP-OES analysis of 24 

eye-liner samples shows that 80% of the samples contained hazardous levels of Pb contamination. 

Preliminary development of an alternative extraction and analysis method demonstrates its 

potential utility in cosmetic analysis, but further optimization is needed before either the CA 

extraction solution or the ASV method can be successfully implemented in field environments. 

 
 ICP-OES Measurement ASV Measurement 

 
 

Total 

[Pb2+] 

(mg/kg) 

[Pb2+] 

(mg/kg) 

Extraction 

Efficiency (%) 

[Pb2+] 

(mg/kg) 

Extraction 

Efficiency (%) 

Sample 1 1058.0 41.3 3.9 8.60 0.81 

Sample 2 135.6 62.3 46.9 0.33 0.24 

Sample 3 1938.6 210.2 10.8 1.32 0.07 

Sample 4 152.6 30.9 20.2 0.24 0.16 
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Despite this, the CA solution is suitable for basic matrices, such as the Airspun standard. Potential 

alternations to make the solution more robust include pH adjustment and the addition of calcium 

or ferric chloride to the solution. An increase in the pH could promote more ion-exchange between 

the matrix and the CA by reducing the OH groups, opening up more binding sites for the Pb ions 

- promoting stronger chelation. The addition of additives such as calcium or ferric chloride could 

enhance metal-exchange reactions through substitution reactions, increasing the extraction of Pb 

from the matrix. To re-release the Pb ions into solution for the electrochemical analysis, a 

pretreatment step could be incorporated to increase the lability. Chelation is strongly dependent on 

pH, therefore an adjustment in either direction could promote dissociation. Broadly, overarching 

efforts in cosmetic analysis need to continue to develop alternative methods that steer away from 

using hazardous reagents and expensive instrumentation. This work focuses on presence of Pb, but 

several other heavy metals could be of concern, such as mercury and cadmium.  
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CHAPTER 3: CHARACTERIZATION OF FACTORS AFFECTING STRIPPING 

VOLTAMMETRY ON THERMOPLASTIC ELECTRODES 

3.1 Chapter Overview 

Thermoplastic carbon electrodes (TPEs) are an alternative form of carbon composite electrodes 

that have shown excellent electrochemical performance and been applied to biological sensing. 

However, little has been done to apply TPEs to environmental sensing, in particular for heavy 

metal analysis. Based on their electrochemical properties, TPEs are expected to outperform other 

carbon composite materials for heavy metal analysis. However, after testing multiple formulations, 

TPEs showed inferior performance to previously developed carbon composite sensors for heavy 

metals. To examine the cause, a detailed electrode characterization was conducted. X-Ray 

photoelectron spectroscopy was conducted to analyze the surface functional groups, indicating that 

acidic and alkaline functional groups impact lead electrodeposition. Scanning electron microscopy 

and electrochemical characterization demonstrated that both the binder and graphite can influence 

the surface morphology, electroactive area and electron kinetics. The work is this chapter has been 

submitted to Electrochimica Acta, entitled “Characterization of Factors Affecting Stripping 

Voltammetry of Thermoplastic Electrodes”. The work was done in collaboration with Brandaise 

Martinez. Her contributions include aiding and/or collecting and analyzing data for the XPS and 

SEM experiments. All other experiments were conducted by K. McMahon. 
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3.2 Introduction 

Carbon electrodes have become increasingly popular due to their wide applicability across 

a variety of fields. They have been utilized in batteries, fuel cells, capacitors, and chemical 

sensors.1–5 Several different forms of carbon electrodes have been developed, including screen and 

stencil printed, glassy carbon, carbon paste, and carbon composite.6–11 However, carbon electrodes 

often suffer from difficult fabrication processes and slow electron transfer kinetics in comparison 

to their precious metal counterparts.12 To combat these problems, thermoplastic electrodes (TPEs) 

were developed. They are easily fabricated carbon composite electrodes that maintain exceptional 

conductivity and electron transfer kinetics.13–20 Three primary thermoplastic binders have been 

explored for TPEs, including polymethyl methacrylate (PMMA),13,21 polycaprolactone (PCL),14,16 

and polystyrene (PS).17,18 All binders create functional electrodes, but their individual properties 

greatly influence their application due to their unique surface and electrochemical properties. The 

type of carbon used has also been examined, including a variety of sized particles from 500 nm to 

130 µm of naturally and synthetically sourced graphite.13  

Previous work has demonstrated that PS and PCL electrodes can make effective biological 

sensors, 16,22–24 but little has been done to apply TPEs to environmental monitoring. Other types of 

carbon-based electrochemical sensors have been developed for a variety of environmental 

applications and contaminants, including soil and water analysis, pesticides, and heavy metals.25–

29 Heavy metal analysis is of particular concern due to multiple contamination sources leaching 

into common consumer products, including food and water.30–32 In conjunction with anodic 

stripping voltammetry and other electrochemical techniques, carbon-based sensors have been able 

to detect heavy metals in water and soil sources at or below FDA and EPA permitted levels.33,34 

However, many of these techniques require extensive surface modification, including precious 
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metal nanoparticles, carbon nanostructures, and complex surface additives or long incubation 

times.35 Due to the excellent electrochemical properties of TPEs, it was hypothesized that they are 

suitable candidates for heavy metal monitoring without the need for extensive surface 

modification.   

Here we characterize six different types of thermoplastic electrodes for the analysis of lead 

in water. Previously described binders, PMMA, PCL, and PS, are fabricated with two different 

carbon types (synthetic and natural), with particle size ranging from 16 µm to 130 µm, representing 

a spectrum of graphite used when designing carbon composite electrodes. Preliminary metal 

analysis indicates the use of different graphites and binders creates a broad range of surface 

properties which significantly influence heavy metal sensing with TPEs. Several characterization 

techniques, including scanning electron microscopy (SEM), X-ray photoelectron spectroscopy 

(XPS), and electrochemical characterization were conducted to better understand the impact of the 

electrode material on the sensor performance, Before TPEs can be broadly applied to biological or 

environmental sensors, an in-depth analysis of their physical and electrochemical properties is 

crucial. The studies presented in this work illustrate that lead sensing is influenced by both the 

surface functional groups and the surface morphologies of the thermoplastic electrodes. Further, 

both the binder and graphite can impact electrode performance, further affecting the ability of the 

electrodes to be used for metal ion sensing.  

3.2 Materials and Methods 

Chemicals and Reagents 

Dichloromethane (DCM), ethyl acetate, sodium acetate and trace metal grade acetic acid 

were sourced from Thermo Fischer Scientific (Waltham, MA, USA). Potassium ferrocyanide 
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(≥98.5%), potassium ferricyanide (99%), potassium chloride, polystyrene 45K MW (PS), and 

1000 mg/L lead and bismuth standards were sourced from Sigma Aldrich (St. Louis, MO, USA). 

Graphites were sourced from Asbury Carbon Mills, Inc. (Asbury, NJ, USA). Polycaprolactone 

(PCL) was from ThermoMorph® (Toledo, OH, USA) and polymethyl methacrylate (PMMA) was 

from Fort Collins Plastics (Fort Collins, CO, USA).  

Fabrication of TPEs 

All TPE formulations were pressed into three-electrode systems, as shown in Schematic 

1. Electrode templates (3 mm WE and RE, 5 mM CE) were designed with CorelDraw (Alludo, 

Ottowa, ON, Canada) then laser cut out of ¼ inch bulk extruded PMMA using a CO2 laser cutter 

(Epilog Laser, Golden, CO, USA). The carbon composite material was made by dissolving 1 g of 

the thermoplastic in approximately 15 mL of DCM (PCL and PS) or ethyl acetate (PMMA) and 

mixing with the graphite in a 2:1, carbon:binder ratio. Graphite was either TC303 synthetic 

graphite (16-30 µm) or 3569 natural graphite (33-180 µm). The resulting carbon composite was 

pressed into the template using a manual hydraulic heat press (Carver, Inc., Wabash, IN, USA), 

set at 90°C with pressures set between 1000-1200 psi. PCL and PS carbon composite materials 

were allowed to completely dry before pressing, whereas the PMMA material was dried to a gum-

like texture before pressing. For the PS TPEs, the material was pressed into templates overnight. 

For PMMA and PCL TPEs, material was pressed into the templates for approximately 1 hour. 

Excess material was removed using wet 150 grit silicon carbide sandpaper. Solid core tinned 

copper wire (0.65 mm diameter) was added to each electrode using silver paint (SPI Supplies, 

West Chester, PA, USA) and 2-part quick set epoxy (Loctite®, Henkel Corp., Rocky Hill, CT, 

USA).  
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Schematic 3.1: Fabrication of the thermoplastic electrodes.  

Electrochemical Detection of Lead 

Deposition and stripping parameters were adapted from previous work.34 All buffer, pH 

and bismuth concentrations were replicated with minor modifications to the electrochemical 

parameters. Electrodes were first polished using sequential 150, 600, and 4000 grit wet silicon 

carbide sandpaper and allowed to air-dry. Before deposition, electrodes were cleaned using 

chronoamperometry at 0.4V for 120 s, using 100 µL of 0.1M acetate buffer, pH 4.0. 100 µL of 

Pb2+ standards were used for all measurements.  

Electrochemical Measurements 

All electrochemical measurements were performed on a PalmSens 4 potentiostat (BASi, 

West Lafayette, IN, USA). TPEs were polished using sequential 150, 600, and 4000 grit wet silicon 

carbide sandpaper. All reported potentials are referenced against a carbon pseudo-reference TPE 
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built into the array. After sanding, arrays were sonicated in Milli-Q water for 5 minutes to remove 

polishing sediments, then allowed to air-dry completely.  

Cyclic Voltammetry and Scan Rates 

 Cyclic voltammograms (CVs) were performed at scan rates ranging from 10 mV/s – 500 

mV/s in random order. Representative CVs were performed at 100 mV/s. Ferri/ferrocyanide was 

tested a 1 mM concentration (1 mM of each oxidation state) in 0.1M potassium chloride. All CVs 

were scanned in the positive direction first and taken from -0.4V to 0.4V versus carbon pseudo-

reference electrode. 

Surface Morphology and Composition Analysis 

  Single 1 mM diameter TPE models were fabricated as described above with no wires added 

for ease of sample manipulation. Samples were gold sputter coated (Desk II Gold Sputter Coater, 

Denton Vacuum, LLC., Moorestown, NJ, USA) for 15 s to a thickness of 10 nm and scanning 

electron microscopy (SEM) was performed on a JEOL JSM-6500F field emission scanning 

electron microscope (JEOL, Tokyo, Japan) at 10 kV acceleration voltage. X-ray photoelectron 

spectroscopy (XPS) was performed using a Physical Electronics PE-5800 X-Ray Photoelectron 

Spectrometer (Physical Electronics, Inc., Chanhassen, MN, USA) equipped with monochromated 

Al anode producing Al kα x-rays, 0.8 x 0.8 mm aperture, 20 A electron neutralizer, and argon 

ion gun neutralizer. The resulting spectra were processed and analyzed via CasaXPS (Casa 

Software Ltd.). Optical profilometry was performed on a Zemetrics ZeScope (Zygo, Middlefield, 

CT). Prior to each technique, the TPE models were polished, rinsed, and air-dried the same as in 

the electrochemical measurements.   
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3.3 Results and Discussion 

Lead Detection on TPEs 

Preliminary calibration curves were generated for all six TPE compositions for 10-200 ppb 

of Pb2+. Seen in Figure 3.1, all electrode types generate resolved and reproducible peak currents 

for the detection of Pb2+. Representative voltammograms at each concentration are available in 

Figure S3.1.  The coefficient of variation ranges from 4 – 17%. The 10 ppb currents contribute 

the most to the variability, as expected. Across the binder types, there are minor shifts in the peak 

potential, which is likely a result of the differences in the potential of the carbon pseudo-reference 

electrodes. The variations in binder and graphite of the pseudo-references likely impacts the 

electrodeposition and subsequent stripping voltages of the Pb2+. Both PMMA and PS electrodes 

were able to detect 10 ppb Pb2+, while the PCL electrodes were only able to detect 50 ppb Pb2+ 

with good peak resolution. Moreover, the peak currents for PCL electrodes are substantially 

smaller in relation to both PS and PMMA. For the PCL electrodes, the peak heights for the 200 

ppb peaks are 2.7 ± 0.3 µA and 2.5 ± 0.3 µA for TC303 and 3569, respectively. For the PMMA 

electrodes, the 3569 graphite produces more current at 200 ppb relative to TC303, with peak 

heights of 7.5 ± 0.05 µA versus 5.6 ± 0.2 µA, respectively. The opposite is true of the PS electrodes 

with peak heights of 7.3 ± 0.1 µA and 9.5 ± 0.5 µA for 3569 and TC303, respectively. Comparing 

the relative peak heights of the six electrode types, PS-TC303 performed the best.  
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Figure 3.1. Calibration curves for 10 – 200 ppb Pb2+ for all six TPE formulations. Analysis was 
performed in 0.1M acetate buffer, pH 4, 360s deposition time, -1.4V deposition potential. A) PCL-, 
PS-, and PMMA-3569 TPE (n=3) peak currents fit to a linear regression model. B) PCL-, PS, and 
PMMA-TC303 TPE (n=3) peak currents fit to a linear regression model.  
 

The sensitivities for each electrode type are reported in Table 3.1 and were calculated from 

the calibration curves seen in Figure 3.1. The obtained sensitivities are below what is observed 

for other carbon electrodes in the literature. For example, the sensitivity of Pb2+ detection from Bi-

coated stencil-printed carbon electrodes (SPCEs) was 0.10 µA/ppb 34 and 0.08 µA/ppb 36. Previous 

work established that TPEs are more electrochemically robust than SPCEs,13 which makes the 

lower Pb2+ sensitivity on TPEs surprising. The metal deposition was carried out under quiescent 

(diffusion-only) solution conditions and was limited by mass transport of Pb2+ to the electrode 

surface. Since the same solution volumes and concentrations were tested on each TPE formulation, 

it suggests that the surface properties of the TPEs are influencing metal deposition. It can be 

speculated that a rougher surface may deposit the same, or more, Pb2+ ions in relation to a smoother 

one, but if the graphitic edge planes are more pronounced, the re-oxidation of the Pb2+ could be 

impacted through physical hinderance. Further, surface functional groups on the electrode surface 

can impact the Pb2+ electrodeposition.37 More acidic groups, such as carboxylic acids have shown 

higher prevalence of Pb2+ deposits than surfaces without, due to an increase in adsorption sites.37 

Additionally, a high prevalence of carbonyl or alkaline functional groups hinder Pb2+ deposition. 
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To better understand the surface chemistry and physical dynamics of the TPE electrodes, several 

surface characterization methods were applied to the system.     

Table 3.1: The sensitivities and the R2 values were calculated from the calibration curve for all six 
TPE formulations. Sensitivities and R2 values were generated using a linear regression model, 
where the sensitivity is the slope of the line of best fit. Standard deviations were calculated from 
triplicate runs (n=3). 

 

Surface Composition Analysis of TPEs by XPS 

Depending on the graphite and binder combination, carbon composite electrodes can have 

different surface functional groups, leading to complex chemical interactions.38 The binders differ 

in structure, as PCL and PMMA both have carbon chains with oxygen groups differing in length, 

whereas PS contains an aromatic ring, shown in Figure 3.2. 

Figure 3.2. Chemical structures of PMMA, PS, and PCL, given in order from left to right. 

 TC303 3569 

 PMMA PS PCL PMMA PS PCL 

Sensitivity 
(µA/ppb) 

0.029 ± 
0.001 

0.050 ± 
0.001 

0.015 ± 
0.001 

0.039 ± 
0.002 

0.038 ± 
0.001 

0.013 ± 
0.001 

R2 Value 0.997 0.994 0.982 0.999 0.996 0.979 
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When the electrodes are polished, the graphene sheets can become functionalized from 

reacting with surrounding water and oxygen, forming carboxyls, hydroxyls, and carbonyls, among 

others.39 X-ray photoelectron spectroscopy (XPS) was used to determine the functional groups and 

their relative abundance on the electrode surfaces of each electrode type. Based on the survey 

spectra (Figure S3.2), there are only carbon and oxygen peaks present, as expected, indicating that 

there are no surface contaminants. The carbon (C1s) peaks were further analyzed via high 

resolution spectra to examine differences among TPE composition more closely.    

 Figure 3.3 shows the high-resolution spectra overlay for C1s for all six electrodes, grouped 

according to binder type. Qualitative analysis indicates that both the plastic type and graphite type 

impact the relative functional group abundance with each binder interacting with the graphite 

differently, as evidenced by the different functional group peak fitting for each high-resolution 

spectrum. Looking at the individual relative percentage abundances for the carbon-carbon and 

carbon-oxygen bonding (Figure 3.4), this observation is further validated.  
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Figure 3.3: X-ray photoelectron spectroscopy high resolution C1s spectra for A) PCL TPEs, B) 
PS-TPEs, and C) PMMA-TPEs. Spectra were fit with CasaXPS software.  
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As seen by the varying degrees of the surface functional groups, the activation of the 

electrode surface is contingent on both the binder and graphite used. The PS electrodes are the 

most impacted by the size of the graphite, with PS-TC303 containing larger amounts of C-C and 

C-O bonds (52.8% and 36.9%, respectively) compared to PS-3569 (43.38% and 56.62%, 

respectively).  PS-TC303 contains 10.3% of C=O and 0% of O-C=O, whereas as PS-3569 contains 

neither functional group. PS-TC303 has a larger fraction of C-C bonds, suggesting that the surface 

is comprised mainly of basal planes. PS-3569 has a greater number of carbon-oxygen bonds (C-O 

and C=O), suggesting that there are more edge planes, in relation to PS-TC303. As 3569 is a larger 

graphite in comparison to TC303, it is hypothesized that the TC303 carbon lattice is more ordered 

and contains fewer defects. Both PCL and PMMA contain oxygen groups, so it is expected that 

the oxygen abundance will be greater. In both cases, the C-C bond percentage is higher in TC303 

than in 3569, supporting the theory that TC303 interactions with the binders produce more basal 

planes than 3569. With the increase in oxygen for both PMMA and PCL electrodes, it is 

hypothesized that there are more graphitic defects. However, the pattern of defects is unclear from 

the XPS data alone and is likely a result of various forms of graphitic defects, such as zigzag-

shaped edges or arm-chair edges.40 While the material for making the TPEs is assumed to be 

uniform, it is possible that the different layers of material contain heterogeneous amounts of 

graphite and binder. Therefore, the carbon lattices throughout the depth of the electrode would 

have varied levels of defects, impacting the carbon-oxygen bonds observed in the XPS data.  
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Figure 3.4. Atomic concentration percentages from high resolution XPS spectra for PCL-, PS-, 
and PMMA-TPEs plotted against the sensitivity of the Pb2+ deposition, represented by the pink 
star for i) 3560 graphite and ii) TC303 graphite.  

Interestingly, both the PMMA- and PCL-TPEs contain higher abundances of carbonyls 

than the PS electrodes whereas the PS electrodes contain the highest abundances of carboxyl 

groups. As noted previously, carbonyl groups can have a negative impact on Pb2+ deposition and 

carboxyl groups can enhance deposition.37 For the smaller graphite size (TC303), the abundance 

of carbonyl groups on the surface appears to have a negative impact on the Pb2+ sensitivity, 

whereas the trend is not obvious for the larger graphite, 3569. All three electrode formulations 

have higher levels of oxygen containing functional groups in comparison to C-C for 3569 than 

TC303, suggesting there is a greater number of surface defects, or edge planes. Furthermore, the 

sensitivities for PS and PMMA Pb2+ deposition are similar (0.038 ± 0.001 and 0.039 ± 0.002, 
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respectively) for 3569 (p>0.1), with the PS electrode containing no carbonyl groups. This suggests 

that in addition to the carbonyl functional group presence, the size and shape of the graphitic 

defects can greatly affect the ability of Pb2+ to be deposited and stripped back off the electrode 

surface. To further investigate the structure of the electrode surfaces, scanning electron microscopy 

was conducted.  

SEM Characterization 

 Scanning electron microscopy (SEM) images were taken of all six TPE formulations and 

are shown in Figure 3.5 (additional magnifications are available in Figure S3.3). For all 

micrographs, there are varying degrees of surface topography. The conductive regions can be 

attributed to graphite whereas the regions with more charging (the brighter areas in the 

micrographs) are associated with the non-conductive binder. For all formulations, the surface is 

heterogeneous, and contain pockets of randomly oriented graphitic material. For the TC303 TPEs, 

PS appears to have the lowest amount of edge planes, and is primarily composed of basal planes, 

as evidenced by the densely packed smooth surface. There are also some smaller translucent edge 

planes, which could resemble graphene-like behavior. The surface roughness (Rq), determined via 

optical profilometry, can be correlated to the presence of edge planes (Figure 3.6). Further, the PS 

has the most uniform conductive surface, evidenced by the minimal pockets of charged material. 

The PMMA and PCL topographies have more ridge-like defects, which can be attributed to 

graphitic edge planes, but could also be a result of pockets of free binder. This is particularly the 

case for the PCL electrodes, where the long tubular like structures seen in both graphite images 

are likely bulk binder material that was not well blended with the graphite powder. For the 3569 

graphite, all three binders have heterogenous pockets of graphitic material, consisting of both basal 

and edge planes. The PCL-3569 surface appears more densely packed, indicating the bulk material 
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is likely more homogeneous than the TC303 material. PS-3569 has more surface roughness in 

relation to PS-TC303, with more pronounced edge planes. The PMMA surfaces appear to be 

similar across the two graphites, with pockets of smooth and ridge-like graphitic material.  

Figure 3.5: SEM micrographs at 1×104x magnification of PCL-, PMMA-, and PS-based TPE 
material with TC303 graphite (top) and 3569 graphite (bottom). 
 
 For Pb2+ deposition, PMMA-3569 was superior to PMMA-TC303 when comparing the 

sensitivities (0.039 ± 0.002 and 0.029 ± 0.001, respectively). Relating that to the surface 

characteristics, PMMA-3569 appears to have less defects and less charging than PMMA-TC303. 

However, for the PS electrodes, PS-TC303 slightly outperforms PS-3569, despite the sensitivities 

being similar (0.050 ± 0.001 and 0.038 ± 0.001, respectively). For PS-TC303, the 200-ppb peak 

height is 2.2 µA higher than PS-3569. This leads to the conclusion that the size of the graphite is 

an important consideration when adapting the TPEs for various applications, and, in this case, 

metal sensing. For the PCL TPEs, both graphites had similar sensitivities (0.015 ± 0.001 and 0.013 

± 0.001), and the two graphites seem to produce similar surface morphologies with a mix of basal 

and edge planes. The PCL TPEs have the most bulk binder material observed in the SEM images, 
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particularly PCL-TC303. This suggests that the PCL binder produces the least homogeneous 

carbon composite material, which can have direct impacts on electrode function.  

Figure 3.6. Average surface roughness (Rq) (n=3) of each TPE type. Error bars represent standard 
deviation.   
 
Electrochemical Characterization of the TPE material 

 As evidenced by the XPS and SEM analysis of the TPE material, the formulation can 

impact both electrode surface morphology and chemistry. As seen with XPS, the surface functional 

groups generated by activating the carbon composite material when polishing is contingent on both 

the graphite and binder used. Additionally, both the graphite and binder can influence the degree 

and morphology of the surface defects, as evidenced by the SEM. However, all six formulations 

still underperform in relation to other carbon-based electrodes for Pb2+ analysis. Therefore, 

electrochemical characterization was also explored, to help understand if the different 

binder:graphite formulations impact electron transfer kinetics and active surface area.  



62 
 

Figure 3.7. Representative CVs (n=3) for 100 mV/s for PS-, PMMA-, and PCL-TPEs with TC303 
graphite (left) and 3569 graphite (right).  
  

All TPE formulations were evaluated using the reversible redox couple ferri/ferrocyanide, 

shown in Figure 3.7. For the TC303 graphite, PS-TPE showed the highest oxidative current 

density (0.42 ± 0.01 mA/cm2) compared to PMMA (0.31 ± 0.04 mA/cm2) and PCL (0.20 ± 0.01 

mA/cm2). For the 3569 graphite, the PS- and PMMA-TPE oxidative current densities were not 

significantly different (0.43 ± 0.03 mA/cm2 and 0.41 ± 0.02 mA/cm2, respectively) but were 

substantially higher than PCL (0.21 ± 0.02 mA/cm2). Ferri/ferrocyanide is sensitive to surface 

oxides, so the differences in the current densities can be attributed to the different surface 

roughness and the surface functional groups of each of the TPEs.41 ∆E values were also calculated 

for each TPE formulation. For the TC303 graphite, PS- and PMMA- electrodes were not 

statistically different, with ∆E values of 82 ± 4 mV and 86 ± 13 mV, respectively, indicating that 

both formulations have similar electron transfer kinetics. However, the PCL TPE had a much 

higher ∆E value of 307 ± 21 mV, suggesting that PCL can hinder electron transfer kinetics. A 

similar trend is observed for 3569 graphite, with ∆E values corresponding to 101 ± 15, mV 94 ± 7 

mV, and 237 ± 25 mV for PS, PMMA, and PCL TPEs, respectively. For both the PS and PMMA 

electrodes, the graphite appears to have a minor effect on the electron transfer kinetics, however 
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for PCL, the TC303 graphite has a ∆E that is 77% higher than 3569, suggesting PCL is more 

compatible with larger graphite particles. With PCL having the lowest current density and high 

∆E values in comparison to the PS- and PMMA- TPEs, the PCL formulations are likely not suitable 

for applications requiring surface modification, whereas the PS and PMMA are promising 

candidates.  

 To investigate the kinetics further, the heterogeneous electron transfer rate constants, k0, 

was calculated for each TPE formulation using the Nicholson method.42 Equation 3.1 was used, 

where Ψ is the average of the ∆E of the ferri/ferrocyanide peaks for each scan rate, D is the 

diffusion coefficient, F is Faraday’s constant, R is the ideal gas constant, v is the scan rate, n is the 

number of electrons exchanged, and T is temperature (assumed 25°C).  

𝜑 = 𝑘0[𝜋𝐷𝑛𝐹𝑣𝑅𝑇 ]−12   Equation 3.1 

The rate constants are shown in Table 3.2. The rate constants for PS- and PMMA-TPEs 

are similar and are comparable to glassy carbon composite electrodes (k0 =0.005 cm∙s-1).43 For the 

PMMA-TPEs, the graphite does not appear to have a large impact on the electron transfer kinetics, 

as the rate constants for TC303 and 3569 differ by 0.2 cm∙s-1. The size of the graphite does appear 

to influence the PS-TPEs, with the smaller graphite (TC303) being preferable over 3569, as the 

rate constant is 1 cm∙s-1 higher for TC303 than 3569. The PCL rate constants are smaller by an 

order of magnitude and can only be estimated, as the high resistance of the electrodes adds error 

to the calculation, and the peak currents could be masked by non-Faradaic effects.42 Further, the 

∆E values for PCL-TPEs exceeded 200 mV for some scan rates, which prevents accurate 

determination of k0. For both PS and PMMA, the rate constants follow the same trend as the current 

density, where neither graphite has a substantial impact on the PMMA TPEs, and the smaller 
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graphite particles is preferable for PS. This suggests that the size and orientation of the binder can 

impact the TPE performance.  

Table 3.2: Electrochemical rate constants, k0, of 1 mM ferri/ferrocyanide in 0.1 M KCl in relation 
to differing electrode formulations. The rate constants were determined from the slopes of the 
linear regression lines and the error shown is the standard error of the slope. 

 

 To further compare the electrodes, the electroactive surface area was calculated (Table 

3.3). Using ferri/ferrocyanide as the redox probe, cyclic voltammograms at nine different scan 

rates were collected. The electroactive area was calculated using the Randles-Sevcik equation 

(Equation 3.2), where ip is the peak current (A), n is the number of electrons transferred in the 

reaction, A is the electroactive surface area (cm2), D is the diffusion coefficient (cm2∙s-1), C is the 

concentration (M), and v is the scan rate (V∙s-1).44 The diffusion coefficients used were 7.20×10-6 

cm2/s (reduced) and 6.66×10-6 cm2/s (oxidized).45 

𝑖𝑝 =  2.69 × 105𝐴𝐷12𝐶𝑣12   Equation 3.2 

The square root of the scan rates versus the peak currents were fit with a linear regression model 

(Figure 3.8), and the slope was used to solve for the electroactive area in Equation 3.2. 

Temperature was assumed to be 25°C. The electroactive areas for all TPE formulations are 

reported in Table 3.3.  

 TC303 3569 

 PMMA PS PCL PMMA PS PCL 

k0 (x10-3 

cm·S-1) 

5.1±0.1 4.6±0.5 0.94±0.06 4.9±0.7 3.6±0.9 0.84±0.01 
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Table 3.3: Calculated electroactive areas for all binder formulations for TC303 graphite and 3569 
graphite.  
 

 

 

The oxidized and reduced electroactive areas seem to be in good agreement across all TPE 

formulations, with PCL having the greatest discrepancy, which is likely a result of redox species 

adsorbing to the surface and/or slow electron transfer kinetics. The geometric surface area of the 

working electrodes (WE) for all TPE formulations was 0.071 cm2. For the TC303 graphite, the 

PMMA- and PS-TPEs electroactive area were 192% and 280% greater than the geometric surface 

area. For the 3569 graphite, the PMMA- and PS-TPEs electroactive area were 256% and 264% 

greater than the geometric surface area.  These values seem plausible, based on the rough surfaces 

(increasing electroactive surface area) observed from the SEM analysis. The electroactive area 

calculations are also in good agreement with the current densities and electron transfer kinetics. 

For the PCL-TPEs, the electroactive surface area is smaller than the geometric surface area, which 

is further supported by the more resistive cyclic voltammograms in Figure 3.7. 

 TC303 3569 

 PMMA PS PCL PMMA PS PCL 

Oxidized (cm2) 0.139 0.201 0.044 0.185 0.190 0.038 

Reduced (cm2) 0.133 0.197 0.019 0.178 0.185 0.024 



66 
 

 

Figure 3.8. Plots of the peak current vs the square roof the scan rate for the oxidized and reduced 
peaks for A) PMMA-TPEs with 3569 (left) and TC303 (right), B) PS-TPEs with 3569 (left) and 
TC303 (right), and C) PCL-TPEs with 3569 (left) and TC303 (right).  
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3.4 Conclusions 

Both the binder and graphite play crucial roles in the chemical and physical properties of 

thermoplastic electrodes. The inherent physical and chemical properties influence the utility of the 

electrode, in this case, for the analysis of Pb2+. PS-based TPEs showed the best overall performance 

for both metal deposition and electrochemical characterization. However, the size of the graphite 

played a critical role, as PS-TC303 outperformed PS-3569. For the PS-TPEs, it is hypothesized 

that the aromatic group of polystyrene is responsible for creating edge planes during polishing. 

The orientation of the binder can create small perpendicular edge planes, allowing the material to 

be more densely packed which improves electron transfer kinetics while maintaining a relatively 

smooth surface. PCL is likely being degraded either during fabrication and/or through polishing. 

The hydrolysis of the binder could result in the formation of the other functional groups, mainly 

carbonyl groups, by reacting with the surrounding water and oxygen. Further, the long carbon 

chain of PCL is likely contributing to the flexibility of the binder, creating the tubular shapes 

observed in the SEM images. PMMA and PS are notably more brittle than PCL, likely creating 

more sheered edges within the graphite. PMMA has fewer surface oxides in comparison to PS, 

which is supported by the lower current density. Because of the carboxyl groups of the binder 

itself, hydrogen bonding can occur between the binder molecules, inhibiting graphite interaction 

with the binder, creating less densely packed conductive material. It is hypothesized that the 

material contains small islands of PMMA bound to itself, which could be confirmed with more 

extensive XPS mapping. Broadly, TPEs can be used for metal analysis, with the proper tuning of 

the electrode surface.     
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CHAPTER 4: ELECTROCHEMICAL IMMUNOASSAY FOR THE DETECTION OF 

SARS-CoV-2 NUCLEOCAPSID PROTEIN IN NASOPHARYNGEAL SAMPLES 

4.1 Chapter Overview. 

The COVID-19 pandemic presented several diagnostic challenges. Up until recently, point-

of-care diagnostics for SARS-CoV-2 were lacking. This work describes the development of a 

highly sensitive electrochemical immunoassay capable of quantitatively detecting the presence of 

SARS-CoV-2 virus in patient nasopharyngeal samples using screen-printed carbon electrodes 

(SPCEs) functionalized with capture antibodies targeting the SARS-CoV-2 nucleocapsid protein 

(N protein). For measurements, samples are added to the electrode surface, followed by 

horseradish peroxidase (HRP)-conjugated detection antibodies also targeting the SARS-CoV-2 N 

protein to form a sandwich immunoassay. The concentration of virus in samples is quantified using 

chronoamperometry in the presence of 3,3’5,5’-tetramethylbenzidine (TMB). Limits of detection 

equivalent to less than 50 plaque forming units/mL (PFU/mL) were determined with virus sample 

volumes of 20 µL. No cross-reactivity was detected with influenza virus and other coronavirus N 

proteins. A preliminary patient study was conducted as a proof-of-concept clinical study and 

validated using RT-qPCR. This work was a multi-author project, with contributions from many. 

Isabelle Samper and I collected all the data presented here together and contributed equally to the 

data processing and writing of the manuscript. Kaylee Clark, Melissa Schenkel, Trey Pittman, and 

Wisarut Khamcharoen helped collect the preliminary data (not shown here) that the work is based 

off and what was further optimized. Samples were collected and analyzed by Loran Anderson and 

James Terry. The work from the chapter was published in Analytical Chemistry entitled 

“Electrochemical immunoassay for the detection of SARS-CoV-2 nucleocapsid protein in 

nasopharyngeal samples.” 
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4.2 Introduction. 

Electrochemical sensors have received attention in recent years as a means of detecting 

biological analytes such as viruses and other disease-related pathogens, including HIV, zika virus, 

and hepatitis B.1–5 Detection mechanisms for the aforementioned pathogens have been integrated 

into point-of-care (POC) sensors, which can be deployable in low-resource settings, where 

standard instrumentation is not available. However, POC sensors can lack sensitivity and are 

usually only qualitative, as many of them use optical or colorimetric detection.6,7 The incorporation 

of an electrochemical detection mechanism can improve sensitivity and provide quantitative 

measurements. 

POC electrochemical biosensors have several advantages, including rapid response times, 

low limits of detection, and low sample volume requirements, while being cost effective.8 The 

most common examples are handheld glucometers, used by diabetic patients for routinely 

measuring their blood glucose levels.9 In order to make electrochemical platforms suitable for POC 

applications, stencil-printed or screen-printed carbon electrodes (SPCEs) are often used, as they 

are robust, mass producible and disposable.10–12  

Coronavirus disease 2019, known as COVID-19, is caused by severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), and has impacted world health since late 2019. As of 

September, 2021 the virus has infected 222M people and resulted in 4.5M deaths worldwide.13 

Prompt and accurate testing for SARS-CoV-2 and its mutations is essential for continual 

management and remediation of the virus. Currently, the gold standard viral test is real time 

quantitative polymerase chain reaction (RT-qPCR), which is a molecular approach that amplifies 

the genetic material of the virus.14,15 However, RT-qPCR can take several days to output results, 

and therefore, efforts have been made to build POC testing technologies to detect COVID-19 
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infections.16,17 SARS-CoV-2 infection can also be detected with immunoassays, using antibodies 

to bind viral antigens with high specificity.18 Enzyme-linked immunosorbent assays (ELISAs) are 

considered the standard for antigen testing; however, they are laboratory-based due to the need for 

external instrumentation to interpret the results.19–21 

Monitoring of antibody and antigen levels plays a key role in assessing patient prognosis 

and managing the pandemic progression.22,23 According to the Center of Disease Control (CDC), 

viral tests, including antigen tests are valuable POC diagnostic tools to detect active infection and 

inform medical care.24 Since the start of the pandemic, several antigen-based POC tests have been 

developed, with varying degrees of sensitivity, specificity and accuracy. Two well-known and 

commercially available examples include the BinaxNOW test developed by Abbot and the 

InteliSwab test developed by OraSure.25,26 Several other POC tests have been developed, but their 

low sensitivities resulted in high rates of false negatives.27 

To improve upon the current state of POC diagnostics for COVID-19, the sensitivity and 

accuracy of the test is of utmost importance. The incorporation of an electrochemical detection 

mechanism can provide an avenue to create a more robust, sensitive, and accurate POC 

diagnostic.28,29 However, the development of POC technologies is not linear, and requires several 

stages of development, including but not limited to the miniaturization of the sensing mechanism 

and the integration of reagent delivery, while also considering the means of sample collection, 

preparation, and addition to the diagnostic test to provide ease of use for the end user.17 The work 

described herein focuses on the fundamental development of the sensing mechanism, including 

the ability to miniaturize the platform without compromising the immunoassay integrity. The goal 

of the proposed assay is to perform as well as a standard ELISA but doing so outside of typical lab 

settings and without the long wait times and reagent high volumes. 
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Here, a novel electrochemical sandwich immunoassay using SPCEs to quantify SARS-

CoV-2 nucleocapsid protein (N protein) in nasopharyngeal samples is presented. N-protein was 

chosen for this assay because of its clinical relevance in COVID-19 diagnostics.30,31 SPCEs are 

functionalized with capture antibodies, which specifically bind to N proteins present in the sample 

tested. Detection antibodies conjugated to horseradish peroxidase (HRP) and the substrate, 

3,3’5,5’-tetramethylbenzidine (TMB), are then added after the sample. Chronoamperometry is 

performed to measure the levels of HRP, which correlates to the N-protein concentration in the 

sample. Optimization of the immunoassay antibody pair is shown and the sensor response to 

samples of varying virus concentrations is characterized. Additionally, cross-reactivity to variants 

and potential interferents is studied. Further, a preliminary clinical study using twenty-two patient 

nasopharyngeal swab samples is conducted. Unlike other POC diagnostics, the method described 

here is quantitative, due to the use of an electrochemical measurement. This work is aimed at being 

the first step in developing a POC sensor for the rapid, sensitive, and accurate detection of active 

SARS-CoV-2 infection. 

4.3 Methods and Materials. 

Reagents. 

Buffers. 10 mM phosphate buffer solution (PBS) with 140 mM sodium chloride and 2.7 mM 

potassium chloride, pH 7.4 was prepared using a tablet according to package instructions 

(Research Products International, USA). 10 mM phosphate buffer solution with Tween20 (PBST) 

was made by adding Tween20 to PBS to a final concentration of 0.05%. Hanks Balanced Salt 

Solution (HBSS) was prepared by combining 0.14 M sodium chloride, 5 mM potassium chloride, 

1 mM calcium chloride, 0.4 mM magnesium sulfate, 0.5 mM magnesium chloride, 0.3 mM sodium 

phosphate, 0.4 mM potassium phosphate, and 4 mM sodium carbonate to make a 1 L solution in 
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Millipore water. HBSST buffer was made by adding Tween80 (Fischer Scientific, USA) and 

Igepal (MP Biomedicals, USA) to HBSS to make a final concentration of 0.1% and 0.1%, 

respectively. Viral transport media (VTM) was prepared according to CDC guidelines by adding 

fetal bovine serum, gentamicin sulfate, and amphotericin B to HBSS to a final concentration of 

2%, 50 mg/mL and 250 µg/mL, respectively.32 VTMT was made by adding Tween80 and Igepal 

to VTM so that the final concentration of each surfactant was equal to 0.1%. 

House-made anti-N antibodies. Rabbit polyclonal antibodies targeting SARS-CoV-2 N protein 

were prepared as previously described.33,34 Briefly, rabbits were immunized by Pacific 

Immunology with truncated SARS-CoV-2 nucleocapsid antigen (AA133-416) produced and 

purified in E. coli. Hyperimmune serum was passed over a SARS-CoV-2 nucleocapsid column 

and binding antibodies eluted and collected. Eluted antibody preparations were dialyzed against 

PBS with 0.1% sodium azide and stored at –20°C until use.  

House-made anti-N-HRP. Anti-N antibodies prepared as described above were first purified 

using a NucAway spin column (Invitrogen by Thermo Fisher Scientific, USA) according to 

package instructions. Once purified, antibodies were conjugated to horseradish peroxidase (HRP) 

using a Lightening-Link® HRP-Conjugation kit (Abcam, UK) according to kit instructions. Stock 

antibody was diluted to 0.5 µg/mL in HBSST.  

Aged casein solution. Solution was prepared as previously reported.35 Briefly, a 100 mL solution 

was prepared by dissolving 6 g of casein in 80 mL of 50 mM sodium hydroxide overnight. Then 

0.26 g boric acid and 0.45 g sodium tetraborate were added and the solution was pH adjusted to 

8.5. The solution was brought to volume with Millipore distilled water and heated at 37°C for 7 

days. Aliquots of 50 µL were stored at -20°C until needed, then thawed and combined with 950 

µL of 50 mM borate buffer, pH 8.5 and mixed well.  
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Commercial antibodies and substrate. SARS-CoV-2 anti-N antibodies and SARS-CoV-2 

detection-HRP antibodies (Table S1) were purchased from Sino Biological. Anti-N antibodies 

were diluted from the stock to 10 µg/mL in PBS and detection-HRP antibody was diluted from the 

stock to 0.5 µg/mL in HBSST. Substrate 3,3’,5,5’-tetramethylbenzidine (TMB) was purchased 

from Sigma Aldrich, USA. 

Inactivated SARS-CoV-2 virus samples. SARS-CoV-2 virus (USA-WA1, NR52281) was 

provided by BEI resources. Virus was passaged at biosafety level 3 (BSL-3) containment in Vero 

E6 cells (ATCC (CRL-1586) in 2% FBS-DMEM at 37°C to generate virus stocks. Virus stocks 

were stored at –80°C. Viral stocks were quantified for infectivity by plaque assay (plaque forming 

units (PFU)/ml) and total genome copy number by real time digital droplet polymerase chain 

reaction (RT-ddPCR), using the procedures established by Case et al.36 To inactivate virus, viral 

stocks were brought to 0.1% final concentration of Triton-X-100 on ice for 30 minutes. All 

inactivated stocks were tested for active virus using cytopathic effect assays of 5 days and were 

considered inactive if no cell killing was observed compared to live virus controls.   All inactivated 

virus samples were handled following BSL2 safety practices. For the antibody screening study 

(Figure 4.1), virus samples were diluted in HBSST. For all other experiments, dilutions of the 

virus stock solution to the desired viral concentrations were made in VTMT. 

Clinical samples 

Nasopharyngeal swabs were collected from asymptomatic staff at long-term care facilities and 

characterized as described here.37 Briefly, viral RNA was extracted and quantified using qPCR 

with CDC primer-probes. Infectious virus was measuring using a standard plaque assay on Vero 

cells starting with 250 µL of input material.  Clinical samples were surfactant-inactivated, which 

breaks up viral particles and releases N proteins in solution. Samples were diluted by a 1.07 factor 
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in VTM, Tween80 and Igepal so that the final concentrations of Tween80 and Igepal in each 

sample were both equal to 0.1%. A 20 µL volume of each surfactant-containing clinical sample 

was tested on our immunoassay. 

Electrode fabrication. 

Electrodes were fabricated as previously reported.38 Briefly, TC303 synthetic graphite (Asbury 

Carbons, USA) and carbon ink (Ercon, USA) were mixed in a 3:5 ratio respectively to create a 

homogeneous paste. The paste was stencil-printed and dried at 60°C for 30 min. Ag|AgCl ink 

(Sigma Aldrich, USA) was then painted onto the reference electrode and dried at 60°C for 30 min. 

Double sided adhesive wells (3M, USA) were laser cut (8 mm in diameter) and adhered to the 

electrode surface, exposing the reference, counter, and working electrode (9 mm2).  

Electrochemical immunoassay protocol. 

The immunoassay and electrochemical detection mechanism are illustrated in Figure 4.1 and the 

protocol is as follows. 

SPCE functionalization. SPCEs were functionalized (see Figure S1 by covalently binding capture 

anti-N antibodies to the electrode surface via carbodiimide coupling using N-ethyl-N′-(3-

(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) chemistry. First, 20 µL 

of a solution of 5 mM EDC (Sigma Aldrich, USA), 5 mM NHS (Sigma Aldrich, USA) in water 

was pipetted on the working electrode and incubated in a humid chamber for 45 min. Then, this 

solution was pipetted off and 20 µL of 10 µg/mL capture anti-N antibody in PBS was immediately 

added to the electrode surface. Following a 1 h incubation period in a humid chamber, the electrode 

was washed with PBST followed by PBS using solid stream spray bottles. The SPCE was then 

incubated with 50 µL of aged casein solution for 1 h to block non-specific activated binding sites, 
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and subsequently rinsed with PBST followed by PBS using transfer pipettes. The total duration 

for SPCE functionalization was 2 h and 45 min.  

SPCE testing. Functionalized SPCEs were tested by pipetting 20 µL of a sample solution onto the 

electrode surface. Following a 40 min incubation period, the electrodes were washed with PBST 

followed by PBS using solid stream spray bottles. Subsequently, 20 µL of a 0.5 µg/mL anti-N-

HRP detection antibody solution prepared in HBSST was pipetted onto the electrode surface and 

incubated for 25 min. Following washing with PBST and PBS using solid stream spray bottles, 50 

µL of TMB was added to the electrode surface and incubated for 2 min. Immediately following 

the TMB incubation, a chronoamperometry recording was started. Using a portable potentiostat 

(PalmSens4), a 0.0 V potential was applied to the working electrode (vs the Ag|AgCl reference 

electrode) for 2 min, while the current was recorded between the working and the counter 

electrodes. The total duration for SPCE testing was 70 min. 

Data analysis.  

Chronoamperometry traces were averaged on a 10 s interval (100 points) centered in 100 S 

following the start of the recording (I100s). The 100 s timepoint was chosen to avoid the initial 

charging current and to evaluate the plateau current. Blank samples (n=3), made with the same 

media as the samples tested but without virus, were run in parallel to virus samples to get a measure 

of the background current. For every sample tested, the mean background current was subtracted 

from the sample current and the immunoassay current ∆I generated by each sample was defined 

as follows, as illustrated in Figure 4.1.  
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∆𝐼 =  − (𝐼100𝑠𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑚𝑒𝑎𝑛(𝐼100𝑠𝑏𝑙𝑎𝑛𝑘)) 

Figure 4.1. Electrochemical detection mechanism of SARS-CoV-2 nucleocapsid (N) protein on a 

modified screen-printed carbon electrode (SPCE), with RE, WE and CE representing reference, 

working, and counter electrodes, respectively. If present in the sample, N proteins are captured by 

anti-N antibodies (capture antibodies) immobilized on the SPCE surface. HRP-labelled anti-N 

antibodies (detection antibodies) subsequently bind to N proteins and catalyze the oxidation of the 

substrate TMB, creating an electroactive compound (oxTMB) that is detected via 

chronoamperometry. 

 
4.4 Results and Discussion. 

Antibody screening.  

Since the beginning of the pandemic, many antibodies have become available for SARS-

CoV-2 detection, necessitating screening to optimize performance. To screen capture anti-N and 

detection anti-N-HRP antibodies, the electrochemical immunoassay was tested on the SPCEs 

using eight different antibody pairs (Table 4.1). The antibodies tested were selected based on a 

previous study39 that identified commercially available antibodies that performed best on 

immunoassays targeting SARS-CoV-2 N protein, as well as following commercial supplier 

recommendations.40 All antibody pairs from commercial sources (Pairs 2 to 8) were tested against 

inhouse-generated antibodies (Pair 1).  
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Table 4.1: Capture/detection anti-N antibody pairs tested. Except for Pair 1, all antibodies were 
purchased from SinoBiological. Antibody mixes were made by mixing different antibodies in 
equal proportions. Mix 1: MM08, MM05, R004. Mix 1-H: MM08-H, MM05-H, R004-H. 
Mix 2: MM08, MM05, R004, R040, R001. Mix 2-H: MM08-H, MM05-H, R004-H, R040-H, 
R001-H. Antibody names refer to last four digits of SinoBiological catalog numbers (preceded by 
40143-). -H indicates an HRP label. 
 

Pairs 1 2 3 4 5 6 7 8 
Capture 
Antibodies 

Polyclonal 
anti-N 

R004 MM05 MM08 MM08 R005 Mix 1 Mix 2 

Detection 
Antibodies 

Polyclonal 
anti-N 

R040-
H 

R001-
H 

R004-
H 

MM05-
H 

MM05-
H 

Mix 1-
H 

Mix 2-
H 

 

Figure 4.2 shows the immunoassay current output, ∆I, to a virus concentration of 5,000 

PFU/mL, generated using each of the eight antibody pairs. The results show that ∆I is highly 

variable across the eight antibody pairs tested, which is consistent with results from previous 

studies.39,41 The difference in signal observed across antibody pairs can be attributed to multiple 

factors, including the binding affinity between the antibodies and our target and the way the 

antibodies bind to the electrode surface. On the electrochemical immunoassay, Pair 5 gave a 

current output 34% higher than that generated by the affinity-purified rabbit anti-N polyclonal 

antibodies (Pair 1) and critically, demonstrated the most consistent current output, as shown by the 

lowest standard deviation. Therefore, Pair 5 was identified as the antibody pair that performed best 

on the electrochemical immunoassay. From this point onwards, all experiments were conducted 

with antibody Pair 5. 
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Figure 4.2. Comparison of capture/detection antibody pairs. Blank-subtracted current generated 
by SARS-CoV-2 samples at 5,000 PFU/mL (2.4x108 RNA copies/mL), using different pairs of 
capture/detection antibodies. Antibody pairs are defined in Table 4.1. Dataset was collected in two 
separate experiments and measurements from Pair 8 were repeated across both experiments. For 
each pair, current is expressed as a percentage of the current generated using Pair 8 from the 
corresponding experiment. Except for Pair 8 where the current mean and standard deviation (SD) 
are calculated over both experiments (n=6), data represent mean and SD of triplicate measurements 
(n=3). SD of Pair 8 for each experiment (n=3) remains higher than SD of Pair 5 (±11% and ±12% 
vs ±4%).  
 
Electrochemical response to different concentrations of SARS-CoV-2 virus 

The ability of the immunoassay to quantify the concentration of SARS-CoV-2 virus in 20 

µL VTM-based samples was evaluated by exposing functionalized SPCEs to different inactivated 

SARS-CoV-2 virus concentrations. Chronoamperograms recorded from SPCEs exposed to eight 

different SARS-CoV-2 virus concentrations ranging from 0 to 110,000 PFU/mL are shown in 

Figure 4.3A. Each concentration was tested on three separate SPCEs (n=3) and the average and 

standard deviation of the triplicate measurements are shown by line and shaded areas, respectively. 

The calibration curve generated by this dataset is shown in Figure 4.3B. The graphs show clear 

separation between current responses to each concentration tested and an increase in ∆I with 

increasing virus concentration. The current-to-concentration response curve follows a 4-parameter 

logistic (4PL) model, which is typical for immunoassays.42,43 Note that the current response to the 
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highest virus concentration tested, 110,000 PFU/mL, is lower than that of the lower 22,000 

PFU/mL concentration. This could be attributed to the hook effect, which has been previously 

reported in immunoassays44 when an overload of virus prevents antibody binding and decreases 

signal. Patient samples likely won’t contain such high viral loads, but if a sample contained a viral 

load within the range impacted by the hook effect, the assay would still exhibit a positive result, 

and the accuracy of the test would not be compromised. These results demonstrate the ability of 

the immunoassay to quantify SARS-CoV-2 virus concentration in VTM samples of volumes as 

low as 20 µL. The limit of detection (LOD) of our electrochemical assay, calculated as the viral 

concentration corresponding to 3X the standard deviation of the signal recorded in the absence of 

virus, was found to be equivalent to 45 PFU/mL. This calculated LOD is lower than the measured 

LOD of most commercially available rapid antigen tests, which are typically between 80 and 500 

PFU/mL.27,45 However, it is important to note that the lowest concentration tested as part of this 

experiment was 220 PFU/mL (Figure 4.3), which is above the calculated 45 PFU/mL LOD, 

whereas the LODs of the commercial tests reported in these studies27,45 were measured 

concentrations. Nevertheless, the concentration of 220 PFU/mL that is clearly detected by the 

assay is well within the range of these reported LODs.  

 

  



85 
 

Figure 4.3. Electrochemical detection of SARS-CoV-2 virus in 20 µL samples. (A) 
Chronoamperograms obtained from SPCEs exposed to different concentrations of SARS-CoV-2 
virus. Lines and shaded areas represent mean and SD of triplicate measurements. (B) 
Corresponding calibration curve showing ∆I averaged over a 10 s interval centered in t = 100 s. 
Data fitted with a 4-parameter logistic (4PL) regression. LOD, calculated as the virus concentration 
corresponding to 3 SD of the blank signal, is equivalent to 45 PFU/mL (» 2.17x106 viral RNA 
copies/mL, as calculated from genome concentration of the virus stock solution which was 
measured via RT-digital droplet(dd)PCR). 
 
Cross-reactivity to SARS-CoV-2 variants and potential interferents 

The ability to differentiate the target from other viruses while detecting SARS-CoV-2 

variants is essential for test accuracy. Cross-reactivity studies using SARS-CoV-2 variant viruses 

and potential interferents were carried out to investigate the specificity of the biosensor toward 

SARS-CoV-2. Using the same experimental conditions as for SARS-CoV-2 detection (Figure 

4.3), the following four SARS-CoV-2 variants were tested: Alpha (UK-00), Alpha (UK-11), Beta 

(SA-08) and Beta (SA-09) against the original SARS-CoV-2 strain on the functionalized SPCEs, 

as shown in Figure 4.4A. All virus strains were tested at the same concentration of 1,100 PFU/mL 

and interestingly, all variant strains generated a higher signal than the original strain. This can be 

explained by higher viral RNA content of the variant strains, as later revealed by RT-ddPCR assays 

(not shown).  Importantly, all four variants tested could be detected by the functionalized SPCEs 

indicating the applicability of the system as new variants emerge. 
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The functionalized SPCEs were then evaluated against 10 potential interferents, including 

influenza virus, Sindbis virus and N proteins from eight other coronaviruses as compared to the 

response generated by SARS-CoV-2 virus. To simulate a worst-case scenario, potential interfering 

viruses and N proteins were tested at concentrations as high as 10,000 PFU/mL and 100 ng/mL, 

respectively, while SARS-CoV-2 virus was tested at a clinically relevant concentration of 1,100 

PFU/mL.46 Results from this interferent study are presented in Figure 4.4B and show that none of 

the 10 potential interferents tested was detected by the functionalized SPCEs. Instead, each of them 

generated a small negative ∆I, which means that their current response was closer to zero than that 

of the blank samples (VTM only). This is likely due to proteins being present in such high 

concentrations in the potential interferent samples, which could block access of the detection 

antibodies to the electrode surface, decreasing the electron turnover by TMB. These results 

demonstrate the specificity of our assay toward SARS-CoV-2 virus. 

Figure 4.4. Cross-reactivity to SARS-CoV-2 variants and potential interferents in 20 µL VTM 
samples. (A) ∆I generated by virus samples of SARS-CoV-2 original strain and SARS-CoV-2 
variant strains. All samples were tested at 1,100 PFU/mL as determined by a plaque assay, and 
corresponding viral RNA concentrations were 5.2x107, 2.0x109, 1.5x109, 1.8x107 and 1.7x107 
copies/mL for SARS-CoV-2 original, Alpha (UK-00), Alpha (UK-11), Beta (SA-08) and Beta 
(SA-09) strains, respectively. Data represents mean and SD of n=3. (B) ∆I generated by virus 
samples of SARS-CoV-2 original strain as well as samples of potential interfering viruses and 
recombinant N proteins from potential interfering viruses. SARS-CoV-2 original virus strain 
samples were tested at 1,100 PFU/mL (5.2x107 RNA copies/mL), N protein samples were tested 
at 100 ng/mL and heterologous virus samples (influenza and Sindbis) were tested at 10,000 
PFU/mL. Data represents mean and SD of n=3 for SARS-CoV-2 virus and duplicate measurements 
for potential interferents. 
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Proof-of-concept clinical sample study 

 To evaluate the diagnostic potential of the functionalized SPCEs on clinical samples, a 

proof-of-concept assay was carried out where twenty-two 20 µL heat-inactivated de-identified 

nasopharyngeal samples were tested. All samples had been previously banked as part of a long-

term care facility study. All samples were tested with RT-qPCR and identified as either viral RNA 

negative or positive, according to their N1 cycle threshold (Ct) value (≤38 or >38, respectively). 

Table 4.2 compares the results of this electrochemical assay to the RT-qPCR assay and shows 

specificity and sensitivity values, respectively calculated as the number of samples identified as 

negatives by the electrochemical assay divided by the number of samples identified as negative by 

the RT-qPCR assay, and the number of samples identified as positive by the electrochemical assay 

divided by the number of samples identified as positive by the RT-qPCR assay. The 

electrochemical assay was found to be 100% specific, with a total of 9 negative samples tested but 

only 54% sensitive when considering all 13 positive samples. However, the sensitivity of the assay 

increased with decreasing Ct values and reached 70% and 100% for samples with Ct values <30 

and <25, respectively. This suggests that the LOD of the assay is around a Ct value of 25, which 

is defined as acceptable for a POC test by the World Health Organization.47 Since previous studies 

demonstrated that infectivity was significantly reduced when RT-qPCR Ct values were higher than 

24,48,49 these results suggest that our electrochemical assay has potential to be used as a method to 

identify SARS-CoV-2 infectious patients. 
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Table 4.2. Clinical nasopharyngeal samples 
 

 

For samples in which the presence of SARS-CoV-2 virus was detected by the 

electrochemical assay, the equivalent PFU concentration was quantified by simultaneously testing 

samples of known PFU concentration on our assay, as shown in Figure 4.5A. It is important to 

note that there could be discrepancies between the estimated equivalent PFU concentration and the 

N protein concentration in these samples, justifying the use of the term “equivalent”. Figure 4.5B 

shows the equivalent PFU concentration of all seven samples that were identified as positive by 

our electrochemical assay, plotted against their N1 Ct value, as determined by the RT-qPCR assay.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ELECTROCHEMICAL 

ASSAY OUTCOME 

RT-QPCR ASSAY OUTCOME 

Positive, N1 Ct Negative 

<25 <30 ≤38 N1 Ct>38 

POSITIVE 

NEGATIVE 

5 7 7 0 

0 3 6 9 

 Sensitivity Specificity 

 100% 70% 54% 100% 
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Figure 4.5. A) Calibration curve obtained from running standard samples of SARS-CoV-2 in 
VTM (PFU concentration determined by plaque assays) in parallel to running clinical 
nasopharyngeal samples. Calibration data was fitted with a 4PL regression and the LOD was 
calculated using 3 SD of the blank signal. Insert shows the calibration curve at low PFU 
concentrations with the calculated LOD. B) Samples plotted against corresponding RT-qPCR N1 
Ct values. Data from the 7 out of 10 samples tested with a N1 Ct value in the range (16-30) that 
were identified as positive by the electrochemical assay. Linear regression suggests a correlation 
between our assay output and standard RT-qPCR Ct value (R2=0.73).  
 

Figure 4.5B shows a possible linear correlation between both variables, with a coefficient 

of determination of 0.73. The differences can be attributed to the two assays measuring different 

aspects of the virus biochemistry (antigen content vs viral RNA). Since lower Ct values have been 

associated with higher chance of infectivity,49,50 these results suggest that the output of our 

electrochemical assay could serve as a measure of patient infectivity. To test this hypothesis, 

plaque assays were performed on positive samples and the actual PFU concentrations were 

compared to the PFU concentration equivalents output by the electrochemical assay.  

Figure 4.6 compares the results of the electrochemical assay to those of plaque assays and 

shows a linear correlation between the equivalent and the actual PFU concentrations obtained by 

the two methods, with a coefficient of determination of 0.9993. Note that one datapoint (circled, 

Figure 4.6) was excluded from the regression as it was identified as an outlier. The causes for this 
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datapoint to be an outlier are unknown and the sample could not be tested again due to limited 

available volume. It is possible that despite its high infectivity, this sample contained a lower 

amount of N proteins, which are the targeted molecules of the electrochemical assay. However, 

this sample was identified as infectious or positive by both methods. The infectious samples with 

the two lowest actual PFU concentrations (measured by plaque assay) had RT-qPCR N1 Ct values 

between 22 and 23 and no PFU was detected in samples with N1 Ct values higher than 23. 

However, according to the electrochemical assay, two positive samples with N1 Ct values of 26 

and 29 were found to have equivalent PFU concentrations of 20 and 25 PFU/mL, respectively. 

This shows that the electrochemical immunoassay was able to detect apparent SARS-CoV-2 virus 

in samples that the infectivity measure missed. Whilst a larger clinical study must be performed 

for this assay to be used as a diagnostic tool, these results indicate that the quantitative 

electrochemical assay may have potential to assess patient infectivity status.  

Figure 4.6. Correlation between SARS-CoV-2 actual PFU concentration of RT-qPCR positive 
clinical nasopharyngeal samples obtained using a standard plaque assay and equivalent PFU 
concentration of the same samples obtained using the electrochemical assay. The linear regression 
shown (R2=0.9993) excludes the data point labelled as outlier. (A) shows the entire dataset and 
(B) zooms in on lower PFU concentrations ranging from 0 to 1300 PFU/mL. 
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4.5 Conclusions. 

Here, a novel electrochemical biosensor for the detection of SARS-CoV-2 N-protein for practical 

applications in POC testing of COVID-19 has been described. The successful functionalization 

of SPCEs using optimized antibody pairs, while reducing reagent use and time in comparison to 

traditional approaches such as ELISA and RT-qPCR was demonstrated. Further, the assay can be 

fabricated at low cost (<$1) and would be easily scaled up for future manufacturing. The assay 

has been validated against inactivated SARS-CoV-2 virus samples, showing that the virus 

concentration can be quantified with a LOD that is lower than most rapid antigen tests currently 

on the market, and that satisfies the WHO requirements for POC tests. A proof-of-concept 

clinical study was conducted on a small dataset of 22 clinical samples, in which results from the 

assay developed herein were compared to both RT-qPCR and plaque assays. Despite these three 

assays measuring three different variables (antigen, genome copies and infectivity), results from 

this proof-of-concept study show possible agreement between the developed assay and both RT-

qPCR and plaque assays, indicating that the assay may have potential to predict infectivity of 

patients with COVID-19. A larger scale clinical study would need to be conducted to confirm 

these preliminary findings. Current limitations of the assay include the manual pipetting steps 

needed to functionalize the electrodes and the time from sample to result. Although assay time 

was greatly reduced compared to traditional lab-based methods such as ELISA, RT-qPCR and 

plaque assays, time from sample to result remains approximately 70 min. Future work is aimed 

at automating the assay by integrating it in a fluidic platform amenable to the point of care,51 

further reducing the assay time, and assessing the stability of the functionalized SPCEs over 

extended time periods under various storage conditions. This will enable the assay to be 
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integrated into a robust, quantitative, and sensitive POC test for the detection of SARS-CoV-2 

infection in patients.   
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CHAPTER 5: CONCLUSIONS 

The ability to screen for heavy metal contamination is necessary, especially with the ever-

increasing anthropogenic demand on Earth’s core resources. Heavy metal contamination in food, 

water, and consumer products is a result of their use in mining, industrial, agricultural, medical, 

and technological applications.1,2 Lead (Pb) is among the most common heavy metals that cause 

adverse health effects, and therefore proper testing and remediation is critical.3 However, many of 

the gold-standard approaches for Pb testing relies on expensive instrumentation, hazardous 

reagents, and trained personnel, limiting the scope of testing location and availability.4–7 

Electrochemical sensors have shown promise in filling this gap,  making Pb detection more widely 

available, as they can be fast, reliable, user-friendly and portable.8–10 Several electrochemical 

sensors have been able to reach acceptable sensitives, fulfilling the detection guidelines set by the 

World Health Organization. Carbon composite electrodes have been fundamental players in 

electrochemical analysis of heavy metals, as they are non-toxic versions of the previous mercury 

drop electrodes.11,12 Using a bismuth thin-film, carbon-based electrodes are able to perform 

equally, if not better to their Hg counterparts. However, extensive surface modification techniques 

are often required, to combat carbon composite electrodes slow electron transfer kinetics and poor 

electrochemical properties in relation to the precious metal electrodes.13–15 Further, issues of 

sample preparation for analysis are still of concern, as electrochemical methods can only measure 

labile metal ions, rather than total metal ion concentration. Heavy metals are often present in 

complex matrices, often requiring concentrated acids and high temperatures to completely destroy 

the matrix, freeing the metal ions. This dissertation seeks to address those needs, by exploring 

alternative sample preparation methods for heavy metal analysis in complex samples and offering 

a better understanding of carbon composite electrodes for their use as environmental sensors.  
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 Chapter 2 introduces a need to detect heavy metals in cosmetics and presents a new 

approach for the analysis of cosmetics using stencil-printed carbon electrodes (SPCE). Heavy 

metal detection in cosmetics is a relatively new field,16–18 and to the best of my knowledge, no one 

has explored making analysis more user-friendly or available outside of traditional laboratory 

settings. Cosmetics present a unique challenge for analysis, as their matrices are complex and full 

of metal derivatives. Sample extraction is often difficult, and typically uses acid-based digestion 

methods. However, in low-resource regions such a Nepal and Africa, access to the necessary 

equipment and reagents is challenging, despite the need for analysis being critical. ICP-OES 

analysis of 24 cosmetic samples from these regions demonstrate that there is a growing need for 

regular and proper screening of the cosmetics samples, to prevent adverse health effects. The work 

in Chapter 2 outlines a potential extraction cocktail and procedure to address this need but requires 

more research and optimization before it can be applied to real samples. Despite this, the 

development of a cosmetic standard and initial extraction statistics show the potential the utility of 

the approach.  

 Future work for this project should focus on improving the extraction cocktail and method. 

For simple matrices, this current method is suitable, but analysis of real samples proved that metal 

lability is a significant limiting factor is the application of the method. It is likely that metal lability 

will never be able to be fully achieved (i.e 100%), but adjustment to the cocktail could enable 

higher extraction efficiencies and more reproducible results. A chelate-assistant approach could 

prove beneficial, promoting the chelation of Pb from the cosmetic to the chelation agent. The 

incorporation of EDTA as a potential chelation-assistant is a promising candidate,19 as EDTA has 

strong binding affinities with Pb, and its function is dependent on pH. Therefore, the additional of 

EDTA to the extraction cocktail could remove more Pb from the sample and the adjustment in pH 
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post extraction could release Pb back into solution for electrochemical analysis. Further, the length 

of extraction and solution conditions of citric acid should be explored in more depth. Due to the 

constraints of the project timeline, extensive exploration of the extraction parameters was limited. 

This was further compounded by the success of the proposed extraction cocktail on the developed 

cosmetic standard. Both the pH and solution concentrations were adapted from relevant soil 

literature, but adjustment of both parameters could increase Pb extraction. Other studies found in 

the literature suggest that slightly higher pH’s are more conducive for Pb extraction,20 in relation 

to a pH of 2.0. This is supported by the strongest Pb complex with citric acid being when it is 

missing one hydrogen and has a net negative charge of 1-.20  

Further, other work could focus on combining the electrochemistry with the extraction and 

take advantage of electrokinetics for metal extraction. One study found that by combining 

activated carbon and citric acid to an electrokinetic approach increased Pb removal from the 

sample.21 The application of the electric field and the citric acid work together to break matrix 

bonds and concentrate heavy metal ions at the electrode surface, removing them from the sample 

matrix. Due to SPCEs being thinner composite electrode, they may be unsuited for this approach, 

but the incorporation of TPEs, which are more robust then SPCE could be a viable option. In 

summary, the work presented in Chapter 2 sets a framework and demonstrates that an alternative 

extraction approach for heavy metals in complex sample matrices such as cosmetics is attainable. 

Future work should be focused on improving the cocktail and extraction conditions to produce 

more reproducible and higher yields.  

         Keeping with the theme of heavy metals, Chapter 3 explored the utility of thermoplastic 

electrodes for the Pb detection. Preliminary results demonstrate the TPEs could be used for metal 

detection, but further understanding of the chemical and physical properties of the electrode 
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surface was critical. Results indicated that the physical properties as well as the surface functional 

groups both contribute to the ability of Pb to successfully deposit on the surface. Different plastics 

and graphites were tested, to understand how the graphite and polymer interactions impact the 

unique characteristics. Polystyrene (PS) TPEs showed the best results, which is likely a result of 

the polymer positioning. However, the graphite played an important role on the utility of the PS 

as binder, with the smaller graphite formulation having better electrochemical properties. This 

suggests that the smaller particles are able to more densely back around the binder, creating a more 

conductive material. Further, PS-TPEs had the fewest amount of carbonyl surface functional 

groups, which have been shown to hinder metal deposition due to creating a more alkaline 

surface.22 Polymethyl methacrylate (PMMA) TPEs had inferior performance in relation to PS, but 

superior performance over the polycaprolactone (PCL) TPEs. The physical surface of the PMMA-

TPEs was rougher while also containing high levels of carbonyl functional groups. Both graphites 

performed similarly, indicating that the polymer has the greatest impact on the electrode 

performance. This is hypothesized to be a result of hydrogen bonding interactions that can occur 

between the polymer itself. PCL-TPEs were the worst formulation and were unable to detect Pb 

within relevant ranges (10 ppb or less).  

 Future work should focus on further characterizing the PMMA- and PS-TPEs and their 

applications in environmental sensing. In adjusting the pre-treatment of the electrode, the physical 

and chemical properties can be tuned. Moreover, decreasing the limit of detection (LOD) for heavy 

metal analysis on both TPE formulations would expand their application in heavy metal 

remediation. The EPA and WHO set 10 ppb as the maximum Pb content in drinking water sources 

but require sensors to be able to detect below that level for maximum confidence. Increasing the 

acidic nature of the electrode surface through plasma treatment could enhance Pb adsorption to the 
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surface, increasing the sensitivity and lowering the LOD. Furthermore, increasing the mass 

transport of the metal ions across the surface through incorporation into the fluidic platform could 

achieve the same results. More broadly, generating a multiplexed sensor for multiple heavy metals 

would expand the practicality and novelty. Multiplexed electrochemical sensors for heavy metals 

can be limited to due to the electrochemical behavior of the individual metal ions. The ease of 

fabrication and pattern-ability of the TPEs could help alleviate some of these issues by 

incorporating multiple working electrodes while maintaining a single electrochemical cell. The 

tunability of the electrode surfaces could also be exploited to better incapsulate hard/soft acid base 

metal interactions to make each working electrode more selective for different metal ions. 

 More broadly, TPEs themselves could be expanded into other fields, such as batteries or 

energy storage. Various characterization efforts have shown that TPEs, depending on the polymer 

binder, have excellent capacitance and conductivity parameters, particularly the PMMA- and PS- 

formulations.23,24 With work in Chapter 3 demonstrating that metal electrodeposition chemistry 

can be successfully applied to TPEs, they could potentially be used for carbon-based electrode 

materials for metal-ion batteries with further optimization.25 Additionally, the pattern-ability and 

ease of fabrication of the TPEs into complex 3D architectures could make them suitable candidates 

for the 3D battery manifolds that have become popular for smaller battery systems.26,27   

An electrochemical biosensor was also explored in Chapter 4, to address the need of point-

of-care (POC) testing during the COVID-19 pandemic. Due to the unprecedented times, the 

application of my research was shifted, but carbon composite electrodes remained a vital part of 

the project. Carbon-based electrochemical biosensors were highly studied for POC testing of 

SARS-CoV-2 because of their speed, reliability, miniaturization, and low limits of detection.28,29 

ELISAs (enzyme-linked immunosorbent assay) are one of the more common immunoassays used 
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for the detection of infectious diseases,30,31 and implementation onto an electrode substrate 

provided a quantitative, sensitive, and specific avenue for the detection of SARS-CoV-2. The 

developed assay reduces the time of a traditional ELISA assay and sets the framework for the 

incorporation of the modified electrode system into a POC device. The LOD and ability to detect 

patient samples with potential information on infectivity level decreases concern related to false 

positives/negatives often associated with POC devices.   

Future work will focus on expanding the assay and multiplexing it with other viral targets, 

such as Flu and RSV. Changes to electrode design could easily incorporate multiple working 

electrodes and utilizing selective bioreceptors for each target would prevent cross-interference. 

Further, to make the assay more sensitive and stable overtime, nucleic acid bioreceptors instead of 

antibodies could be explored. Antibodies have been extensively used for biosensors but suffer from 

stability limitations and batch to batch variations. Nucleic acid receptors, such as aptamers, do not 

suffer from the same limitations as antibodies and can be specifically engineered for a target 

analyte.32,33 While not being a fully automated system, steps to incorporate the assay into a 

microfluidic platform will enable the assay to serve at the point-of-care. NFC potentiostats that 

can work with any smartphone have becoming increasingly popular with electrochemical point-

of-need sensors.34,35 The incorporation of such a technology could bridge the gap between 

academic and industrial diagnostics, allowing for easier and more reliable diagnostics.  

In summary, this dissertation presents work that expands the utility of carbon composite 

electrodes for environmental and biological applications. The methodologies and characterization 

move towards being able to monitor heavy metals in different matrices without the need for 

expensive instrumentation and hazardous reagents. The platforms explored in this work could be 

adapted to a variety of different applications beyond electrochemical sensors. Moreover, the 
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fundamental knowledge gained gives better understanding in the utility of carbon composite 

electrodes. The work reported moves closer to being able to deploy point-of-need electrochemical 

sensors for environmental and biological screening without compromising sensitivity and 

accuracy.  
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 APPENDIX 1: SUPPLEMENTAL FOR CHAPTER 2 

Anodic stripping voltammograms for the real samples were collected. The peak heights 

from the voltammograms were used to construct the standard addition calibration curves in 

Figure 2.6. Electrochemical and deposition parameters are described in Experimental.  

 

Figure S2.1: Voltammograms of Pb2+ deposition of the lead standards and sample with 2 ppm of 
Bi3+ for A) Sample 1, B) Sample 2, C) Sample 3, D) Sample 4. Analysis was performed in 0.1 M 
acetate buffer pH 4, 360 s deposition time, -1.4 V deposition potential. Shaded area represents 
the standard deviation for the voltammograms for n=3.  
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For accurate quantification using the inductively coupled plasma optical emission 

spectroscopy (ICP-OES) instrument, calibration curves were generated using five standards of 

Pb2+, prepared in 5% nitric acid solution. Calibration curves were generated for both the filtride 

and filtrate analysis, as the sample solution differed for each sample type. The filtrides were 

composed of 5% nitric acid, whereas the filtrates were composed of a solution containing 0.5M 

citric acid and 0.1M acetate buffer. 

 

Figure S2.2. Representative calibration curves for the analysis of Pb2+ in the cosmetic samples 
filtrides (top) and filtrates (bottom). Pb2+ concentrations ranged from 0 – 7.5 ppm. 
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APPENDIX 2: SUPPLEMENTAL FOR CHAPTER 3 

Lead standards, from 10-200 ppb were used to voltammograms on all six TPE 

formulations. The peak heights from the voltammograms were used to construct the calibration 

curves in Figure 3.1. Electrochemical and deposition parameters are described in Experimental.  

Figure S3.1: Representative voltammograms of Pb2+ deposition from 10 – 200 ppb with 2 ppm 
of Bi3+ for A) PCL-3569, B) PCL-TC303, C) PMMA-3569, D) PMMA-TC303, E) PS-3569, and 
F) PS-TC303. PCL-TPEs were unable to detect 10 ppb of Pb2+. Analysis was performed in 0.1 
M acetate buffer pH 4, 360 s deposition time, -1.4 V deposition potential.  
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X-ray photoelectron spectroscopy (XPS) was scanned across a wide energy range, to 

ensure no contamination was observed on the TPE surfaces. Only oxygen and carbon peaks were 

observed, indicating there was no contamination. 

Figure S3.2. XPS survey spectra of the PCL-, PS-, and PMMA-TPEs made with TC303 graphite 
(top) and 3569 graphite (bottom). C1s is at 285 eV and O1s is at 531 eV.   
 

Scanning electron microscopy (SEM) was performed at multiple magnifications at a 

single location on all six TPE formulations. 1×104X magnification is reported in Figure 3.5. 

100X, and 5×103X give a broader view of the surface morphology, whereas 1×104X illustrates 

the most detail. 
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Figure S3.3: Scanning electron microscopy images for 100X, 5×103X, and 1×104X 
magnifications for A) PCL-TPEs, B) PMMA-TPEs, and C) PS-TPEs.  
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APPENDIX 3: SUPPLEMENTAL FOR CHAPTER 4  

Overview of the electrode functionalization prior to the addition of the inactivated virus 

samples. All steps used 20 µL of solutions, except for the aged casein blocker step, which used 

50 µL of solution.  

 

Figure S4.1. Schematic of the functionalization of the SPCE. SPCE are first modified with 
EDC/NHS, which covalently binds the antibody to the surface. The electrode surface is then 
blocked with Aged Casein solution. Briefly, the EDC reacts with the carboxylic groups on the 
electrode surface. This forms an intermediate, which can react with the NHS, forming an amine-
reactive compound, which binds the NH2 group on the antibody.  
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An Enzyme-linked immunosorbent assay (ELISA) was used to validate the 

concentrations of antigen samples used on the electrochemical system. Validation was performed 

on both recombinant N-protein and inactivated SARS-CoV-2 virus.  

 

Figure S4.2. ELISA validation of recombinant N-protein and inactivated SARS-CoV-2 
samples. Antigen capture ELISA protocol adapted from Terry JS et al., Virology 2021 Jun, 
558:28-37. (A) Standard curve using recombinant N-protein to determine detectable quantity of 
antigen by standard antigen capture ELISA. Limit of detection of 1.64 ng. (B) Detectable quantity 
of SARS-CoV-2 genome copies and plaque forming units (PFU) by standard antigen capture 
ELISA. Calculations utilized genome copies obtained by ddPCR and PFU obtained by plaque 
assay. Limit of detection determined to be 7 PFU/mL. 

 

Clinical samples were attained and ran on electrochemical assay as described in the main 

text. Information of the clinical samples is listed in Supplemental Table 4.1 for positive samples 

and Supplemental Table 4.2 for the negative samples. 
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Table S4.1 Clinical study results for positive samples. NA indicates that the assay was not 
performed. * For the electrochemical assay, a value of 0 indicates that the test result was below 
the LOD, defined as the viral concentration corresponding to 3 times the standard deviation of 
the signal recorded in the absence of virus 

 

 

 

 

 

 
 

 

 

 

 

 

 

Sample 
name 

Sample 
ID 

Collection 
date N1 CT N2 CT E CT 

PFU/ml 
plaque 
assay 

Equivalent 
PFU/ml 

electrochemical 
assay* 

Equivalent 
copies/mL 

electrochemical 
assay* 

P1 AV020A 06/05/2020 28.967 23.778 25.943 0 20.1 9.50E+05 

P2 AV020B 13/05/2020 33.663 33.529 33.783 NA 0 0 

P3 AV028 13/05/2020 30.097 29.849 30.598 NA 0 0 

P4 CH010 08/04/2020 28.559 27.409 28.490 0 0 0 

P5 CH040 08/04/2020 26.611 25.261 26.584 0 0 0 

P6 S003 08/04/2020 29.745 29.140 30.841 0 0 0 

P7 S014 08/04/2020 26.202 24.833 25.710 0 25.9 1.22E+06 

P8 S065A 08/04/2020 30.622 29.902 31.895 0 0 0 

P9 AV028B 06/05/2020 19.15 14.225 16.780 6600 12070.7 5.71E+08 

P10 S022 08/04/2020 17.98 17.330 18.634 1220 1982.1 9.37E+07 

P11 S094A 08/04/2020 17.96 16.216 17.777 31600 584.5 2.76E+07 

P12 S094B 15/04/2020 22.22 22.788 25.188 484 978 4.62E+07 

P13 S094C 22/04/2020 22.86 23.586 24.787 40 130.4 6.16E+06 
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Table S4.2 Clinical study results for negative samples. Undetermined indicates a Ct value > 38. 
NA indicates that the assay was not performed. * For the electrochemical assay, a value of 0 
indicates that the test result was below the LOD, defined as the viral concentration corresponding 
to 3 times the standard deviation of the signal recorded in the absence of virus. 

 

  

 

 

 

 

 

 

Sample 
name 

Sample 
ID 

Collection 
date N1 CT N2 CT E CT 

PFU/ml 
plaque 
assay 

Equivalent 
PFU/ml 

electrochemical 
assay* 

Equivalent 
copies/mL 

electrochemical 
assay* 

N1 RI005 08/05/2020 Undetermined NA NA NA 0 0 

N2 RI100 08/05/2020 Undetermined NA NA NA 0 0 

N3 RI008 08/05/2020 Undetermined NA NA NA 0 0 

N4 RI026 08/05/2020 Undetermined NA NA NA 0 0 

N5 RI058 08/05/2020 Undetermined NA NA NA 0 0 

N6 RI021 08/05/2020 Undetermined NA NA NA 0 0 

N7 RI064 08/05/2020 Undetermined NA NA NA 0 0 

N8 RI071 08/05/2020 Undetermined NA NA NA 0 0 

N9 RI057 08/05/2020 Undetermined NA NA NA 0 0 
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All materials used and assembled for the electrochemical assay were collected and a cost 

analysis was performed (Table S4.3) to better understand how much the assay would cost for a 

single sample.  

Table S4.3 Estimated electrode cost. Estimated cost breakdown of reagents and materials for 
each electrode. *An alternative commercial synthetic carbon was selected for this calculation, from 
Asbury Carbons (NANO307-5LBPAIL).  
 

 

 Materials Estimated 

cost/sample($) 

Sensor 

Framework 

Polyester film 0.0003 

 Double-side adhesive 0.003 

 Subtotal 0.004 

Electrode Graphite powder 0.005 

 Carbon ink 0.024 

 Ag|AgCl ink 0.009 

 Subtotal 0.038 

Reagents Anti-N-antibody 0.800 

 HRP-antibody 0.051 

 TMB 0.023 

 Subtotal 0.87 

Total cost  0.918 


