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ABSTRACT 

CHARACTERIZATION AND MODIFICATION OF CARBON COMPOSITE ELECTRODES 

TOWARDS MORE AFFORDABLE BIOSENSING APPLICATIONS AND INTEGRATION INTO 

FLUIDIC DEVICES 

Fast, accurate, and low-cost medical tests and platforms for biomolecule monitoring are 

essential to the diagnosis, management, and treatment of many diseases. Electrochemical detection 

allows for highly sensitive measurements with fast response times. Carbon composite electrodes 

are an attractive option for electrochemical detection due to their low cost, resistance to biological 

fouling, large electrochemical solvent windows, and ability to be patterned.  However, they often 

suffer from poor electrocatalytic activity, inability to be molded, and need for complex 

modifications to effectively detect certain analytes. Combining electrochemistry with fluidics is 

attractive for a wide array of applications including multiplexing, automation, and high-throughput 

screening. However, fabrication of electrochemical fluidic devices with integrated carbon 

electrodes remains a challenge. Thermoplastic electrodes (TPEs) are a new class of composite 

electrodes discussed in this dissertation that exhibit superior electrochemical properties to typical 

carbon composite electrodes and can be easily molded into intricate structures.  Overall, this 

dissertation aims to improve carbon composite materials for biosensing applications and 

integration of electrochemical sensors into fluidic devices. 

Chapter 2 introduces polycaprolactone (PCL) as a new binder material for TPEs and 

focuses on the electrochemical characterization of the new material. The PCL-based TPEs have 

excellent electrochemical activity towards a wide range of analytes as well as high electrical 

conductivity. Chapter 2 also introduces a simple technique for integrating PCL and carbon 

composite electrodes into microfluidics. The presented electrode-integrated microfluidic devices 
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are quickly fabricated with a laser cutter using PCL as a bonding layer. As a proof-of-concept 

application, water-in-oil droplets are electrochemically analyzed.   

Chapter 3 focuses on use of PCL-based TPEs for enzymatic sensors. The simple fabrication 

of TPEs also allows catalysts and enzymes to be mixed directly into the material to enhance 

detection. In Chapter 3, the TPE material is bulk-modified with cobalt phthalocyanine, an 

electrocatalyst, and glucose oxidase, resulting in a robust glucose sensor that demonstrates long-

term current response stability. These sensors can be molded into intricate shapes and sanded for 

surface renewal (without requiring additional steps to maintain the modification), allowing the 

sensors to be continuously reused even if damaged or fouled. 

Chapter 4 investigates the properties of TPEs using two different binders – 

polycaprolactone (PCL) and polystyrene (PS) – with sanded and heat-pressed surface treatment. 

XPS and SEM analysis suggested that sanded TPEs have a higher density of graphitic edge planes 

and improved electrochemistry as a result. Electrochemical detection of O2 and H2O2, which are 

typically difficult to detect on carbon composites without complex modification, was demonstrated 

on sanded PS-based TPEs. Additionally, Chapter 4 introduces a new 3D-printed TPE sensor 

module that is reversibly sealed with magnets. A proof-of-concept sensor for detecting H2O2 in 

flow with the sensor module is presented. 

Chapter 5 presents a low-cost flow device, made of inexpensive polyethylene terephthalate 

(PET) and adhesive films, developed to detect SARS-CoV-2 nucleocapsid (N) protein. Upon 

addition of a sample in the device, reagents and washes are sequentially delivered to an integrated 

screen-printed carbon electrode for detection thus automating a full sandwich immunoassay with 

a single end-user step. The modified electrodes are sensitive and selective for COVID-19 N protein 
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and stable for over seven weeks. The flow device was also successfully applied to detect nine 

different SARS-CoV-2 variants, including Omicron. 

In summary, this dissertation presents work to improve carbon composite electrodes, their 

modification, and integration into fluidic devices for applications as biosensors and beyond. The 

TPEs presented show improved electrochemical and physical properties, that allow for simple 

modifications.  This work also demonstrates simple electrode integration strategies in several types 

of fluidic devices for easier and more sensitive detection of biologically relevant analytes. 

Moreover, the platforms established in this dissertation can be easily adapted for a wide variety of 

analytes and applications. This work provides materials, methods, and platforms to create more 

affordable biosensors for medical and other biological sensing. 
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CHAPTER 1: INTRODUCTION 

1.1 Carbon Composite Electrodes  

There are several forms of conductive carbon useful to sensing such as glassy carbon, boron 

doped diamond, and graphite. The most common type of carbon used for composite electrodes is 

graphitic carbon. Graphite is desirable for electrochemical applications because it is highly 

conductive but is more chemically inert than precious metals, resulting is less chemical fouling 

and unwanted side reactions.1 The structure of graphite consists of graphene sheets (planar, sp2 

hybridized C) stacked on top of each other in a crystalline structure, shown in  

Figure .1 Graphite particles typically range from 0.5–150 µm.2, 3 In the layers of graphite, 

there are basal planes and edge planes, shown in  

Figure .4 Basal planes are the layers that are parallel to the surface which consist of 

uninterrupted conjugation. Edge planes are perpendicular to the basal planes and are found at the 

end of graphitic planes and at surface defects. Basal and edge planes found in graphite have 

fundamentally different surface structure and chemistry.2, 4 Electron transfer is generally 

considered much faster at the edge planes than at the basal plane, resulting in more efficient 

electrochemistry at the edge planes.4 However, through Scanning Electrochemical Cell 

Microscopy (SECCM), it was shown that pristine basal plane have similar electroactivity but this 

activity decreases quickly with surface fouling.5 
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Figure 1.1 (A) Crystalline structure of graphite. Figure from Wissler.1 (B) Simplified image 
depicting the structure of graphitic carbon and identifying edge planes, basal planes, and a “step” 
also categorized as a defect in the graphitic planes. Figure from Banks et al.4  

 

Graphite and other carbon powders can be found both naturally and can be synthesized. 

Synthetic graphite is synthesized by thermal treatment of amorphous carbon. Petroleum coke, 

which is a byproduct of oil refining, is the most commonly used amorphous carbon for synthetic 

graphite. The amorphous carbon undergoes temperatures from 2300-3000 °C at ambient pressure 

to provide the carbon atoms with the mobility necessary to rearrange from an amorphous carbon 

to graphitic lattice. Natural graphite forms in the earth’s crust where the temperature is only about 

750 °C, however, it is at a pressure of approximately 75,000 psi for millions of years. Natural 

graphite can be mined, purified, and micronized by milling or grinding.1, 6 Carbon black is a type 

of carbon that is similar to graphite but has a significantly smaller particle size of about 50 nm. It 

is produced through the thermal decomposition of acetylene gas.7 Natural and synthetic graphite 

have similar crystalline structures that are effective for use in composite electrodes. However, 

natural graphite crystals are typically oriented in the same direction and synthetic graphite crystals 

are more randomly oriented.1 

Carbon composite electrodes are an attractive option for sensing due to their low cost, easy 

fabrication, ability to be miniaturized, biocompatibility, and wide potential window.8 Carbon 

composite electrodes are electrodes where a conductive carbon material is dispersed in an 
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insulating matrix.9 Carbon composites were first introduced in 1958 when Adams reported mixing 

carbon and bromoform to make carbon paste electrodes (CPEs).10 The field has grown immensely 

encompassing many different types of carbon composite electrodes including CPEs, screen-

printed carbon electrodes (SPCEs), and epoxy-based composite electrodes.11-13 CPEs are now 

categorized as composites made with organic liquids, most commonly paraffin or mineral oils.14 

CPEs have been applied towards the detection of analytes from RNA to small biomolecules to 

metals.14 SPCEs use screens or meshes, typically made from silk or nylon, with different types of 

conductive carbon inks to print patterns of working, reference, and counter electrodes to the surface 

of a substrate.15 The development of SPCEs has been accelerated due to their valuable application 

for cheap, disposable enzyme test strips for the commercialization of glucose sensors.2 Since the 

introduction of carbon composite electrodes, researchers have utilized a creative variety of binders 

mixed with graphite including Teflon,16  epoxy resin,17 sol-gels,18 ionic liquids,19 wax,20 natural 

rubber,21 and conducting polymers.22  

Due to the complexity of the graphite used, carbon composite electrodes tend to have many 

functional groups on the surface and therefore have much more complex surface chemistry than 

metal electrodes. When edges of graphene sheets are cleaved during fabrication or polishing, they 

react with oxygen and water forming various oxygen functional groups to complete the valences. 

Surface oxides include carbonyls, hydroxyls, carboxyls, ethers, and lactones. Some of these can 

be seen in Figure 1.2.23 Surface oxides can affect adsorption, electron transfer kinetics, and 

electrocatalysis.2 The surface of composite electrodes can often be tuned or renewed with 

pretreatments such as polishing and/or anodic/cathodic polarization.24 Depending on the analyte 

being detected, the surface can be activated to be more favorable for electron transfer. For example, 

a negatively charged carbon electrode surface would more easily attract a positively charged 
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molecule (e.g. dopamine) and therefore be more sensitive to it and vice versa with a negatively 

charged analyte like uric acid.2 Similarly, the carbon electrode can be treated with oxygen plasma, 

making the surface more hydrophilic, which allows aqueous analytes to better interact with the 

electrode surface.25, 26 Also, composite electrodes can often mix electrocatalysts, enzymes, and 

chemical recognition agents directly into the electrode material for simple modification to better 

detect the analyte of interest.2 Unfortunately in some composite electrodes, the binder material can 

coat and block electron transfer of the graphite which causes a decrease in electrocatalytic activity. 

Many composite electrode materials also suffer from limited ability to pattern and mold into 

complex designs necessary for some sensing applications.  

 

Figure 1.2 Image depicting examples of oxygen groups that can be found on the surface of 
graphitic planes. Figure adapted from Eng et al.23 

 

1.2 Thermoplastic Electrodes 

Thermoplastic electrodes (TPEs) were first introduced in a publication by the Henry Group 

(Klunder et al.) in 2017 as a easily moldable, highly electroactive carbon composite material.27 

Thermoplastics are polymers that become soft and moldable when heated and harden when cooled. 

Thermoplastics can be melted and cooled repeatedly without degrading or changing the plastic 

properties.28 Polymethyl methacrylate (PMMA) has a melting point of 160 °C  and was used as 



5 

the binder material for the electrodes in the original work.27 There are very few reported uses of 

PMMA as an electrode binder in the literature; however, those that do use PMMA involve 

complicated processes such as in situ polymerization,29-31 radiation-curing,32 or lengthy and 

repetitive heating and cooling.33  The method reported by Klunder, et. al. requires only simple 

mixing and heat pressing as shown in Figure (A).27 The TPEs retain similar mechanical properties 

to the thermoplastic used which enables the fabrication of intricate electrode designs, limited only 

by the conductive carbon particle size and resolution of the template fabrication.27, 34 Composite 

carbon electrodes have been described to have “high enough” graphite loading with over 50% 

graphite to polymer.2 TPEs can load carbon up to 10 times or more the weight of the polymer 

allowing for much higher conductivity. TPEs have conductivities of up to ~1000 S/m, which is 

over 100x higher than what typically reported for SPCEs.34, 35 

The PMMA TPEs have shown improved electrochemical activity over traditional carbon 

composite electrodes such as screen-printed electrodes and comparable electrochemical activity to 

that of conventional electrodes such as glassy carbon and platinum (Figure (B)). The electrodes 

can be altered by changing the carbon type and ratio of carbon:PMMA and present a very attractive 

choice in electrode material due to their tunable mechanical and electrochemical properties.  

The fabrication of the PMMA TPEs is relatively simple compared to some carbon 

composite fabrications, which can involve complex processes and conditions such as high 

temperatures, in situ synthesis, or electropolymerization.36 However, due to its melting point of 

~160 °C, it requires the material to be partially solvated in a “gum-like” state while pressing the 

material into templates. This process can cause the formation of gaps or cracks in the material if 

there is too much or too little organic solvent present when pressed. Furthermore, pressing requires 

several hours to ensure the solvent is fully evaporated. To eliminate the need for the material to be 
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partially solvated, the thermoplastic polycaprolactone (PCL) has been used as the binder, which 

will be further discussed in this dissertation.34 PCL has a melting point of 60 °C which allows the 

electrode material to be easily molded while completely dry into patterns with more intricate 

details. Overall since TPEs introduction, a variety of thermoplastic binders have been used 

including polymethyl methacrylate (PMMA),27, 37 polycaprolactone (PCL),34, 37-40  cyclic olefin 

copolymer (COC),37, 41, 42 and polystyrene (PS).43, 44 Additionally, the moldability of TPEs has 

enabled them to be incorporated into a variety of fluidic devices.34, 37, 38, 41 Due to their increased 

electrochemical activity and improved physical properties, TPEs have promising potential for 

application in a variety of fields. 

 

Figure 1.3 (A) Fabrication schematic for PMMA TPE’s. (B) Cyclic voltammograms (CVs) of 10 
mM potassium ferricyanide on PMMA TPE, DropSens screen printed electrode, glassy carbon 
electrode, and platinum electrode. Figure adapted from Klunder et al.27 

 

1.3 Electrochemical Biosensors 

Biosensors have countless applications including clinical, food, environmental, and 

national defense.45 In clinical applications, use of biosensors can be used to understand and 

monitor health. Unfortunately, many medical tests rely on specialized laboratory techniques and 
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instruments such as high-performance liquid chromatography (HPLC), electrophoresis, 

spectrophotometry, or mass spectrometry.46-49 The expensive instruments and trained personnel 

required makes many of these diagnostic and monitoring tools inaccessible or unaffordable.50, 51 

Access to effective medical tests is crucial because early diagnosis and accurate monitoring has 

been shown to greatly improve health outcomes of many diseases.52 Unfortunately, many available 

point-of-care (POC) biosensors are qualitative visual tests that lack sensitivity and rely on 

interpretation of results from the end-user.53-55 As a result, the development of simpler, faster, and 

more affordable biosensors is critical.49, 50, 52, 56 

Biosensors are a specific subgroup of chemical sensor that uses a biochemical mechanism 

to translate chemical information into an analytical signal.57 The purpose of a biosensor is to 

produce a signal that is proportional to the analyte concentration.58 All biosensors have a receptor 

or biological sensing element, which translates the biological part of the system (often a 

concentration of an analyte) into a chemical output, and a transducer, which translates the chemical 

output produced into a quantifiable signal. In a biosensor, the transducer (i.e. electrode material in 

the case of electrochemical detection) determines the sensitivity, and the receptor determines 

selectivity and specificity for the analyte. 59 Examples of receptors for a biosensor include 

enzymes, antibodies, and specific ligands for protein binding. Common transducers are optical, 

electrochemical, or thermal-based.57 Electrochemical biosensors are a favorable option due to their 

speed, sensitivity, specificity, low sample volumes required, and ability for real-time analysis.50, 

58, 60 The electrochemical signal measured by an electrochemical biosensor is directly proportional 

to the concentration of the electroactive species in the bulk solution.57 A schematic of the 

components of a biosensor can be seen in Figure 1.4.  
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Figure 1.4 Simple schematic of a biosensor with an electrochemical transducer. Figure from 
Ronkainen et al.45 

 

One of the most common and well known receptor types uses enzymes. Enzymes allow 

the conversion of electroinactive substrates of interest into electroactive products that can be more 

easily quantified.15 The first enzymatic sensor was reported by Clark and Lyons in 1962. They 

used an oxygen electrode with glucose oxidase entrapped on its surface to measure concentrations 

of glucose.61 This work prompted the start the new field of research leading to great advances in 

biosensing, resulting in the commercialization of easy-to-use POC blood sugar testing. In 2018, 

glucose biosensors accounted for 73.4% of the entire global biosensor market, so glucose is very 

commonly used as the analyte to develop new biosensing concepts.62  

Effective immobilization of enzymes on electrode surfaces is crucial to developing 

effective enzymatic biosensors.63 The immobilization process, however, will inevitably cause a 

loss in enzyme activity so minimizing the loss through the immobilization technique is a priority. 

Immobilization also has an effect on the biosensor’s lifetime, linear range, sensitivity, selectivity, 

response time, stability, and anti-interferent.58, 64, 65 There are a wide variety of immobilization 

techniques, such as physical adsorption, entrapment in a semipermeable membrane, covalent 

bonding to the electrode surface, covalent crosslinking, and electrochemical polymerization of an 

enzyme-containing monomer.58 
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Another common electrochemical biosensor receptor uses affinity-based receptors such as 

an antibody, aptamer, or molecularly imprinted polymer. Affinity-based receptors selectively 

recognize and capture the analyte through binding, resulting in a change in electrochemical 

signal.66 Immunoassays are a well-established type of affinity-based assay that use antibodies, and 

traditionally, immunoassays employ optical detection methods such as colorimetry or 

fluorimetry.67 Enzyme linked immunosorbent assays (ELISA) are a common immunoassay 

scheme that is frequently used as a diagnostic tool.47 Unfortunately, traditional ELISAs still need 

to be performed in a laboratory setting, require many tedious steps or complicated robotics, and 

can take several hours to complete.68 Electrochemical immunoassays were first introduced by 

Heineman in the 1980s using glassy carbon, carbon paste, and gold electrodes.69-72 Since then, 

ELISA has become a popular detection scheme for electrochemical immunoassays where an 

enzymatic label on the antibody generates an electroactive product from the antibody-antigen 

interaction.47, 73 “Sandwich” ELISAs are a subcategory where the analyte is captured with a 

primary antibody then “sandwiched” between an additional enzyme-labeled antibody that also 

binds to the analyte. A simplified schematic of a sandwich ELISA is shown in Figure 1.5. For 

electrochemical ELISA, the sandwich complex is introduced to a substrate to react with the 

enzyme to produce electroactive product.74-76  
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Figure 1.5 Simple schematic of a traditional sandwich ELISA. Figure from Cox et al.77  

 

Similar to enzymatic electrochemical biosensors, antibody immobilization on the electrode 

surface is a key part of developing an effective electrochemical immunoassay-based biosensors. 

Antibody immobilization on electrodes is achieved through passive adsorption or chemical 

binding.78-82 Passive adsorption relies on the intermolecular forces between proteins and the 

electrode surface for the antibody to spontaneously bind to the electrode.83 Chemical binding often 

involves pretreatment of the electrode surface and includes techniques such as carbodiimide 

chemistry,78 gold-thiol bonds,84 and π-π stacking.85 All of the immobilization techniques 

referenced can be effective, but many also require long incubation times, involve harsh chemicals, 

and can lack stability and reproducibility.60, 81, 85 
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Overall, with recent technological developments, electrochemical biosensors are a 

practical option for more clinical applications. There is still a need for improvement of inexpensive 

electrode materials and sensor performance from biosensing element optimization.50, 66 Other 

major challenges facing electrochemical biosensors are the incompatibility in biofluids or in the 

body for implantable devices, miniaturization, long-term stability of the biological receptor and 

transducer, in vivo calibration, short stabilization times, and baseline drift.15, 86 Additionally, the 

biosensing field is shifting towards developing materials and biosensors that can be easily 

incorporated into arrays and fluidic devices.66, 87  

1.4 Electrochemistry in Flow 

An obstacle in the biosensing field is that many analytes of interest are present at low 

concentrations. In low concentration samples, signal often must be amplified to have the sensitivity 

needed. Electrical current measured during electrochemical experiments can be increased by 

improving the mass transport to the electrode through flow, as discussed below.88 Static 

electrochemical measurements rely on diffusion of the analyte to the electrode surface. As the 

electrochemical reaction occurs at the electrode, a concentration gradient occurs, and the analyte 

molecules move from a region of high concentration to lower concentration.89 A depiction of mass 

transport in a static solution is shown in Figure 1.6(A). While static measurements are simple, 

they are ineffective at measuring more than the comparatively small number of molecules near the 

electrode surface.  

A common way to mechanically encourage mass transport of the analyte to the electrode 

surface by forcing the solution to flow (also referred to as convection). The more the solution is 

perturbed, the higher the probability of analyte reaching the electrode surface.89 This can be done 

through stirring and the rate of mass transport can be increased by increasing the stir speed. The 
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effect of stirring a solution is shown in Figure 1.6(B). Stirring allows more of the analyte to reach 

the surface in a shorter amount of time than it would in a static solution. For more precise control 

of mass transport, electrodes can be incorporated into a fluidic device. All solution (and therefore 

analyte) is forced to flow over the electrode exposed in the fluidic channel as seen in Figure 

1.6(C). While there is still diffusional element in the z direction, the flow eliminates the need for 

diffusion in the x-y direction. Similarly to stirring, transport of the analyte to the electrode can be 

manipulated through changing the flow rate in the device.88 Both stirring and flow have been 

effectively applied to increase current response of electrochemical sensors and achieve lower 

limits of detection.88, 90, 91 

 

Figure 1.6 Depiction of mass transport in (A) a static solution, (B) a stirred solution, and (C) a 
fluidic channel. 

 

In addition to increasing the sensitivity of the sensors, integrating electrodes into 

microfluidic devices can decrease analysis time, allow higher throughput, and automate complex 

multistep techniques. Processes that traditionally require multiple hours or days for analysis can 

be reduced to seconds or minutes without loss of sensitivity.92 Microfluidics also can analyze small 

sample volumes and limit reagent consumption resulting in lower analyses cost.90 Due to these 
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advantages, electrochemical fluidic devices have been used to detect a variety of analytes from 

small molecules, proteins, and whole cells for applications in numerous fields including 

biosensing, environmental analysis, point-of-care diagnostics, and electrochemical  

synthesis.59, 93-99 

Poly(dimethylsiloxane) (PDMS) was one of the first microfluidic substrates used to 

incorporate electrochemical sensors and is still commonly used. PDMS allows for quick 

prototyping for new device designs; however, PMDS microfluidic fabrication process is not very 

transferable to commercial applications due to its inability to be mass produced.92 Reports of 

electrodes incorporated into PDMS channels also often suffer from diminished electrochemical 

activity.90, 100, 101 Now, electrodes have been incorporated into fluidic channels defined by paper, 

wax, 3D printing, laser ablation, and molding, among others.59, 102 

In recent trends, many fluidic devices are moving toward modular devices or fully 

integrated microfluidic biosensor platforms.59 The modular devices can easily exchange and 

incorporate different biosensors into the fluidic portion of the device.103-107 These types of devices 

are useful for applications that might require affordable and/or simultaneous testing of multiple 

analytes.59 Fully integrated microfluidic biosensor platforms, while lacking the flexibility of the 

modular devices, may be able to be better optimized for each specific application and might be 

particularly useful for health monitoring.59 The integrated devices are applicable as wearable 

devices and in vivo real-time monitoring.108-111 

This dissertation aims to improve carbon composite materials for biosensing applications 

and integration of electrochemical sensors into fluidic devices. In Chapter 2, the development and 

characterization of polycaprolactone (PCL)-based thermoplastic carbon composite electrodes is 

introduced. The new electrode material presented in this work is able to be patterned and molded 
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easily into templates by simple heat-pressing. This overcomes a major challenge of carbon 

composite electrodes by allowing fabrication of intricate shapes without use of solvent. The 

electrochemical properties of this material were found to be comparable or superior to other carbon 

composite electrode materials, while only using inexpensive materials and without the need for 

complicated syntheses or fabrication.  Another barrier in electrochemical sensing with carbon 

composite electrodes is the difficult and tedious integration into flow devices. Chapter 2 also 

demonstrates a simple carbon composite electrode integration method for microfluidics using PCL 

to seal the devices.  

Chapter 3 demonstrates the application of the PCL-based TPEs discussed in Chapter 2 as 

enzymatic sensors. The work introduces a simple bulk-modification technique for electrocatalysts, 

enzymes, and other additives. Glucose sensing is demonstrated as a proof-of-concept. Typically, 

these modifications are done on the electrode surface and can be easily damaged, lack stability, or 

become unusable due to fouling. Through the bulk-modification of the TPEs demonstrated in this 

chapter, the surface can be renewed via sanding and reused for months. Therefore, these electrodes 

maintain the cost-effectiveness of carbon composite electrodes while having the long term service 

life of more traditional electrode materials.   

Chapter 4 continues the characterization of TPEs started in Chapter 2 with a focus on 

measuring H2O2 and O2 as important molecules for sensing. In addition to PCL-based TPEs, it also 

explores polystyrene (PS)-based TPEs and compares the two materials. With the same graphite, 

PCL- and PS-based TPEs behave very electrochemically different. The work characterizes the 

material with techniques including XPS and SEM to gain a better understanding of the properties 

that make successful carbon composite electrodes and subsequently biosensors. The work applies 

unmodified PS-based TPEs to molecules that are traditionally very difficult to detect on carbon 
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composite electrodes without extensive modification, including dopamine, O2, and H2O2. The PS-

based TPEs were also integrated into an easily assembled/disassembled fluidic sensor module 

device in which detection of H2O2 demonstrated in flow. The sensor module allows for easy 

integration of reusable electrochemical sensors into flow as well as the ability to swap the sensors 

if needed. The detection of H2O2 in flow is an important step working towards a larger system for 

simple enzymatic detection of various biomolecules in complex biological environments.      

Finally, Chapter 5 presents an electrochemical immunoassay for the detection of SARS-

CoV-2. This work combines the concept and relative sensitivity of a sandwich ELISA with speed 

and ease-of-use of a lateral flow assay. SPCEs are modified with antibodies for SARS-CoV-2 with 

a quick drying method that uses passive adsorption. The modified SPCEs are then incorporated 

into a fluidic device that provides sequential reagent delivery to the electrode with one user step 

and without need for an external pump. The device is made from inexpensive materials which 

makes it affordable and therefore in the long-term more accessible. The many tedious steps of a 

traditional sandwich ELISA, which take trained personnel hours to complete, are eliminated 

through the automated reagent delivery. The methods used for device fabrication and electrode 

modification demonstrate a promising step towards manufacturing of similar devices.  

Overall, this dissertation presents work on improved and affordable carbon composite 

electrodes, their modification, and integration into fluidic devices for simpler and more sensitive 

detection of biologically relevant analytes. Furthermore, small changes to the electrodes and 

devices in these works, such as exchanging the enzymes or antibodies used, to detect different 

analytes. This work provides materials, methods, and platforms to continue to bridge the gap 

towards improved, affordable electrochemical biosensing. 
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CHAPTER 2: POLYCAPROLACTONE-BASED THERMOPLASTIC ELECTRODES 

AND SIMPLE CARBON COMPOSITE ELECTRODE INTEGRATION INTO 

ELECTROCHEMICAL MICROFLUIDICS 

2.1 Chapter Overview 

Combining electrochemistry with microfluidics is attractive for a wide array of applications 

including multiplexing, automation, and high-throughput screening. Electrochemical 

instrumentation is low-cost and can be easily miniaturized, yet still enables high analytical 

sensitivity. For many electrochemical microfluidic applications, carbon electrodes are more 

desirable than precious metals because they are inexpensive, resistant to biological fouling, and 

have large electrochemical solvent windows. However, fabrication of electrochemical 

microfluidic devices with integrated carbon electrodes remains a challenge. This work introduces 

a simple technique for integrating polycaprolactone (PCL) and carbon composite electrodes into 

microfluidics. The PCL:carbon composites have excellent electrochemical activity towards a wide 

range of analytes as well as high electrical conductivity. The presented electrode-integrated 

microfluidic devices are quickly fabricated with a laser cutter using PCL as a bonding layer. As a 

proof-of-concept application, water-in-oil droplets are electrochemically analyzed. The work in 

this chapter was published in Lab on a Chip entitled “Polycaprolactone-Enabled Sealing and 

Carbon Composite Electrode Integration into Electrochemical Microfluidics.”  This was a multi-

author work with additional data in the paper that is not included in this dissertation. The data 

included in this chapter was collected and  processed by myself unless otherwise denoted in the 

figure caption.
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2.2 Introduction 

Integrating electrodes into microfluidics is an attractive platform for chemical analyses. 

Electrochemical microfluidic devices have been applied in biosensing, environmental monitoring, 

point-of-care diagnostics, and electrochemical synthesis.1-6 Integrating electrodes into microfluidic 

chips can allow for faster detection, higher throughput, and automation of multistep analysis. 

However, in practice, these devices can be challenging and tedious to fabricate. Precious metal 

electrodes are often used but typically require expensive and complicated fabrication methods,3 

have raised features that can prevent full sealing of channels and are prone to fouling.7  

Carbon composite electrodes are an attractive alternative to precious metals because they 

are low cost, less prone to fouling, and have large potential windows.8-10 Even with these 

advantages, it is still very challenging to effectively integrate carbon electrodes into microfluidics 

due to their similarly raised features,11-13 extensive fabrication with harsh chemicals,14, 15 and/or 

inability to for integration until after the microfluidic device is sealed.16 Epoxy-based carbon 

electrodes have been incorporated into in microfluidics but need to be mixed and cast into a 

template quickly to create the correct geometry.17-19 Poly(dimethylsiloxane) (PDMS) has been a 

common microfluidic platform and PDMS-based electrodes have been incorporated often but 

suffer from low conductivity and diminished electrochemical activity.20 Electrodes are sometimes 

placed in the waste area of the fluidic device to avoid integration altogether, but the sample 

dispersion results in reduced signal.21  

Polycaprolactone (PCL) is an inexpensive thermopolymer that melts at 60 ⁰C.22 PCL is also 

FDA approved for use in drug delivery, prosthetics, and other medical applications providing the 

long-term potential for integration into wearable devices.23, 24 To our knowledge PCL has not been 
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demonstrated previously for electrochemical applications and here is presented as a novel binder 

material for creating carbon composite electrodes. 

This work reports the first use of PCL carbon composite electrodes and a simple method 

for their integration into microfluidic devices. PCL:carbon ratios were optimized, and the 

electrochemistry of the composites was characterized. Microfluidic devices were fabricated using 

PCL as a bonding layer defining channels with a CO2 laser. Finally, as a proof-of-concept, an 

electrochemical droplet generator is demonstrated. The work presented here demonstrated a new 

strategy to easily assemble low-cost, high-end microfluidics with fully integrated carbon 

composites for enhanced electrochemical detection.  

2.3 Experimental Section 

Reagents 

Polycaprolactone (PCL) was purchased from ThermoMorph® (Toledo, OH). 1H-NMR 

characterization of the PCL was performed to confirm its structure, shown in Figure 2.1. Solutions 

were prepared using 18.2 M Ω・cm water purified using a Milli-Q system (MilliporeSigma, USA). 

Different graphite were purchased from various vendors: MG-1599 ( ~15 µm) from Great Lakes 

Graphite, Inc. (Toronto, Canada), 7-11 micron graphite from Fisher Scientific (Waltham, MA), 

3569 (<150 µm) from Asbury Carbon (Asbury, NJ), carbon black (~50 nm) from STREM 

Chemicals, Inc. (Newburyport, MA). Properties and details of the carbons are summarized in 

Table 2.1. Fluorescein isothiocyanate was purchased from Thermo Fisher Scientific (Waltham, 

MA). ACS grade dichloromethane and redox molecules used were purchased from Sigma-Aldrich 

(Saint Louis, MO). FcTMA+ was synthesized in house via the metathesis of the corresponding 

iodide salt with ammonium hexafluorophosphate. 
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Figure 2.1 1H-NMR spectra of ThermoMorph polymer in CDCl3 and (inset) structure according 
to the spectrum.   
 

Table 2.1 Carbon type particle size, purity, synthesis, and source.25-27 
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Conductivity and Capacitance Measurements 

 Through-plane conductivity measurements were performed measuring resistance with a 

two-point probe (Fluke 187 multimeter, accuracy of 0.01 Ω) following the method previously 

reported.28 The capacitance was measured with cyclic voltammetry in 0.5 M KNO3 using the 

current response at 0.2 V vs. following the method previously reported.28 In this work, 2.5 mm 

disks of the composite that were typically 3 mm thick were used. 

Electrochemistry 

 All electrochemistry was performed with a CH Instruments 660b potentiostat. A saturated 

calomel electrode (SCE) reference was used for all experiments. The counter electrode was a 

composite plate of TPE with at least 10x the working area of the working electrode. 

 Flow cell experiments used PCL:Carbon in the same composition as the working, counter, and 

reference electrodes. The electrolyte for droplet generation was 0.5 M KCl with 1% Tween20 

surfactant, and light weight mineral oil. The voltage was held at -0.4 V vs. carbon pseudo-reference 

electrode.  

Fabrication of Microfluidics 

  Microfluidic devices were fabricated using the following method. Pressure was applied for 

1 min until the dichloromethane (DCM) was mostly evaporated. After 15 min, the plate was 

removed from the silicon wafer with a razorblade by scoring around the edges. After PCL coating 

the polymethyl methacrylate (PMMA) plate, an Epilog Zing (30 W) with 25% speed and 30% 

power was used to create the channels. More detail on the fabrication can be found in the Results 

and Discussion section.  
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2.4 Results and Discussion 

Fabrication of PCL Thermoplastic Electrodes 

Integrated electrodes into microfluidics requires patterning the electrode material onto or 

into a substrate. Patterned PCL TPEs were assembled as shown in Figure 2.2. First, PCL is 

dissolved in dichloromethane (DCM) followed by mixing graphite powder with the dissolved 

plastic. The graphite, solvent, and plastic mixture is then poured onto a Si wafer and mixed until 

it starts to solidify. Finally, the material is allowed to fully dry in a fume hood, which typically 

takes less than 10 minutes. Once solvent free, the material can be stored for later use. Although 

formal stability studies were not performed, no change was seen in the materials properties after 6 

months of storage in a glass vial in ambient conditions.  

 
Figure 2.2 CO2 laser-enabled fabrication of 3-dimensional patterned PCL composite electrodes, 
and (right) SEM images at 5,000x and 50,000x of a 1:2 MG PCL:carbon composite after sanding. 
Schematic was created by Kevin Klunder. 
 

The PCL TPEs were patterned electrodes using a traditional hydraulic heated press at ~70 

⁰C to press the material into templates. However, any technique which delivers pressure and heat 

could be used to make the electrodes, such as a hot plate and large weight, or clamps and an oven. 
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Templates were cut from poly(methyl methacrylate) (PMMA) sheets using a CO2 laser to define 

patterns. As shown in Figure 2.2, the electrodes can also be patterned in 3 dimensions, which 

allows for a well-defined electrode area and the ability to make easy electrical contact from the 

backside to a given piece of instrumentation. After the material was pressed into the templates, the 

excess material was removed, and the electrode surface was smoothed with sandpaper. Rougher 

(600 grit) sandpaper was initially used followed by finer (1200 grit) sandpaper to ensure a smooth 

surface which is important for integration into microfluidics. 

Figure 2.2 also contains SEM images of a PCL composite electrode with MG-1599 

graphite. SEM Images for the other carbon types can be found in Figure 2.3.  In general, the 

different graphites had similar surface structure, except carbon black, which appeared to be 

composed of small nm-sized spherical particles. For the TPE material with graphitic carbon, a high 

density of exposed graphitic flakes is seen in the SEM images. The surface at the nm-scale is 

heterogeneous, containing folded and randomly oriented graphitic domains. At higher 

magnification, numerous exposed graphitic edge sites are clearly present and some are translucent 

suggesting very thin layers which could present graphene-like behavior.  Edge plane graphite is 

reportedly the most electrochemically active, and the high density of these sites on the PCL 

composites should be favorable for performing electrochemical measurements.29 Even though 

much of the images show conductive regions, there is significant charging in the images as well, 

likely from the insulating PCL binder. The charging areas are especially present in the carbon 

black TPE. Carbon black has a significantly smaller particle size than the other graphites (~50 nm) 

which could cause the PCL to coat the particles more than other carbons as it is being heat-pressed. 
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Figure 2.3 SEM images at (from left to right) 500x, 5,000x, and 50,000x magnification of a (top) 
1:2 PCL:11 μm electrode, (middle) 1:2 PCL:3569 electrode, and (bottom) 3:4 PCL:Carbon Black 
electrode. 
 

Conductivity and Capacitance 

A proper balance of conductivity and capacitance is critical to electrode performance. 

Highly resistive electrodes can cause ohmic drop in an electrochemical cell and lead to errors in 

applied potential, while large capacitance values increase background signal.30 Conductivity and 

capacitance measurements were taken on four carbon types at various ratios of PCL to graphite. 

Table 2.1 contains information on the supplier and particle size. As expected, conductivity 

increases with increasing carbon content (Figure 2.4(A)). Below ~40 S m-1, an electrode has 

undesirable resistance for use in a microfluidic device, and any composition that had a value below 

this was considered unusable. The conductivity values near the 1:2 PCL:carbon ratio for the 
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graphitic carbons are all above this value. The carbon black electrode could not support more than 

a 1:1 ratio without losing mechanical stability. In general, the conductivity values and trends are 

similar to other high-end composite materials.28  

 
Figure 2.4 Measured conductivity and capacitance values of various PCL:carbon ratios of 
different carbon types. Symbols and error bars represent average and standard deviation of n=3 for 
each ratio and carbon type. 
 

The capacitance of these TPE electrodes, shown in Figure 2.4(B), is higher than other 

reported planar graphite electrodes. Basal and edge plane graphitic electrodes have capacitance 

values of ≤2 and ∼60 μF cm−2, respectively.31 The PCL-based composites had capacitance values 

in the range of 200 to 1000 µF cm-2. This implies that the PCL composites have at least 3x the 

surface area than flat graphitic electrodes, which is confirmed from the heterogeneity observed in 

the SEM images. The 1:2 PCL:carbon ratio has the best balance of low capacitance and favorable 

conductivity. Also, the fabrication method is typically easier with increased PCL content due to 

the composites’ lower melting points. Given the results in Figure 2.4, the MG-1599, 3569, and 11 

µm graphites at high and low ratios were chosen for further electrochemical characterization. 

Carbon black was not studied further as it had higher capacitance at lower ratios and overall lower 

conductivity.  
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Electrochemical Characterization 

The electrochemical activity of the new PCL carbon composites was characterized to 

determine differences in carbon electroactivity and how the ratio of carbon affects the 

electrochemistry. Initially, the electrodes were examined with ferri-ferrocyanide (Fe(CN)6
3-/4-) and 

ferrocenylmethyl trimethylammonium (FcTMA+) which are commonly used for electrode 

characterization.31-33 These molecules typically have fast kinetics, and in the case of ferricyanide, 

charge transfer rate constants are known for a variety of carbon electrodes. The rate constant can 

be used as a gauge of the electrochemical activity of the electrodes to compare carbon materials. 

Cyclic voltammograms (CVs) for FcTMA+ and Fe(CN)6
3-/4- at varying scan rates are shown in 

Figure 2.5(A) and (B), respectively. Differences in the shapes of the CVs can be attributed to the 

faster electron transfer for FcTMA+. Fe(CN)6
3-/4- is more surface sensitive FcTMA+ than so this is 

expected, especially considering all the surface defects seen in the SEM (Figure 2.2 and 2.3). The 

effects of scan rate on ΔE for the TPEs in FcTMA+ and Fe(CN)6
3-/4-  are summarized in Table 2.2 

and 2.3.  

 
Figure 2.5 Representative CVs for scan rate study for 1 mM (A) FcTMA+ and (B) ferri-
ferrocyanide in 0.5 M KNO3 on 1:2 PCL:MG-1599 electrode (v = 25, 50, 100, 200, 400, 500, 700, 
1000, 1500, 2000 mV/s). Ferri-ferrocyanide data was collected by Cynthia McCord. 
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Table 2.2 Scan rate study for 1 mM FcTMA+ in 0.5 M KNO3. ΔE is the average of the calculated 
difference between oxidation and reduction peak potential and the error is from standard deviation 
of 3 different electrodes. 

Scan Rate 
(mV/s) 

ΔE (mV) 
 

 1:2 
PCL: 
11 micron 

1:4 
PCL: 
11 micron 

1:2 
PCL: 
3569 

1:4 
PCL: 
3569 

1:2 
PCL: 
MG-1599 

1:4 
PCL:  
MG-1599 

25 56 ± 5 54 ± 2 50 ± 5 53 ± 3 55 ± 8 57 ± 6 

50 53 ± 4 55 ± 0 53 ± 8 58 ± 8 53 ± 5 56 ± 4 

100 56 ± 2 52 ± 6 53 ± 5 56 ± 1 46 ± 2 51 ± 5 

200 49 ± 2 52 ± 3 52 ± 9 54 ± 3 47 ± 3 51 ± 5 

400 54 ± 5 57 ± 4 51 ± 10 54 ± 4 55 ± 5 56 ± 2 

500 55 ± 3 58 ± 4 54 ± 10 59 ± 2 56 ± 3 59 ± 1 

700 56 ± 7 59 ± 1 51 ± 2 59 ± 2 55 ± 6 59 ± 1 

1000 63 ± 3 64 ± 4 59 ± 5 59 ± 4 56 ± 4 60 ± 2 

1500 61 ± 3 70 ± 1 61 ± 6 67 ± 1 55 ± 3 65 ± 2 

2000 61 ± 1 70 ± 3 70 ± 4 64 ± 3 58 ± 1 66 ± 4 

 

Table 2.3 Scan rate study for 1 mM Fe(CN)6
3-/4- in 0.5 M KNO3. ΔE is the average of the calculated 

difference between oxidation and reduction peak potential and the error is from standard deviation 
of 3 different electrodes. Data collected and processed by Cynthia McCord. 

Scan Rate 
(mV/s) 

ΔE (mV)  

 
1:2 
PCL:11 
micron 

1:4 
PCL:11 
micron 

1:2 
PCL:3569 

1:4 
PCL:3569 

1:2 
PCL:MG-
1599 

1:4 
PCL:MG-
1599 

25 72 ± 5 74 ± 4 77 ± 7 69 ± 2 75 ± 2 75 ± 7 

50 79 ± 7 76 ± 6 81 ± 8 73 ± 2 79 ± 3 79 ± 5 

100 85 ± 6 81 ± 5 88 ± 11 77 ± 2 84 ± 3 88 ± 6 

200 95 ± 6 86 ± 8 94 ± 14 83 ± 6 95 ± 5 98 ± 10 

400 107 ± 10 100 ± 8 103 ± 13 93 ± 6 106 ± 7 116 ± 10 

500 115 ± 9 103 ± 10 107 ± 13 97 ± 8 111 ± 10 119 ± 12 

700 121 ± 5 108 ± 7 111 ± 13 101 ± 9 119 ± 9 127 ± 13 

1000 131 ± 8 119 ± 8 110 ± 13 108 ± 10 128 ± 9 140 ± 15 

1500 136 ± 11 131 ± 6 116 ± 9 115 ± 15 132 ± 8 155 ± 19 

2000 142 ± 10 143 ± 9 124 ± 11 119 ± 19 135 ± 9 163 ± 17 
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Further investigation of the electrode kinetics was investigated by calculating the 

heterogeneous electron transfer rate constants (k0) using the Nicholson method.40 The following 

equation was used: 

ψ = k0[πDnFv/RT]-1/2 

The kinetic parameters (ψ) from the average ∆Es of the ferri/ferrocyanide peaks for each scan rate 

were plotted versus [πDnFv/RT]-1/2 where D is the diffusion coefficient, F is Faraday’s constant, v 

is the scan rate, R is the ideal gas constant, and T is temperature. The rate constants were 

determined from the slopes of the regression lines and the error shown is the standard error of the 

slope. 

Attempts to calculate the rate constants for FcTMA+ were performed; however, the 

electrodes were too active to measure kinetics with traditional methods. Table 2.4 lists the 

electrochemical rate constant k⁰ for a variety of electrode compositions towards ferri-ferrocyanide. 

The rate constants are similar between high and low ratios of carbon, except in the case of the 

larger particle size 3569-based composite where the rate constant is 2x larger for the higher ratio. 

Larger graphite particles have been shown to lower electrochemical activity due to a decrease in 

edge plane graphite.34 The 3569 particles are 10-20x the size of the other studied graphites so it is 

likely to have fewer active edge plane sites. Overall, the rate constants are consistent with polished 

glassy carbon surfaces (0.005 cm s-1),31 which is promising for utility integrated into microfluidic 

devices. Moving forward, the 1:2 PCL:carbon ratio was used to balance fabrication ease and 

favorable electrochemistry.  
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Table 2.4 Electrochemical rate constants, k⁰, of 1 mM ferri-ferrocyanide in 0.5 M KNO3 in relation 
to differing electrode compositions.  

Carbon Type Calculated electrochemical rate constant, k⁰ (x10-3 cm·s-1) 

 1:2 PCL:Carbon 1:4 PCL:Carbon 

3569 6.5 ± 0.2 12.7 ± 0.3 

MG-1599 8.3 ± 0.3 8.5 ± 0.3 

11 μm 8.8 ± 0.7 9.7 ± 0.2 

 

Ascorbic acid, p-aminophenol, uric acid, and benzoquinone are biological molecules that 

often used for lab-on-a-chip applications.31-33 CVs for these biologically relevant redox molecules 

is shown in Figure 2.6. For the oxidation of ascorbic acid (AA), the different carbons gave similar 

electrochemistry. The peak potentials for AA oxidation are about -0.05 V vs. SCE which is similar 

to that of a carbon nanotube and an electrochemically pre-treated carbon electrodes.35 The CV of 

3569 carbon shows a slightly lower peak current and a peak shift to a higher potential. This 

potential shift is likely related to lower activity from the larger particle size discussed previously. 

Uric acid (UA) oxidation for all three carbons occurred at 0.3 V vs. SCE which is similar 

to a report using graphene on glassy carbon with a peak at 0.4 V vs. SCE.36 In contrast to the results 

with AA, 3569 carbon resulted in the highest peak current for UA. This difference suggests that 

different biomolecules interact uniquely with different types of carbon and therefore carbon type 

should be considered when optimizing assays for different analytes.  The electrocatalytic activity 

of the PCL composites was similar to a glassy carbon electrode for the reversible electrochemical 

reaction of 1,4-benzoquinone.37 Once again, the CV of 3569 carbon has a higher peak current 

relative to the other carbons. Another theory for this could be an increase in surface area due to 
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the larger particles. The PCL TPEs gave well defined and reversible peaks for p-aminophenol that 

are similar to a highly active reduced graphene electrode.38 Overall, the PCL graphite composites 

show electrochemical activity similar to more carbon materials that require more extensive 

synthesis, fabrication, and modification such as carbon nanotubes or graphene. This excellent 

electrochemical activity most likely results from the sanding step which is hypothesized to activate 

and exfoliate the electrode surface by exposing freshly cleaved graphite.28  

 
Figure 2.6 Cyclic voltammetry of 1 mM substrate in 0.1 M phosphate buffer (pH 7.4), scan rate 
was 100 mV s-1. All electrodes are in a 1:2 PCL:carbon ratio. 
 

Fabrication of PCL-sealed Microfluidics with Integrated Electrodes 

After electrochemical characterization of the composites, 1:2 PCL:MG-1599 was chosen 

for integration into microfluidic devices. The 1:2 ratio has a significant percentage of PCL within 

the composite, which may help with sealing the electrodes in devices. It was also observed that 
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TPEs with lower percentages of carbon pressed into templates easier than higher ratios, 

simplifying fabrication. PMMA was chosen as a base material to fabricate microfluidics due to 

previous reports in microfluidic device fabrication with a CO2 laser in particular.39-42   

Sealing PMMA-based microfluidics has been done with a variety of techniques,43 

including thermal bonding,44 plasma treatment,45 plastisizers,46 microwave treatment,47  ultrasonic 

assisted bonding,48 or solvent bonding.49, 50 Other reports have used a thin adhesive layer to join 

the two halves.51, 52 Here, the devices assembled here were sealed by applying a thin layer of PCL. 

PCL has a lower melting temperature than PMMA and, when heated under pressure, can bond two 

pieces without deforming the PMMA.53 Prior to this work, there was only a single report on the 

use of PCL as a sealing layer from the Remcho group.54 This report required a spin coater to apply 

the PCL layer onto a substrate.54 To simplify the coating process and eliminate the need for 

specialized equipment, a “push coating” method was developed, which had previously been used 

for creating patterned thin film transistors.55 

Figure 2.7 shows the fabrication process of PCL sealed devices. First, a small amount of 

PCL:DCM solution (1:100 by mass) was poured onto a silicon wafer. Next, a blank PMMA slide 

was firmly pressed by hand onto the PCL:DCM solution (Figure 2.7(A)). After the PMMA was 

removed, there was an average PCL coating thickness of 3 ± 1 µm (n=9). The microfluidic channel 

was then generated with a CO2 laser operating in raster mode, shown in Figure 2.7(B). In  contrast 

to previous PCL-sealed microfluidics,54 the channel was cut into the plate containing the PCL film. 

Channel dimensions were defined by the optics of the laser used and typical channel dimensions 

were 150 µm deep and 300 µm wide; however, these could theoretically be made smaller with a 

more precise laser.  
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To seal the device, the two PMMA halves per placed in a heated press at 85 ⁰C for 5 min. 

Alternatively, halves could be clamped and heated in an 85 ⁰C oven, although this method required 

longer times. The chip needed to be cooled under pressure to maintain the seal. The electrode layer 

was reusable many times over by heating the chip above 70 0C and prying apart the layers. The 

electrode layer could then be sanded resulting in a renewed surface.  

Connecting pumps to microfluidic devices can be problematic.37 Here, connections to the 

chips were made with a unique laser cut PMMA and O-ring detachable interface. The reusable 

connection pieces are labelled “interface layer” in Figure 2.7(C). PMMA was rastered (ablated) 

to accommodate an O-ring and then tapped to accept threaded standard microfluidic fittings. The 

interface layer is simply bolted to the sealed chip. 

Electrochemistry of PCL Composites in a Droplet Generator 

Electrochemical measurements in droplets was first reported in 2008.56 Since then, there 

are only a handful of examples of electrochemistry in droplets within microfluidic devices.57-62 

There are many different configurations for microfluidic droplet generators.63 In this work, a 

pinching droplet generator was selected. Figure 2.8(A) shows droplets being generated in the 

device. PMMA is not sufficiently hydrophobic to create water-in-oil droplets so the channels were 

silanized, as previously reported.64  

The device used 3 inlets and the total flow rate of the oil and the aqueous phase was kept a 

constant 8 µL min-1. Representative amperometry results sensing ferricyanide in water droplets is 

shown in Figure 2.8(B). Figure 2.8(C) shows a smaller interval of time where the signal is very 

consistent and stable. However, it can be seen in Figure 2.8(B) that the peak currents are 

decreasing. The drop in signal is most likely a result of the non-conductive oil phase coating the 

electrode surface with an insulating layer that deactivates the surface.62 
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Figure 2.7 General procedure for assembling PCL enabled carbon composite electrochemical 
microfluidics. (A) The PMMA slide is coated with PCL. (B) Microfluidic channels are defined 
using a CO2 laser. (C) Device is assembled and interface layer is added to connect pump. This 
figure was adapted from a schematic created by Kevin Klunder. 
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Figure 2.8 (A) Image of PCL electrodes interfaced to a channel in a sealed device and water-in-
oil droplets visualized with red dye. Representative amperogram of detection of droplets 
containing 1 mM of ferricyanide in 0.5 M KCl with the sealed device over (B) 15 s and zoomed 
in on a (C) 2 s interval. Potential was held at -0.4 V vs. carbon. These data were collected by Kevin 
Klunder.  
 

2.5 Conclusions 

In conclusion, PCL has enabled the integration of carbon composite electrodes into 

complex microfluidics through a simple process. The new PCL composite electrodes are quickly 

and easily fabricated and have electrocatalytic activity that is comparable to much more complex 

composite electrodes as well as traditional carbon electrodes such as glassy carbon. This work 

demonstrates the ability to tune the electrochemical characteristics of the electrodes by altering 

PCL:carbon ratios and changing carbon type. Additionally, the use of a CO2 laser cutter has also 

enabled a fast and highly robust assembly of the microfluidic devices. The techniques proposed 

enable quickly prototyping new electrochemical microfluidic designs, overcoming the challenges 

often presented with electrode integration. Because of the ease of fabrication and promising proof-

of-concept, this work has significant impact for a wide range of fields relating to electroanalytical 

chemistry, or other applications requiring intricate, well-integrated electrodes placed within 

microfluidic devices. 
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CHAPTER 3: THERMOPLASTIC ELECTRODE (TPE)-BASED ENZYMATIC 

GLUCOSE SENSOR USING POLYCAPROLACTONE-GRAPHITE COMPOSITES 

3.1 Chapter Overview 

Monitoring biomolecules, such as glucose, is essential to the management and treatment of 

many diseases. Electrochemical detection allows for highly sensitive and selective, continuous 

measurements of molecules with fast response times.  Carbon composite electrodes are an 

attractive option for electrochemical detection due to their low cost, easy fabrication, and ability 

to be patterned. Enzymatic electrodes use enzymes as a detection scheme for biomolecules and are 

a crucial portion of today’s biosensor market. Carbon composite electrodes are commonly used 

for enzymatic electrodes; they often underperform compared to traditional metallic electrodes or 

other carbon-based electrodes like glassy carbon. Our group has recently developed new carbon 

composite electrodes called thermoplastic electrodes (TPEs) that use a thermopolymer. Because 

of the binder, the electrode material can be easily molded into intricate structures without extensive 

use of organic solvents. TPEs demonstrate comparable electrochemical performance to traditional 

metallic electrodes with the advantages of carbon electrodes like resistance to fouling and large 

potential window. The simple fabrication also allows catalysts and enzymes to be mixed directly 

into the material to enhance detection. Here, we report the first use of polycaprolactone (PCL) as 

the thermopolymer binder to make TPE glucose sensors. The TPE material is bulk-modified with 

cobalt phthalocyanine, an electrocatalyst, and glucose oxidase, resulting in a robust sensor that 

maintains a stable current response for over 100 minutes. These sensors can be molded into 

intricate shapes and sanded for surface renewal (without requiring additional steps to maintain the 

modification), allowing the sensors to be continuously reused even if damaged or fouled. The work 

from this chapter was published in Electroanalysis entitled “Thermoplastic Electrode (TPE)-Based 
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Enzymatic Glucose Sensor Using Polycaprolactone-Graphite Composites.” I was the sole author 

on this work and performed all experiments in this chapter. 

3.2 Introduction 

Carbon composite electrodes are an attractive option for sensing due to their low cost, easy 

fabrication, biocompatibility, and wide potential windows.1 A major disadvantage of the typical 

carbon composite electrodes, i.g. screen-printed electrodes, is that the electron transfer kinetics 

and other electrochemical properties are lacking relative to metallic electrodes and other carbon-

based electrodes such as glassy carbon.2 Enzymatic electrodes are one of the most widely used 

versions of carbon composite electrodes. Enzymatic electrodes use immobilized enzymes on the 

electrode surface to convert electroinactive substrates of interest into electroactive products that 

can be electrochemically quantified.3 

The first enzymatic-electrochemical sensor was reported by Clark and Lyons in 1962.4 

Now, enzymatic glucose sensors are still a vital research field and a $12.64 billion market in 2020 

because of the growing demand for diabetes management.5-8 In addition to glucose, enzymatic 

sensors are used to detect hundreds of other biologically relevant molecules such as lactate, 

acetylcholine, glutamate, and malate.9 Effective immobilization of enzymes on electrode surfaces 

is crucial to developing effective biosensors. There are a wide variety of immobilization techniques 

including physical adsorption,10 entrapment in a semipermeable membrane,11 covalent bonding,12 

crosslinking,13 and electrochemical polymerization.14 Many of these techniques can be tedious, 

complicated, or the modification can be easily damaged.8 

Many enzymatic sensors rely on hydrogen peroxide (H2O2) quantification to detect 

biomolecules of interest because it is produced in glucose oxidase and all oxidase reactions. 
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Carbon composite electrodes often require an electrocatalyst for H2O2 redox chemistry due to 

inferior electron transfer capabilities compared to traditional metallic electrodes. CoPC is widely 

used for H2O2 detection because it is nontoxic, biocompatible, and inexpensive.15-17 In previous 

reports, dropcasting CoPC directly onto an electrode surface has been demonstrated effectively, 

although dispersion on the electrode surface is often heterogenous and reproducibility can be an 

issue.18  Also, CoPC-modified electrode surfaces often have relatively low conductivity and can 

detach from the electrode surface over time.16 To overcome these limitations, CoPC has been 

successfully incorporated into reduced graphene oxide electrodes as opposed to being adsorbed on 

the electrode surface; however, this often involves multistep time-consuming syntheses.16, 17 To 

simplify the modification even further, CoPC has been directly mixed into carbon composite 

electrode materials to avoid synthesis steps altogether.19 Incorporating CoPC directly into carbon 

inks has allowed for the production of reproducible and mass-produced screen-printed electrodes, 

yet these electrodes still underperform relative to traditional metallic and glassy carbon 

electrodes.18 

Thermoplastic electrodes (TPEs), first introduced in 2017, use thermopolymer binders that 

become soft and moldable when heated and harden when cooled.20 TPEs present a very attractive 

alternative electrode material due to their tunable mechanical and electrochemical properties. TPEs 

have been demonstrated as effective electrodes for basic electrochemistry and immunosensors, 

comparable to traditional glassy carbon electrodes.20-25 Polycaprolactone (PCL) has been 

demonstrated as an effective TPE binder and has a melting point of 60°C which allows the 

electrode material to be molded into patterns with fine details more easily.21  

Here, TPEs were successfully applied as enzymatic glucose sensors using PCL as the 

thermoplastic binder. The low melting point of PCL enables the electrode material to be 
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manipulated into molds without high temperature that could denature the enzymes. The presented 

sensors directly incorporate cobalt phthalocyanine (CoPC) and glucose oxidase (GOx) directly 

into the material for bulk-modification. The TPE glucose electrodes wield the advantages of 

traditional enzymatic carbon composite electrodes (biocompatible, inexpensive, etc.) with the 

added advantages of TPEs (moldable, reusable, renewable surface, etc.) to create robust enzymatic 

sensors. The simple fabrication of the glucose TPEs show promise for various applications in the 

biomolecule sensing field. 

3.3 Experimental Section 

Reagents  

Solutions were prepared using 18.2 M Ω・cm water purified using a Milli-Q system 

(MilliporeSigma, USA). Graphite (MG-1599, size ∼15 μm) was purchased from Great Lakes 

Graphite, Inc. (Toronto, Canada). Polycaprolactone (PCL) was purchased from ThermoMorph® 

(Toledo, OH). ACS grade dichloromethane, cobalt phthalocyanine, D-glucose, and 

dimethylformamide were purchased from Sigma-Aldrich (Saint Louis, MO). Fluorescein 

isothiocyanate was purchased from Thermo Fisher Scientific (Waltham, MA). Glucose oxidase 

from Aspergillus Niger (crude, 5,730 units/g solid) was purchased from Sigma-Aldrich (Saint 

Louis, MO). 

Fabrication of Bulk-Modified Electrodes 

Polycaprolactone (PCL) was first dissolved in dichloromethane (DCM). PCL and graphite 

(MG-1599) were weighed to make a 1:2 PCL:carbon ratio by mass. Then, 10% CoPC and 10% 

GOx (by weight of the carbon) were hand-mixed into graphite. For CoPC modified electrodes, no 

GOx was added at this step. This mixture was added directly to the dissolved PCL, mixed using a 
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glass rod or wooden applicator, and poured onto a Si wafer to continue mixing and drying. Once 

the electrode material is completely dry (typically less than 10 minutes), it can be stored in vials 

in ambient conditions for later use or incorporated into electrode templates. Polymethyl 

methacrylate templates were designed using CorelDRAW (Corel, Ontario, Canada) and cut using 

a CO2 laser cutter (Zing 10000, Epilog Laser), similar to previous work.20, 21 For the purposes of 

this work, simple 1.5 mm diameter/3 mm thick disk electrodes were used; however, the ability to 

mold the electrodes into intricate designs are shown in Figure 3.1 and in our previous reports.20-22 

The electrode material was then pressed into the templates using a hydraulic heat press at 60°C 

and 1500-2000 psi. Excess material was then polished away with 600 grit sandpaper, and electrical 

connections were attached with silver paint. Further polishing to achieve more uniform or 

regenerate surface was done with finer 1200 grit sandpaper. 

 

Figure 3.1 Image of PCL TPEs pressed in various templates with different shapes and designs. 
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Surface Imaging 

Fluorescence images were taken using a fluorescent Dino-Lite digital microscope (Dino-

Lite AM4115T-YFGW) with excitation = 470 nm, emission = 510 nm. 2 mg/mL Fluorescein 

isothiocyanate (FITC) in dimethylformamide (DMF) was diluted 100x to 20 μg/mL in 0.1 M 

sodium carbonate (pH 9.5). CoPC and CoPC/GOx electrode material were incubated in the 

described FITC solution at 5 °C covered in foil overnight and then rinsed before imaging. Surface 

images were taken of the electrode material using scanning electron microscope (JEOL JSM-

6500F). Elemental maps were obtained with dispersive X-ray spectroscopy (EDS) using an Oxford 

silicon drift detector energy.  

Electrochemical Measurements 

Electrochemical measurements were recorded using CHI1242 and CHI660b potentiostats 

(CH Instruments, Inc., Austin, TX). All experiments were performed with a three-electrode system 

using the CoPC and GOx modified electrodes as the working electrode, a saturated calomel 

electrode (SCE) as a reference electrode, and larger surface area TPE (with PCL and graphite) as 

the counter electrode. All solutions were prepared and diluted in 0.05 M phosphate buffer (pH 7.4) 

prior to measurements. Cyclic voltammetry (CV) to characterize H2O2 detection with CoPC-

modified TPEs was performed scanning from -1.6 V to +1.6 V at a scan rate of 100 mV/s. CV to 

characterize glucose detection with CoPC/GOx-modified TPEs was performed scanning from -0.2 

V to +0.6 V at a scan rate of 100 mV/s. Potential was held at +0.6 V for amperometry experiments 

for H2O2 and glucose. Analytes were added (~10 μM H2O2 aliquots and ~0.5 mM glucose aliquots) 

into stirred 0.05 M phosphate buffer (pH 7.4) allowing the current to stabilize before adding the 

next aliquot. For measurements with the TPE glucose sensor, an apple juice sample was diluted 

200x in buffer. Standard addition measurements were performed by adding ~0.5 mM glucose 
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aliquots into the stirred apple juice standard. The currents were plotted and then a best fit line was 

extrapolated to determine the glucose concentration. Replicate measurements for all CVs and 

amperometry were recorded by rinsing and reusing the same TPE sensor. 

Glucose Assay Kit 

The commercial Glucose Assay Kit used to validate the real sample measurements in apple 

juice was purchased from Sigma Aldrich (Saint Louis, MO). The kit included reagents, standard 

solutions, and specific instructions to produce a colorimetric reaction to quantify the sample. The 

kit reacts the sample glucose oxidase, and subsequently reacts the hydrogen peroxide side product 

with o-dianisidine in the presence of peroxidase to form a colored product. The absorbance of this 

product was then measured at 540 nm using a traditional UV-Vis spectrometer and the 

concentration of glucose was determined using a calibration curve made from the provided glucose 

standards. The apple juice was diluted 12000x in 0.05 M phosphate buffer (pH 7.4) to get the 

sample into the appropriate range for the assay. 

3.4 Results and Discussion 

Fabrication of Bulk-Modified Glucose Oxidase Electrodes 

Moldable electrodes have been shown to be vital for progress in applications such as non-

invasive medical sensors,26, 27 integrated sensors in microfluidic devices,28, 29 force sensors,30 and 

neural microsensors.31 Bulk-modification steps for electrocatalysts can require complicated 

synthesis,16, 32, 33 while others do not display great electrocatalytic activity.34 Many enzymatic 

sensors use surface modifications to incorporate the enzyme,35 which can be tedious, easily 

damaged, and often only single-use. This work introduces a simple fabrication method (shown in 

Figure 3.2) to produce bulk-modified, moldable enzymatic electrodes for glucose sensing, that 
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eliminates the need for complicated modification steps. Similar to previously reported work in our 

group, polycaprolactone (PCL) is used as a binder because of its low melting point which allows 

for molding the material easily without excessive heat that could negatively affect the enzyme 

activity.21 CoPC and GOx are added directly into the material for modification to increase catalytic 

activity and allow for detection of glucose, respectively. Mixing and drying the electrode material 

takes typically less than 10 minutes, and it can be stored in bulk for later use or incorporated 

directly into electrode templates. The moldable nature of the electrode material is unique and 

useful allowing electrode geometry to not be limited by the fabrication. Because the material is 

bulk-modified, these TPE enzymatic electrodes can simply be sanded down to renew the surface 

if it is damaged or fouled. The sanding removes any residue on the electrode surface and a layer 

of PCL and graphite to expose more graphitic flakes and fresh GOx.  This makes them reusable 

multiple times, which is a great advantage for many applications, including clinical. 

 

Figure 3.2 Simple fabrication of bulk-modified GOx/CoPC PCL composite electrodes, using 
templates cut using a CO2 laser. 
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Cyclic Voltammetry for Characterization 

PCL TPEs are modified with CoPC by mixing it directly into the electrode material, 

similarly to that of other carbon composite materials.18, 19  Figure 3.3(A) shows CVs obtained with 

unmodified and bulk modified CoPC TPEs in the presence of H2O2. For the unmodified electrodes, 

the CV in buffer with and without H2O2 are nearly identical, reinforcing the fact that H2O2 cannot 

be analyzed on the TPEs without the modification with CoPC. The CVs of CoPC-modified 

electrodes plotted on the same graph show a significant increase in both anodic current (1.3 mA 

cm-2 around +0.7 V) and cathodic current (2.2 mA cm-2 around -0.8 V) in the presence of H2O2.  

The cobalt central atom of the CoPC changes oxidation states from Co(II) to Co(III) at positive 

potentials, which facilitates electron transfer for the oxidation of H2O2. In reverse, at negative 

potentials the change from Co(II) to Co(I) facilitates electron transfer for the reduction of H2O2.16 

These increases in signal show that the CoPC PCL electrodes can be applied toward sensing H2O2. 

The results were further confirmed with amperometric measurements of H2O2, resulting in a linear 

current response with increasing concentration (Figure 3.4(A) and 3.4(B)). 

Figure 3.3(B) shows representative CVs (three replicates of the same two electrodes) on 

electrodes modified with CoPC and GOx and just with CoPC in the presence and absence of 

glucose. This plot is offset by 110 μA cm-2 for clarity. Without GOx modification, there is no 

signal difference between solutions with and without glucose. With the GOx modification, an 

increase in anodic current (approximately 70 μA cm-2) is observed at higher positive potentials in 

the presence of glucose compared with phosphate buffer. This provides evidence that the GOx 

modification is effective for glucose detection. A difference in capacitance between the non-

modified electrode and the electrode modified with GOx is observed on the CVs. The GOx-

modified electrode CVs have higher baseline currents than the non-modified electrode CVs, both 
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in buffer and in glucose. This increased capacitance could be a result of increased surface 

roughness and broken electron pathways from GOx in the material.36 The increased current in the 

CVs from the modified electrodes in glucose demonstrates the feasibility of the sensor to detect 

glucose.  

 

Figure 3.3 (A) Representative CVs (n=3) of an unmodified electrode and a CoPC-modified 
electrode, in 0.05 M phosphate buffer (pH 7.4) with and without H2O2 (5mM). (B) Representative 
CVs (n=3) of a CoPC-modified electrode and a CoPC/GOx-modified electrode in 0.05 M 
phosphate buffer (pH 7.4) with and without glucose (10 mM). CVs are offset for clarity. Potential 
was scanned vs. a SCE reference at a scan rate of 100 mV/s for both A and B. 
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Figure 3.4 (A) Representative amperogram of detection of H2O2. Potential held at +0.6 V vs. a 
SCE reference on CoPC modified electrode adding equal aliquots of H2O2 in stirred 0.05 M 
phosphate buffer (pH 7.4) and (B) the resulting H2O2 calibration curve using the same electrode 
for replicates (n=4). 

 

Surface Characterization of Electrode Material 

Scanning electron microscopy (SEM) images were taken of the surface of CoPC/GOx 

modified (Figure 3.5(A)) and unmodified (Figure 3.5(B)) electrode material. Both images show 

graphitic flakes on the surface of the material. The exposed edge planes have been shown to 

increase conductivity and electrocatalytic activity of the electrode surface, which improves 

performance of this electrode material compared to other carbon composite electrodes in which 

the binder covers the graphitic edge planes.2 These properties were explored in greater detail in 

previous publications.21 The surface of the CoPC/GOx modified material, however, shows 

increased surface roughness and more graphitic edges, likely due to the CoPC and GOx 

interrupting the graphite/PCL composite, further confirming the cause previously discussed for 

increased capacitance shown in Figure 3.3(B). While most of the images show the conductive 

graphite exposed from sanding, the lighter areas of the SEM images demonstrate charging which 

is likely due the PCL binder because it is insulating. There is significantly more charging in the 



66 

image without modification, indicating that the addition of CoPC and GOx also helped expose 

more of the graphite during the sanding process. The modification not only allows for the detection 

of glucose but also improves surface morphology of the electrode. The surface features shown in 

the SEM are irregular, which could account for some of the variation in signal across electrodes.  

 

Figure 3.5 SEM image at 15,000x magnification of (A) CoPC/GOx modified and (B) unmodified 
electrode material. 

 

In addition to electron images taken with SEM, energy dispersive X-ray spectroscopy 

(EDS) was used to characterize the elements present on the surface of the electrode material. The 

map of the Co distribution is shown in Figure 3.6(A). The only source of Co in the electrode 

material is the CoPC electrocatalyst, so this map should be representative of the CoPC distribution 

on the surface of the electrode after bulk-modification. After the electrode is sanded, there is 

comprehensive, relatively even coverage of the CoPC on the surface with minimal aggregation. 

The background signal of material without CoPC to compare can be seen in Figure 3.6(B). Carbon 

(originating from both graphite and PCL) coverage (Figure 3.7(B)) is consistent with the 

topography of the electrode material shown in the SEM image for that specific measurement 

(Figure 3.7(A)). The EDS also demonstrated an extensive coverage of oxygen suggesting a large 
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number of surface oxide groups (Figure 3.7(C)). Surface oxide groups have been shown to lead 

to increased electrocatalytic activity,2 which is consistent with the excellent performance shown 

previously for TPE electrode material.20, 21 Trace amounts of Si were detected on a few samples 

which likely is residue from sandpaper used for polishing (Figure 3.7(D)). EDS spectra can be 

found in SI for electrode material with (Figure 3.6(C)) and without (Figure 3.6(D)) CoPC. The 

spectra also show the calculated percentages of Co for CoPC modified material to be 1.1 ± 0.0 % 

Co and for unmodified to be 0.0 ± 0.0 % Co.  

 

Figure 3.6 (A) SEM-EDS image of CoPC/GOx modified electrode material showing the element 
distribution of cobalt. (B) SEM-EDS image of unmodified electrode (no CoPC) material showing 
the background noise for distribution of cobalt. Representative spectra of elements present in (C) 
modified and (D) unmodified electrode material from SEM-EDS analysis.  
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Figure 3.7 SEM-EDS images of 1:2 PCL:MG-1599 with 10% CoPC and 10% GOx showing the 
(A) electron image and element distribution of (B) carbon, (C) oxygen, and (D) silicon.  

 

Fluorescein isothiocyanate (FITC) is an isomer commonly used to fluorescently label 

antibodies, enzymes, nucleic acids, and other proteins of interest for flow cytometry and 

immunofluorescence microscopy.37-39 It is not selective and will couple to any protein due to a 

reaction with amine groups.40 CoPC-modified and CoPC/GOx-modified electrode materials were 

incubated in FITC solutions and then fluorescent images were taken after rinsing (excitation: 470 

nm, emission: 510 nm). A clear difference can be observed between the material modified without 
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(Figure 3.8(A)) and with (Figure 3.8(B)) GOx modification. While there is some non-specific 

adsorption on the unmodified material, the significant signal increase on the GOx modified 

material indicates presence of GOx on the surface after bulk modification. These images also show 

the non-uniformity of GOx distribution on the surface. The clusters of GOx shown from the FITC 

images (Figure 3.8(B) and 3.9) explains the electrode variability. Figure 3.10 shows sensor 

response for 3 different sensors. Because of the variation in current response across electrodes, for 

each individual experiment the same electrode was used multiple times for the replicates. Variation 

of responses from different electrodes is a common problem in electrochemical biosensors both in 

research and in manufacturing settings, and calibration is often required either in factory or by the 

end-user prior to use.41, 42 In future studies with enzymatic TPE sensors, previously reported 

calibration methods could be employed to address this problem.43-46 

 

Figure 3.8 Fluorescent microscope images (excitation: 470 nm, emission: 510 nm) at 40x zoom 
of (A) CoPC-modified electrode material and (B) CoPC/GOx-modified electrode material, after 
incubation in 20 μg/mL FITC in 0.1 M sodium carbonate (pH 9.5). 
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Figure 3.9 Fluorescent microscope images (excitation: 470 nm, emission: 510 nm) at 40x zoom 
of three different CoPC and GOx modified electrodes, after incubation in 20 μg/mL FITC in 0.1 
M sodium carbonate (pH 9.5). 

 

Figure 3.10 Glucose calibration curves of three different GOx/CoPC modified electrodes from 
amperograms, where potential was held at +0.6 V vs. a SCE reference in stirred 0.05 M phosphate 
buffer (pH 7.4) adding equal aliquots of glucose. 

 

Glucose Detection 

The glucose electrode responses were tested using amperometry at +0.6 V. This potential 

showed a significant current difference between solutions with and without glucose for the GOx 

modified electrode CVs in Figure 3.3(B). Figure 3.11(A) shows the glucose sensor response to 

addition of glucose in phosphate buffer. As aliquots of glucose are added, step increases in current 
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are measured corresponding to the increase in glucose concentration. The resulting calibration 

curve (Figure 3.11(B)) was plotted by averaging a 5 s interval of the nominal current value of the 

plateau as is common in the literature,32, 47-49 and it shows a linear response in the range from 0-

3.75 mM glucose. The replicates for this data were done using the same glucose sensor six times 

in a row rinsing in between. The small error bars on the calibration curve from the subsequent 

continuous measurements with the same electrode show excellent stability over a period of 100+ 

minutes without signal degradation. Many glucose sensors require recalibration in much shorter 

periods of time.50, 51 However, in Figure 3.11(A), the response time begins to slow over the 

continuous measurement, which has been an issue for other reported biosensors at higher 

concentrations and should be addressed in future work.52 Although a formal stability study has not 

been performed for electrode storage, the electrodes were stored in open air on a countertop at 

room temperature and reused for several months. If the sensors were reused, a calibration curve 

was performed on the same day. As an example, Figure 3.12 demonstrates the successful 

performance of the same electrode after storage and sanding, showing calibration curves for the 

same electrode approximately 3 months apart. The difference in the electrode’s response is likely 

due to the previously discussed heterogeneous nature of the material between sanding. Recents 

reports show storage stability from 10-120 days but often involve more complex modification for 

this stability or must be stored at lower temperatures (4° C) than the sensors presented in this 

work.49, 53-55  



72 

 

Figure 3.11 (A) Representative amperogram of glucose detection. Potential held at +0.6 V on 
GOx/CoPC modified electrode adding equal aliquots of glucose in stirred 0.05 M phosphate buffer 
(pH 7.4) (B) and the resulting glucose calibration curve using the same electrode for replicates 
(Markers and error bars show mean and sds, n=6). 

 

 

Figure 3.12 Glucose calibration curves of the same GOx/CoPC modified electrode on two days 
several months apart from amperograms, where potential was held at +0.6 V vs. a SCE reference 
in stirred 0.05 M phosphate buffer (pH 7.4) adding equal aliquots of glucose. 

 

Figure 3.13(A) shows a representative amperogram measurement across the whole 

dynamic range of sensor. Current responses to corresponding glucose concentrations are plotted 

in Figure 3.13(B). The curve shown in this plot shows that the enzymatic sensor follows 

Michaelis-Menten kinetics. A Lineweaver-Burke plot (Figure 3.13(C)) was used to calculate the 
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kinetic constants: Vmax = 52. ± 3., Km = 8.5 ± 0.9 mM. In any glucose sensor, the activity of the 

enzyme is limited due immobilization on the electrode. Previously published carbon-based glucose 

sensors report a wide range of Km values from 1-17 mM.56-58 A lower Km value is desirable 

because it indicates a higher affinity of the enzyme for the substrate. The Km for this TPE sensor 

is more than sufficient for monitoring glucose levels in organ tissues. For example, the sensor’s 

range fits well into the range needed for monitoring organs, such as kidneys, to assess viability 

before transplantation (3.6-5.5 mM) 59, 60 or monitoring a patient’s brain after a traumatic brain 

injury (4.4-6.1 mM).61 Additionally, the sensor is stable and robust, making it ideal for biological 

applications.   

 

Figure 3.13 Michaelis-Menten kinetics (A) Representative amperogram holding potential at +0.6 
V vs. a SCE reference on GOx/CoPC modified electrode adding aliquots of glucose in stirred 0.05 
M phosphate buffer (pH 7.4) until saturation. (B) Plot of resulting current versus concentration of 
glucose (n=3 on same electrode). (C) Lineweaver-Burke plot of resulting data. Equation of line: y 
= (0.159 ± 0.002)x + (0.0199 ± 0.0004). 
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Application to a Real Juice Sample 

As a proof of concept, the TPE glucose sensors were tested in diluted apple juice and 

verified using a commercial UV/Vis assay. The TPE sensor measurement was calculated using 

amperometry similarly to the method presented above and standard addition of known glucose 

amounts. The standard addition curve is shown in Figure 3.14. The calibration curve and 

measurements of the Glucose Assay Kit are recorded in Figure 3.15 and Table 3.1. The responses 

of each method were extrapolated to calculate the full concentration of the juice tested. Results of 

the two assays agreed within error (Table 3.2). Notably, TPE glucose sensors showed high 

precision, as the error of the sensor developed here is far smaller than that of the commercial assay. 

 

Apple 
Juice 
Aliquot 

Average 
Absorbance 
(A.U.) 

Diluted Calculated 
Concentration (μg/mL) 

Diluted Calculated 
Concentration (mM) 

Total 
Concentration 
(mM) 

sample 1 0.112 9.917 0.0550 660.0 

sample 2 0.101 8.077 0.0448 537.6 

sample 3 0.101 8.020 0.0445 534.0 

sample 4 0.098 7.502 0.0416 499.2 
 

Figure 3.14 (A) Standard addition plot of 200x dilute apple juice in 0.05 M phosphate buffer (pH 
7.4) from amperograms where potential held at +0.6 V vs. a SCE reference on GOx/CoPC 
modified electrode adding equal aliquots of glucose in stirred dilute apple juice (n=3 on same 
electrode). (B) Absorbance calibration curve from Sigma-Aldrich Glucose Assay Kit that was used 
to quantify the apple juice sample. (Below) Table of absorbance values and calculated 
concentration for apple juice measurements.  
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Table 3.2 Comparison of TPE glucose sensor to a UV/Vis Glucose Assay Kit on the market for 
measurement of apple juice. Apple juice was diluted 200x for measurement using the TPE sensor 
and 12000x for the Glucose Assay Kit.  

Method Calculated Concentration (mM) 

Glucose Assay Kit (n=4) 558 ± 64 

TPE Sensor (n=3) 549 ± 14 

 

3.5 Conclusions 

In summary, this work presents the use of TPEs to produce robust, bulk-modified glucose 

sensors as a proof-of-concept for enzymatic sensors. The reported method allows for simple, 

cheap, and quick fabrication of enzymatic sensors in bulk. The moldability of the TPE glucose 

electrode material makes it promising for various applications where electrode geometry is 

important and/or electrodes must be incorporated into complicated devices. The sensors can be 

used continuously with consistent and reproducible current response. The bulk-modification 

allows for the surface to be sanded down if the surface is damaged or fouled making the sensors 

reusable, which is useful in many applications such as clinical monitoring.  With the current 

scheme, the enzyme incorporated into the material can be substituted for a variety of enzymes to 

sense different biomolecules, making enzymatic TPEs applicable to countless applications. 
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CHAPTER 4: COMPARISON OF THERMOPLASTIC ELECTRODE MATERIALS FOR 

O2 AND H2O2 SENSING 

4.1 Chapter Overview 

Carbon composite electrodes often suffer from poor electrocatalytic activity and require 

complex, expensive, or time-consuming modifications to effectively detect certain analytes such 

as O2 and H2O2. Thermoplastic electrodes (TPEs) are a new class of composite electrodes that 

exhibit superior electrochemical properties to typical carbon composite electrodes. This work 

investigates the properties of TPEs using two different binders – polycaprolactone (PCL) and 

polystyrene (PS) – with sanded and heat-pressed surface treatment using XPS and SEM. These 

techniques suggested that sanded TPEs have a higher density of graphitic edge planes and 

improved electrochemistry as a result. Electrochemical detection of O2 and H2O2 was demonstrated 

on sanded PS-based TPEs. Additionally, this work introduces a new 3D-printed TPE sensor 

module that is reversibly sealed with magnets. A proof-of-concept sensor for detecting H2O2 in 

flow with the sensor module is presented. All data included in this chapter were collected and 

processed by myself. The 3D-printed sensor module was designed by Amanda Cherwin and the 

leakless reference electrode used in the device was adapted from a similar system fabricated by 

Jason Boes. 

4.2 Introduction 

Carbon composite electrodes have become popular for many biosensing applications due 

to their biocompatibility, wide potential windows, and low cost.1-5 However, carbon composite 

electrodes often suffer from poor moldability and slow electron transfer kinetics.6, 7 Recently, 

thermoplastic electrodes (TPEs) have been introduced as easily moldable carbon composites with 
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excellent conductivity and electron transfer kinetics.7-14 A variety of thermoplastic binders have 

been used for TPEs including polymethyl methacrylate (PMMA),7, 11 polycaprolactone (PCL),8, 11, 

15 cyclic olefin copolymer (COC),9-11 polystyrene (PS),13, 14 and Ecoflex®.16 While all of the 

binders used have resulted in successful sensors, carbon composite binder choice must be carefully 

considered for all applications as it contributes greatly to mechanical and electrochemical 

properties.17, 18 

PCL and PS are of particular interest to this work as they can be pressed into templates 

without use of inorganic solvent.8, 11, 13-15 PCL has a low melting point and is FDA approved for 

medical applications because of its biocompatibility.19-21 Prior to use as a TPE binder, PCL was 

not commonly used in electrochemical sensors.  PS has also been used in many biomedical 

applications and, alternatively to PCL, has been reported more in electrochemical sensors.22, 23 PS 

electrodes have been applied to biological22, 24-32 and environmental27, 33-36 applications. In 

addition, PS-based TPEs have been shown to have enhanced electrode kinetics compared to other 

reported techniques using PS.13 Additionally, the PS-based TPEs were also shown to have more 

resolved voltametric peaks than those of PCL-based TPEs, likely due to the aromatic side chain 

groups in PS that could allow for π-π interactions with the graphite.14 

While carbon composite electrodes have many advantageous properties, they are unable to 

detect many important biomolecules, such as O2 and H2O2, without complex modification 

procedures. Monitoring dissolved O2 is important in various biochemical and physiological 

processes.37 Because O2 is hard to detect electrochemically, precious metals or expensive and hard 

to fabricate carbon allotropes, such as boron doped diamond or glassy carbon, are typically used.37-

40 While there are reports of oxygen sensors from carbon composite electrodes, these require 

oxygen sensitive mediators,37 precious metal nanoparticles,41, 42 novel nano-carbon structures,42, 43 
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electrocatalysts,44 and/or other complex additives or modifications. H2O2 also plays an important 

role as a signaling molecule in regulating diverse biological processes such as immune cell 

activation and is also a product from oxidase enzymes such as glucose oxidase (GOx), lactate 

oxidase (LOx), and cholesterol oxidase (ChoOx).45 Similarly, detection of H2O2 requires 

expensive, complex, or time-consuming modifiers such as metal hexacyanoferrates, heme 

proteins,  CNTs and graphene, metals and metal oxides, and metallophthalocyanines.45-47 In this 

work, PS-based TPEs are used to successfully detect O2 and H2O2 without electrode modifications 

for the first time. 

Fluidic and microfluidic devices have been used for a wide variety of electrochemical 

applications to improve signal and monitor analyte concentration changes in real-time.48-51 

Traditionally, integration of carbon composite electrodes into fluidic devices can be challenging 

due to flow interruption from raised features52-54 or complex electrode or channel fabrication 

techniques. Furthermore, electrode modification is difficult in systems where carbon composite 

electrodes can be incorporated.55-57 Often analysis is done off-chip or in the waste area of the 

fluidic device to avoid integration, but this reduces signal and/or prevents time resolved 

measurements.58 TPEs have been incorporated into a variety of fluidic devices including paper-

based devices,9, 11, 59, 60 droplet microfluidics,8 and microfluidic flow cells.15 While these examples 

overcome many obstacles for electrode integration in fluidic devices, there are still many 

challenges for sensor integration, particularly for reusable devices. For devices with integrated 

sensors, if the sensor fails, both the device and the sensor require replacement.61 Sensor modules 

are separate devices with integrated sensors that can be coupled to an existing fluidic system and 

allow for real-time measurement to be collected in flow without causing disruption to the system 

if the sensor needs to be replaced.61   
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A plug-and-play sensor module for use in fluidic systems was previously demonstrated.62 

That sensor module used 3D-printed components to incorporate swappable PCL-based TPE 

sensors housed in commercial PEEK fingertight fittings.62, 63 Unfortunately, this design was not 

easily translatable for PS-based TPEs. The increased temperature required for TPE fabrication 

with PS melted and deformed the fingertight fittings. This work introduces a new 3D-printed 

sensor module to accommodate PS-based TPEs. Prior to the TPE integration into the sensor 

module, the properties of the PCL- and PS-based TPEs were further investigated through XPS, 

SEM, and redox probes. The PS-based TPEs could detect both O2 and H2O2 without any 

modification. A proof-of-concept for H2O2 detection in flow was demonstrated in the sensor 

module. 

4.3 Experimental Section 

Reagents  

 Solutions were prepared using 18.2 M Ω・cm water purified using a Milli-Q system 

(MilliporeSigma, USA). Graphite (MG-1599, size ∼15 μm) was purchased from Great Lakes 

Graphite, Inc. (Toronto, Canada). Polycaprolactone (PCL) was purchased from ThermoMorph® 

(Toledo, OH) and polystyrene m.w. 45,000 (45K PS) was purchased from Sigma Aldrich (Saint 

Louis, MO). ACS grade dichloromethane, potassium nitrate, and 30% hydrogen peroxide were 

purchased from Sigma-Aldrich (Saint Louis, MO). Dopamine hydrochloride (99%) was purchased 

from Alfa Aesar (Haverhill, MA). Ferrocenylmethyl trimethylammonium (FcTMA+) synthesized 

in house with the help of Andrea Westlie using a method previously reported.64 
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Electrode Fabrication 

Polycaprolactone (PCL) or polystyrene (PS) was first dissolved in dichloromethane 

(DCM). The polymer and graphite (MG-1599) were weighed to make a 1:2 polymer:carbon ratio 

by mass. The dissolved polymer and graphite were mixed using a wooden applicator and poured 

onto a Si wafer to continue mixing and drying. Once the electrode material is completely dry 

(typically less than 10 min), it can be stored in vials at ambient conditions for later use or 

incorporated into electrode templates. For electrode characterization experiments, polymethyl 

methacrylate templates were designed to make simple disk electrodes that were 2.5 mm diameter/3 

mm thick using CorelDRAW (Corel, Ontario, Canada) and cut using a CO2 laser cutter (Zing 

10000, Epilog Laser). The electrode material was then pressed into the templates using a hydraulic 

heat press at 60°C for PCL electrodes and 85°C for PS electrodes with pressure of 1500-2000 psi. 

Excess material was then polished away with 600 grit sandpaper, and electrical connections were 

attached with silver paint. Further polishing to achieve more uniform or regenerate surface was 

done with finer 1200 grit sandpaper. The TPEs referred to as “sanded” were treated as described 

above. Those referred to as “pressed” were heat-pressed again for approximately 20 s after the 

final fabrication step. Electric connections were added with Ag paint and copper wire. 

Surface Analysis (XPS and SEM) 

X-ray photoelectron spectroscopy (XPS) was used to analyze the composition of electrode 

surfaces (PHI Physical Electronics PE-5800 X-ray Photoelectron Spectrometer). Data were 

collected using a 1 mm diameter circular aperture. Surface images also were taken of the electrode 

material using scanning electron microscope (JEOL JSM-6500F). XPS spectra were analyzed and 

peaks were fit using CasaXPS (Casa Software Ltd., Teignmouth, United Kingdom). Peaks were 

normalized by calibrating the C-C peak to 285.00 eV, as commonly reported.65 
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Characterization Electrochemical Measurements 

Electrochemical measurements for characterization were recorded using a CHI660b 

potentiostat (CH Instruments, Inc., Austin, TX). All experiments were performed with a three-

electrode system using the TPEs as the working electrode, a saturated calomel electrode (SCE) as 

a reference electrode, and larger surface area TPE as the counter electrode. All solutions were 

prepared and diluted in 0.1 KNO3 or 0.05 M phosphate buffer (pH 7.4) prior to measurements 

(denoted in figure captions). Cyclic voltammetry (CV) was performed to characterize FcTMA+ 

detection by scanning from 0.0 V to +0.8 V at a scan rate of 100 mV/s. CVs to characterize 

dopamine detection were scanned from -0.2 V to +0.8 V at a scan rate of 100 mV/s. CVs to 

characterize O2 detection were scanned from -0.9 V to +0.9 V at a scan rate of 100 mV/s. CVs to 

characterize H2O2 detection were scanned from -0.4 V to +0.8 V at a scan rate of 100 mV/s. 

Replicate measurements for all CVs were recorded in the same solutions with different TPEs. 

Device Design and Fabrication 

The sensor module device was designed in SolidWorks CAD software (Dassault Systems, 

Waltham, MA) and the top and bottom layers were 3D-printed with a Form 3 SLA printer 

(Formlabs, Somerville, MA) using Clear V4 resin. After printing, the devices were soaked in 

isopropyl alcohol for 20 min to remove uncured resin and subsequently post-cured according to 

Formlabs recommendations. N42 Neodymium bar magnets from K&J Magnets Inc. (Pipersville, 

PA) were glued in slots on the inner surface of each 3D-printed layers using cyanoacrylate glue 

(Krazy Glue, High Point, NC), providing 11.5 lbf of total clamping force. The middle layer consists 

of a 20A durometer silicone gasket (McMaster-Carr, Elmhurst, IL) cut with an Epilog Zing laser 

cutter to define the microfluidic channel. 
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Leakless Bipolar Ag|AgCl Reference Electrode Fabrication 

A leakless bipolar Ag|AgCl reference was fabricated using a similar method to previously 

reported.66 Annealed platinum wire (Alfa Aesar, Haverhill, MA) with a diameter of 0.5 mm and a 

length of 2 cm was inserted into the opening of a 200 uL polypropylene pipette tip (Neptune 

Scientific, San Diego, CA). The wire was sealed into the tip with two-part epoxy (3M, Saint Paul, 

MN), with exposed portions both inside and protruding from the pipette tip. Annealed silver wire 

(Thermo Fischer, Waltham, MA) with a diameter of 0.5mm and a length of 3 cm was similarly 

sealed with epoxy into a 10 μL pipette tip. Chloride was electrodeposited onto the exposed portion 

of silver wire protruding from the tip by holding the Ag wire at a +1.0 V potential vs. SCE 

reference in 1 M KCl for 3 min. The 200 μL tip portion of the reference electrode was incorporated 

into the flow device using epoxy, and the platinum wire was trimmed to avoid clogging the 

channel. Before use, the 200 μL tip with wire was filled with 1M KCl and capped with the 10 μL 

pipette tip. Parafilm was used to seal the two pipette tips together, taking care to ensure that the 

wires were only electrically connected through the KCl solution, creating a self-contained bipolar 

reference electrode.  

Sensor Module Flow Experiment Set Up and Electrochemical Measurements 

The sensor module was tested amperometrically in flow with 1 mM H2O2. Two syringe 

pumps (New Era Pump Systems, Inc. and Harvard Apparatus) were connected to a T-junction 

manual valve which was then connected to the inlet for the sensor module. One syringe contained 

0.05 M phosphate buffer (pH 7.4) and the other contained 1 mM H2O2 in 0.05 M phosphate buffer 

(pH 7.4). Flow rate for both pumps was set to 1.0 mL/min. The valve was switched back and forth 

from one pump to the other (stopping flow for the pump for which the valve was closed). Potential 

was held at +0.6 V vs. an Ag|AgCl reference for amperometry experiments with H2O2. 
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4.4 Results and Discussion 

XPS Analysis of PCL- and PS-based TPEs 

Prior to integration into the flow sensor module, the electrode material was characterized. 

As previously noted, PCL and PS were chosen here because they both could be pressed into 

templates without use of solvent. The most notable difference in the structures of PCL and PS 

(shown in Figure 4.2) is that PCL has O-containing groups and PS has an aromatic side group. 

TPEs were fabricated with both polymers and to better understand the interactions between the 

polymers and graphite, some TPEs were sanded (denoted as PCLS and PSS) as typically done and 

others were heat-pressed (denoted as PCLP and PSP) as described in 4.3.   

Due to the complexity of the graphite used, carbon composite electrodes tend to have many 

functional groups on the surface and therefore have very complex surface chemistry. When edges 

of graphene sheets are cleaved during fabrication or polishing, they react with oxygen and water 

forming various oxygen functional groups to complete the valences, which can include carbonyls, 

hydroxyls, carboxyls, ethers, and lactones.3, 67 X-ray Photoelectron Spectroscopy (XPS) was 

performed on PCL and PS TPEs that were sanded and heat-pressed (as well as the corresponding 

isolated polymers) to better understand the surface chemistry that contributes to the electrode 

material properties.68 Figure 4.3 shows XPS survey scan spectra of all materials. Overall, all TPEs 

and polymers look relatively similar, and there are no significant peaks other than oxygen and 

carbon. The steps seen in the baselines are a result of electrons ejected that are below the top 10 

nm of the sample surface, which is typical of XPS spectra.69 Based on the survey spectra and 

knowledge of the samples, C1s and O1s were further investigated with high resolution scans. 
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Figure 4.2 Chemical structure of PCL and PS. 

 

 

Figure 4.3 XPS survey scan spectra of the PCL, TPEs made with PCL that are heat-pressed and 
sanded  after fabrication (PCLP, PCLS), PS,  and TPEs made with PS that are heat-pressed and 
sanded  after fabrication (PSP, PSS).  

 

 High resolution scan spectra for PCL and PCL-based TPEs are shown in Figure 4.4 with 

relative quantities for different functional groups based on the peak fitting summarized in Table 

4.1. High resolution scan spectra for PS and PS-based TPEs are shown in Figure 4.5 with relative 

quantities based on the peak fitting summarized in Table 4.2. O1s peaks are often not fit because 
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it is difficult to get an accurate fitting due to the overlapping of binding energies of the oxygen 

functionalities.70 O1s spectra are displayed in Figure 4.4 & 4.5, however, the discussion for the 

materials will be based on the C1s peaks and quantities. The C1s peaks were assigned based 

binding energy values previously reported for similar materials.65 It is important to note that all 

the TPEs (including the heat-pressed TPEs) initially needed to be sanded in fabrication; therefore, 

these data are not mutually exclusive. 

The data for the PCL polymer shows a high quantity of C-C bonds (75.29%) on the surface, 

and there was no C=C peak which is expected since the functionality is not present in PCL. When 

graphite is added to the PCL and heat-pressed (PCLP), a C=C peak appears with a low relative 

quantity (2.19%). This contribution is likely from the graphitic planes in which the majority of the 

carbon is sp2 hybridized. The C-O peak also increases from 11.85% to 26.62% with the addition 

of graphite. The initial contribution of C-O bonds from the PCL remains with the added 

contributions of the surface oxides that are present in graphite. The C-C quantity also dropped to 

63.35% with the increases from the other types of C bonds. When the PCL-based TPE was sanded 

(PCLS), C-O decreased to 18.57% and C-C decreased to 54.00%. The C=C bonds increase greatly 

to 19.68%, implying that after sanding more graphite is exposed on the surface. The C=O peaks 

for the three PCL-based samples remained relatively unchanged between samples. 
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Figure 4.4 High resolution XPS spectra of the C1s (left) and O1s (right) regions for PCL-based 
TPEs that are (A & B) sanded and (C & D) heat-pressed after fabrication and the PCL polymer 
without any graphite added (E & F). All spectra were normalized by calibrating the C-C peak to 
285.00 eV.   
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Table 4.2 Binding energies and relative quantities (%) for PCL and PCL-based TPEs (heat-pressed 
and sanded) from the curve-fit analyses of C1s XPS spectra. 

PCL 
     

C1s Region O1s Region 

    

Position 

(eV) 

Concentration 

Percentage (%) 
 

Position 

(eV) 

Concentration 

Percentage (%) 

C-C 285.00 75.29 C-O 533.76 26.81 

C=C - - C=O 532.22 73.19 

C-O 285.99 16.99 
   

C=O 289.03 7.72 
   

      

PCLP 
    

C1s Region O1s Region 

    

Position 

(eV) 

Concentration 

Percentage (%) 
 

Position 

(eV) 

Concentration 

Percentage (%) 

C-C 285.00 63.35 C-O 533.51 41.79 

C=C 283.80 2.19 C=O 532.19 58.21 

C-O 285.99 26.62 
   

C=O 288.93 7.84 
   

      

PCLS 
    

C1s Region O1s Region 

    

Position 

(eV) 

Concentration 

Percentage (%) 
 

Position 

(eV) 

Concentration 

Percentage (%) 

C-C 285.00 54.00 C-O 533.51 41.79 

C=C 283.90 19.68 C=O 532.19 58.21 

C-O 286.29 18.57 
   

C=O 289.03 7.75 
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The PS polymer contains significantly less C-O (1.35%) and C=O (2.27%) bonds than PCL 

(11.85% and 7.90%, respectively). These quantities reconfirm the structure differences seen in 

Figure 4.2 in which PS contains no oxygen in its pure form. C-C contributes 21.29%  and C=C 

contributes 75.09% to the peaks, which is consistent with structure of PS including the bonds in 

the aromatic side chain. Surprisingly, when graphite is added to the material and it is heat-pressed 

(PSP), the C-C bonds increase from 21.29% to 86.31% and the C=C decrease from 75.09% to 

9.64%. C-O and C=O quantities (0.61% and 3.44%, respectively) remain similar, which is 

consistent with the theory that the pressed PS-based TPEs contain mostly basal plane graphite. 

When the TPE is sanded (PSS), the C-C decreases significantly to 13.14% and the C=C increases 

to 27.49%. Most notably, the oxygen-containing groups on the surface in PSS increase over ten-

fold (42.18% C-O and 17.20% C=O). This dramatic increase implies that the PSS facilitates the 

exposure of a large amount of edge plane graphite. Overall, the relative quantities of bond 

components in this work are comparable to other carbon composite materials reported.71 

Additionally, the quantities in the sanded PS-based TPEs reflect similar to values reported for more 

novel carbon materials like graphene oxide.72, 73 
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Figure 4.5 High resolution XPS spectra of the C1s (left) and O1s (right) regions for PS-based 
TPEs that are (A & B) sanded and (C & D) heat-pressed after fabrication and the PS polymer 
without any graphite added (E & F). All spectra were normalized by calibrating the C-C peak to 
285.00 eV. 
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Table 4.2 Table 4.1 Binding energies and relative quantities (%) for PS and PS-based TPEs (heat-
pressed and sanded) from the curve-fit analyses of C1s XPS spectra. 

PS 
     

C1s Region O1s Region 

 

Position 

(eV) 

Concentration 

Percentage (%) 
 

Position 

(eV) 

Concentration 

Percentage (%) 

C-C 285.00 21.29 C-O 532.47 54.83 

C=C 284.40 75.09 C=O 531.92 45.17 

C-O 285.99 1.35 
   

C=O 288.29 2.27 
   

      

PSP 
     

C1s Region O1s Region 

 

Position 

(eV) 

Concentration 

Percentage (%) 
 

Position 

(eV) 

Concentration 

Percentage (%) 

C-C 285.00 86.31 C-O 531.73 53.82 

C=C 283.44 9.64 C=O 532.34 46.18 

C-O 286.53 0.61 
   

C=O 288.66 3.44 
   

      

PSS 
     

C1s Region O1s Region 

 

Position 

(eV) 

Concentration 

Percentage (%) 
 

Position 

(eV) 

Concentration 

Percentage (%) 

C-C 285.00 13.14 C-O 535.32 53.44 

C=C 284.59 27.49 C=O 533.76 46.56 

C-O 286.27 42.18 
   

C=O 289.82 17.20 
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SEM Images of PCL- and PS-based TPEs 

 Scanning electron microscopy (SEM) images were taken of PCL-based TPEs and are 

shown in Figure 4.6. Over all magnifications, sanded PCL-based TPE material shows greater 

visible surface roughness than in the heat-pressed PCL-based TPE material. In all images, the 

surface has irregular topography with conductive regions (attributed to the graphite) and regions 

with more charging (attributed to the PCL polymer). The PCLS, however, has significantly more 

graphitic edge planes than the PCLP (most notably seen in 5000x and 50000x magnification). The 

PSS image at 50000x magnification also shows almost transparent features which are thin layers 

graphite or potentially even graphene sheets in some places. The PCLP shows more connected 

layers as opposed to edges which is consistent with graphitic basal plane. The lower 

electrocatalytic activity for heat-pressed TPEs was previously hypothesized to be a result of either 

the polymer coating graphitic particles or having more basal plane than edge plane graphite.13 

Because there is not a significant difference in conductivity seen between these images, it is more 

likely that the latter theory is correct since a polymer coating on the surface would be insulating 

and result in significant charging.  

SEM images were also taken of PS-based TPEs and are shown in Figure 4.7. The PS-based 

TPEs follow the same trends as the PCL-based TPEs. Irregular surfaces with more graphitic edge 

planes in the PSS compared to the PSP. In the 500x magnification image of PSS, distinct grooves 

can be seen that are the result of sanding. A reason similar grooves are not seen in the PCLS could 

be due to PS being a much harder plastic than PCL.74 The 5000x magnification image of PSP 

shows a conductive, mostly smooth surface containing major cracks and crevasses. This results 

from material crumbling away due to the PS-based TPEs being more brittle than the PCL-based 

TPEs, which should be considered when choosing a binder for specific applications. The formation 
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of large gaps in PSP but not PCLP could also be a result of difference in how each polymer flows 

when heat-pressed. Because PCL has a significantly lower melting point to PS and the 

temperatures applied is relatively much closer to the melting point of PCL than that of PS, it is 

possible that the PCL binder may flow more freely when heat-pressed carrying graphite and 

polymer to fill these gaps. Once again, the smooth regions on the PSP could be comparable to 

materials with large amounts of basal plane graphite.  Overall, the PSS have a much higher density 

of graphitic edge planes than the PCLS which typically results in improved electrochemical 

activity. Edge planes also contain a greater amount of oxgen groups to complete the valences after 

the graphitic sheets are broken, which is consistent with the XPS data presented above. This 

phenomenon could be due to π-π stacking between the graphite and the PS π bonds helping orient 

the graphitic particles to expose more edge planes. Similar conclusions comparing PCL- and PS-

based TPEs were reported previously.13 

 

Figure 4.6 SEM images at (left to right) 500x, 5000x, and 50000x magnification of PCL-based 
TPE material that was  (top) sanded and (bottom) heat-pressed. 
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Figure 4.7 SEM images at (left to right) 500x, 5000x, and 50000x magnification of PS-based TPE 
material that was  (top) sanded and (bottom) heat-pressed. 

 

Electrochemical Characterization of PCL- and PS-based TPEs with Redox Probes 

 There are many well-known redox molecules that can be used to characterize an electrode 

material. Due to the significant differences in the surfaces shown in the SEM and XPS data, it was 

important to choose redox probes that interact with the electrode surface differently to gain the 

most information; therefore, an inner sphere and outer sphere probe were chosen. Inner sphere 

electron transfer requires the redox molecule to have a ligand that can break and form bonds with 

the electrode surface. As a result inner sphere redox molecules are very sensitive to changes in 

surface groups and morphology.75 Outer sphere redox molecules do not need to form a bond for 

electron transfer, making the electron transfer only rely on density of electronic states as opposed 

to surface groups.76 Typically, outer sphere electron transfer is much faster than inner sphere.75  

FcTMA+ was chosen as the outer sphere redox probe and cyclic voltammetry (CVs) of 

sanded and heat-pressed PCL- and PS-based TPEs are shown in Figure 4.8(A). All the TPEs show 
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reversible electrochemistry, including the heat-pressed variations with significantly less edge 

planes. While outer sphere redox probes are less sensitive to surface defects, there are still 

significant differences in voltammetry for the different TPEs. The first difference is in the current 

magnitude. The sanded TPEs, as expected, had the highest current responses, with the anodic peak 

for PSS at 0.45 ± 0.04 mA cm-2 and the PCLS slightly lower at 0.35 ± 0.02 mA cm-2 (n=3). The 

sanded TPEs also have similar peak separation; however, the PCLS CV has much more 

capacitance, which can lead to higher background signal and higher detection limits. The increased 

capacitance is most likely a result of increased macroscopic surface roughness in PCL-based TPEs 

compared to PS-based TPEs previously reported, even though the microscopic topography has the 

opposite trend.13 Additionally, the PSS CV contains an additional oxidative peak for PSS. The 

peak could be an oxygen peak from solution or surface functional groups. An alternative theory is 

it could result from very small amount of contaminant such as iron that was not detectable in the 

XPS survey scans. The heat-pressed TPEs have similar peak current with PSP at 0.17 ± 0.09 mA 

cm-2 and PCLP at 0.21 ± 0.01 mA cm-2. The PSP CV interestingly is still very reversible with 

seemingly proportional capacitance to that of PSS. The unique shape of the PCLP CV appears 

sigmoidal, which is typically seen when steady-state current is obtained in flow.77 However, 

assemblies of microelectrodes can also exhibit steady-state current, and O’Hare et al. demonstrated 

that carbon composite electrodes can behave similarly to microelectrodes given the proper 

composite ratios and conditions.78 The PCLP could have pockets of conductive carbon and 

insulating PCL that could result in microelectrode behavior. 

Dopamine was chosen as the inner sphere redox probe and CVs of sanded and heat-pressed 

PCL- and PS-based TPEs are shown in Figure 4.8(B). Both heat-pressed PCL- and PS-based TPEs 

do not show reversible electrochemistry for dopamine. Slight current increases can be seen in the 
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PSP CV; however, these changes are minimal compared to the sanded TPEs. While basal planes 

are still conductive, electron transfer is generally considered much slower at the basal planes of 

graphite,79 so this result continues to reaffirm the data from XPS and SEM of the PSP. The sanded 

TPEs, shown in the SEM (Figure 4.6 & 4.7) to have edge-plane rich surfaces, were more 

successful in electrochemically turning over dopamine. 

 

Figure 4.8 Representative CVs (n=3) of PCL- and PS-based TPEs that are sanded and heat-pressed 
in (A) 1 mM FcTMA+ and (B) 1 mM dopamine in 0.1 M KNO3. Potential was scanned vs. a SCE 
reference at a scan rate of 100 mV/s for both (A) and (B). 

 

PCLS is significantly more capacitive than PSS (like in the FcTMA+ CVs) and has greater 

peak separation. In addition, PSS has higher peak current than PCLS (0.58 ± 0.06 versus 0.413 ± 

0.006 mA cm-2 (n=3), respectively). The reversible electrochemistry exhibits excellent 

electrocatalytic activity on the unmodified TPEs, as carbon composite electrodes typically require 

modifications that can be expensive or time-consuming to achieve this type of electrochemistry 

with dopamine.80 The PSS CVs are comparable to electrodes with glassy carbon, multiwalled 

carbon nanotubes, and graphene oxide.2, 81-84 
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Electrochemical Detection of O2 and H2O2 of PS-based TPEs 

 Next, the ability of PS-based TPEs to detect O2 was investigated. CVs of oxygen rich and 

oxygen deficient buffer were performed with sanded (Figure 4.9(A)) and heat-pressed (Figure 

4.9(B)) PS-based electrodes. For PSS TPEs, reversible electrochemistry with an increase in both 

anodic and cathodic current is seen in phosphate buffer, likely from the oxidation and reduction of 

both the surface oxides and dissolved O2. The cathodic current peak increases 13. ± 2. mA cm-2 

(n=3) in the oxygen rich buffer. There is a slight change in the cathodic current for PSP but it does 

not contain peaks and the current is comparatively almost an order of magnitude lower than PSS. 

Figure 4.9 Representative CVs (n=3) of (A) sanded and (B) heat-pressed PS TPE in 0.05 M 
phosphate buffer (pH 7.4) with oxygen rich and oxygen deficient conditions. Oxygen rich 
conditions simply used the phosphate buffer as prepared. Oxygen deficient conditions were 
produced by sparging with N2 for 30 min. Potential was scanned vs. a SCE reference at a scan rate 
of 100 mV/s for both A and B. 

 

Figure 4.10 (A) shows CVs of increasing concentration of O2 using sanded PS-based 

TPEs, and Figure 4.10(B) shows the  correlation between cathodic peak height and sparging time. 

As the buffer is sparged with N2, the dissolved O2 concentration should decrease.  The current 

decreases as expected with sparging time until 15 min where the O2 appears to be fully depleted. 

These results are consistent with other carbon electrodes that involve more complex modification 
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for O2 detection.37, 41-44 Going forward, these data will need to be validated using a commercial O2 

sensor or other technique, but the results show great potential for ability to quantitatively           

detect O2. 

 

Figure 4.10 (A) Representative CVs (n=3) of  sanded heat-pressed PS TPE in 0.05 M phosphate 
buffer (pH 7.4) with at varying time points of sparging N2 from 0 to 20 min. Potential was scanned 
vs. a SCE reference at a scan rate of 100 mV/s. (Inset) Zoomed in plot of the cathodic peaks of the 
representative CVs. (B) Corresponding plot of the absolute value of the cathodic peak from the 
CVs vs. the time sparged. Symbols and error bars represent average and standard deviation of the 
cathodic peak current of different electrodes in the same sparged solution (n=3). 

 

Similarly to O2, an electrocatalyst or advanced electrochemical techniques (as fast scan 

cyclic voltammetry) is typically required to detect H2O2 on carbon composite electrodes.44, 85 

Because the sanded PS-based electrodes have consistently shown superior electrochemistry to the 

other TPEs, only the PSS TPEs were used to investigate H2O2 detection. The CVs shown in Figure 

4.11 show a significant current increase in both anodic and cathodic current in the presence of 

H2O2 and the blank signal from the electrolyte is an order of magnitude lower. The electrocatalytic 

activity towards molecules that are difficult to electrochemically detect, like H2O2 and O2, 

demonstrates the fast electron transfer kinetics associated with the exposed edge planes that have 

also been confirmed with XPS and SEM. 
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Figure 4.11 (A) Representative CVs (n=3) of  sanded PS TPE in in 0.1 M KNO3 with and without 
H2O2 (5mM). Potential was scanned vs. a SCE reference at a scan rate of 100 mV/s. 

 

Sensor Module Design and Fabrication 

After electrode material characterization, the PS-based TPEs were incorporated into a 

sensor module. TPEs have been previously reported as singular disk electrodes,12-14 three electrode 

systems,8, 11 and  more complex electrochemical arrays.9 All of these reports with the exception of 

those incorporated into fingertight fittings,62, 63 used laser cutting or etching into plastics to produce 

the templates. This method is effective for most applications; however, complexity of electrode 

design is limited by the laser used and the electrode would need to undergo additional steps for 

integration into a fluidic device. This work presents the first use of a 3D-printed template for TPEs. 

3D printing is an attractive method for device fabrication is because it allows all features of the 

electrode system template and fluidic channels to be fabricated at once and also enables rapid 

prototyping of different designs in one step.86, 87 Figure 4.1(A) shows the quick, simple TPE 

fabrication technique to create the working and counter electrode in a 3D-printed template that 

serves as the top half of the sensor module. Briefly, the thermoplastic was solvated and combined 

with graphite. This mixture was mixed until it dried (typically under 10 minutes) and then heat-
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pressed into the 3D-printed electrode template. Finally, excess material was sanded away. After 

the TPEs are integrated, the 3D-printed part a leakless Ag|AgCl reference electrode, previously 

reported.66 Many reference electrodes require storage in a chloride solution when not in use, which 

would be inconvenient and potentially alter the surface of the other electrodes in the sensor module. 

The leakless reference used here does need storage solution and the solution needed for the 

electrode to function (described above in 4.3) does not come into contact with the flow channels 

or other electrodes. A TPE carbon pseudo-reference electrode could also be used but Ag|AgCl is 

more stable.88 
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Figure 4.1 (A) Simple fabrication of PS TPEs, using a 3D- printed template for incorporation into 
a sensor module. (B) Exploded views of the sensor module showing 3D-printed parts, gasket, and 
locations for electrode integration. (C) Rendering of sensor module showing flow path. (D) 
Photograph of fully assembled TPE sensor module. 3D-printed device was designed by Amanda 
Cherwin. Leakless reference electrode was fabricated by Jason Boes. 
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Reversibly sealed fluidic devices are desirable because they can be disassembled, 

sterilized, and reused.89 Different methods have been used to reversibly seal microfluidic devices, 

such as adhesive bonds,90, 91 vacuum suction,92, 93 and mechanical clamps fastened with screws94, 

95 or magnets.96-98 The reported sensor module (a labeled exploded view shown in Figure 4.1(B)) 

uses magnets to allow for a simple, reversible seal. For the TPE sensor module, the reversible seal 

also allows for the TPE surface to be sanded and renewed or the entire sensor part can be swapped 

for a different set of electrodes that are optimized for different analytes. A gasket forms the fluidic 

channel (Figure 4.1(C)) between the electrode system and another 3D-printed part, using the 

magnets as the clamping force to seal the device. Once the gasket is placed, the sensor module 

self-aligns due to the arrangement of the magnets. Because the magnets dictate the alignment, the 

sensor module can be assembled correctly in under 5 s while maintaining high quality seals, even 

by untrained users. Figure 4.1(D) shows a picture of the fully assembled sensor module. 

Proof-of-Concept H2O2 Detection in Flow with PS-based TPE Sensor Module 

For a simple proof-of-concept, the reported sensor module with PS-based TPEs was used 

to detect H2O2 in flow. Figure 4.12 shows a representative amperogram for long injections of 

H2O2 at a 1.0 mL/min flow rate. The relatively high flow rate and length of measurement (over 40 

min) without leaks demonstrates the effectiveness reversible seal from the magnets. The peaks in 

the amperogram appear to stabilize and become more consistent after the first few injections. This 

plateau could be the result of the electrode’s charging current still dissipating. It is very common 

for electrochemical sensors to require a significant “warm-up” period to reduce charging current 

in measurements.99 Figure 4.12 also shows the relative stability of the PS-based TPEs over a 

continuous 40+ min measurement. Even near the end of the measurement, the current still returns 

to the approximate baseline. The inconsistencies in peaks, baseline, and current response could be 
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a result of manual valve and pump changing.  This proof-of-concept indicates the potential for this 

system to be used for enzymatic sensing in flow. 

 

Figure 4.12 Amperogram showing changes in current measured the sensor module with sanded 
PS-based TPEs. Six additions of 1 mM H2O2 were measured across 40 min. Potential was held at 
+0.6 V vs. Ag|AgCl reference. Flow rate was 1.0 mL/min. 

 

4.5 Conclusion 

In summary, this work explores the electrochemical properties of TPEs with two different binders 

(PCL and PS). XPS and SEM analysis suggested that sanded TPEs had a high density of edge 

plane graphite on the surface and heat-pressed TPEs have more basal plane orientations. PS-based 

TPEs showed a particularly high density of edge planes likely due with π-π interactions between 

the aromatic groups in PS and the graphite. As a result, the sanded PS-based TPEs demonstrated 

increased electroactivity. The PS-based TPEs were used to detect H2O2 and O2 without any 

electrode modification. The PS-based TPEs were also integrated into a reversibly sealed fluidic 

sensor module device in which detection of H2O2 demonstrated in flow. The design of the sensor 

module allows for simple electrode integration and assembly that can be coupled with a variety of 
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fluidic systems. The proof-of-concept detecting H2O2 with the sensor module will work towards a 

system for simple enzymatic detection of various biomolecules such as lactate and glucose in 

complex biological environments by incorporating an additional flow path with an oxidase 

enzyme.  
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CHAPTER 5: ELECTROCHEMICAL CAPILLARY DRIVEN IMMUNOASSAY FOR 

DETECTION OF SARS-COV-2 

5.1 Chapter Overview 

The COVID-19 pandemic focused attention on a pressing need for fast, accurate, and low-

cost diagnostic tests. This work presents an electrochemical capillary driven immunoassay 

(eCaDI) developed to detect SARS-CoV-2 nucleocapsid (N) protein. The low-cost flow device is 

made of polyethylene terephthalate (PET) and adhesive films. Upon addition of a sample, reagents 

and washes are sequentially delivered to an integrated screen-printed carbon electrode for 

detection, thus automating a full sandwich immunoassay with a single end-user step. The modified 

electrodes are sensitive and selective for COVID-19 N protein and stable for over seven weeks. 

The eCaDI was tested with influenza A and Sindbis virus and proved to be selective. The eCaDI 

was also successfully applied to detect nine different SARS-CoV-2 variants, including Omicron 

(NR-56486). The work in this chapter is submitted to ACS Measurement Science Au entitled 

“Electrochemical Capillary Driven Immunoassay for Detection Of SARS-CoV-2.”  This was a 

multi-author work built on the contributions of many. Illhoon Jang, Wisarut Khamcharoen, and 

Isabelle Samper performed preliminary work not included in this dissertation, but without their 

contributions the work presented here would not exist. Loran Anderson inactivated and titered the 

virus solutions used in this work. Melissa Schenkel and Trey Pittman assisted with experimental 

preparation in this work. Additionally, Melissa Schenkel collected some of the data presented in 

this chapter, further denoted in the figure captions. If not denoted in the figure caption, the data 

included in this chapter was collected and processed by myself.  
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5.2 Introduction 

The outbreak of COVID-19, caused by the infectious severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2), demonstrated a critical need for developments in point-of-care 

diagnostics.1 There are many COVID-19 tests on the market,2 yet reverse transcriptase polymerase 

chain reaction (rt-PCR) is still often the recommended and/or required testing option. Rt-PCR tests 

detect the viral RNA and remain the gold standard for testing due to low LODs and high 

specificity.3 Unfortunately, the rt-PCR assay requires specialized laboratories and takes hours to 

complete, and the demand created by the COVID-19 pandemic overwhelmed the facilities that run 

these assays. Consequently, it often takes several days from test to result.4 Enzyme linked 

immunosorbent assays (ELISAs) are another diagnostic tool that can be used to detect COVID-

19-associated antigens or antibodies.4 Unfortunately, traditional ELISAs also need to be performed 

in a laboratory setting, require many tedious steps or complicated robotics, and can take several 

hours to complete.5  

Alternatively, lateral flow assays (LFAs) detect antigens or antibodies and greatly reduce 

the time to result.6 Generally, the addition of a sample induces capillary flow through a 

nitrocellulose strip, and dried reagents are delivered sequentially to produce a colorimetric signal 

of two lines for a positive sample and one line for a negative sample. Unfortunately, these devices 

are significantly less sensitive with higher limits of detection than more sophisticated techniques 

like ELISA.7, 8 There is not an ideal test with the optimal accuracy, accessibility, affordability, and 

timeliness of results. Therefore, carefully balancing the benefits and drawbacks of these factors is 

important for controlling the COVID-19 pandemic as well as endemic diseases in the future.9 

Many COVID-19 tests reported in academic literature are attempting to fill the gaps in currently 

available tests.10-12 
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Microfluidic and other flow devices have been developed to perform traditional lab-based 

techniques like rt-PCR, rt-LAMP, nested PCR, nucleic acid hybridization, ELISA, and 

fluorescence based assays.13 These relatively low cost devices reduce the sample volumes needed 

and provide platforms to control reactions, separations, delivery of reagents, and quick detection 

with high sensitivity.14 There have been many attempts to automate multi-step assays such as 

ELISA in inexpensive flow devices.15  Flow of reagent delivery has been controlled by chemical 

barriers,16, 17 physical barriers,18, 19  hydrophobic barriers, 20  and complex geometric fluid paths in 

the paper-based devices.21, 22  Many still require more than one user step.20 In 2013, Apilux et al. 

introduced an automated sandwich ELISA with one sample addition step in a paper device.21 This 

device was a promising step forward; however, paper devices have been known to suffer from 

slow and non-uniform flow and difficulties in particle and reagent transport..23, 24 

Capillary-driven fluidic devices have become popular due to their lack of need for 

external pumps and other laboratory equipment.25 A new class of hollow channel capillary-

driven devices using polyethylene terephthalate (PET) and double-sided adhesive (DSA) was 

recently introduced by our group. These devices have been used to demonstrate advanced mixing 

and flow control26, 27 and applied for viscosity measurements28 and SARS-CoV-2 serology 

tests.29, 30  While other examples of using PET for capillary-driven devices has been shown,31 

they lack the complexity necessary for sequential delivery and precise flow control.  

Colorimetry is the most common detection mechanism for capillary-driven and paper-

based flow devices, but it often suffers from low sensitivity and small linear ranges.32 

Electrochemical detection is an attractive alternative because it allows for rapid, inexpensive, 

sensitive, and quantitative results.33 Additionally, the double line readout of a traditional LFA 

relies on user interpretation and does not provide quantitative results to the end-user. By using 
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electrochemical instead of colorimetric detection, LFA sensitivity can be improved.34 Electrodes 

have also been incorporated into various other flow devices to improve detection.35, 36 

Additionally, electrodes have previously been used for e-ELISA, using electrochemistry as an 

alternate detection for traditional ELISA.37-39 

Previous work presented a device for the detection of IgG antibodies against SARS-CoV-

2 N proteins in whole blood;30 however, this device required two distinct steps for the end user 

making it difficult for untrained users to operate. While monitoring antibodies is useful to study 

immune response in an individual and the overall population, it cannot be used to detect active 

infection. This work describes an electrochemical capillary driven immunoassay (eCaDI) device 

made from polyethylene terephthalate (PET) and adhesive films with an incorporated screen-

printed carbon electrode system. The eCaDI is modified to detect active infections of SARS-CoV-

2 through quantification of the N protein. Upon a one-step addition of a sample, the flow device 

sequentially delivers all the reagents necessary to perform an automated ELISA, producing 

quantitative detection of SARS-CoV-2. 

5.3 Experimental Section 

Reagents & Materials  

Solutions were prepared using 18.2 MΩ・cm water purified using a Milli-Q system 

(MilliporeSigma, USA). Phosphate buffer saline (PBS) tablets, 3,3’,5,5’-tetramethylbenzidine 

(TMB), ethylenediaminetetraacetic acid, ferrous sulfate heptahydrate, sodium hydroxide, D-(+)-

trehalose dihydrate, and sodium tetraborate were purchased from Sigma-Aldrich (Saint Louis, 

MO). Tween80, boric acid, casein, 10X Stable Peroxide Buffer, bovine serum albumin, and 

sucrose were purchased from Thermo Fisher Scientific (Waltham, MA). Commercial SARS-CoV-
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2 anti-N antibodies (MM08) and SARS-CoV-2 detection-HRP (MM05-H) antibodies were 

purchased from Sino Biological (Beijing, China). Igepal was purchased from MP Biomedicals 

(Irvine, CA). Unmodified glass fiber with PVA binder was purchased from MilliporeSigma 

(Burlington, MA). Zeba 40K Micro Spin Desalting Columns were purchased from Thermo 

Scientific (Rockford, IL). Polyethylene terephthalate sheets (2500 and 9984) and double-sided 

adhesive (467) were purchased from 3M (Saint Paul, MN). Carbon ink (CI-2057) was purchased 

from Engineered Materials Solutions, Inc. (Attleboro, MA). BQ-947 dielectric ink was purchased 

from Dupont (Wilmington, DE). 

Solutions 

10 mM phosphate buffer solution (PBS) with 140 mM sodium chloride and 2.7 mM 

potassium chloride, pH 7.4 was prepared by dissolving a tablet in DI water according to package 

instructions. 10 mM phosphate buffer solution with Tween20 (PBST) was made by adding 0.05% 

Tween20 to PBS. Antibody immobilization buffer was prepared by adding 0.0005% Tween 20 to 

PBS. 1x stable peroxide buffer (SPB) was prepared by diluting commercial 10x stable peroxide 

buffer 1:10 and adding 0.1% Igepal and 0.1% Tween 80. 1 M borate buffer, pH 8.5, was prepared 

by dissolving boric acid in water and adding sodium hydroxide. The buffer was then diluted to 50 

mM in water and used to dilute the aged casein blocker. A bulk solution of 6% aged casein was 

prepared as previously reported.40 Briefly, 6 g of casein was dissolved 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 diluted to 100 mL with Millipore distilled water 

and heated at 37°C for 7 days. The aged casein was aliquoted and stored at –20°C. Drying buffer 

was prepared as previously reported.41 First, a 1M solution of EDTA was prepared in PBS. Ferrous 
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sulfate was added to a concentration of 0.01 M. Then 4% trehalose and 0.1% BSA was added, and 

the solution was stored at 4°C for up to 3 months. 

Inactivated Virus Samples  

SARS-CoV-2 (USA-WA1/2020  = NR-52281, UK00 = NR-54000, UK11 = NR-54011, 

SA08 = NR-54008, SA09 = NR-54009, WA = NR-52281 (wildtype), Delta = NR-55486, Gamma 

= NR-54982, Kappa = NR-55486, Omicron = NR-56486) were obtained from BEI Resources and 

grown/quantified to produce viral stocks in BSL-3 containment in Vero E6 cells (ATCC (CRL-

1586) in DMEM media containing 2% fetal bovine serum at 50mM HEPES (pH 7.5). Stocks were 

stored at -80°C in single-use aliquots. Viral stocks were quantified for infectivity via plaque assay 

(plaque-forming units (PFU)/ml) following procedures outlined in previous work.42 Sindbis virus 

TE3’2J was quantified as described by Steel et al.43, and Influenza A (H1N1) A/Swine/1976/31 

(ATCC VR-1682) virus was quantified on MDCK cells (ATCC CCL-34) essentially as previously 

described.44 To inactivate all virus, viral stocks were thawed and 0.1% Igepal was added to a final 

concentration of 0.1% for 30 minutes on ice, followed by storage at -20°C. All inactivated virus 

samples were verified for lack of infectivity prior to removal from BSL-2/BSL-3 containment via 

plaque assay. After the viruses were inactivated, all steps and experiments using inactivated virus 

were performed in a BSL-2 cabinet.  Dilutions of inactivated viral stocks were made in stable 

peroxide buffer (SPB) immediately prior to addition to devices.  

Desalting and Quantification of Antibodies 

MM08 and MM05-H antibodies were de-salted using Zeba Spin Desalting Columns 

according to directions. Briefly, the columns were dried, then rinsed 3 times with PBS by spinning 

at 4700 rpm for 60 s. Then 7 µL of commercial antibody solution was added and spun for 2 min. 
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MM08 was diluted 1:100 in antibody immobilization buffer and used immediately for electrode 

modification. MM05-H was diluted to 80 µL in PBS, quantified using variable pathlength UV/Vis 

Solo-VPE (C Technologies, Inc., Bridgewater, NJ), then diluted to 1 µg/mL in SPB for static 

experiments and diluted to 20 µg/mL in drying buffer for fluidic experiments. More information 

on the quantification can be found in SI (Figure SI1 and Table SI1). 

The SoloVPE calculates the antibody concentration using Beer-Lambert Law: 

𝐴 = 𝛼 ∙ 𝑙 ∙ 𝑐 

where “𝐴” is the measured absorbance, “𝛼” is the wavelength dependent molar absorption 

coefficient, “𝑙” is the pathlength, and “𝑐” is the sample concentration. This can be rearranged to 

show the relationship between absorbance and pathlength.  

𝐴𝑙 = 𝛼 ∙ 𝑐 = 𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑙𝑖𝑛𝑒 

The SoloVPE measures and plots absorbance vs. the varying pathlength (example shown in Figure 

5.1). The slope of the regression lines are then used to calculate concentration if a molar molar 

adsorption coefficient is set in the instrument. There was no information on the molar adsorption 

coefficient for the specific antibodies in this work available. The majority of monoclonal 

antibodies have a molar adsorption coefficient between 1.4 and 1.6 mg/(mL·cm),45 so 1.5 

mg/(mL·cm) was used for the duration of the project. Representative plot details and calculated 

values can be seen in Table 5.1.  
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Figure 5.1 Plot of representative absorbance data for varying pathlengths collected with SoloVPE 
to quantify antibody concentration after spun through a desalting column.  

 

Table 5.1: Table of representative plot details for data collected by the SoloVPE used for the 
software to calculate the concentrations. 

Antibody 

Name Linear Fit Equation R2 

Calculated 

Concentration 

(mg/mL) 
Average ± Standard 

Deviation (mg/mL) 

MM08 1 
 y = (0.0385 ± 0.0004)x + 
(0.0552 ± 0.0008) 0.9997 0.26085  

MM08 2 
 y = (0.0391 ± 0.0003)x + 
(0.0536 ± 0.0006) 0.9998 0.26041 0.260 ± 0.002 

MM08 3 
 y = (0.0387 ± 0.0002)x + 
(0.0545 ± 0.0005) 0.9999 0.25783  

MM05-H 1 
 y = (0.0055 ± 0.0003)x + 
(0.0455 ± 0.0007) 0.9879 0.03647  

MM05-H 2 
 y = (0.0050 ± 0.0004)x + 
(0.0459 ± 0.0008) 0.9803 0.03739 0.035 ± 0.003 

MM05-H 3 
 y = (0.0047 ± 0.0002)x + 
(0.0460 ± 0.0005) 0.9922 0.03144  
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Electrode Fabrication 

A 3-electrode system was screen printed on 3M 2500 PET film using carbon ink and a 305 

count mesh screen. After printing, the ink was dried for 30 min at 60°C. Dielectric ink wells were 

then screen-printed around the working electrode and UV cured until dry. Reference electrode was 

painted over with a thin layer of Ag|AgCl paste (Sigma-Aldrich  Saint Louis, MO) and dried for 

30 min at 60°C. The electrode coversheets (PET sheets on which electrodes were screen printed) 

were then cut using a CO2 laser cutter according to the device layout and serve as top layer of the 

device. 

Electrode Modification with Drying Method 

The electrodes were functionalized by dropcasting 10 µL of 10 µg/mL capture antibody 

(MM08) in antibody immobilization buffer on to the working electrode, inside the dielectric ink 

well. The electrodes were dried in a petri dish at 37 °C for about 45 min. Once dry, 5 µL of 0.3% 

aged casein in 50 mM borate buffer was dropped into the dielectric well and allowed to dry at 

room temperature. 

Device fabrication 

The fluidic devices were designed using CorelDRAW (Corel, Ontario, Canada) and cut 

using a CO2 laser cutter (Zing 10000, Epilog Laser) to pattern layers of PET films (9984) and 3M 

467 DSA and sandwich the layers together. Glass fiber conjugate release pads were cut to fit in a 

medium size petri dish. A solution of 10 mM PBS was prepared with 0.1% thimersol and 0.5% 

Tween 20. Sucrose was added to a final concentration of 3% w/v. The glass fiber pad was fully 

submerged and soaked in this solution for 15 min at room temperature, then removed from the 

solution and dried in a 37°C incubator overnight until completely dry. After pretreatment, pads 
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were cut to 3 mm  5 mm. TMB reagent pads were made by pipetting 5 μL of TMB solution onto 

pretreated glass fiber pads and incubated at 37°C for 15 min. This process was repeated 2 

additional times resulting in 15 μL of TMB for each reagent pad. Next, 5 μL of 80X diluted Great 

Value™ blue food dye in Milli-Q distilled water was added and incubated at 37°C for 1 h.  The 

reason for adding food dye is to create a visual aid within the eCaDI that allows the operator to 

evaluate the flow through the device and determine the correct time to start the chronoamperometry 

measurement. HRP-antibody conjugate release pads were made by pipetting 5 μl of 20 μg/mL 

HRP conjugated secondary antibody solution onto glass fiber pads and incubated at 37 °C for 15 

min. This process was repeated once, resulting in 10 μL of 20 μg/mL HRP-antibody solution for 

each reagent pad. Finally, 5 μL of 80x diluted Great Value™ yellow food dye in Milli-Q distilled 

water was added and incubated at 37°C for 1 h. After preparation of both conjugate release pads, 

the pads were placed within the channels of the device, and the cover-layer containing the 

functionalized electrode was placed on top and sealed to the exposed DSA. Devices were kept out 

of the light until used for experiments. Before use, a 17 mm diameter (shape shown in Figure 5.2) 

Whatman 1 waste pad was inserted to the opening at the bottom of the device. 

Static Electrochemical Detection Method 

For static assay experiments, wells made with 3M 467 double sided adhesive (DSA) 

mimicking the size of the fluidic channel were placed over the working, counter, and reference 

electrodes to confine the solutions. To complete the assay, 20 µL of the selected inactivated virus 

concentration, diluted in SPB, was dropped in the well and incubated for 30 min. After washing 

with PBST followed by PBS, 20 µL of 1 µg/mL labeled antibody (MM05-H) solution in SPB was 

dropped into the well and incubated for 25 min. The electrodes were washed a final time, and 20 

µL of 10 mM PBS (pH 7.4) was dropped until measurements could be taken. Just before the 
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measurement, the 20 µL of PBS was removed with a pipette. 50 µl of TMB was then added to the 

electrode surface, confined by the adhesive well, and incubated for 2 min. Immediately following 

the TMB incubation, a 2-min chronoamperometry measurement was started using a potentiostat 

(PalmSens4). A 0.0 V potential was applied to the working electrode (vs. the Ag|AgCl reference 

electrode), while the current was recorded.  

Fluidic assay 

The modified electrode coversheets and reagent pads were prepared as described above. 

95 µL of sample was added to the inlet of the device to initiate flow and sequential delivery of 

reagents and the device was connected to PalmSens4. Once the blue dye visibly reached the 

detection channel, a 0.0 V potential was applied and current was measured until the peak was 

complete. 

Electrochemical Data Processing 

For the data collected using the static detection method, the current from the 

chronoamperograms was averaged over 10 s centered at 60 s for three or six measurements. For 

fluidic experiments, the highest point of the current peak from the amperogram was averaged for 

each device for three devices.  

5.4 Results and Discussion 

Electrochemical Capillary Driven Immunoassay Device and Mechanism 

SARS-CoV-2 virus contains multiple structural proteins that can be used as the target for 

diagnostic assays including the envelope spike glycoprotein (S protein), envelope protein (E 

protein), membrane protein (M protein), helicase (Hel), and nucleocapsid protein (N protein).46 
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Early in the SARS-CoV-2 diagnostic development literature (and still now), S protein was a 

popular target choice.47-52 S protein detection received considerable attention because it is 

responsible for the coronavirus iconic structure, plays a vital role in invasion of host cells, and 

induces an immune response.53 The N protein and the S protein in SARS-CoV-2 both produce 

specific antibody responses,54 and these are both now commercially available for purchase. For 

this work, N protein was chosen as the analyte. In SARS-CoV-2, the quantity of N:S proteins is 

approximately 1000:100 per virus particle, respectively,55 which could lead to better sensitivity 

with more detectable analyte per virus. Other antibody-based assays that have been made for both 

SARS-CoV-2 S and N proteins have shown a lower LOD for that of N protein vs S protein.56  

This work introduces a device that automates the steps of a sandwich ELISA with an 

electrochemical detection and only requires one final user step. The presented electrochemical 

capillary driven immunoassay (eCaDI) device consists of alternating layers of polyethylene 

terephthalate (PET) and double-sided adhesive (DSA) (shown in Figure 5.2(A)). The flow 

channels are cut and assembled entirely in a CO2 laser cutter which eliminates some of the 

difficulty of aligning layers that has been previously reported for similar device.27, 29, 30 The 

assembly in the laser cutter was achieved by optimizing laser parameters to only cut through 

intended layers at a time in different steps so that the different channels could be created without 

outside assembly even with varying channel heights. The middle three layers (DSA/PET/DSA) 

define a channel height of 200 μm for all the channels except the channel that flows over the 

electrode which has a channel height of 50 μm. The reagent pads contain dried HRP-labelled 

antibody (yellow pad) and the TMB substrate (blue pad). The sample inlet has a half moon (shown 

in Figure 5.2(A) on the third and fourth layer from the top) with the 50 μm height which forces 

the sample to flow through the detection channel first before filling other channels.  
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Figure 5.2(B) illustrates the function of the device for sample and reagent delivery 

demonstrated with dyes, and Figure 5.2(C) summarizes the sensing mechanism of the eCaDI. A 

video of the device running can also be found in SI. Briefly, the electrode is modified by drying 

the anti-N protein capture antibody and aged casein blocker, binding through passive adsorption. 

After the device is fully assembled, the sample is added to the inlet and the sample flows over the 

modified electrode (Figure 5.2(B)(i)). If present in the sample, the N protein is captured by the 

antibody on the electrode surface. Simultaneously, the remaining channels fill and rehydrate the 

reagent storage pads. Due to the difference in channel lengths the HRP-labelled anti-N protein 

antibody is hydrated and delivered first and, if the N protein is present, will bind to it (Figure 

5.2(B)(ii)). Finally, the TMB is delivered to the electrode and the measurement is recorded (Figure 

5.2(B)(iii)).  

Reagent delivery was estimated using dyes added to reagent pads in addition to the reagents 

in all devices used for this study. The HRP-labelled antibody was delivered to the electrode on 

average at 4:17 ± 0:50 MM:SS following sample addition, and the TMB was delivered at 14:45 ± 

1:26 MM:SS (n=46) (Table 5.2). The total measurement (started as the TMB is delivered) reported 

in this work can take 6-12 min; however, since the peak height is used to determine the presence 

of virus, in its final application the measurement would be able to stop as soon as the current begins 

decreasing. Overall, compared to traditional ELISAs, eCaDI greatly reduces the time required for 

a full sandwich immunoassay. 
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Figure 5.2 (A) Exploded view of eCaDI showing alternating PET (gray) and adhesive (red) layers. 
The second layer from the top shows the two reagent pads (blue = TMB, yellow= HRP ab) and the 
passive pump on the far right. (B) Flow of eCaDI (i) Addition of sample and sequential delivery 
of (ii) HRP-Antibodies (with yellow dye) and (iii) TMB (with blue dye) to the SPCE. (C) 
Electrochemical immunoassay and detection mechanism, showing modified electrode, target 
capture, secondary antibody binding, turnover of substrate, and electrochemical detection.   
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Table 5.2: Reagent delivery times estimated by adding dyes to the reagent pads while eCaDI 
devices ran. 

Device 

# 

HRP Delivery 

Time (MM:SS) 

TMB Delivery 

Time (MM:SS) 

Device 

# 

HRP Delivery 

Time (MM:SS) 

TMB Delivery 

Time (MM:SS) 

1 4:45 12:15 24 5:40 15:00 

2 2:40 13:00 25 4:00 14:40 

3 4:30 14:30 26 4:00 15:15 

4 4:00 15:50 27 4:50 14:30 

5 6:20 14:15 28 2:15 15:20 

6 3:00 12:50 29 5:30 17:20 

7 4:00 10:45 30 3:40 13:50 

8 4:50 16:10 31 3:55 13:45 

9 3:30 15:00 32 4:55 16:45 

10 5:30 16:50 33 5:15 15:05 

11 3:45 14:30 34 4:00 13:30 

12 2:50 13:00 35 4:30 14:00 

13 3:00 14:00 36 3:40 13:05 

14 4:45 15:00 37 4:15 15:50 

15 3:30 15:25 38 4:30 14:15 

16 3:45 17:05 39 5:10 14:50 

17 3:55 13:55 40 4:20 15:00 

18 4:15 15:00 41 3:50 15:00 

19 4:00 13:05 42 4:25 15:45 

20 4:00 16:55 43 4:50 16:45 

21 5:00 12:30 44 4:30 14:45 

22 5:50 16:30 45 4:55 15:25 

23 4:30 13:45 46 4:30 17:00 

HRP Delivery Average & 

Standard Deviation 

(MM:SS): 4:17 ± 0:50 

TMB Delivery Average & 

Standard Deviation 

(MM:SS): 14:45 ± 1:26 
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Evaluation of Electrode Modification for SARS-CoV-2 Detection 

Before integrating the electrodes into the eCaDI, the electrode modification was studied 

independently. Our group previously reported a method in which the capture antibody and aged 

casein was incubated for an hour each and required manual washing steps between incubations.57 

Initially, the same incubation and washing steps were used to modify the electrode before 

incorporation into the device. While there were significant signal differences between the blank 

and SARS-CoV-2 (representative amperograms shown in Figure 5.3), these steps were not 

practical for the long-term goals of the device. The previous modification required 1.75 h. Here, 

the capture antibody is dried completely in a 37°C incubator, which typically takes 30-40 min. The 

aged casein is then dried on the working electrode in ambient conditions, typically dried in under 

15 min, bringing the total modification time to under 1 h. The aged casein blocks the surface of 

the electrode where there is no capture antibody to prevent non-specific adsorption of interferents 

and the HRP-labelled antibodies. In addition to greatly reducing the time required to under an hour 

for both modification steps, this method eliminates the need for manual washing steps and 

significantly less antibody and reagents are needed, making this method more cost-effective for 

manufacturing. The washing steps also negatively altered the hydrophilicity of the PET films used 

for the devices which impeded flow.  
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Figure 5.3 Detection of SARS-CoV-2 N protein from viral samples with eCaDI. Amperometry 
data recorded from eCaDI without (black) and with inactivated SARS-CoV-2. Potential was held 
at 0.0 V vs. Ag|AgCl reference for the duration of the runs. Data was time-aligned with TMB 
delivery to the electrode (t=0). Mean and error from 3 different devices. 

 

Figure 5.4(A) shows the current responses for varying concentrations of SARS-CoV-2 

inactivated virus. Although the assay is specifically detecting N protein, concentrations are 

reported in equivalent plaque forming units (PFU)/mL which only quantifies viral particles capable 

of infection. This unit was chosen because the end goal of this device is to detect active infection 

and the limited quantification techniques capable of being performed in a BSL-3 cabinet. Stock 

virus solutions were titered to get these values and more information can be found in Methods. A 

clear difference can be seen in the current response for each concentration and the resulting 

calibration curve (Figure 5.4(B)) demonstrates the concentration dependent signal for 

concentrations ranging from 340-11,000 equivalent PFU/mL. The data are fit to a dose response 

logistic fit and presents a sigmoidal shape, which is expected for immunoassays.58, 59 Equations 

for the fitting of the calibration curve are shown here: 
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The LOD for this assay was calculated to be 68 equivalent PFU/mL using the theoretical 

blank plus 3 times the standard deviation of the blank. This calculated LOD is comparable or lower 

than the measured LOD of most commercially available rapid antigen tests, which are typically 

between 80 and 500 equivalent PFU/mL.60, 61 Many of these LODs, however, were measured not 

calculated LODs. The lowest concentration tested by the modified SARS-CoV-2 electrodes 

reported here was 340 equivalent PFU/mL. Long term future work should determine the LOD by 

serial dilution measurements to have a more realistic understanding of the sensors’ capabilities at 

low concentrations. While the drying process as opposed to incubation may have resulted in a 

slight loss of signal compared to the method our group reported before,57 this method is much more 

practical heading towards manufacturing and it’s working range and LOD are still sufficient for 

most COVID-19 cases, which have an extremely wide range of concentration from 5-106 

equivalent PFU/mL.62 Higher infectivity has also been shown to be correlated with higher 

equivalent PFU/mL values.63 

 

𝑦 = 𝐴1 + (𝐴2 − 𝐴1)(1 +  10(log 𝑥0−𝑥)(𝑝)) 

𝑦 = −0.1241 + (1.430 + 0.1241)(1 +  10(3207 −𝑥)(2.693𝐸−4)) 
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Figure 5.4 (A) Representative chronoamperograms for varying concentrations of inactivated 
SARS-CoV-2 virus in SPB taken on modified electrodes outside of the eCaDI using the static 
electrochemical detection method. Potential held at 0.0 V vs. Ag|AgCl reference for 2 min. (B) 
Corresponding calibration curve plotted on a log scale showing blank subtracted current. Symbols 
and error bars represent average and standard deviation over a 10 s interval centered on 60 s (n=3). 
Data is fit with a dose response logistic fit. The data for these plots were collected by Melissa 
Schenkel. 

 

Stability of Electrode Modification 

To determine the ideal storage conditions for the electrodes after modification, four 

conditions were tested: with and without desiccant, at 5°C and room temperature. These conditions 

were chosen because they would be easily implemented in a commercial setting. The plot showing 

the stability over 24 days for each condition can be found in Figure 5.5(A). The electrode signal 

was most stable at room temperature with desiccant. Many other sensors with immobilized 

antibodies have been found to store better in dry conditions, due to faster protein degradation in 

humid environments.64-66 It is interesting that ambient temperature resulted in better signal because 

the majority of literature reports for various storage temperatures have shown that 4-5°C is optimal 

storage for antibody based sensors.64, 67 Several theories to explain this could be increased humidity 

in the fridge even in a desiccator or perhaps the electrochemical signal of the SPCE (as opposed 
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to the modification itself) is impacted by the lower temperature. The exact mechanism still remains 

unclear and was outside the scope of the current investigation. 

 

Figure 5.5 (A) Plot showing stability of blank subtracted current for modified electrodes in 
different storage conditions. Data is from chronoamperometry recorded using the static 
electrochemical detection method for 1380 equivalent PFU/mL inactivated SARS-CoV-2 minus 
the blank current. Mean and error is from 3 electrodes ran for each day and for each condition. (B) 
Plot showing stability of blank subtracted current for modified electrodes stored in a desiccator at 
room temperature. Data is from chronoamperometry recorded static electrochemical detection 
method for equivalent 1380 equivalent PFU/mL inactivated SARS-CoV-2 in SPB minus the blank 
current with SPB. Symbols and error bars represent average and standard deviation over a 10 s 
interval centered on 60 s (n=8). The data for these plots were collected by Melissa Schenkel. 

 

After the storage conditions with desiccant at room temperature were chosen, a long-term 

stability study was performed, and the results are shown in Figure 5.5(B). After an initial decrease 

in the first several days, the electrode response remained stable between 0.09-0.13 μA for 1380 

PFU/mL inactivated SARS-CoV-2 and all within error of the other points for over seven weeks. 

This stability is comparable to or better than most other reports.67 Additionally, more controlled 

fabrication and storage environments would likely increase the stability and reduce the variability 

of the electrodes. Error in this study can stem from variability in fresh solutions made for each 
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time point, differences in electrode fabrication and modification, as well as effects of modification 

stability. The long-term stability of the electrodes is promising for further real-world applications 

that require stability for manufacturing, shipping, and use. 

Detection of Varying SARS-CoV-2 Concentrations with eCaDI Device 

The full eCaDI device was used for in-flow detection of five SARS-CoV-2 concentrations. 

Each sample was diluted in SPB, which contains surfactant that will lyse the virus to release the N 

protein into the solution, and H2O2 that is necessary for the enzymatic reaction between the HRP 

and TMB substrate. Figure 5.6(A) shows representative (n=3) amperograms of each concentration 

tested in the eCaDI. An increase in the cathodic current that forms a peak can be seen as the TMB 

flows over the electrode. With increasing viral concentration, the resulting peak current increases, 

demonstrating that the eCaDI produces concentration dependent signal. Plots of the average peak 

currents for each concentration are shown in Figure 5.6(B). Additionally, this confirms that the 

reagents are being delivered in the appropriate sequence to perform a sandwich immunoassay and 

aligns with the dye delivery shown in Figure 5.2(B).  It is important to note that the blank 

measurement without virus present also has a current peak. The peak is likely a result of 

autooxidation of the TMB combined with non-specific adsorption of the HRP-antibody to the 

fluidic channels and electrode. Because of the non-zero blank signal, data moving forward are 

blank-subtracted. Long-term, a positive diagnosis would be based on a current exceeding a target 

threshold. There are also noticeable differences in the shape of each amperogram, particularly later 

in the measurement, which can be attributed to slight differences in flow. Ideally, these differences 

are expected to decrease if the devices are no longer made, modified, and assembled by hand.     
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Figure 5.6 (A) Representative amperograms from full eCaDI device for varying concentration of 
SARS-CoV-2 in SPB (n=3). Potential was held at 0.0 V for the duration of the runs. Data was 
time-aligned with TMB delivery to the electrode. (B) Corresponding plot of various concentrations 
of inactivated SARS-CoV-2 virus in SPB. Symbols and error bars represent average and standard 
deviation of peak current from amperograms (n=3 for each blank and concentration).  

 

Investigation of Potential Interferents and Ability to Detect SARS-CoV-2 Variants 

To be effective, a diagnostic tool must be able to differentiate between the target, in this 

case SARS-CoV-2, and other viruses. To verify selectivity, the eCaDI was tested with influenza 

A and Sindbis virus. This is especially important for influenza A, as it presents symptoms that can 

easily be mistaken for COVID-19 and is a common respiratory pathogen.68 Both interferents tested 

approximately at or below the signal of the average blank signal (SPB). Representative 

amperograms are shown in Figure 5.7(A) and a bar graph comparing the interferent signals to that 

of SARS-CoV-2 in Figure 5.7(B). The negative blank-subtracted current might be due to proteins 

in the interferent samples blocking access of the HRP-antibodies to the electrode surface, 

decreasing the electron turnover by TMB. The selectivity of the eCaDI for SARS-CoV-2 

demonstrates feasibility for application as a COVID-19 diagnostic. 
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Figure 5.7 (A) Representative amperograms from full eCaDI device of potential interferents all at 
equivalent 11,000 PFU/mL (Influenza A and Sindbis) (n=3). The black dashed line represents the 
average peak current of blank SPB without virus (n=3). Potential was held at 0.0 V vs. Ag|AgCl 
reference for the duration of the runs. Data was time-aligned with TMB delivery to the electrode. 
(B) Bar graph showing the blank subtracted current responses of the full eCaDI for interferents 
(orange) compared to the signal of SARS-CoV-2 virus (green) in SPB. Columns and error bars 
represent average and standard deviation of peak current from amperograms held at 0.0 V (n=3 for 
each blank and interferent).   

 

Nine SARS-CoV-2 variants with different gene mutations were tested with the eCaDI, 

including UK (UK00, UK11), South African (SA08, SA09), Washington (WA), Delta, Kappa, 

Gamma, and Omicron. All nine variants produced positive signal above the average blank 

threshold (Figure 5.8(A)). The positive results for the Omicron variant were especially 

encouraging since it has significant mutations to both S and N proteins and has presented a 

challenge to rapid diagnostics on the market.69 While all the variants were diluted to the same 

equivalent PFU/mL concentration before tested, the signal responses varied significantly for each, 

which can be seen more clearly in Figure 5.8(B). The variation is likely due to genomic differences 

in each that result in different N protein expression or number of N protein per virus particle.70 

Additionally, equivalent PFU/mL, as previously mentioned, only quantifies infective virus 

particles not free N protein or inactive virus particles which can lead to greater variability when 

testing different samples as these would still be quantified in this assay. 



148 

 

Figure 5.8 (A) Representative amperograms (n=3) from full eCaDI device of variants of SARS-
CoV-2 virus. The black dashed line represents the average peak current of blank SPB without virus 
(n=3). Potential was held at 0.0 V vs. Ag|AgCl reference for the duration of the runs. Data was 
time-aligned with TMB delivery to the electrode. (B) Bar graph showing the blank subtracted 
current responses of the full eCaDI for variants of SARS-CoV-2 virus in SPB. Columns and error 
bars represent average and standard deviation of peak current from amperograms held at 0.0 V 
(n=3 for each blank and variant).   

 

5.5 Conclusions 

This work presents an electrochemical capillary driven immunoassay (eCaDI) device, that 

automates the steps of a sandwich ELISA using electrochemical detection. A drying modification 

technique is reported that achieves a limit of detection of 68 equivalent PFU/mL. The new device 

greatly reduces the time required for traditional ELISA and eliminates all steps that would require 

trained personnel. The electrochemical detection method offers the potential for more sensitive 

and quantitative detection of SARS-CoV-2. The modification and device assembly methods are 

also promising steps toward manufacturing of similar devices. While a reasonably low limit of 

detection was achieved in this study, the device could be improved by further optimization of the 

attachment chemistry of the capture antibody to the electrode surface, the pre-treatment method 

for the reagent pads, and extraction buffer composition in the device. Future work will focus on 

detection of COVID-19 N-protein in physiological samples, improving stability of the entire 
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device, decreasing time to readout, and testing compatibility with near field communication (NFC) 

readout. Overall, this work presents an important step to enable large scale manufacturing and 

commercialization of point-of-care devices for various biological analytes that have been 

traditionally detected using ELISA.  
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

Access to effective medical tests is crucial because early diagnosis and accurate monitoring 

can greatly improve health outcomes of many diseases.1  Unfortunately, many diagnostic and 

monitoring tools rely on specialized laboratory techniques and trained personnel, making many of 

these inaccessible or unaffordable.2-7 Additionally, some tests take hours or days from test to result 

where quick results are key, especially for diagnosing infectious diseases like COVID-19.5, 8  

Electrochemical biosensors are an attractive alternative for understanding and monitoring health 

due to their quick response time, sensitivity, and quantitative results.9, 10 However, many 

electrochemical biosensors use expensive precious metal electrodes, like gold and platinum. 

Carbon composite electrodes are an attractive option for biosensing due to their low cost, easy 

fabrication, biocompatibility, and wide potential windows,11 but they often suffer from slow 

electron transfer kinetics and poor electrochemical properties compared to metallic electrodes.12 

In addition to cost, another obstacle in the biosensing field is the low concentrations of many 

analytes. Electrochemical signals can be amplified by improving the mass transport to the 

electrode through flow.13  Unfortunately, carbon composite electrodes are also very challenging to 

integrate into fluidic devices.14-18 This dissertation aims to meet a critical need by improving 

carbon composite materials for biosensing applications and integration of electrochemical sensors 

into fluidic devices.  

Chapter 2 introduced polycaprolactone (PCL) as a new  thermoplastic electrode (TPE) 

binder material. The electrode material presented in this work is quickly fabricated and can be 

molded easily into templates by simple heat-pressing without the use of solvent. This overcomes 

a major challenge of carbon composite electrodes by allowing fabrication of intricate shapes 

without use of solvent.  The new PCL composite electrodes have electrocatalytic activity that is 
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comparable or superior to other composite electrodes that require complicated syntheses or 

fabrication. Chapter 2 also demonstrated the simple integration of carbon composite electrodes 

into complex microfluidics using PCL, overcoming many of the challenges common to electrode 

integration. This work has significant impact for a wide range of applications requiring intricate, 

well-integrated electrodes within microfluidic devices. 

PCL-based TPEs were then applied in Chapter 3 to produce robust, bulk-modified glucose 

sensors as a proof-of-concept for enzymatic sensors. The work introduces a simple bulk-

modification technique for electrocatalysts, enzymes, and other additives. These sensors were able 

to be renewed via sanding and reused for months, as opposed to surface modification methods 

typically used that are easily damaged, lack stability, or often become unusable due to fouling. 

With the current scheme, the enzyme incorporated into the TPE can be substituted for 200+ types 

of enzymes to sense different biomolecules. This technique gives a platform for not only enzymatic 

sensors, but for many applications that currently rely on surface modification including other 

sensors,19, 20 fuel cells,21 and capacitors.22    

Chapter 4 continued the characterization of TPEs started in Chapter 2 with a focus on 

sensing H2O2 and O2. The work explored the physical, chemical, and electrochemical properties 

of TPEs with two different binders – PCL (as used in Chapter 2-3)  and polystyrene (PS) – to gain 

a better understanding of the properties that make successful carbon composite electrodes and 

subsequently biosensors. XPS and SEM analysis suggested that sanded TPEs had a high density 

of edge plane graphite on the surface and heat-pressed TPEs have more basal plane orientations. 

PS-based TPEs showed a particularly high density of edge planes which resulted increased 

electroactivity which allowed them to detect H2O2 and O2 without any electrode modification. In 

Chapter 4, the PS-based TPEs were also integrated into a reversibly sealed fluidic sensor module 
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device in which detection of H2O2 was demonstrated in flow. The design of the sensor module 

allows for simple TPE integration and assembly that can be coupled with a variety of fluidic 

systems.  

The detection of H2O2 in flow demonstrated in this chapter is the first step towards a system 

for simple enzymatic detection of various biomolecules in complex biological environments.  A 

two pump system will flow a sample to meet with an oxidase enzyme solution (lactate oxidase or 

glucose oxidase) at a Y-junction. In the channel where both solutions are combined, the enzyme 

will react with the lactate or glucose in the sample, producing H2O2 as a byproduct which can then 

be quantified using the sensor module. A simplified schematic is shown in Figure 6.1. Long-term, 

this will then be coupled to a gut-on-chip system, similar to previously reported;23 however, it 

could potentially be integrated into a multitude of biological flow systems. The gut-on-chip system 

bridges the gap between current in vitro and in vivo studies to make a more representative model 

of the intestines, which is both physically and functionally complex.24, 25 Common problems 

encountered in monitoring in gut-on-chip systems include sensor integration, fouling, and 

multiplexing.26 The sensor module could address some of these concerns due to its easy integration 

and assembly and ability to renew the electrode surface. Additionally, the sensor module could be 

modified to contain multiple electrodes for multiplexing or another sensor module could be added 

into the flow system to detect a different analyte. The gut-on-chip system coupled with the sensor 

module could give better understanding of the intestines. This coupled model could be applied for 

more effective drug testing, where there is currently a 90% fail rate when drug test moves from  in 

vitro studies to clinical trials.24, 25 Additionally, this system could be used to better understand 

deadly medical complications, such as anastomotic leaks, to improve prevention and treatment.27             
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Figure 6.1 Simplified schematic of enzymatic detection system in flow with the TPE sensor 
module. The sensor module (used in Chapter 4) was designed by Amanda Cherwin. 

 

Finally, Chapter 5 introduced an electrochemical capillary driven immunoassay (eCaDI) 

device, that automates the steps of a sandwich ELISA using electrochemical detection, offering 

the potential for more sensitive and quantitative detection of SARS-CoV-2.  The device is made 

from inexpensive materials, greatly reduces the time required for traditional ELISA, and eliminates 

the need for trained personnel. All these factors make the eCaDI affordable and therefore in the 

long-term more accessible. The modification and device assembly methods presented in this work 

are also promising steps to enable large scale manufacturing and commercialization of point-of-

care devices for various biological analytes that have been traditionally detected using ELISA. 

Therefore, the modification could be altered to detect a variety of antigens including other viral 

proteins, hormones, bacteria, and biomarkers.28  

Future work will focus on detection of COVID-19 N-protein in physiological samples, 

improving stability of the entire device, decreasing time to readout, altering modification for 

different antigens, multiplex detection, and coupling the eCaDI with near field communication 

(NFC) potentiostats. Changes to the eCaDI device can be used to have two detection zones with 

separately modified electrodes for different analytes (Figure 6.2). The first multiplex system being 

worked towards is SARS-CoV-2 and influenza A, as they both present similar symptoms easily 
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mistaken for the other.29. NFC potentiostats can be used with any smartphone and are becoming 

popular for biosensing applications at the point-of-care for quick result readouts without the need 

for specialized equipment.30-33 The technology is also summarized in Figure 6.2. Long term, this 

platform could fill a need at the point-of-care for automated, multiplex detection of various 

antigens for quicker, easier, more reliable diagnostics. 

 

Figure 6.2 Schematic showing (left) image of multiplexed eCaDI device with electrode schematic 
showing the theoretical position of electrode integration working towards a smartphone-based 
system using NFC potentiostats. Device in picture before theoretical electrode were placed (left) 
was designed and fabricated by Jeremy Link. The photo was also taken by Jeremy Link. 
Infographic (right) is from Teengam et al.30 

 

In summary, this dissertation presents work to improve carbon composite electrodes for 

applications as biosensors and beyond. The fabrication and modification techniques move towards 

more affordable biosensors for medical and other biological sensing. This work demonstrates 

uncomplicated electrode integration strategies in several types of fluidic devices for simpler and 

more sensitive detection of biologically relevant analytes. Moreover, the platforms established and 

presented in these works can be adapted for a wide variety of analytes and applications by making 
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small changes to the electrodes and devices. The work reported in this dissertation takes a step 

towards more affordable and accessible biosensors without sacrificing reliability and sensitivity. 
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