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1. INTRODUCTION 

 

 

Electrochemistry is a branch of science that has permeated our society more than one might 

expect. The 2019 Nobel Prize in chemistry was awarded for the development of Li-ion batteries, 

an item that has made its way into a variety of electronic devices.1 Electrolysis is used for thin film 

creation and electroplating, coatings necessary for long-term preservation of aircraft and ships, and 

provides creative applications for artists and craftspeople.2-4 Scanning electrochemical microscopy 

and its offshoots have just passed the 30-year mark of surface characterization.5 Spectro-

electrochemistry is an area that couples electrochemistry with one of the varieties of light analysis 

methods available (IR, lasing analysis, UV-vis, and fluorescence, to name a few).6 Photo-

electrochemistry and photovoltaics look at the creation and study of solar cells through their 

electrochemistry.7 Small profile and high sensitivity electrodes have made a popular platform to 

build biosensors.8-9 One of the more recent fields to arise is electrochemistry, and the potentiostat 

as the mechanism for oxidation or reduction in synthetic reactions, removing the harsh chemicals 

often required previously.10   

Within many of these listed applications is the electrochemical mediator. An 

electrochemical mediator is an electrochemically active compound used to move electrons around 

within a system in a charge or electron transfer capacity.11 Electrochemical or redox mediators are 

required for various electrochemical applications. While the exact function of an electrochemical 

mediator will change depending upon the application, several characteristics are agreed upon 

across the multiple uses that create a standard definition. In the 1980s, Fultz and Durst worked to 

develop a well-rounded description of a bio-redox mediator.12 the ideal characteristics for vetting 

new mediators for such systems were compiled from an exhaustive literature search. While these 
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are based explicitly around biological systems, their tenets appear to hold for mediators in other 

applications as well:  

 1) well-defined electron stoichiometry 

 2) known formal potential 

 3) fast heterogeneous and homogeneous electron transfer 

 4) ready solubility in aqueous media at or near pH 7  

 5) stability in both oxidized and reduced forms  

 6) no optical interference where optical monitoring of the biological compound is used 

 7) no interaction with the biological compound in a manner that alters its redox potential 

 

1) well-defined electron stoichiometry 

This idea looks at the mediator redox couple mechanism. Redox reactions, like chemical 

reactions, are written out and balanced with proper stoichiometry. In the case of redox reactions, 

since electrons are a crucial part of the electrochemistry, the electrons are included in the reactions 

and must also be balanced. Specific redox reactions might not require many side reactions for the 

electrons to transfer. The reaction might be one where the reaction conditions affect the number of 

electrons that transfer (pH, temperature, catalyst). The stoichiometric transfer of electrons should 

be easy to deduce from experimentation and agreed upon in the literature.  

2) known E1/2 potential 

The E1/2 potential is the potential of a half-cell (half-reaction) measured against the standard 

hydrogen electrode.6 Like the electron-stoichiometry above, this potential should be consistent 

during experimentation and agreed upon by the literature.  

3) fast heterogeneous and homogeneous electron transfer 
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When electrochemists discuss the ‘kinetics’ of an electrochemical reaction, they discuss 

the number of steps required to complete the redox reaction (chemical and electron transfer) and 

the slowest step’s kinetics.6 Additionally, homogenous electrochemical redox occurs when 

electron transfer occurs between two chemical species. In contrast, heterogeneous redox is where 

the electron transfer occurs between a chemical species and the electrode surface. The speed of the 

mediated electron transfer should be fast whether it occurs with other chemical species or at the 

electrode surface.  

4) ready solubility in required media and pH (adapted)  

Adapted for all situations, meditator molecules must be able to move quickly around their 

environment. A highly soluble mediator (in the application solvent) will allow it to diffuse rapidly 

in its environment, improving electrochemical kinetics and charge transfer.   

5) stability in both oxidized and reduced forms  

Since the mediator’s purpose is to transfer electrons within its application, it will contain 

more electrons at specific time points (in its reduced form) and contain fewer electrons at other 

time points (in its oxidized form). If the mediator compound is chemically unstable in either the 

oxidized or reduced forms, it will be unlikely to stay at the desired concentration or accept or 

donate the electrons. Additionally, unstable compounds within the mediator’s application might 

cause additional problems such as unwanted byproducts or the degradation of other materials.  

6) no measurement interference for characterization purposes (adapted)  

Mediators are often a background means of accomplishing another chemical goal. If they 

interfere or drown out the desired signals that are looking to be measured with required 

characterization methods, then the mediator is not being “benign” as needed.  

7) no interaction with the system in a manner that alters its redox potential  
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As with parameter 6, a mediator might be “benign” in its intended application, and a shift 

in redox potential would be a severe effect. While not affecting the redox potential is one hurdle, 

testing three mediators within a system and using them in all forms of characterization, if possible, 

would arguably be the best method of determining which mediator has the smallest effect on the 

system.  

Uses  

A brief literature review found mediator electrochemistry to fall into four categories: fuel 

and photovoltaic cells, microbial fuel cells, biosensors, and protein sensors. Mediators are required 

for fuel/photovoltaic cells to assist in the alignment of the thermodynamics, kinetics, and bandgaps 

within them to help the electrons or excitons (bound state of an electron and electron-hole which 

are attracted to each other by electrostatic Coulomb force) to move across them.13-14 Microbial fuel 

cells are made to produce a fuel or for bioremediation, and the bacteria within them release a 

variety of mediators, therefore requiring study.15-16 Enzyme biosensor design has evolved into two 

generations, I and II, where generation I placed an enzyme over the top of the electrode and the 

turnover of the enzyme when in the presence of its substrate produced hydrogen peroxide, a 

mediator that was used by the electrode to detect the presence of the substrate.17 To improve this 

design, generation II moved towards redox polymer mediators. These thin films could transfer the 

electrons towards the electrode surface via the metal centers on the polymers with the enzyme held 

within.17 For protein detection, mediators are usually required due to either adsorption on the 

electrode surface that leads to an inconsistent signal, or the proteins metal center(s) do not provide 

a signal to be detected, and a mediator is used to enhance the signal.18  

Advantages and Drawbacks 
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The advantage of using a mediator is their primary function, assisting in charge transfer 

within a system. Their mobility and reversibility allow them to perform redox that the systems 

they are deployed in cannot, allowing the chemistry to occur there when it otherwise would not. 

Additionally, with many available mediators, there comes a wide range of customizability. This is 

an extreme advantage when aligning a bandgap for fuel or photovoltaic cells. Sometimes more 

than one mediator can be used to help with this issue.19 Biosensors also benefit from this advantage 

since mediators might react poorly with a given biological compound or within a matrix but work 

well with another.  

There are several drawbacks to mediators. The first is that while their electrochemistry is 

predictable, they add an additional variable to the system of study, and it can interrupt any 

alternative measurements if you are not in control of the mediator concentration. With the study 

of certain bacteria for microbial fuel cells for energy or environmental remediation, there are 

several proposed possibilities to which avenue of their deployment is most effective, some direct, 

some mediated. However, the bacteria are secreting and excreting the mediators. This makes it 

extremely difficult, if not impossible, with the current instrumentation to study the extracellular 

electron transfer.15-16 Another concern with mediators is if they perform unwanted chemistry with 

the surrounding environment. While it is stated that a good mediator does not interact with the 

biological compound in a manner that alters its redox potential, the mediator reacting with other 

portions of the system can also cause issues. Since the electrode is the sensor, adsorption or 

polymerization is an issue that can dampen the signal. This is a concept that will be further explored 

in this work.  
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2. ELECTROCHEMICAL METHODS 

 

 

Chapter 2 contains a general description of the instrumentation used throughout the research 

discussed in this dissertation. The application of specific protocols can be found in the 

corresponding chapters. 

 

2.1. Standard Electrochemical Cell  

This dissertation will rely on the standard “3-electrode cell" for electrochemical 

experimentation shown in Figure 2.1.  

 

Figure 2.1. Standard 3-electrode cell. The three-electrode cell consists of an electrolyte solution, 

a working electrode (green), a reference electrode (white), and a counter electrode (red).  
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This involves a container full of aqueous solution with a solubilized ionic conductor or 

electrolyte. This solution can contain other solutes, often ones deemed for characterization. Inside 

this solution, three electrodes will be submerged: a working electrode (when applicable denoted 

as green), a reference electrode (white), and a counter electrode (red). The working electrode is 

where a change in the system is induced, and measurements are taken. This is also the electrode 

where films are applied for study or sensors are attached. The reference electrode (Ag/AgCl for 

this work) is used as a standard to allow electrochemists to study one-half reaction at a time. 

Reference electrodes are made of highly stable reactions and therefore do not shift around due 

conditions. This allows for their packaging into neat electrodes for use repeatedly in multiple 

experiments and gives a standard for comparison. The counter electrode provides a low-impedance 

path for current to flow through during experimentation. While a two-electrode system using the 

working and reference electrodes could perform this task, the noise and potential offset during an 

experiment are lower when a counter electrode is used. Pt wire or mesh is often used as the counter 

electrode. Screen-printed electrode (SPE) production will often use the ink used on the working 

electrode for the counter electrode to minimize the steps in the manufacturing process.  

 

2.2. Cyclic Voltammetry  

 

A cyclic voltammogram (CV) is a voltammetric technique, meaning that the current 

response of a sample solution is recorded while a potential sweep is performed.  

The power of the CV as a characterization method comes from its waveform and the 

potential applied vs. time throughout the experiment (Figure 2.2).20 

 



   8 

 

 

Figure 2.2. Cyclic Voltammetry Waveform and example CV. The top shows the waveform of a 

CV, the potential vs. time during the experiment. The bottom shows an example cyclic 

voltammogram with parts labeled.  
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For the CV, the potential moves at a single scan rate, υ, to the switching potential, λ, and 

then scanning back to the starting potential. This cycle forms the signature “duck” shape, as shown 

in Figure 2.2.  

The peaks obtained in a CV show the reduction and oxidation potentials of the substance 

in the experiment. The ratio of the peak heights assesses the electrochemical reversibility of the 

substance. A compound can be reversible, irreversible, or quasi-reversible, and the ratio of the peak 

heights determines which category it falls into. Completely reversible compounds have nearly 

equivalent peaks, and this means that the compound freely cycles between its oxidized and reduced 

forms (ex: the ferri/ferrocyanide couple). Irreversible couples will only redox one direction and 

will be missing a redox peak during their CVs. This is due to a chemical or morphological change 

that makes the substance electrochemically inactive once it has gone through its first half of the 

CV (ex: Vitamin C). Quasi-reversible couples have uneven redox peaks, meaning that one half of 

the redox reaction is easily oxidized or reduced, and the other half is still electrochemically 

available to engage with the electrode; however, its electron transfer is slow, either due to kinetics 

or thermodynamics (see below). This means a lower current flow during this half of the redox and 

thus a smaller peak. The difference between where the peak potentials occur also provides insight 

into the electrochemical behavior seen during a CV. If the behavior is reversible and “Nernstian” 

the difference between the two potentials where the peaks occurred (known as peak splitting) 

should be 59 mV/n, where n is the number of electrons transferred during the reaction. Deviation 

from this has implications in regards to the thermodynamic behavior of the system (less favorable 

is more than 59 mV).6 

Like traditional chemical reactions, electrochemical reactions have thermodynamic and 

kinetic components. Crudely, thermodynamic behavior is seen in the potentials of reactions, 
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whereas the currents and peak heights are where kinetic behavior is seen. This is where the 

limitations of CV as a technique begin. Basic knowledge about the compound studied can be 

deduced (reversibility) and possibly what behavior to further investigate if needed 

(thermodynamically controlled behavior vs. kinetically controlled behavior). However, additional 

experiments and techniques will need to be employed to gain more information.  

 

2.3. Square Wave Voltammetry  

Square Wave Voltammetry (SWV) is a methodology where the current is measured while 

the potential is varied; however, the potential waveform is more complicated. In Figure 2.3, the 

waveform is shown for SWV and is known as a “staircase on a ramp”. Due to its difficulty, it was 

not developed until computer-controlled potentiostats were widely available. This method allows 

for more sensitivity as this method lowers the noise. 20 
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Figure 2.3. Square Wave Voltammetry Waveform and example SWV. The top shows the 

waveform of a SWV, the potential vs. time during the experiment. The bottom shows an example 

square wave voltammogram.  
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Figure 2.4. SWV Forward, Reverse, and Difference Scans. The scans overlaid demonstrate the 

amplification of signal that SWV can provide.  
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As shown above, in Figure 2.4, the forward and backward reaction combinations amplify 

the peak signal.6, 21 Systems with more complicated electrochemical kinetics will show this in the 

forward and reverse scans, as will more complex thermodynamic systems.  

SWV is limited by its analysis of only one-half reaction of the redox couple studied. This 

requires recorded data from this technique to have an additional context or preliminary 

characterization. Therefore, SWV should be used as a follow-on technique. Additionally, while 

helpful in discovering subtle information, its sensitivity can result in vast experimentation and 

troubleshooting with parameters to get meaningful results. 

 

 

2.4. Chronoamperometry or Amperometric i-t Curves 

 

 Amperometric methods differ from voltammetric methods by measuring current versus 

time while a potential hold is applied. This can be used for both characterization and sample 

detection purposes.  Applying one potential and then looking at the resulting current decay should 

follow the Cottrell equation (equation 2.1). Note that the Cottrell equation only holds when the 

electrochemical kinetics are fast/instantaneous, and the electrode is macroscale in size.  However, 

even if a system exhibits non-Cottrellian behavior, a calibration can still be made between current 

and concentration.6 

 

                                                  𝑖 =
𝑛𝐹𝐴𝐷1/2𝐶𝑜

∗

𝜋1/2𝑡1/2                             (Equation 2.1) 

 

 In this equation, current (i) is equal to the number of electrons being transferred (n) times 

the area of the electrode (A), times the square root of diffusion of the molecule (D1/2), times 
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Faraday’s constant (F), times the initial concentration of the reactant (Co
*). This is divided by π1/2 

times the square root of time (t1/2).  This equation is important due to the number of essential 

factors that it accounts for, such as diffusion and the number of electrons being transferred. 

However, what most focus on is that the initial concentration of analyte at the electrode surface is 

in this equation. This allows for the concentration of the analyte to be calculated if the analyte is 

of typical diffusion speed and the number of electrons in the redox process is known.  

 Since this method reports current vs. time, it is helpful in real-time measurement sensor 

development. Organ-on-a-chip and biosensor teams use this methodology to create calibration 

curves in flow cells and microfluidics.  

 Limitations to this technique come from the application of one potential. Previous 

experimentation and characterization need to have been performed before using this technique to 

determine the correct parameters for these experiments.  

 

 

Figure 2.5. Chronoamperometry waveform and example scan. An example CA experiment.22  
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3. OSMIUM REDOX POLYMER MEDIATOR FOR WIRED ENZYMATIC 

BIOSENSORS  

 

 

Chapter 3 shows the effects of trace oxygen upon the osmium precursor for a redox polymer 

commonly utilized within wired enzymatic biosensors. This research was assisted by Dr. 

Christopher Stachurski, Dr. Aaron Daniel, and Dr. Nathan Schley. They further assisted in the 

preparation of this manuscript.  

 

3.1 TRACE OXYGEN AFFECTS OSMIUM REDOX POLYMER SYNTHESIS FOR 

WIRED ENZYMATIC BIOSENSORS,23

3.1.1. Introduction 

Biosensors are commonly utilized throughout medical, environmental, and food safety 

applications.17, 24 Enzyme-based electrodes are a leading platform for these uses. The 

electrochemical enzyme biosensor comprises an enzyme immobilized onto an electrode surface. 

When the substrate turns over at the enzyme, a redox cofactor is required to assist the enzyme in 

transforming the substrate. Since these redox co-factors must be recycled for another enzymatic 

reaction to occur, a mediator is typically used to recharge these co-factors.   

Based on the electrochemical mediator used to recharge the enzymatic co-factor, the 

enzyme biosensor can be broadly classified as either Type I (oxygen mediated) or Type II (redox 

polymer mediated) (Figure 3.1). Both types of sensors are commercially, clinically, and in research 

today. In a Type, I biosensor, the electrons released by the enzyme-substrate turnover are accepted 

by a small molecule redox couple that diffuses to the underlying electrode. A common Type I 

example is oxidase enzyme electrodes, where oxygen naturally dissolved in water recharges the 

co-factors by accepting the electrons and becoming hydrogen peroxide. Hydrogen peroxide is 

collected by the underlying electrode set to a potential to oxidize the peroxide, producing a current. 
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Different amounts of a substrate can be exposed to the enzyme, producing different amounts of 

the corresponding current recorded to create a calibration curve. Once this has been established, 

an unknown substrate concentration can be detected. This concept is the original methodology for 

the modern blood glucose meter and is known as a “Type I” enzyme sensor, initially developed by 

Leland Clark (Figure 1, left) and launched an area of research that gave way to modern 

biosensors.17  

 

 
Figure 3.1. Type I vs. Type II Oxidase Enzyme Electrochemical Biosensors. In type I sensors, 

oxidase enzymes react with dissolved oxygen in solution to produce hydrogen peroxide that is 

oxidized at the underlying Pt electrode. Type II sensors bypass peroxide by using a redox polymer 

to accept the electrons from the enzyme.  
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Type I enzyme biosensors are easy to develop as they involve very few components 

(typically only enzyme and potentially a crosslinker). Still, they are more inclined to measurement 

instability and interference since their measurements depend on oxygen and hydrogen peroxide, 

both biologically active. Measurement instability leads to issues with replication and sensitivity. 

With oxygen and hydrogen peroxide both biologically active, their concentrations could fluctuate 

due to general biological function or disease. Because the foundation of the sensor’s mechanism 

is built around the concentration of oxygen and hydrogen peroxide, readings could be falsely 

shifted due to these fluctuations, such as the sensor’s inability to function at low concentrations of 

oxygen from cell consumption or inflated concentration readings from increased hydrogen 

peroxide. This variability leads to sensor insensitivity when creating a baseline calibration curve 

or taking biological sample measurements. Hydrogen peroxide is also toxic to cells, contaminating 

the results of online in-vitro or in-vivo experiments. Since the redox potential is non-selective in 

solution, any other solute that is redox-active at that potential will contribute to the signal, along 

with the hydrogen peroxide. The potential required to detect hydrogen peroxide is the cause of 

most interference. With the oxygen/hydrogen peroxide redox couple as the mediator, it is possible 

that a variety of biological interferents will be contributing to the signal.   

To eliminate the need for the reactive hydrogen peroxide/oxygen redox couple, there is a 

growing interest in using organometallic polymers in biosensors for electron mediation. There are 

also a variety of biological interferents that are necessary to eliminate for accurate measurements. 

The high oxidation potential used for peroxide detection can lead to problems with interferents 

such as acetaminophen. Acetaminophen can be oxidized near the same potential of the hydrogen 

peroxide; therefore, if a person had taken acetaminophen and then measured their blood sugar 
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levels, the electrode would not only report on the amount of hydrogen peroxide present (e.g., 

glucose), but the acetaminophen as well.25  

Redox polymers are polymers that can be reversibly reduced or oxidized. There are an 

increasing number of uses in fuel cells, photovoltaics, and biosensors.24 The redox activity of these 

polymers can originate from several sources, including organic functional groups, side-chains, and 

the inclusion of a transition metal center. Incorporating redox polymers into electrochemical 

systems can be advantageous due to the immobilization of reactive enzymes or proteins, increased 

structural stability, and assisting in mediated electron transfer (MET).24 Redox polymers' ability 

to assist in MET has allowed advancement in enzymatic biosensors. Heller and co-workers 

developed the “Type II” sensor (Figure 3.1B),26 utilizing a redox polymer as electrochemical 

mediators rather than oxygen and hydrogen peroxide. Heller was the first to describe an osmium 

polymer used in a biosensor, now considered the most popular strategy for achieving effective 

electrical wiring of redox enzymes.26 The redox-active component of these polymers has an E1/2 

that is lower than the oxidation potential of acetaminophen and therefore would not oxidize 

acetaminophen at the electrode in the same way as the Type I sensors.26-27  

In Type II biosensors, the electron generated from the enzyme turnover is accepted by the 

redox-active polymer and used as a mediator to shuttle the electrons to the underlying electrode 

surface. The mechanism of the polymer mediation is to use the organometallic portions of the 

polymer as the redox shuttle by hopping from organometallic complexes tethered within the 

polymer to transfer the electron down to the electrode surface. This means that the polymer unit 

length in combination with the “hardness” of the crosslinker needs to be fine-tuned to maximize 

the signal detected. Type II sensors are more challenging to develop because synthesizing the 

organometallic polymer can be time-consuming and complicated. Optimizing the sensor film 
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requires the proper thickness, loading of redox couple onto a polymeric backbone, and stability 

lifetime. The stability variables come from the amount of redox polymer, the amount of enzyme, 

and the type of crosslinker used.   

The redox polymer utilized for the Type II biosensors described in this work is osmium 

(II) bis(2,2’-bipyridine) chloride-poly(vinylimidazole-allylamine) (Os(bpy)2Cl-PVIAA). This 

compound is a widely used redox polymer in the field of biosensors.25-29 This literature includes 

the syntheses of the Os(bpy)2Cl-PVIAA polymer using an Os(bpy)2Cl2 precursor to facilitate the 

loading of the redox couple onto the PVIAA backbone. Most previous literature commonly 

references the syntheses from Meyer et al. and Buckingham et al., which both use the same 

protocol.26-31 These two references detail nitrogen gas purges to provide an oxygen-free 

environment during the intermediate synthesis rather than more rigorous methods, such as a 

vacuum gas manifold.32 Unfortunately, this literature does not include NMR structural analysis or 

mass spectrometry of the intermediates but focuses on other characterization methods such as 

absorbance or E1/2 values. Finklea et al.33-34 include NMR for the Os compounds in their synthetic 

papers. 

During our synthesis of this osmium redox polymer, we determined that the synthesis of 

the intermediate Os complex was very sensitive to the effects of trace oxygen. The result of trace 

oxygen exposure to this intermediate resulted in a redox polymer that was no longer useful for the 

desired type II oxidase biosensor as its redox potential shifted to more positive potentials. Careful 

consideration of using a vacuum gas manifold for the oxygen-free synthesis is important during 

the Os complex intermediate synthesis, even though the desired Os redox polymer is not 

particularly oxygen sensitive. Here, we provide detailed protocols for the oxygen-free synthesis of 

Os(bpy)2Cl2 and additional compounds required to create Os(bpy)2Cl-PVIAA. Structural, optical, 
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and electrochemical characterizations are given for the desired compounds and the oxygen-

containing intermediates, which agree with the reported literature values. Based on mass 

spectrometry, NMR, luminescence, and electrochemical data, we conclude that OsO2(bpy)2-PVI 

is the resulting redox polymer from the exposure to trace oxygen during the synthesis. 

 

3.1.2. Materials and Methods 

Materials 

OsCl3 · 3H2O (99.95%) was purchased from Strem Chemicals. Dimethylformamide (DMF; 

99.9%) and 200- proof ethanol was obtained from Fisher Scientific. 1H NMR solvents CDCl3, 

D2O, and Acetone-d6 (99.9%) were obtained from Cambridge Isotope Lab Inc. The following 

chemicals were obtained from Sigma Aldrich: (NH4)2OsCl6 (99.99%), 2,2’-bipyridine (reagent 

plus ≥99%), ethylene glycol (99.9%), anhydrous diethyl ether (99.9%), hydrochloric acid (HCl; 

37% w/v), 1 – vinylimidazole (≥99.9%), allylamine (AA, 98%), sodium dithionite (technical 

grade) and azobisisobutyronitrile (AIBN; 99%).  

Preparation of Os(bpy)2Cl2 

Various methods from the literature were used to synthesize the Os(bpy)2Cl2 precursor; 

brief descriptions are all found below with the amended first:   

From Meyer et al.,30 one (1) equivalent of (NH4)2OsCl6 and two (2) equivalents of 2,2’-

bipyridine were refluxed in ethylene glycol for 45 min under N2. Once cooled, an equi-volume 

amount of saturated aqueous sodium dithionite solution was added to the reaction mixture to 

reduce all Os to the 2+ oxidation state. The purple-black precipitate was washed with cold water to 

remove ionic products and large volumes of ether to remove organic products. The results and 

discussion show that oxygen is a more critical contaminant than previous studies assumed. This 
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synthetic method was performed using a vacuum manifold to minimize the risk of oxygen 

exposure. 

From Finklea et al.33-34, 500 mg of (NH4)2OsCl6 were combined with 350 mg of 2,2’- 

bipyridine in 10 mL of deoxygenated DMF. The mixture was refluxed under a blanket of N2 for 

an hour. Once the solution was cooled to room temperature, a solution of saturated sodium 

dithionite reduced any Os(III) to Os(II), and the mixture was cooled further in an ice bath, filtered, 

and dried under vacuum. 

From Mamo et al.35, an adaptation of a Ru(bpy)2Cl2 synthesis from Togano et al.36, 0.5g 

of OsCl3·3H2O was dissolved in 15 mL of 200-proof ethanol and 10 mL DI water and was refluxed 

with continuous N2 bubbling for 4 hours. To this solution, 0.7 g of 2,2’- bipyridine dissolved in 10 

mL of 200-proof ethanol and 2 mL of conc. HCl was injected, and the mixture refluxed for an 

additional 30 minutes. Subsequently, the solution was cooled, the liquid evaporated, filtered, and 

dried under vacuum. 

Preparation of PVIAA 

To synthesize poly(vinylimidazole-allylamine), 1.04 mL of 1-vinylimidazole, 0.750 mL 

allylamine, and 12 mL of 200-proof ethanol were combined in a three-neck round bottom flask 

and purged with N2 for 15 minutes while agitating. During the purging process, a solution of 

azobisisobutyronitrile (AIBN) was prepared from 65 mg of AIBN and 2 mL of 200-proof ethanol. 

The AIBN solution was added to the N2-purged reaction flask via syringe. The reaction vessel was 

placed into a preheated 85°C oil bath. While not typically advised due to the degradation of the 

AIBN, a slightly better yield was found when the reaction solution was already slightly warm.37 

Preparation of Organometallic-PVIAA  
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To synthesize the final polymer, Os(bpy)2Cl2 and PVIAA were combined in 200-proof 

ethanol (10–15 mL in a 100 mL round bottom flask) and gently heated using an oil bath to 85°C, 

stirring for 48 hours with a reflux condenser that was capped to limit ethanol evaporation. During 

this time, the Os(bpy)2Cl2 was loaded onto the PVIAA backbone under reflux, providing a 1:10 

molar ratio Os to imidazole.26-27 At the end of 48 hours, the reaction mixture was cooled, and the 

ethanol was slowly evaporated using gentle heating and a N2-stream until a small volume 

remained. The remaining solution was diluted with DI water then centrifuged to remove any 

unreacted organometallic compounds. The water was then divided further among centrifuge tubes, 

diluted with more 200-proof ethanol, and prepped for lyophilization (see SI). The resulting solids 

could then be dialyzed for a more uniform size, and the same procedure followed of dissolving in 

water, diluting in ethanol, and lyophilizing. This procedure is the same for both organometallic-

PVIAA compounds discussed in this paper and any previous iterations that were used for 

experimentation. 

Lyophilization Procedure 

Labconco Freezone 4.5 Plus and associated products were used to perform lyophilization 

on all samples for this project. Products were solvent exchanged or diluted into D.I. water. The 

solution was then placed inside centrifuge tubes with holes made in the caps with hypodermic 

needles. The solution was placed inside each tube to the corresponding freeze line limit. Each tube 

was then placed inside liquid nitrogen until completely frozen. Once frozen, the tubes were placed 

into the compatible glass jar and rubber cap with glass tube and then placed onto the lyophilizer. 

Vacuum was then slowly applied. The tubes were periodically observed every 2-8 hours, 

depending upon the amount of liquid that was being lyophilized. Once the product is finished, this 

process might be repeated if dialyzed. 
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Dialysis  

Spectra/Por Biotech Cellulose Ester MWCO 10K dialysis membrane was used to perform 

dialysis. Several inches of the membrane were cut from the roll, and the end was clasped with a 

magnetic dialysis clip. The membrane was opened, the fluid poured in, and the top was held with 

a non-magnetic dialysis clip to where no air was inside the membrane, only fluid. The foam was 

rubber banded to the clasps to ensure flotation, and the membrane was placed into a 1000-2000 

mL container of D.I. water on a stir plate, constantly stirring for 18-24 hours. 

Instrumentation & Characterization  

Unless otherwise stated, all analyses were performed at an analyte concentration of 1 

mg/mL. 1H NMR (400 MHz) was performed in CD3CN for 2,2’ – bipyridine, CDCl3 for 

Os(bpy)2Cl2, and CO(CD3)2 for the f-Os precursor. Both osmium organometallic polymers were 

dissolved in D2O for their 1H NMR spectra. Mass spectrometry was performed using a Thermo 

Liquid Chromatography/Mass Spectrometer Orbitrap 2 with electrospray ionization (ESI) in 

positive mode (Mass Spectrometry Research Center, Vanderbilt University). Fluorescence 

measurements were performed using a Varian Cary Eclipse fluorescence spectrophotometer with 

the excitation and emission slit widths set at 5 nm. The scan rate was set to 600 nm per minute 

with a data interval of 1 nm. Absorption experiments were performed to determine best which 

excitation wavelengths were suitable. An excitation wavelength was selected to ensure maximum 

light absorption and maximize emission if it were to occur. This is shown and elaborated on in 

Results and Discussion. Electrochemical measurements were taken using a CH Instruments 620A 

potentiostat and screen-printed electrodes (SPEs) from Pine Research Instrumentation with a 2 

mm OD carbon working electrode, a Ag/AgCl reference electrode, and a carbon counter electrode. 
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3.1.3. Results and Discussion 

Initial attempts at the synthesis of Os(bpy)2Cl2 were made following the procedures of 

Meyer et al., Mamo et al., and Finklea et al., which describe the use of a reflux condenser and N2 

purging.30, 33-35 Under these conditions, an unexpected osmium compound was obtained as the 

major product. The synthesis that provided Os(bpy)2Cl2 was by Meyer et al. but was performed 

with a vacuum gas manifold to prevent any chance of oxygen contamination during synthesis.  

We employed electrospray ionization mass spectrometry and NMR spectroscopy to 

identify the unexpected Os complex.  The resulting OsO2(bpy)2-PVIAA, compared to Os(bpy)2Cl-

PVIAA, was easily identified by its bright luminescence and a significant shift in its oxidation 

potential seen in the cyclic voltammetry. 

Mass Spectrometry 

The ESI mass spectrum of the oxygen-containing Os(bpy)2 intermediate complex is shown 

in figure 3.2. Both the parent peak at 534.07 m/z and subpeak 379.01 m/z have a unique descending 

isotope spacing in the preceding peaks. This is indicative of osmium’s presence due to its isotopic 

abundance.  
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Figure 3.2. Mass Spectra of f-Os precursor or OsO2(bpy)2. The full spectrum is shown on the 

left, featuring the main peaks of the molecule and a zoom in on the right of the parent peak and 

subpeak at 534.07 and 379.01 m/z, respectively. The descending peaks indicate the osmium 

isotope’s presence in each, and the significant weight to these compounds shows that bipyridine 

needs to be present in each molecule.  
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When further analyzing the two peaks, we see structural similarities. In the parent peak 

(534.07 m/z), once we account for the most abundant osmium-192 isotope (~40%), there is 

considerable mass left to the molecule. First, the base peak is assigned one osmium and two 

bipyridines based on the isotopic pattern. With that, we are left with a mass difference of 32 amu. 

In the subpeak (379.01 m/z), following the same process with one osmium-192 and a single 

bipyridine, we are left with a mass difference of 32 amu. Our results are consistent with a previous 

mass spectrometric analysis of unsaturated Os complexes with diatomic oxygen by Molina-

Svendsen et al.  In our data, the OsO2(bpy-H)+ was detected at 379 m/z from the addition of two 

oxygen atoms and with loss of the corresponding hydrogen from the now negatively charged 

bipyridine from the ESI process. For the base peak at 534.07 m/z, this mass to charge would 

suggest the OsO2(bpy-H)2
+ ion. Thus, we believe the identity of the organometallic that was 

consistently generated during the oxygen-contaminated synthesis of Os(bpy)2Cl2 is OsO2(bpy)2Cl2 

and [OsO2(bpy)]Cl2, which would then go on to form OsO2(bpy)2-PVI and OsO2(bpy)-PVI. We 

will keep using the shorthand of f-Os-PVI for OsO2(bpy)2-PVIAA for the duration of this article, 

as we will use Os-PVI for Os(bpy)2-PVIAA.  

1H NMR 

Comparing the proton NMR spectra of the two polymers Os-PVI (figure 3.3, red, top) and 

f-Os-PVI (figure 3.3, blue, bottom), allows a direct comparison of their structural similarities and 

differences. Since these compounds are polymers, sharp peaks (e.g., ~8.4 ppm; ones expected in a 

typical small molecule NMR spectra) are contaminants that were not removed during attempts at 

purification. Peaks shown in the ~1.1-1.3 ppm range represent hydrogens on primary, secondary, 

and tertiary carbons in the backbone of the polymer chain. The broad peak at ~2-2.2 ppm also 
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represents the hydrogens in the backbone of the polymer chain. Since they are almost always in 

positions that are a carbon removed from aromatic groups, they behave as “benzylic”, explaining 

their ppm shift, higher relative signal, and broadening. The same scenario applying to vinylic 

hydrogens would explain the small, rounded peak at ~2.6-2.7 ppm. The small number of amino 

hydrogens on the ends of each polymer strand should account for ~3.5-3.7 ppm. The tallest peak 

within both spectra is at ~7 ppm, accounting for the aromatic hydrogens on the imidazole groups. 

Further, the small shifts that have separated from the more prominent peaks in the Os-PVI 

spectrum following at 7.44 ppm and 8.24 ppm represent the hydrogens on imidazole groups that 

have been de-shielded due to the high electron density of osmium coordination at this position.38 

This indicates Os(bpy)2Cl2, or rather [Os(bpy)2Cl], has bound to the polymer. In the f-Os-PVI 

spectrum, a much smaller peak follows at 7.57 ppm. The magnitude of this peak suggests that the 

osmium precursor had not bound as efficiently to the polymer backbone.  
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Figure 3.3. 1H NMR Spectra Os(bpy)2Cl-PVI (Red), and f-Os-PVI (Blue). As shown, the 0-6 

ppm shifts in the two spectra show similar characteristics of the PVI backbone. In the ~ 7 ppm 

shift range, indicate the broad peaks of the imidazole side chains. The differences appear from 

approximately 7.2-8.5 ppm. The Os-PVI shows the downfield shifts of osmium-bound imidazole. 

The f-Os-PVI spectrum shows a further shift of the base imidazole peak due to the oxygen 

determined to be in the product. 
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Metal loading, the amount of the organometallic precursor, bound to the polymer 

backbone, can be estimated via NMR integrals.37 By setting the peak of the imidazole to 1.00 and 

adjusting the ratios for the osmium shifted peaks accordingly, we can then utilize the following 

equation to determine the approximate metal loading of the polymer overall.  

 

𝐴𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒 𝑀𝑒𝑡𝑎𝑙 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 = 

𝑜𝑠𝑚𝑖𝑢𝑚−𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑡𝑜𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 (𝑡𝑜 1) 𝑖𝑚𝑖𝑑𝑎𝑧𝑜𝑙𝑒 𝑝𝑟𝑜𝑡𝑜𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙+𝑜𝑠𝑚𝑖𝑢𝑚−𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑  𝑝𝑟𝑜𝑡𝑜𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠
 × 100%                    Equation 3.1 

 

For example, during the processing of the 1HNMR spectrum for Os-PVI, the integrals for 

the imidazole protons and the osmium-affected protons were picked. The imidazole peak integral 

was set to 1.00, and the software automatically adjusted the value of the osmium-affected protons 

to 0.23. Using these two values, we estimated the metal loading for the batch of Os-PVI utilized 

in these experiments.  

 

       𝐴𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒 𝑀𝑒𝑡𝑎𝑙 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 =  
0.23

1.00+0.23
 × 100% ≈ 20%      Equation 3.2 

 

To summarize, the Os-PVI has an approximate metal loading of 20%, and the f-Os-PVI 

has an approximate metal loading of 5%. Since the concentrations of the Os-PVI and f-Os-PVI 

samples were the same, we can directly compare the two. The f-Os-PVI did not load as much 

osmium onto the polymer backbone as the Os-PVI, according to this NMR, consistent with the 

extra oxygen coordination around the Os center in f-Os-PVI inhibiting attachment to the PVIAA 

backbone.  
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Fluorescence 

Oxygen contamination of the organometallic polymer gave rise to a unique luminescent 

property not previously seen in Os redox polymers. For the fluorescence of the organometallic 

polymers when excited in the UV (360nm) region, the f-Os-PVI could emit light in the visible 

spectrum. At the same time, the Os-PVI was not (figure 3.4). Compared to the original PVIAA 

backbone, the fluorescence has been significantly quenched and slightly red-shifted 

(approximately 25nm). While the quenching data alone supports a lower loading amount of the 

organometallic onto the polymer backbone, the color shift also confirmed a change in the 

energetics of the emission.  

 

 

 

 

 

 

 

 

 

 

 

 

 



   37 

 

 

Figure 3.4. Fluorescence Emission Spectra for PVIAA, Os-PVI, and f-Os-PVI. The Os-PVI 

(red) does not demonstrate light emission (top).  Attaching the f-Os precursor to create f-Os-PVI 

(blue) quenches the baseline light emission from the PVIAA backbone (black) and shifts the 

wavelength from approximately 430 nm to 475 nm (bottom).  
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Cyclic Voltammetry 

The Os-PVI had an E1/2 of +0.15 V vs. Ag/AgCl, which is expected of this polymer-based 

on literature values and its usefulness in Type II oxidase biosensors.39 The NMR and fluorescence 

data above suggest that the osmium did attach, and the CV supports this as the other organic 

compounds in the solution are not redox-active. However, attachment of the f-Os precursor to the 

polymer backbone shifted the E1/2 to +0.5 V vs. Ag/AgCl, reflecting the Osmium center's oxygen 

coordination shifting its oxidation to more positive potentials (figure 3.5). Unfortunately, this 

sizeable positive shift no longer allows for this redox polymer to be useful for oxidase enzyme-

based electrodes; it may be helpful for electrochemical mediation for other enzymatic co-factors 

needing more positive potentials. 
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Figure 3.5. Cyclic Voltammograms of Os-PVI (red) and f-Os-PVI (blue). The cyclic 

voltammogram characterization for each of the polymers demonstrates their electrochemical 

reversibility. The Os-PVI ip are approximately equal, and the ΔEp suggests electrochemical 

reversibility. The f-Os-PVI has a distinct difference between the cathodic and anodic current peak 

heights, providing evidence of ease in electron transfer during oxidation and difficulty during 

reduction.  
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Trace oxygen exposure during Os(bpy)2Cl2 synthesis provides mixed yields of Os(bpy)2Cl2 

along with Os(bpy)2O2. Once incorporated into the polymer, the OsO2 polymer has an E1/2 that is 

more positive, enabling more interference and requiring higher overpotential to detect at the 

electrode. This makes the OsO2 polymer an unsuitable choice for biosensors. Since both 

compounds will bind to the backbone polymer, it is important to minimize oxygen contamination 

to maximize the end yield of the efficient Osmium polymer.  

 

3.1.4. Conclusions & Future Outlooks  

We have shown that oxygen contamination for the synthesis of Os(bpy)2Cl2 will lead to 

low yields of the desired intermediate and a completely different Os complex, OsO2bpy2Cl2. This 

compound is hard to distinguish from its original counterpart during the synthesis. After mass 

spectrometry, NMR, luminescence, and electrochemical characterization were distinguished, the 

role of trace oxygen during the intermediate synthesis was determined. This oxygen-containing 

complex and its resulting redox polymers demonstrated reversible electrochemical behavior but 

cannot mediate electron transfer in oxidase enzyme wired electrodes. In the future, this new redox 

polymer may be helpful for electrochemical mediation at its higher potential for other enzyme 

systems.  
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4. STATIC AND MICROFLUIDIC INDIRECT COMPETITION ENZYMATIC 

ELECTROCHEMICAL IMMUNOASSAY (icECIA) FOR INTERLEUKIN-6  

 

 

Chapter 4 investigates attempts towards an adaptable, customizable immunoassay for static and 

microfluidic systems for cytokines, beginning with Interleukin-6 (IL-6). A method for both the 

static sensor and microfluidic system was developed. The optimization of the individual 

components, starting with the electrochemical signal compound p-aminophenol (PAP), is 

discussed in this chapter. Thank you to Kody Wolfe, Olivia Owens, and Hawkins Shephard for 

their assistance in collecting this data.   

 

 

4.1.  Optimal p-aminophenol Concentration Determination for Multi-platform Early Sepsis 

Intervention Biosensor 

 

4.1.1. Introduction 

IL-6 is a pro-inflammatory cytokine that assists in the body’s natural immune response. 

Often used as a biomarker, IL-6 is used as a signal of tissue repair for systemic inflammatory 

response syndrome (SIRS), sepsis, and more recently, COVID-19.40-42  The out-of-control immune 

response that can come with these diseases and others that involve IL-6 leads to the desire for a 

rapid, low-cost test that would allow for easy detection of IL-6 blood concentrations. This would 

allow for easy bedside diagnosis with clinicians and patients knowing when to seek hospitalization. 

For example, with sepsis, the overwhelming immune response leads to organ failure.  The 

mortality rate following organ failure is exceptionally high.43-44 Since sepsis appears symptomless 

or masquerades as other issues post-operatively, it is often discovered when symptoms of 

significant immune response and organ failure appear. It is often too late to get the infection under 

control at this stage. Early intervention of sepsis would require detection of the immune response 

earlier in the process.  
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 The IL-6 blood concentration is consistently between 0 – 2000 pg/mL as past 1000 pg/mL 

death is likely to occur in patients. As IL-6 concentrations indicate tissue repair, extremely low 

concentrations of IL-6 (below 100 pg/mL) are not clinically relevant. These are parameters that 

biosensors should take into account during the design process.  

IL-6 Sensors  

A 2020 IL-6 review discussed a variety of electrochemical. Since IL-6 is a protein, the best 

method for an assay is electrochemical detection due to the high level of sensitivity it brings, 

necessary for a clinical test. However, IL-6 is electrochemically inactive, like most proteins, 

requiring the use of an electrochemical immunoassay or ECIA. Additions to this acronym can be 

added depending upon the specifics of the types of assays being discussed. There are three main 

subcategories to ECIA sensors: direct ECIA (dECIA), indirect competitive (icECIA), and 

sandwich ECIA (sECIA).45 

  dECIA strategies produce their signal from the interaction of the analyte with the antibody 

immobilized on the electrode surface, typically via a self-assembling monolayer (SAM). Electron 

impedance spectroscopy (EIS) is often utilized with this type of sensor, and aptamers also fall into 

this category. Nano components can be used to amplify the signal.46-48  

 icECIA has the signal compete with the analyte for the binding receptor. This is usually 

done by taking the target analyte, binding it to the signal compound, and dosing it as standard in 

calibrants and samples.45 Higher concentrations of the analyte will displace more of the target-

signal complex yielding a lower signal, producing an inverse relationship.49 This technique is 

utilized in this work.  

 sECIA uses a second antibody, completing the “antibody sandwich”. Two labels are 

usually used in electrochemical biosensors, nanoparticles, and enzymes. The enzyme most 
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commonly used is the combination of horseradish peroxidase with streptavidin and biotin to detect 

hydrogen peroxide. Overall the addition of this second antibody can help improve the limit of 

detection (LOD), specifically with low concentration sensors for cancer diagnostics.45 

In Table 4.1, twelve citations are listed discussed in the review. These papers either include 

dynamic ranges that are not biologically relevant for IL-6, include electrochemical techniques that 

are not suitable for analytical electrochemistry, or are not replicable.  

 Papers in the field of IL-6 are interested in publishing the sensor work they have as opposed 

to whether or not it yields a path towards a suitable sensor for a clinically-relevant IL-6 sensor.  

  

 

Table 4.1. Compilation of IL-6 ECIAs. From Khan et al., this lists the various detection methods, 

electrochemical techniques used, and the dynamic ranges. Red X’s indicate either an unsuitable 

analytical technique was used, an irrelevant biological range for IL-6 was reported, or the results 

were not replicable by the author of this disseratation.45  

 

Alkaline Phosphatase Use and AP/PAP Sensors  

Alkaline phosphatase (AP) is an enzyme that cleaves a phosphate group from the 

compound upon which it acts.50-51 It works optimally at pH 9; however, it can function at pH 7.4, 

the pH most often found in the body.52 Often, AP is used as a tag for biological research. It is 
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expressed in cells or tagged onto oligonucleotides.53-55 Within the last 25 years, AP has been used 

in combination with 4-aminophenyl phosphate (also known as para-aminophenyl phosphate, 

PAPP) to create the basis for an electrochemical biosensor platform.56-57 Together, this pair with 

an antibody and antigen combination can form an icECIA. PAPP is electrochemically inert until 

its phosphate group is removed, transforming it into 4- or para-aminophenol (PAP). PAP is 

electrochemically active and available to be oxidized by the electrode upon which the sensor is 

built. Multiple papers have built sensors around this idea. However, the lack of inclusion in the 

sensor review for IL-6 shows that it is not a commonly used sensor for the IL-6 community 

(although it can be acknowledged that no review can be exhaustive).58-59 Several additional uses 

for the AP/PAPP combination are explicitly used for PAP or PAPP. These compounds are 

considered toxic, and sensors for them can be regarded as useful.60-62   

PAP Electrochemical Characterization and Polymerization  

4- or para- aminophenol as a compound has been studied electrochemically both 

theoretically and experimentally. There are two agreed-upon reaction schemes for the redox of 

PAP.  

 

Scheme 4.1. PAP one-electron transfer. 
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Scheme 4.2. PAP two-electron, two proton transfer. 

Scheme 4.1 shows the one-electron electrochemistry that creates a radical electron believed 

to be responsible for electropolymerization.63 Scheme 4.2 is the two-electron two proton process 

that makes PQI demonstrated by Yin et al.64 Both of these reaction schemes were verified by Wang 

et al. using spectro-electrochemistry in acetonitrile.65 

There is a gap in the PAP literature for thorough characterization in biological conditions. 

Many list the purpose of their investigations due to PAP and other aminophenols being toxic side 

products in manufacturing processes or with xenobiotics. Several list acetaminophen, or 

paracetamol. The typical pH in the human body is pH 7, with the blood specifically being within 

the range of 7.35-7.45.66 Outside of this range, the blood is drifting towards being considered acidic 

or alkaline, with metabolic acidosis being officially defined as pH 7.00 and lower.67  Metabolic 

acidosis due to chronic use of paracetamol is where doctors are primarily concerned therefore 

studying this compound outside of biologically relevant pH is non-necessarily of relevance for that 

community.68-69 

Nematollahi et al. studied the electrochemical oxidation of PAP at many pH values and 

scan rates; however, they did not focus on the pH values in the liver.70 This is where they found 

dimerization to occur, and therefore pQI and pBI were not present, the byproducts of concern. 
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Beiginejad et al. studies at pH 5 only again out of the pH window we find to be biologically 

relevant.71  

Chandrashekar et al. studied PAP in a combination of ethanol and water (1:10 due to the 

concentrations of their stock to final concentrations of the analyte).72 Despite utilizing a solvent 

mixture, they found an additional anodic peak that was adsorption controlled with a scan rate study. 

They used concentrations 1mM to 4mM PAP.  

Taj et al. attempted to create a new electroactive polymer in the form of poly(PAP) for 

potentiometric sensors. At the time, polyoxophenylenes and polyanilines were popular in being 

studied but were not soluble in non-organic solvents. It was demonstrated that this could form a 

film on an electrode surface, with CVs in methanol and aq. HCl.73  

For this project, an icECIA was developed to work statically in a container or well and a 

microfluidic environment (figures 4.1 and 4.2).  For both assays, the analyte protein IL-6 is bound 

to AP. If PAPP and AP are combined into a solution, and PAP’s E1/2 of 0.02V (vs. Ag/AgCl) is 

applied, any current detected will be from AP producing PAP from the PAPP supply.  
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Figure 4.1. Static Protein PoC Sensor. Antibodies immobilized on a gold SPE capture protein 

analyte bound via kit conjugation method to AP. AP turns over electrochemical inactive PAPP 

into electrochemically detectable PAP. This creates the baseline for a competitive assay. Diluting 

the AP bound protein analyte with unconjugated protein analyte, either from calibrant 

concentrations or patient sample, competes for antibody positions. This limits the amount of local 

PAPP turned into PAP and drops the amount of electrochemical signal detected.  
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Figure 4.2. Microfluidic Protein Sensor for OoC. The microfluidic sensor is similar in design 

to the static sensor. A competitive assay utilizes the protein analyte conjugated to AP as the 

baseline, with the unconjugated protein analyte competing in calibrants and samples to fluctuate 

the PAPP/PAP turnover signal. The difference comes from the location of the antibodies, which 

are immobilized on magnetic beads. The magnetic beads are held over a carbon electrode with a 

magnet outside the microfluidic housing that can be placed and removed, allowing the beads to be 

washed away at the end of a calibrant or sample.  
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A baseline first needs to be created with these sensors. This is done by capturing a set 

concentration of IL-6 protein covalently bound to AP enzyme with IL-6 Ab2 on an electrode 

surface. Once this baseline is set, a new sensor is exposed to the unknown sample of IL-6, dosed 

with the baseline concentration of IL-6/AP used previously. The IL-6 in the sample will compete 

for antibody binding positions with the IL-6 bound to the AP. However, the IL-6 in the sample 

will not convert PAPP to PAP, creating the electrochemical signal. This signal dilution can back-

calculate the sample concentration throughout several different sample ratios to IL-6/AP.  

During the development into static and microfluidic versions of this sensor, the PAP 

needed further electrochemical characterization.  

 

4.2.2. Materials and Methods 

Chemicals  

KCl (Certified ACS) and 7.4 pH phosphate buffer solution (Certified ACS) were obtained 

from Fisher Scientific. The following chemicals were obtained from Sigma Aldrich: para-

aminophenol (≥98%), para-aminophenyl phosphate (monosodium salt; ≥98%), 6-mercapto-1-

hexanol (MCH; Sigma ≥97%) ethanolamine hydrochloride (Sigma ≥95%). IL-6 Mouse anti-

Human antibodies (monoclonal, Clone: 1936, unconjugated) and IL-6 Protein (Recombinant 

Human, Carrier Free) were obtained from R&D Systems.  11-mercaptoundecanoic acid (MUA; 

Santa Cruz Biotechnology ≥95%) was from Santa Cruz Biotechnology. The Alkaline phosphatase 

Conjugation Kit - Lightning-Link® (Abcam #ab102850) was from Abcam. DI water (18.2 MΩ) 

was used when necessary.  

Solution Preparation  

A stock of 1 mM PAP was created by dissolving solid PAP into a solution of 2 mM KCl 

and 120 mM 7.4 pH phosphate buffer (PBS). This stock was then used to create the 1000 µM PAP 
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solution, and a serial dilution then took place to make the other solutions for analysis: 200 µM, 

400 µM, 600 µM, and 800 µM. The KCl/PBS solution was either a background or blank, 

depending on the experiment. These solutions were always made fresh each day are used 

consistently in the experiments unless otherwise stated.  

UV-Vis Spectrometry 

Absorption experiments were performed on Cary 50 Bio in Dual Beam mode. Scans were 

performed from 800 nm to 200 nm to determine the locations of the absorbance peaks. The scans 

were then narrowed to 400 nm to 200 nm. Data was collected in 0.50 nm steps.  

Microfluidics and Chronoamperometry  

The microfluidics consisted of a peristaltic pump, a 24-port valve, gas-liquid filter 

debubbler, and 26-µL electrochemical cell. These were designed and fabricated by VIIBRE at 

Vanderbilt University. A CH Instruments 900D Bipotentiostat and screen-printed electrodes 

(SPEs) from Pine Research Instrumentation with a 2 mm OD gold working electrode, a Ag/AgCl 

reference electrode, and a gold counter electrode were used to perform the amperometric 

experiments. The amperometric i-t curve was performed by holding the working electrode at +0.3 

V (vs. Ag/AgCl) with sampling every 3 seconds.  
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Figure 4.3. Complete Microfluidic System from solutions to SPE to waste. Moving from left 

to right solution begins in volumetric centrifuge tubes, then pulled 24-port valve by the peristaltic 

valve. The solution is then moved into the debubbler with a gas-liquid membrane before entering 

the housing that holds the SPE and the 26 µL electrochemical cell. The solution then exits the 

housing into the waste beaker. Picture courtesy of Breck and Olivia Owens. 
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Cyclic Voltammetry  

CH Instruments 900D Bipotentiostat and screen-printed electrodes (SPEs) from Pine 

Research Instrumentation with a 2 mm OD gold working electrode, a Ag/AgCl reference electrode, 

and a gold counter electrode. All cyclic voltammograms were run the same, starting with an initial 

voltage of -0.2 V (vs. Ag/AgCl), then to +0.3 V, and back to -0.2 V at a scan rate of 0.1 V/s and a 

1×10-6 sensitivity. This was performed for 30 segments (or 15 cycles). The first cycle is the “first 

scan” and the last cycle is the “last scan” for each concentration.  

The CV experiments had more concentrations tested than the other experiments; however, their 

samples were made in the same way, starting with a 1 mM stock solution in the KCl/PBS buffer 

then diluting to the 1000 µM concentration and performing serial dilutions from there to achieve 

the desired concentrations for analysis.  

 

4.2.3. Results & Discussion 

 

The various concentrations of PAP do not prove ideal for repeated electrochemical 

measurements. When evaluating a compound for its suitability as a redox tag in an electrochemical 

assay, multiple characteristics are considered: reversibility, Nernstian behavior, contaminants or 

side products, stability through repeated electrochemical testing. Stability specifically can relate 

to the increase of potential contaminants or side products and the potential for surface fouling. 

There is an increased probability of this with biological assays due to the likely adherence of 

proteins and other biological molecules to electrode materials (e.g., carbon and metals).  
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Figure 4.4. UV Vis Spectrometry of PAP concentrations 200 nm to 400 nm 0 to 1 Absorbance 

(top) 0.00 to 0.50 (bottom). Linearity appeared to be observed in both peaks at approximately 230 

nm and 298 nm. The peaks at 298 nm were used for fit since they exhibited more gaussian 

behavior.  
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The linearity of PAP concentrations was compared between UV-Vis spectrophotometry 

and i-t amperometry within a microfluidic device. The absorbance peak at 298 nm was chosen due 

to its gaussian nature. The peak at 225 nm lifted on the blue shift side due to its proximity to the 

strong 200 nm absorbance. A group of 4 data points was picked where the peak appeared and 

averaged to give a peak absorbance. This was repeated with each of the concentrations, and a linear 

regression was performed once plotted. The R2 value of 0.996 shows an agreement of 6linearity.  

  

 

Figure 4.5. Absorbance Peak averages at 298 nm versus the concentration of PAP (µM). Peak 

heights (au) are the black data points, and the linear regression fit is the green line. The R2 value 

of 0.996 shows an agreement of linearity amongst the data.  
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Each peak during an amperometric i-t run corresponds to a concentration of PAP being 

flown through the microfluidic device and over the electrode during that corresponding time. With 

each increasing concentration, an increase of the current response will occur. The raw data shown 

in figure 4.6 demonstrates this principle.  

 

 

 

 

 

Figure 4.6. Amperometric i-t curve of PAP oxidation during microfluidic flow. Each peak 

demonstrates a concentration flowing through, with each taller peak being a higher concentration. 

PBS rinses were performed between each new concentration with a long PBS rinse between the 

two scans to ensure baseline was reached again before the initial lower concentration was re-run.  
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Figure 4.7. Current Peak averages versus the concentration of PAP (µM). Peak heights (µA) 

are points, and the linear regression fits are the lines. The R2 values of 0.996 and 0.996 show an 

agreement of linearity amongst the data.  

 

Runs were completed in addition to the ones found in figure 4.7. However, their data was 

incomplete (missing peaks, operator error). The peaks that were measured fell in line with the data 

shown above. When peaks are plotted (the same peak picking method is used as with the UV-vis), 

the same R2 value is shown, demonstrating that linearity is still held for the PAP calibration curve 

when moved from a static measurement such as UV-vis to the flow method such as the microfluidic 

paired with the chronoamperometry. The difference in the slope values between the equations 

generated from the linear regressions demonstrates the sensitivity of the two techniques. 

While this shows promise for the combination of PAP with flow chronoamperometry, more 

replicates need to be performed, ensuring this value holds.  
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Figure 4.8. First Scan and Last Scan of 30 leg cyclic voltammogram cycle for multiple PAP 

concentrations. As the PAP concentration increases, two distinct reduction peaks merge into one, 

and the oxidation peak grows in height. The ipa and ipc increase for all concentrations between 

the first and last scans.  
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Figure 4.9. Overlays of 10 µM and 100 µM PAP of the First and Last Scan Cyclic 

Voltammograms. The increase in ipa and ipc is more apparent in these graphs, and the proportion 

of growth seems to scale with the concentration.  
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Figure 4.10. Overlays of 400 µM and 1000 µM PAP of the First and Last Scan of Cyclic 

Voltammograms. The increase in ipa and ipc reverses for these scans, with the last scan peaks 

below the first. However, the proportionality with concentration appears to hold still.   
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Figure 4.11. 200 µM PAP First and Last Scan Overlay. This concentration appeared to have 

the most minor change between the first and last scans.  
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Figure 4.12. First Scan and Last Scan of 30 leg cyclic voltammogram cycle for multiple PAP 

concentrations. An additional oxidation peak grows in around +0.2 V (vs. Ag/AgCl) as the PAP 

concentration increases. The ipa and ipc decrease for all concentrations (except the 200 µM PAP).  
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The increase of peak current height for the lower concentration of PAP followed by the 

decrease of peak current height at the higher concentration of PAP indicates electro-

polymerization and subsequent growth of PAP upon the electrode surface (figures 4.9 through 

4.12). The lower concentrations current increase shows the monolayer formation, the smaller 

building blocks assisting in electron transfer, leading to increased current. This eventually leads to 

a plateau, and the film moves towards an extension. Due to the film’s thickness, decreased electron 

transfer due to impedance will cause a decrease in current, as shown in the higher concentration 

CVs.  

 

4.2.4. Conclusions & Future Outlooks 

 

200 µM PAP shows the most promise for utilization within a sensor platform due to its 

most Nernstian behavior of all of the concentrations tested. Further testing should be performed to 

determine when polymerization occurs with this concentration PAP within the solution and does 

this hold with other types of electrodes. Possibility holds for a broader range of concentrations 

(that show typical CV behavior) with the combined use of a pulse pre-step for cleaning the 

electrode to remove any polymerization. Hopes for the sensor platform overall remain with 

optimization of all parameters.   
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5. STATIC SANDWICH ELECTROCHEMICAL IMMUNOASSAY (sECIA) FOR 

INTERLEUKIN-6 

 

 

This chapter focuses on an electrochemical immunoassay to determine the blood concentration of 

Interleukin-6 (IL-6), a crucial biomarker for early sepsis detection. While the development of this 

diagnostic tool was originally for IL-6 and sepsis, the overall goal was to create a customizable 

sensing platform that could detect a variety of cytokines. Here the data regarding the preliminary 

testing, troubleshooting, and calibration curves are analyzed and discussed. A special thanks to 

MIDN 1/C Rochelle Gober, MIDN 2/C Isabella Penkwitz, and MIDN 2/C Andrew Mitchell, USN, 

for their contributions to this project during their summer internships. Additionally, my committee 

member Dr. Jonathan Schoenecker, M.D, Ph.D., and his group for bringing this collaboration to 

us. Also, thank you to Grace Buckey for her research contributions to this project during her 

rotation in our group.  

 

 

5.1. Determination of layer weakness in ferrocene particle sandwich immunoassay.  

 

5.1.1. Introduction  

As previously discussed, IL-6 is a pro-inflammatory cytokine that assists in the body’s 

natural immune response. IL-6 as a biomarker is used as a signal of tissue repair and can assist in 

the early determination of out-of-control immune responses. This makes it a viable candidate for 

a rapid, low-cost test that would allow for easy bedside diagnosis with clinicians and patients 

knowing when to seek hospitalization. 

One example, with sepsis, the overwhelming immune response leads to organ failure.43-44 

Since sepsis appears symptomless or masquerades as other post-operative issues, early 

intervention is challenging. Still, it would also allow clinicians to treat the recovery rate is higher.  
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 The IL-6 blood concentration is consistently between 0 – 2000 pg/mL as past 1000 pg/mL 

death is likely to occur in patients. As IL-6 concentrations indicate tissue repair, extremely low 

concentrations of IL-6 (below 100 pg/mL) are not clinically relevant. These are parameters that 

biosensors should take into account during the design process.  

IL-6 Sensor 

Chapter 4 discussed the different types of electrochemical IL-6 sensors in the literature. 

The overall terminology for electrochemical protein detection is electrochemical immunoassay or 

ECIA, with the three subcategories being direct ECIA (dECIA), indirect competitive (icECIA), 

and sandwich ECIA (sECIA). Here the sECIA will be focused on, since the work in this chapter 

focuses on the attempts to replicate and improve the sensor developed by Li et al.74  

There is no current standard of care to readily enable this detection amongst patients since 

the current technology required to detect threshold concentration level of IL-6 requires a specific 

analytical tool known as an enzyme-linked immunosorbent assay (ELISA). For IL-6, this assay 

takes approximately 8-hours to complete, which is too long of a diagnostic for patients. Patients 

who necessitate this test either do not have access to an ELISA, or the time is this test is too long 

to justify its use as standard. The ideal solution would be an inexpensive, rapid test before 

discharge as a requirement to ensure that their inflammation levels showed no signs of illness.  

This project aims to create an electrochemical sensor that will provide a linear range on the 

pg/mL concentration scale, easily customizable for various proteins. As such, an sECIA will be 

employed. This method explicitly uses a redox probe for detection. With the high sensitivity of 

electrochemical measurements, and modern electrodes shrinking the volume required for the 

electrochemical cell, the incubation time for an sECIA is significantly shorter than the traditional. 

This provides an advantage that can be used for time-sensitive medical diagnostics.  
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Described here is the development of such a diagnostic with redox-active porous 

nanoparticles adapted from Li et al. citation 13.74 The sensors utilized in that work were a porous 

CaCO3 nanoparticle-containing ferrocene and a porous polyelectrolyte outer layer serving to 

contain the redox probe while also acting as electron transport. A representation of this adaptation 

is shown in figure 5.1. The porosity of the particles and their distance from the electrode surface 

led to inconsistency during use—adherence of the base antibody film to the electrode surface 

eroded under repeated rinsing. A significant difference between layer impedance using EIS was 

not found between using EDC/NHS or Protein A.  

 

 

Figure 5.1. Electrochemical Immunoassay Representation. The calcium carbonate particles 

and the ferrocene were held in a solid-state electrolyte porous bag. The calcium carbonate particles 

assisted in keeping the ferrocene within the bag and allowing its diffusion to occur slowly. The 

rest of the sensor design is the traditional “antibody sandwich”. The protein analyte is the antigen 

around which two antibodies bind. One antibody is stationary, attached to the electrode surface. 

The other is free, bound to the signal tag, and introduced later into the assay.  
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5.1.2. Materials and Methods  

Chemicals and Materials 

KCl (Certified ACS), 7.4 pH phosphate buffer solution (Certified ACS), sulfuric acid 

(Certified ACS plus, 98% concentration), and Na2CO3 (Certified ACS, anhydrous) were obtained 

from Fisher Scientific. The following chemicals were obtained from Sigma Aldrich: 

Poly(diallyldimethylammonium chloride) (PDDA; high molecular weight, 20% in water), 

Poly(acrylic acid) (PAA; average MW 100,000, 35% in water), ferrocene (IR and Elemental 

Analysis verified), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; commercial grade), 

N-Hydroxysuccinimide (NHS; 98%), bovine serum albumin (BSA; heat shock fraction, protease-

free, pH 7, ≥98%) and Protein A (from S. aureus, soluble, essentially salt-free, lyophilized powder, 

extracellular). IL-6 Mouse anti-Human antibodies (monoclonal, Clone: 1936, unconjugated) and 

IL-6 Protein (Recombinant Human, Carrier Free) were obtained from R&D Systems. CaCl2 (Ultra-

Pure) was from Strem Chemicals. Ethanol (200 proof, USP specifications) was from Deacon. The 

Poly(styrene sulfonic acid) (PSS; MW 75,000) was from Beantown Chemical. DI water (18.2 MΩ) 

was used when necessary. 

Ferrocene Particle Synthesis 

Adapted from Li et al., CaCO3 nanoparticles were prepared by rapidly stirring with equal 

volumes (20 mL each) of 10 mM CaCl2 and Na2CO3 solutions. The particles were then centrifuged, 

rinsed with DI water, and air-dried.74  

To create the larger ferrocene-containing particles, an optimization resulted in 12.5 mg of 

ferrocene, 3 mg of polystyrene sulfonate (PSS), 3 mg of poly(diallyldimethylammoniumchloride) 

(PDDA), and 20 mg of CaCO3 particles, dissolved in a 1:1 ratio of 200 proof ethanol and DI water. 

This solution was then stirred slowly and heated until 80-90% of the solution evaporated. The 
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metric (goal) was to evaporate as much solution as possible, and the solution was still thin enough 

that the stir bar was cleanly removed, leaving all solution behind. The solution was then placed 

under a nitrogen stream until dry (overnight). This combination created a porous particle (when 

resuspended in solution) that solubilized homogenously in water and allowed the ferrocene to be 

detected electrochemically. The dry powder was rinsed with 1:1 ethanol and DI water and redried 

using a nitrogen stream.  

The final particles and the antibodies are bound together through electrostatic attraction. A 

10 µg/mL solution of IL-6 Ab2 solution in PBS pH 7.4 was prepared using lyophilized protein 

from R&D Systems. (Protein was obtained, and various concentrations and aliquots were made 

for multiple projects consumption). The particles were stirred with the antibody solution for 12 

hours and then centrifuged (5000 rpm for 5 min). The particles were then resuspended in the buffer 

for a 1 mg/mL solution and stored at 4°C until use.  

Preparation of Electrode Surface 

Attachment of the antibody to the electrode occurred via a layer-by-layer deposition 

reported by Rusling et al.75 using 10 µL of solution. The layering process began with PDDA (2 

mg/mL in DI water) and poly(acrylic acid) (PAA) (2 mg/mL in DI water) together for 20 minutes, 

followed by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) (400 mM/100 mM; freshly made in DI water) for 20 minutes. The 

addition of the IL-6 antibody followed this is added (100 µg/mL) for 20 minutes. Finally, 1% 

bovine serum albumin (BSA) was added to prevent non-specific binding. Each SPEs working 

electrode area was rinsed with water after each incubation. Areas that were plastic were dabbed 

dry to wick away excess moisture.  

Administration of Assay 
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While a fully developed assay was not completed, a standard procedure to perform 

measurements with the prepared sensors was developed. A prepared sensor had 10 µL of the IL-6 

protein solution drop cast onto the working electrode to incubate for 10 minutes, then rinsed with 

phosphate-buffered saline (PBS, pH 7.4). Then 20 µL of the ferrocene particle-bound antibodies 

(ferrocene tag) was drop cast to incubate for 10 minutes then rinsed with PBS. The sensor was 

connected to the potentiostat and placed into a solution of PBS/KCl, for square wave voltammetry 

(SWV) to be run.  

During calibration curve attempts, the method of standard addition was used. The above 

procedure was followed, then after each SWV, an additional 10 µL sample was incubated on the 

sensor, followed by ferrocene tag, and another measurement was taken. This continued until 4-5 

measurements had been made. Deviations to this procedure will be noted where appropriate.  

Instrumentation and Characterization 

All electrodes utilized are Pine Instruments carbon screen-printed electrodes (SPEs) with 

a 2-mm o.d., a Ag/AgCl reference electrode, and a carbon counter electrode. All electrochemical 

measurements were performed on CHI Potentiostat 620A and CHI Potentiostat 660. Carbon SPEs 

were acid cleaned according to the manufacturer's instructions.  

SW Parameters  

SWV was run with an initial potential of -0.2 V to a final potential of 0.4 V (vs. Ag/AgCl) 

with a 1×10-6. Increment potential was 0.004 V, and amplitude was 0.025 V. Frequency was 15 

Hz.  

EIS Parameters  

EIS was performed without a mediator at a potential of 0 V (vs. Ag/AgCl), and an 

amplitude of 0.005 V. Frequency was started at 1×105 Hz and run to 1 Hz.   
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5.1.3. Results and Discussion 

During the preparation of the sensor, trouble with the calibration signal led to the 

investigation of whether an additional step was required to add carboxylic acids to the surface of 

the electrode or if the natural carboxyl terminal groups on the surface of the carbon SPEs were 

sufficient for the EDC-NHS chemistry coupling of the antibody to the electrode. The theoretical 

structural differences between the two are shown in figure 5.2. Two sets of assays were run, one 

where only the EDC-NHS couple was used to create the antibody film, the second assay a 

carboxylic acid film on the electrode first using PDDA and PAA, followed by the EDC-NHS 

couple. The assay protocol was followed, as noted in the methods. The square wave voltammetry 

performed on the samples showed the effectiveness of the two preparations. The EDC-NHS prep 

did not show the peak (figure X) associated with ferrocene presence in the solution. The prep that 

included the PDDA/PAA shows a peak at +0.23 (vs. Ag/AgCl). This demonstrated that the acid-

cleaned carbon SPE did not have enough carboxyl groups to make up the sensor base for this assay. 

Given the proprietary nature of the carbon ink used in the production of the SPEs, it is unclear 

exactly why acid cleaning did not produce more carboxylic acid groups for EDC-NHS addition. 

Further investigation into this matter could be performed with drop angle measurement to obtain 

a quantifiable hydrophilic vs. hydrophobic nature of the carbon electrode surface before and after 

acid cleaning.  

Once the overall particles were synthesized, the sensors’ design and antibody attachment 

needed to be verified. Two electrode preparation methods were compared to determine which was 

best for the given application. The first sensor utilized only carboxylic acids created on the carbon 

surface from the acid cleaning, and then those were used in the EDC/NHS coupling with the 

antibodies. The second sensor added two additional layers of PDDA and PAA before the 
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EDC/NHS to create a surface of carboxylic acids for the antibody coupling. In Figure 5.3, the two 

different scans are shown, after an excessive amount of protein (200,000 pg/mL, 20 µL drop cast) 

was added along with the ferrocene particle-tagged antibodies. They show that the PDDA/PAA 

created necessary carboxylic acids for the EDC/NHS coupling, resulting in a ferrocene signal 

shown in the second sensor. 

Sensor stability was evaluated using a 500 pg/mL concentration and subsequent washes to 

determine how long the film would adhere and signal to the electrode surface. The results show in 

Figure 5.5 that after an initial rinse of one to two signal drops to near baseline current. 

 

 

Figure 5.2. Structural Differences between EDC-NHS coupling and the addition of 

PDDA/PAA. 
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Figure 5.3. SWV of PDDA/PAA addition vs. EDC-NHS only Sensor preparation. Utilizing an 

acid clean on the carbon electrodes to generate carboxyl groups was unsuccessful. After 

performing the EDC-NHS couple, no ferrocene signal was detected in the square wave scan. 

Performing the same scan and conditions with the addition of PDDA/PAA to create a layer of 

carboxyl groups across the electrode surface generated the peak expected for ferrocene in aqueous 

solution vs. Ag/AgCl.  
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Concern over antigen removal to refresh the sensor surface versus damaging the underlying 

base sensor film led to the standard addition method to create calibration curves and eventual 

detection of samples. As shown in figure 5.4, the sensor was exposed to increasing concentrations 

of IL-6 protein, following the assay protocol. The peak current was recorded and is shown in the 

figure. There is an increasing linear trend, as expected. The current reaches a maximum of 750 

pg/mL, with 1000 pg/mL and greater showing less current response with more concentration. This 

is a demonstration of the hook effect.76 The hook effect is a known immunoassay response that 

occurs when either the tagged (free) antibody or antigen is in too high of a localized concentration 

resulting in conglomeration and diffusion away from the sensing apparatus, thus lowering the 

signal. This demonstrates a need to optimize the assay, the correct ratio of IL-6 concentration 

representing the blood concentration, and the tagged IL-6 antibodies for detection.  
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Figure 5.4. SWV peak plot of concentration vs. current. This attempt at a calibration curve, 

utilizing standard addition, shows the “hook effect,” an interference issue in immunoassays that 

occurs when one of the immuno-reagents is too concentrated on the surface. This causes the 

unbinding/competing of the other immuno-reagents at the surface, leading to decreasing signal.  
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With a single sensor used for multiple runs during the standard addition method, film 

stability through multiple rinses was analyzed. A single sensor was exposed to the protocol with a 

500 pg/mL IL-6 protein dose. After a single run, repeated rinsing occurred, with a run occurring 

after each. Loss of signal occurred after each subsequent rinse, with the signal becoming almost 

nothing by run 3 and back at baseline by run 4. Multiple points of contact for breakage are possible 

along the chain of this assay. Investigation of which point is the weakest will be pursued. However, 

it is possible that not necessarily one is particularly weak to repeated rinsing, more that the multiple 

points of contact increase the likelihood of breakage. The most likely place for film breakage is in 

the two electrostatic bond locations, between the PDDA and PAA in the electrode-antibody 

attachment and the antibody-tag attachment.  
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Figure 5.5. SWV peak plot of successive runs with rinsing in between. This series of scans 

showed an issue with film adherence on the electrode surface. The assay was performed with a 

500 pg/mL concentration sample (run one) and was rinsed and scanned again (runs 2-5). The 

decrease with each scan demonstrates that some point of the film is weak and fails by simply rising 

with a pipette and buffer solution.  
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Using impedance techniques during film creation was used to determine which parts of the 

film were weak to determine which layers needed improvement. Additionally, two components 

were added to compare and contrast the current methodologies for improvement, sonication 

between steps and the substitution of protein A instead of the carboxylic acid/primary amine 

coupling through the PDDA/PAA/EDC chemistry. Protein A being one step instead of multiple 

steps was thought to minimize the error in these experiments and was thought to have stronger 

binding.77  
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Figure 5.6. Impedance data of electrodes layer by layer. An investigation of each layer in 

building these sensors was performed with rinsing vs. sonication and comparing a carboxylic 

acid/amine polymer coupling vs. protein A. While the sonication improved the spread in the data 

measurements, there was no significant difference to show which layers were optimal for sensor 

development.  
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Each box within the graph comprises 15 measurements 5 electrodes measured in triplicate. 

The end EIS impedance was taken from each run to compose the data. The higher the log(Z), the 

larger the impedance of the sensor, meaning that the sensor would have a less likely chance of 

detecting the ferrocene tags needed to provide a calibrant or positive signal. The narrowing of the 

spread between the non-sonicated data versus sonicated data is expected. This is due to the 

effectiveness of sonication in rinsing the poorly surface-bound reactant or unreacted components 

compared to a wash bottle or pipette with a rinse solution. The extensive range of error in the 

protein A samples could be due to the age of protein A. Large amounts of bound protein could 

lead to high resistivity and no protein adherence.  

 

Arguably the most interesting trend in this data is the lowered resistivity in the sensors as 

more layers are placed onto the electrode surface in the PDDA/EDC electrodes. While not 

statistically significant, the trend is not small and appears in both, potentially warrants follow-up 

investigation. This trend is also the opposite as one would expect. The PDDA/PAA layers are thin 

(compared to the biological ones) and contain multiple charged groups that should help lower the 

resistivity. The addition of the EDC/NHS falls in line with this hypothesis, and the data does reflect 

this. However, the addition of the antibody should spike the resistivity upwards due to its 

extensive, insulative nature. However, its addition does not raise resistivity and lowers it in several 

data points. This could potentially be that the number of antibodies attempting to bind to the 

surface of the electrode are unsuccessful and are instead ripping off previously placed portions of 

the film. This could be the point of film instability if the antibody concentration on the surface is 

“supersaturated” in a way. Even a few repeated washes would be able to force the film off.   
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5.1.4. Conclusions & Future Outlooks 

The adaptation of the research from the previous authors did not lend itself to the new 

application. Altering the synthesis to limit the amount of polymer layer might assist with sensitivity 

in future experiments. The mechanism of action of this sensor is due to the diffusion of the 

ferrocene from within the solid electrolyte to out. This only allows the sensor to act statically and 

in no microfluidic capacity since its electrochemical sensing mechanism can only be dominated 

by diffusion and never convection. This constricts the sensor’s applications, and its limited success 

in structural integrity does not provide enough reason to pursue this line of investigation further.  
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6. CONCLUSION & FUTURE DIRECTIONS 

 

6.1. Summary 

 

 Electrochemical mediators provide a wide field of study but are of particular use to the 

study and development of biosensors. Since many biological molecules are insulators and not 

electrochemically active, it is important to develop analytical methods with a high degree of 

sensitivity and specificity. While other techniques are available, such as optical sensing, 

electrochemistry is extremely sensitive and low-cost, making it a strong contender as a platform 

for development.  

 Os-PVI shows strength in the electrochemical activity of redox polymers; however, when 

developing for a low-cost high throughput application such as biosensors, the utilization of 

osmium, a high-cost compound, is a concern. Another problem is the oxygen contamination that 

leaves the final polymer unsuitable for the designed application.    

 The PAP polymerization displays potentials issues with this compound in an 

electrochemical assay. However, the lack of change at the concentration of 200 µM shows that this 

concentration might limit the polymerization for the most prolonged period and make it a suitable 

candidate for specific assay applications.  

 No significant differences in the EIS data argue that the ferrocene particle design is an 

unreliable sensor platform. There appeared to be no one point in the layer-by-layer design that was 

particularly weak to wash steps.  

 

6.2. Outlook 

 

 Os-PVI and f-Os-PVI are both simple to synthesize if using the proper equipment and 

synthetic procedures. If the correct need for their potentials arose, they would be well suited for 
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the task as reliable candidates. Additionally, since f-Os-PVI is both fluorescent and 

electrochemically active, it could potentially have electrogenerated-chemiluminescent 

applications.  

 Further investigation of PAP in the designed sensor apparatus and the determined sensor 

concentration should be explored. It is possible that issues concerning replication will not be an 

issue moving forward. It is also possible that using a pulse pre-step to clean the electrode between 

runs could also resolve the issues.  

 There is no recommendation regarding the ferrocene particles.  

As evidenced by the projects described in this dissertation, more care needs to be taken 

during the investigation and publication of research pursuits. In Chapter 3, the difficulties in 

synthesizing the Os polymer could have been mitigated had previous researchers done their due 

diligence to fully characterize their materials and share those results via supplemental information.  

In all the target Os polymer literature, only one article shared a 1H NMR, an essential and necessary 

characterization method for any organic or organometallic synthesis. This oversight could question 

whether previous papers made the target or whether they were using something else entirely. 

Additionally, Chapter 4 details how specific sensor platforms or techniques were claimed to be 

useful for applications well outside of their experimental parameters. Much of the literature 

regarding PAP takes place at either acidic/basic conditions or in non-aqueous environments yet 

claims to be useful for biological sensing purposes. These assertions were made with no data to 

support them, and their validity based on this work is in question. Chapter 5 displayed the attempts 

to replicate a sensor platform in the literature for IL-6 and attempts to salvage the platform when 

issues were occurring. 
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 Hopefully, this dissertation has highlighted to the reader how one can communicate 

scientific data as a learning experience. Not every project will succeed; they are not supposed to.  

But even in failure, important information is obtained. Detailed and relevant conclusions must be 

made about what works and what directions to go next. 
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8. METHYLENE BLUE THIN FILM HEMOGLOBIN SENSOR FOR THE 

DETERMINATION OF REDOX STATE REPRODUCIBILITY 

 

 

 This appendix provides sample analysis as part of a larger manuscript investigating the differences 

between commercial and freshly isolated human hemoglobin samples. My contribution looked at 

the oxidation states of the hemoglobin and the electrocatalytic activity of the samples provided. 

My knowledge of the sample preparation (specifically regarding the isolation of the human 

hemoglobin) was limited for scientific blindness. The results will be included in a manuscript for 

publication, with my results assisting in a broader conclusion. That manuscript will not be in 

publication at the time of submission of this dissertation but might be at the time of embargo 

release. Aqeela Afzal is the primary author of the publication in reference. I would like to thank 

her and Kelly Richardson for their assistance in this work and for including me in this project. 

Thank you to Aqeela Afzal and her funding partners for providing samples and reagents. Thank 

you to Kelly Richardson and Dr. David Wright for additional reagents. 

 

8.1. Methylene Blue Thin Film Sensor Ineffective Due to Possible Additives in Commercial 

Hemoglobin Samples  

 

8.1.1. Introduction  

The homogenous redox couple of the reduced form of hemoglobin (ferrous hemoglobin) 

and the oxidized form of hemoglobin (ferric hemoglobin) is estimated to be -70 mV vs. SCE 

(saturated calomel electrode). However, the experimentation estimates that different portions of 

the protein (alpha helices vs. beta chains) might have different potentials.77 

Direct heterogeneous electron transfer with ferric and ferrous hemoglobin has been 

attempted over several decades. Isolation of the hemoglobin is required as other proteins in 

solution will shift potentials and decrease peak heights if left in solution. Overall, bare electrodes 
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are not able to properly characterize hemoglobin since the protein’s metal center is not easily 

accessible to the electrode surface.77 

There are four popular solutions for modifying the electrode surface with indirect 

heterogeneous electron transfer to enable detection: mediators, nanoparticles, polymers, and lipids. 

Compounds such as riboflavin, poly(Nile blue), and methylene blue are traditional electrochemical 

mediators used to facilitate the electron transfer from hemoglobin to the electrode surface by acting 

as an electron shuttle. These compounds can interface more easily with the protein, access the 

metal center, and pass the electron onto the electrode for signal readout. Nanoparticle-modified or 

colloidal nanoparticle electrodes act in the same manner as mediator electrodes, wherein the 

nanoparticles on the surface provide easier access to the metal center of the hemoglobin. Polymer 

and lipid-modified electrodes create films that incorporate hemoglobin within them, attempting to 

mediate and mimic a functioning environment for hemoglobin to enhance the electron transfer 

rates. These methodologies are used in isolation or combined to either study hemoglobin redox 

chemistry or for biosensor creation.77  

 Afzal et al. (in preparation) found during the treatment of various human cells with 

commercial hemoglobin of both oxidation states that dense aggregates of unknown composition 

would form, destroying the cellular environment. Further investigation found this occurrence 

common and likely results from the stabilizing additives used with hemoglobin for commercial 

use. A novel method was developed to convert freshly isolated human hemoglobin from one redox 

state to another to prevent using chemical redox agents requiring further purification. Cyclic 

Voltammetry was utilized as an analytical method to characterize the four samples, freshly isolated 

ferrous (Hb2+) and ferric (Hb3+) and commercial Hb2+ and 3+. Discussion of Afzal et al. will be 

limited unless required for my portion of the work. 
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8.1.2. Materials and Methods  

Chemicals and Sample Preparation  

Ferric (Hb3+) Hemoglobin was purchased from Cell Sciences (Newburyport, MA) or 

Sigma Aldrich (St Louis, MO). A minimum of three different lot numbers were tested for each 

commercial source of ferric hemoglobin. Deionized water was purchased from Millipore Sigma 

(Burlington, MA). Additional chemicals were purchased from Thermo Fisher Scientific unless 

otherwise stated. 

The author did not perform the ferric (Hb3+) to Ferrous (Hb2+) Hemoglobin transition and 

was isolated from procedure knowledge to eliminate potential bias.   

Hemoglobin samples were either isolated from human blood or purchased from a 

commercial source. These were isolated and purified, and portions were converted from the ferric 

(Hb3+) form into the ferrous (Hb2+) form. These four hemoglobin samples were provided for 

testing. They were diluted in a 2mM pH 7.4 phosphate-buffered solution and 120 mM KCl to a 

final concentration of 10 µM. 

Electrochemical Set Up  

Electrochemical measurements were obtained using a 900D Potentiostat (CH Instruments, 

Inc. Austin, TX), a 2mm diameter Au working electrode, a Ag/AgCl (1M) reference electrode, and 

a 0.5mm diameter Pt counter (99.95% platinum wire and mesh).  The working electrode was 

polished using Bruker diamond paste (0.25 and 0.10 µm) and Alumina powder (0.05 µm).  

Methylene Blue Film 

A methylene blue film was formed on the electrode surface to provide a platform for 

catalytically mediated electron transfer. This method is often used to assist in the electrochemical 

analysis of proteins whose metal centers are not easily accessible to the electrode surface.78 To add 

the methylene blue film to the working electrode, it was held for 60 seconds within a stirring 
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solution of 0.01% (w/v) aqueous solution of methylene blue in 0.10 M pH 5.3 phosphate buffer 

rinsed thoroughly with deionized water.78   

Cyclic Voltammetry  

Each cyclic voltammogram (CV) was performed as identically as possible for each sample 

depending upon the redox state of the hemoglobin. Freshly Isolated and commercial ferrous 

hemoglobin samples were run from -0.5 V to 0.5 V and back. Freshly isolated and commercial 

ferric hemoglobin were run from 0.5 V to -0.5 V and back. All samples were run at a scan rate of 

0.1 V/sec with a sensitivity of 1×10-6. Oxygen was unnoticed during the scans.   

 

8.1.3. Results and Discussion 

 

 

A 
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Figure 8.1. Freshly Isolated and Commercial Ferric and Ferrous Hemoglobin Cyclic 

Voltammograms. Planar glassy carbon electrode (vs. Ag/AgCl) with methylene blue film was 

created and run in triplicate for each sample. A) The freshly isolated ferrous (Hb2+) hemoglobin 

adheres to the expected behavior for the enzyme, catalytically enhancing the methylene blue 

reaction and showing a current response above the methylene blue. B) Freshly isolated ferric 

(Hb3+) hemoglobin appears to have suppressed the catalytic activity of the methylene blue, as 

shown by the current response within the methylene blue. C) and D) the commercial Ferrous and 

Ferric hemoglobin samples respectively show similar behavior to graph B, catalytically inhibiting 

the methylene blue.  
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In figure 8.1A, the hemoglobin acts as expected with the CV approximately following the 

methylene blue films during the oxidative half of the scan. By starting at -0.5 V vs. Ag/AgCl 

instead of the E1/2, the return reductive half of the scan results in the hemoglobin deviating from 

the methylene blue CVs instead of forming peaks at the reductive peak potential, the hemoglobin 

flat lines instead. This indicates that the freshly isolated Hb2+ is assisting in the catalysis of the 

methylene blue redox, therefore increasing the current. In figure 8.1B, the freshly isolated Hb3+ 

shows a different outcome. The initial scan from +0.5 to -0.5 shows a current response lower than 

the methylene blue, meaning that it has somehow stopped this current response from occurring, 

instead of following the methylene blue CV or enhancing it (as it should if acting benign in solution 

or participating in catalysis). While not actively surpassing as previously, the reverse oxidation 

scan does not show the enhancement it should. Specifically, what is significant is that this is where 

the accumulation of the entire surface should lead to the flat-lining off of the peak, which does not 

occur.  

The commercial samples show the inactivity and suppression described earlier, with the 

Hb2+ being the worst offender (figure 8.1C). The commercial Hb3+ does not seem to deviate from 

the methylene blue film. Curiously in the data, the Hb3+ samples seem to demonstrate the flat-

lining during the initial reduction scan, with the curve of the oxidation half of the reaction being 

present (even if below the baseline of the methylene blue baseline).  

The suppression within Figure 8.1B, C, and D ultimately suggest that the hemoglobin 

displaces the methylene blue from the surface and adsorbs in its place. 

 

8.1.4. Conclusions & Future Outlooks 

There are concerns with both the effectiveness of methylene blue as an effective sensing 

platform for hemoglobin and the use of commercial hemoglobin. Based upon the previous 
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literature as to how the methylene blue film works mechanistically, the most electro-catalytically 

active enzyme is the ferrous hemoglobin that has been freshly isolated and converted via new non-

chemical methods by Afzal et al. Issues with replication caused these results to be challenging to 

achieve, and the need to have a different sensor film for each sample. Large scale use of this film 

for sensor development is inadvisable at this time. 

 


