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Figure 3.1 '"H NMRs of the Fc-CS,-LPEI obtained using a 300MHz instrument in D,O having A)
50%, B) 9%, C) 7.5%, and D) 2.5% CS> addition by molarity. The integration of the 4.15-4.55
ppm region relative to that of the normalized 9H ferrocene peak is shown to the left of the

] 1T 2 PP 64

Figure 3.2, Cyclic voltammogram of Fc-CS;-LPEI (20% Fc, and 10 % CS>) on a gold electrode
scanned at 50 mV/s in 50 mM pH 7 phosphate buffer with a Pt wire counter electrode and a SCE
TEERTENCE ClECLIOUE. ...t n e e 65

Figure 3.3 The surface charge (Coulombs) detected on the Fc-CS»-LPEI (20% Fc, and 10 % CS»)
on gold electrodes measured through integration of the anodic peak with varying dip time using

CV in 50 mM phosphate buffer at 50 mV/s with a Pt wire counter electrode and a SCE reference.
The black dots are the first scan, and the gray are the second. ...........ccccooeiiiiiiiiiiiiii e 66

Figure 3.4 One layer of Fc-CS»-LPEI (20% Fc, and 10 % CS:) on a gold disk electrode scanned
in 100 mM phosphate buffer using Pt counter and SCE reference electrodes, and using the
second scan and a fresh electrode for each scan rate: A) Plotted according to the Randle-Sevcik
equation using the peak current and the square root of the scan rate. B) According to the
Langmuir adsorption isotherm where ips and v are proportional and C) Plotted Log(ipa) Vs.
Log(v). Both the oxidation and reduction peak currents are ShOWN. .........cccccevveeriiiiinic e, 67

Figure 3.5 Number of ferrocenes (or surface charge) per cm of gold electrode vs dipping pH used
for the construction of the Fc-CS2-LPEI (20% Ferocenyl and 10% CSz) monolayer, constructed

using a 5 min dip time and scanned against a Pt wire electrode with an SCE reference at 50 mV/s
in 50 mM pH 7 phosphate BUfer. ... 68

Figure 3.6 Number of ferrocenes per cm on a gold electrode varying the Fc substitution
percentage of an Fc-CS»-LPEI with 10 % CS; substitution fabricated using a 5 min dip time at
pH 13 scanned against a Pt wire electrode with a SCE reference at 50 mV/s in 50 mM pH 7
PhOSPhate DUFTEL. ..o 69

Figure 3.7 Number of ferrocenes (or surface charge) per cm on a Fc-CS>-LPEI gold electrode,
modified using a 5 min dip time at pH 13 and 12 % Fc substitution, scanned against a Pt wire
electrode with a SCE reference at 50 mV/s in 50 mM pH 7 phosphate buffer and varying the CS,
SUDSEIEULION PETCENEAZE. ...ve.vvivieieiitietieit ettt b bbb et sb e r e sneene s 69

Figure 3.8 Steady state current of a gold electrode with 2 and 3 layers (p-GOx and Fc-LPEI
respectively) using a Fc-CS>-LPEI (12% Fc Substitution) using varying the CS» substitution
percentage found using an electrode scanned against a Pt wire counter electrode with a SCE
reference at 50 mV/s in 50 mM pH 7 phosphate buffer with 150 mM glucose...........c.cccevernnne. 70

Figure 3.10 The E12 of Fc-CS,-LPEI (12% Fc substitution) on a gold electrode with varying CS»
substitution, fabricated using a 5 min dip time scanned against a Pt wire electrode with a SCE
reference at 50 mV/s in 50 mM pH 7 phosphate buffer. ... 71

Figure 3.10 The peak anodic current of the cyclic voltammograms at differing scan rates for
FCTMATos (2.5 mM) on the one-, and two-layer electrodes using cystamine, CS>-LPEI, and Fc-
CS»2-LPEI as the first layer respectively, on a 2 mm gold electrode in 50 mM phosphate buffer
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pH 7 and using a SCE reference and Pt counter electrode. The diffusion constants of the
FcTMATos salt on each electrode were calculated using the ipa/v data from the 10 mV/s scan and
the Randles-Sevcik equation (Equation 3.1)......ccccccevviviniiiinninnnns Error! Bookmark not defined.

Figure 3.11 The Ak of the cyclic voltammograms of FcTMATos (2.5 mM) on the one-, and two-
layer electrodes using cystamine, CS2-LPEI (9% substituted) and Fc-CS2-LPEI (12% Fc and 9%
CS> substitution) as the first layer, respectively, on a 2 mm gold electrode in 50 mM phosphate
buffer pH 7 using a SCE reference and Pt counter electrode scanned at 50 mV/s. ........c.cceeeneen. 74

Figure 3.12 The E1/; of the cyclic voltammograms of FcTMATos (2.5 mM) on the one-, and two-
layer electrodes using cystamine, CS2-LPEI (9% substituted) and Fc-CS2-LPEI (12% Fc and 9%
CS> substitution) as the first layer, respectively, on a 2 mm gold electrode in 50 mM phosphate
buffer pH 7 using a SCE reference and Pt counter electrode scanned at 50 mV/s. .........ccccueeeee. 75

Figure 3.13 The 3-layer cystamine, and Fc-CS»-LPEI electrodes compared to one another using
the: (A) power curves before and (B) after a 2-hour discharge at 0.3 V. Both experiments were
run in 150 mM glucose 50 mM phosphate buffer pH 7 using a 2 electrode setup with a
functionalized gold electrode anode connected to the counter electrode and reference electrode
leads and an air breathing Pt cloth electrode as the working electrode. ..........cccoceviniiniiiinnenn. 78

Figure 3.14 The ferrocene on the surface of the gold electrodes compared by the number of
layers using: A) Fc-CS>-LPEI as the first layer and B) Cystamine as the first layer. All electrodes
were analyzed using the specified modified gold electrode with a Pt counter electrode, and an
SCE reference in 50 mM phosphate buffer pH 7 using 50 mV/s scan rate. ...........ccceecvveieernnnne 79

Figure 3.15 Peak voltage behavior using multi-layered cystamine and Fc-CS,-LPEI electrodes
showing A) Delta E and B) Ei» at different numbers of layers. All electrodes were analyzed
using the specified modified gold electrode with a Pt counter electrode, and an SCE reference in
50mM phosphate buffer pH 7 using 50 mV/s scan rate..........ccocouveriiiiiiiiiiiiee e 80

Figure 3.16 A) The current output of the Fc-CS>-LPEI and the Cystamine electrodes, and B) the
Kwm of the enzymes in the electrodes shown by layer under saturating glucose concentrations at
0.35 V vs a SCE reference and a platinum wire counter electrode. ...........cccovvvriiiiiiiinniniinnennn. 81

Figure 4.1: Characterization of Fc-CS>-BPEI on a gold working electrode in 50mM Phosphate
buffer with a platinum counter electrode and a SCE reference electrode shown with a cyclic
voltammogram at A) 50 mV/s and B) showing the Log(ipa)/Log(scan rate) of the second anodic
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Figure 4.2: Characterization of multi-layered Fc-BPEI/GOx on a gold working electrode in 50
mM phosphate buffer with a platinum counter electrode and a SCE reference electrode
comparing A) the amount of avtive ferrocene, B) AE and C) the E1/2...ccccovvvviiiiiiiiiiiiiiicie 98

Figure 4.3: Comparison of the LBL-constructed Fc-CS>-BPEI and Fc-CS>-LPEI first layer
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Abstract

A fundamental study of the interaction of iodide and glucose oxidase (GOx) was carried
out, showing that the iodide acts as a direct mediator with GOx in enzymatic glucose biosensors.
This direct mediation may be happening in parallel with the known electron transport chain
through hydrogen peroxide. The aqueous I/I37/I> redox reactions are discussed and studied through
the use of cyclic voltammetry and chronoamperometry in conjunction with glucose and GOx.
These results are compared with water soluble ferrocenyl salts known to mediate GOx biosensors.
This study shows that iodide can mediate GOx in the presence and absence of oxygen, making this

the first work, to our knowledge, to show iodide can act as a direct mediator, rather than an indirect mediator
for GOx.

Layer-by-layer (LBL) modification of gold electrodes with GOx has been an effective way
to make enzymatic electrochemical glucose bioanodes for biofuel cells and biosensors. The use
of a cystamine attachment layer is usually used to establish a functionalizable initial layer upon
which to build up more material for these systems. While this is an easy and fast way to
functionalize gold, it was unknown how this attachment layer affects access to the electrode
surface. This work explores the use of carbon disulfide (CS>) substituted linear- and branched-
polyethylenimine (LPEI and BPEI respectively) as the first layer of these LBL bioanodes. The
dithiocarbamate groups attached to the polymer allows it to react with the gold surface and
establish a polymeric-first layer. This work shows that the polymeric first layer immobilizes ~2.5
times more material than the first three layers of the cystamine-modified electrodes. The inclusion

of ferrocenyl groups in the first-layer PEI also wires the upper layers to the electrode resulting in

Xv



a ~6 fold increase in current density in the 3-layer system. The Fc-CS>-LPEI- and Fc-CS,-BPEI-
based electrodes are also more stable than the cystamine-first layer electrodes. The 9L Fc-CS»-
LPEI anode was found to produce 978 pA/cm? current density, and 271 uW/cm? peak power at
saturating glucose conditions as a biofuel cell while the 19L Fc-CS,-BPEI anode was found to
produce 2.1 mA/cm? current density, and 677 pW/cm? peak power. Under physiological glucose
concentrations the Fc-CS»-LPEI had a sensitivity of 47 pA/cm? mM while the Fe-CS»-BPEI anode
had a sensitivity of 64 pA/cm? mM, making these some of the most sensitive enzymatic glucose
bio-anodes made to date.

This work also explores electropolymerization techniques for the fabrication cucurbit[7]uril
(CB7)/Polyviologen-based bioanodes. This non-enzymatic electrode was fabricated using cyclic
voltammetry, constant potential and pulsed potentials. It was found that the cyclic voltametric method was
the best technique to fabricate functional glucose anodes. This method was used to functionalize the high
surface-area material carbon felt, and highly stable glucose electrodes were made that produced ~20

pW/ cm? peak power and were able to also utilize sucrose as a fuel source.

XVi



1. Introduction

1.1 Background

1.1.1 Need for Glucose Sensors

According to the CDC’s 2020 diabetes report 32 million, or around 12 percent, of US

citizens suffer from diabetes, and the numbers are getting worse as indicated by their statistics'.

People who have diabetes either do not produce insulin (type 1) or have problems utilizing insulin

5'%"\,&,

- - . .- : -
2004 2008 2016
RPN TSP 6555 | oo-21 | 122330

Note: Data were unavailable for some US territories.
Data sources: US Diabetes Surveillance System; Behavioral Risk Factor Surveillance System.

Figure 1.1 Age adjusted county level prevalence of diabetes among adults 20 and older in the
United States from the USA.*

properly (type 2). Insulin is a hormone that helps regulate blood glucose levels; therefore, people
who have diabetes will have unregulated spikes and drops in blood glucose levels depending on
what and when they eat. Unregulated blood glucose levels can lead to many complications
including peripheral arterial disease, a narrowing of the arteries in the extremities, which can lead
to the morbidity and loss of the limbs. Current treatment of diabetes generally consists of frequent,

self-administered, blood-glucose monitoring, usually collected by pin pricks, and treatment with

sugary snacks if the glucose levels are too low, and with insulin injections if the glucose levels are



too high?. While these treatments are effective, there is still a significant risk of glucose spikes
and drops with any testing/treatment inconsistencies. The ideal diabetes treatment would involve
a continuously running glucose monitor (CGM) that could last for a long period of time without
any apparatus needing to be replaced. While some CGMs have been produced, they only last ~2
weeks before needing to be replaced and most are currently sold as a monthly subscription service
for ~$400 a month, making them impractical for most of the world to use. CGMs, along with
appropriate treatment with insulin or sugar, can diminish the negative long term effects diabetes
has on the human body.

Glucose sensors developed thus far have primarily detected products of enzymatic
processes amperometrically. While some effort has been put into developing colorimetric sensors,
most efforts have been made in developing electrochemical sensors that can sense glucose
concentrations instantaneously in vivo’”. Enzymes have inherent selectivity advantages over other
non-enzymatic approaches that are susceptible to electroactive interferants like ascorbic acid,
acetaminophen and dopamine. The focus of the work presented here is primarily the development
and testing of cheap and long-lasting novel enzymatic glucose bioanodes, with a secondary focus

on power generation from these anodes, as well as from novel non-enzymatic polyviologen anodes.

1.1.2 Principals of Enzymatic Glucose Sensors

Because of their selectivity, enzymes are ideal for carrying out one reaction repeatedly
without reacting with other molecules or producing extraneous side products. Sensors using these
enzymes are usually designed using low toxicity materials to maintain biocompatibility. Because
the enzyme Glucose Oxidase (GOx) is non-toxic® and can be used in biological systems, it has

been the main enzyme used in the development of in vivo enzymatic sensors.



GOx in nature uses oxygen to oxidize glucose to gluconolactone as shown in Scheme 1.1.
Since this redox process utilizes oxygen and produces hydrogen peroxide, concentration
measurements of these two species on treated aliquot samples were the first assays/sensors to be
made that determined glucose concentrations. With time, redox mediators that interact directly
with FADH; (dihydroflavine-adenine dinucleotide), GOx’s redox active site, were developed,
allowing for real time electrochemical sensing of the concentration of glucose based on the
enzyme’s reaction (see Scheme 1.1). These catalytic redox mediators are molecules that can be
reduced by the FADH; active site of GOx and oxidized at an electrode to enable a constant flow

of electrons through a circuit. This flow can be measured, and the amperometric response can be

GOx Enzymatic Scheme

HO

I -2e -2H"
NoA Glucose X GOx(FADH) X H20,
HO OH
o Gluconolactone GOXx(FAD) 0,
OH o)
° OH Mediated GOx Sensor Scheme
Gluconolactone GOx(FAD) 2 Med(+1/0) Colorimetric Indicator
X ye' or Anode
Glucose GOx(FADH,) 2 Med(0/-1) P
2e Amp
H,O Meter
2 N 28
ol 12 02/ Cathode

Scheme 1.1 The enzymatic scheme in nature shown on top and the scheme for an enzymatic
mediated electrochemical glucose biosensor on bottom.

correlated to the concentration of glucose in the sample. The electrons can also be passed to a
colorimetric indicator that changes colors upon reduction, indicating the solution’s gross glucose

concentration®.
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Figure 1.2 An enzyme reaction rate plotted vs substrate concentration, aka a Michaelis-Menten
curve, with graphical aids for Vmax and Km produced using data from one of the sensors made in
Chapter 3.

In order to better understand these sensors, it is important to understand how the enzyme
itself functions. The kinetics of enzymes have been extensively studied and the principals of their
reaction rate with varying substrate concentration has been well defined”®. Using these kinetic
principles, it is possible to calculate the concentration of glucose in a sample if the rate of the GOx

reaction is below the Vwmax of the enzyme. Enzyme reaction curves are plotted with substrate

. _dp _ [S] . . .
Equation 1.1 V=—=Viyax Xt D] Michaelis-Menten Equation
1_ Ky+[S] _ Ky 1 1

Equation 1.2 Lineweaver-Burk Equation

v VMax[S] VMax [S] VMax

concentration on the X axis and reaction velocity (turnover rate) on the Y axis (see Figure 1.2).
Using this type of plot Michaelis and Menten derived a general equation for the kinetics of
enzymatic reactions. Electrochemistry can be used to monitor the enzymatic reaction using the
amperometric output to follow the reaction velocity and glucose concentration. This can is done
using Equation 1.1'°, where v is the reaction velocity (or current), P is the product, t is time, S is
the substrate concentration, Vmax is the maximum theoretical reaction velocity, and Ky is the
Michaelis constant which is equal to the concentration at which v is half of Vmax. While Vimax will

depend on the enzyme concentration, Kyv is independent of enzyme concentration and will be
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Figure 1.3 A Lineweaver-Burk plot made using the data from Figure 1.2 showing the relationship
between the equation/graphical elements and the KM and VMax.

unique to each enzyme. By taking the double reciprocal of the Michaelis-Menten equation
(Lineweaver-Burk Equation 1.2)!!, a linear plot can be generated (Figure 1.3) where the slope is
Km/Vmax and the y intercept is 1/Vmax. If the enzyme process produces a current in an
electrochemical sensor, the reaction rate for a given system will be proportional to the current
output if the enzymatic reaction is the rate limiting step in the electron transport chain, and
Equations 1.1 and 1.2 can be used to determine these constants and evaluate how well an enzyme
is performing in a given system. A Michaelis-Menten plot (Figure 1.2) has different concentration
regions for enzyme kinetics behavior'®. At low substrate concentrations, the rate is roughly first
order (linear) with respect to the substrate concentration, since the rate of reaction is such that
every time a substrate molecule meets an enzyme, the site will probably be available. The reaction
rate can be approximated with a linear plot with respect to substrate concentration in this zone.
Due to the limitations of hardware and software in the early days of biosensors, linearity was
essential for a sensor since only very simple calculations could be done without a large computer
or much time. Since the biological concentration of glucose in humans lies in the first order
domain of its Michaelis-Menten curve, GOx is an ideal catalyst for a glucose biosensor. The
enzyme kinetics move from first order with low substrate concentration to zero order (independent

of substrate concentration) at high substrate concentrations, where each enzyme is nearly always



occupied by a substrate molecule (saturating conditions). The development of amperometric
glucose biosensors used these principles to produce three generations of enzymatic glucose

sensors, each with its own characteristic features discussed below.

1.2 Generations of Enzymatic Glucose Sensors

The first continuous electrochemical enzymatic glucose bio-sensor was discussed in 1962
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by Clark and Lyons'“. They described a pH sensitive glass electrode (B in Figure 1.4) in an

electrolyte solution (D) with glucose oxidase (GOx) in a thin layer (F) between an inner ion-
conduction membrane (E) and an outer size exclusion membrane (G). A glucose solution can be
pumped by the outer layer (G), the glucose can diffuse into the enzyme layer and react with the
GOx to form gluconolactone, which quickly hydrolyzes to gluconic acid. This gluconic acid will
diffuse through the ion-conductive membrane into solution D, changing its pH, which is then
detected by the pH sensor. The sensitivity of this electrode could be tuned by adjusting the GOx

concentration and flow rate of the glucose-solution.
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Figure 1.4 Clark and Lyon’s glucose sensing system'? in which A is a reference electrode, B is a
pH sensing electrode, C is a cylinder, D is an electrolyte solution, E is an ion-conducting
membrane, F is a pocket containing a GOx solution, G is a size-exclusion membrane to keep the
GOx in the F region and the glucose solution (or blood) is continuously flowing by outside of G.




While Clark and Lyon’s glucose sensor was conceived as a part of a larger instrument that
was impractical for mobile use, this concept was significantly improved upon by Updike and Hicks
in 1967 when they immobilized GOx in a polyacrylamide gel column and ran glucose solutions
through the column. The concentration of oxygen in the eluent was determined by an oxygen

electrode to measure the oxygen content of the eluent'?

(Figure 1.5). Because GOx uses oxygen
to oxidize glucose to gluconolactone, the measured changes in oxygen concentration before and
after exposure to the enzyme gel can be correlated to the glucose concentration of a sample. This
method was used on whole blood and plasma samples to determine the blood-glucose
concentrations. The sensitivity of this sensor could be adjusted by changing the time on the
column, or achieved through changing the amount of enzyme or the length of the enzyme-gel
column. A modified form of this method was made by Updike and Hicks with an enzyme gel

covered electrode coupled to a gel-less electrode that could be implanted into a live subject for

continuous glucose concentration measurement'*.
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Figure 1.5 Updike and Hick’s glucose sensor as illustrated in their 1967 paper'® as well as its
performance.

In 1973 the first sensor was made that relied on the reduction of hydrogen peroxide
produced in the oxidation of glucose by GOx'°. These developments led to the production of the

first commercial glucose biosensor, the model 23 YSI analyzer in 1975 (see Figure 1.6). This



system also utilized two size exclusion membranes (much like Clark and Lyon’s initial oxygen
sensing electrode), an outer polycarbonate membrane and an inner cellulose acetate membrane
with glucose oxidase gel sandwiched between. This simplified setup allowed for the
miniaturization of the sensor since no pH electrode or columns were needed. However, the high
operating voltage of (+ 0.7 V vs Ag/AgCl) required for the hydrogen peroxide sensors necessitated
new developments for long term and in vivo testing, since many interferants in biological samples
would oxidize at this voltage.
Glucose  Gluconolactone
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Glucose Oxidase ~ Membrane
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Figure 1.6 A graphical representation of the model 23 Y'SI glucose biosensor.

It is now common to classify these electrochemical sensors in different “generations”, of
which the electrochemical sensors described above are 1% generation glucose sensors; meaning
that they rely directly on the sensing of oxygen concentrations before and after use, or on the

oxidation/reduction of the products of the GOx/Glucose reaction directly (Scheme 1.2)°. These

First-Generation Enzymatic Sensor

Glucose
Products
Electrode

Scheme 1.2 How first-generation enzyme based electrochemical glucose sensors pass electrons to
an electrode surface.



electrodes work great in theory, however the physiological concentration fluxuates causing errors
in the glucose determination due to oxygen deficits. Given that these products can also oxidize at
high voltages these 1%'-generation sensors are prone to interference by many biological molecules.
These difficulties spurred the development of a new approach to enzymatic glucose sensing.
Second-generation glucose sensors replaced the oxygen/hydrogen peroxide redox couple
with a catalytic redox mediator that interacts directly with the active site of the enzyme (Scheme
1.3). These mediators outcompete the oxygen in their ability to bind to the active site and
reversibly switch between two states, making them catalytic. The mediator is needed to pass the
electrons to the electrode because the FADHj site is buried in the middle of the enzyme, and the
mediator can diffuse into and react directly with the FADHj site that is protected from the electrode
surface. The use of these mediators allowed for lower operating potentials and fewer endogenous

electroactive interferents like ascorbic acid, some drugs, and uric acid. Many effective mediators

Second-Generation Enzymatic Sensor
Gluconolactone
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Scheme 1.3 A representation of how second-generation enzyme-based electrochemical glucose
sensors pass electrons to an electrode surface.

have been found including ferrocyanide, ferrocene derivatives, methyl viologen,
tetracyanoquinodimethane, tetrathiafulvalene and methylene blue'®!®. While the first of these,
ferrocyanide, was found in 1970, mediators were not rapidly included into commercial devices.

The second generation mediators were put into a commercial sensor for the first time with a screen



printed electrode using glucose dehydrogenase and a ferrocene derivative as a mediator to produce
the first “on-the-go, pen-sized” glucose sensor!®, dramatically changing the lives of millions of
diabetics.

Because of the highly efficient electron transport from the GOx to the electrode, second-
generation type electrodes have historically been among the most sensitive enzymatic sensors
developed. To allow this, many different strategies for enzyme and mediator immobilization on
electrode surfaces have been developed to produce second-generation enzymatic glucose sensors.
The immobilization matrices used are usually hydrophilic in order to allow for the diffusion of
dissolved molecules through the gel. However, in our group’s experience this causes them to be
susceptible to delamination from material swelling forces. Second-generation sensors also rely on
the passing of electrons through an electron mediator, requiring a step down in voltage between
the enzyme and the mediator and the mediator and the anode, lowering the voltage generated by
this system each step of the way. These problems necessitated research into a new approach to
enzymatic sensor development, and more recently more research has been focused on a third
generation of enzymatic and non-enzymatic glucose sensors®.

In the 1990°s, third-generation biosensors were developed that rely on the direct transfer of
electrons from the enzyme to the electrode surface (see Scheme 1.4). While often referred to as

mediatorless sensors, they have relied on the use of a layer of conducting organic salts such as

Third-Generation Enzymatic Sensor
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Scheme 1.4 How third-generation enzyme-based electrochemical glucose sensors pass electrons
to an electrode surface.
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tetrathiafulvalene-tetracyanoquinodimethane (TTF-TTCNQ)? that has long thin crystals to
conduct electrons from the enzyme to the electrode surface. These have been shown to work with
pyrrole-quinolinequinone-based enzymes such as glucose dehydrogenase. Electrodes have also
been assembled with carbon nanotubes and other nanoparticles functionalized with FAD and
treated with the apo-enzyme to wire the active site of the enzyme directly to the electrode?!. While
these electrodes have good selectivity, they have lower sensitivity and accuracy than second-
generation glucose sensors. However, the direct electron transport from the enzyme to the
electrode eliminates the need for a hydrogel immobilization material, alleviating the matrix
swelling and disintegration problem and allowing for the production of more robust sensors. While
the direct electron transfer from the enzyme to the electrode surface generates a larger voltage than
second-generation sensors, the monolayer nature of these electrodes leads to small current outputs
from these sensors, yielding a lower sensitivity to glucose concentration.

Nonetheless, these more stable third-generation sensors have led to the production of
needle electrodes incorporated into the first “continuous glucose monitor” (CGM) made by
Medtronic MiniMed, which was approved by the FDA in June 1999%>. While these devices offer
a dramatic increase in quality of life and patient health, they are not truly continuous but take
measurements of the sub-cutaneous glucose levels every few minutes. These measurements of the
interstitial glucose levels (as opposed to blood-glucose concentrations) correlates to blood glucose
levels®, however, they require a prompted pin prick test with a second-generation glucose sensor
to confirm out-of-range glucose readings. These third-generation monitors have also been used in
tandem with wearable insulin pumps for immediate and efficient treatment of glucose
irregularities. While these subcutaneous glucose monitors are a dramatic improvement over pin

prick only testing, they are costly, and only currently last 12-14 days before needing to be replaced.
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Since blood glucose monitoring is still needed with these CGM devices, the holy grail of CGM
would be to produce an electrode with high stability, selectivity, sensitivity, and blood
biocompatibility, all of which have been displayed in the second-generation glucose sensors except
for stability. In addition to this, the second-generation glucose sensors have much higher
amperometric output, giving them some potential utility as anodes in electrochemical biofuel cells
which could also power an insulin pump. This combination of sensor and fuel cell could be used
as a stand-alone artificial pancreas device.

While it is generally clear which generation a particular sensor belongs to, there are some
that are still not well understood. For example, in 1964 a potentiometric glucose sensor was made**
that was assumed to be a first generation sensor, as it was found a mere 2 years after the first
amperometric glucose sensor was outlined by Lyons and Clark in 1962'?. This sensor relied on a
redox reaction between iodide and the H>O> produced in the oxidation of glucose by GOx as seen
outlined in Figure 1.6. This redox chain was thought to be the means of the production of iodine
in this system and the resulting catalytic current. In fact, since this sensor was first developed
there have been iterations of sensors and biofuel cells relying on the production of iodine from this
reaction with hydrogen peroxide in order to function. These typically are colorimetric sensors that

rely on the iodine oxidizing an indicator/electrode or complexing with starch to show the glucose
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Figure 1.6 Postulated electron transport chain from glucose to an electrode through GOX,
oxygen/hydrogen peroxide and iodide/iodine redox couples.
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concentration of the solution® 2>-26

. While this reaction between the iodide and hydrogen peroxide
certainly takes place, the possibility that the iodine was being reduced directly by the GOx was not
considered as a way that the electrons could move from the enzyme to the electrode surface since
there were no known second-generation sensors at the time. Even today the question remains;

could the iodide be acting like a second-generation redox mediator and directly oxidizing the

FADH, active site?

1.3 Second-Generation Stabilization Strategies

1.3.1 Bulk Material Crosslinking

In order to be considered for real time in vivo testing, a glucose powered bio-electrode must
have both the enzyme and the mediator immobilized on the surface of the electrode to prevent
inactivity from either the GOx or mediator diffusing away from the electrode, as well as to prevent
the leaching of potentially toxic redox mediators into the blood stream. The first fully immobilized
enzyme and mediator electrode was made by Heller’s group with a poly(vinylpyridine)-osmium
bipyridine copolymer (see Figure 1.7)*’. This material was deposited on an electrode surface by
dipping in a highly saturated solution of the polymer, and the GOx was deposited on the electrode

by its inherent adsorption onto the redox polymer surface. Given this, it can be assumed that this

material would eventually dissolve in whatever aqueous media it was measuring, severely limiting

NH,

Figure 1.7: The first redox polymer used to immobilize GOx on an electrode surface in a second-
generation glucose sensor.
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the lifetime of this type of sensor. In order to overcome this problem, crosslinking of the polymer
on the electrode surface could be carried out.

To keep all of the components (the polymer matrix, redox mediator and GOx) on the
electrode, the immobilization of GOx with the matrix without the loss of its function is necessary.
This keeps the GOx in proximity of the electrode, minimizing the amount of material needed for
the construction of these electrodes. Heller and Guilbault demonstrated the covalent attachment
of a ferrocenyl group to the protein shell of the GOx, and showed that GOx could be functionalized
and covalently crosslinked into a polymer matrix without loss of enzyme function!'>?7. It is also
important to identify the best materials from the long list of potential mediators, enzymes, and
polymer matrices for the construction of these electrodes.

As previously stated, the immobilized material must be durable, biologically inert, and
water permeable to allow for the diffusion of glucose through the material. Further, the mediator
must be electrochemically stable over many cycles, non-toxic, and able to interact with the GOx
reactive center and transfer electrons to the electrode surface. Initially the materials used in these
sensors were lacking in water solubility, which has led to their replacement with other materials
such as chitosan and polyethylenimine (PEI). These materials have been functionalized with many
mediators including osmium complexes, manganese and chromium sandwich complexes,

28,29,30

naphthoquinone, and a few different functionalized ferrocene mediators Some of these

electrodes even included the use of an assortment of gold nanoparticles and carbon nanotubes to

wire the enzymes to the electrode surface!® 3133,
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The Glatzhofer group has used ferrocene-functionalized PEI to study the basics of
enzymatic glucose biofuel cells***. Originally the Glatzhofer group used the cheaper and widely
used branched-PEI (BPEI) functionalized by reductive amination with ferrocenecarboxaldehyde*’.
The amines in this material, when mixed with ethylene glycol diglycidyl ether (EGDGE) and GOx,
will react with the epoxides of the EDGDE and crosslink the PEI around the GOx and entrap it
within the electrode material (see Figure 1.8). These work well until the BPEI, upon absorbing
water under use, will swell and eventually delaminate from the electrode, deactivating the
electrode. The crosslinked BPEI molecules can be described as “fuzzy caterpillars” that have more
hydrophilic primary amine domains on the outside surrounding tertiary amines in its core, leading
to inhomogeneous swelling and high stress points on the crosslinks between polymer molecules.
It was then shown that linear-PEI (LPEI) outperforms the BPEI in these electrodes, producing a

current density of ~480 pA/cm? at saturating glucose concentrations*!.
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Figure 1.8 Crosslinked electrodes entrapping GOXx, constructed using EGDGE and PEI.
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The use of ferrocene carboxaldehyde to functionalize the PEI (LPEI and BPEI) in these
electrodes resulted in a one-carbon linker between the ferrocene and the polymer matrix, giving
them a short diffusion range from the polymer backbone (first structure in Figure 1.9). As
mentioned earlier, the mediator needs to penetrate the enzyme and interact with the FADH; active
site inside the enzyme. Therefore to improve performance further, ferrocene mediators with three-
and six-carbon linkers to the LPEI (see Figure 1.9) were developed and incorporated into the
biosensor®® and compared to the one-carbon linker. The three-carbon link from the ferrocene to
the LPEI performed the best, producing ~1 mA/cm? compared to ~800 and ~600 pA/cm? at
saturating glucose concentrations for the one- and six-carbon links, respectively. The 3-carbon
linker was also shown to be more stable to continuous cyclic voltammetry than the other two
mediators. While this improvement was a step in the right direction, more stability was needed

for these electrodes to be commercially viable.

Figure 1.9 comparison of one- (Fc-C1-LPEI), three- (Fc-Cs-LPEI), and six-carbon (Fc-Ce-LPEI)
linker between ferrocene and the PEI polymer.

In order to improve this sensor, single walled carbon nanotubes (SWCNTs) were
incorporated to effectively wire the enzyme to the electrode surface electrically. While the
nanotubes had a dramatic effect on the current density (increasing it to 3 mA/cm?) they did not
dramatically change the stability of the films, which retained 67% of their original current after 24
hours of operation as a sensor at 0.4 V compared to 55% without any SWCNTs added**. Given
these materials’ lack of stability our group decided to look for a more stable electrode construction

technique to produce enzymatic GOx biosensors.
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These surface crosslinked electrodes still would swell and as a result, delaminate from the
surface of the electrode, causing a large decrease in activity after a day of CV cycling. The time
and material needed to make these electrodes was also somewhat high. The negative attributes of
these crosslinked electrodes were sidestepped by the Glatzhofer group when they produced their

first layer-by-layer (LBL)*">*° constructed bioanodes using Fc-LPEI and GOx materials.

1.3.2: Second-Generation Stabilization Strategies, Layer-By-Layer Construction

Several groups have investigated using LBL techniques to construct electrodes****. The
Glatzhofer group did this using cystamine to attach the material covalently and electrostatically to
gold surfaces (see Figure 1.10). This cystamine provides amines that are mostly positively charged
and can electrostatically attract the negatively charged surface of the GOx. The GOx in these
electrodes was modified using sodium meta-periodate to oxidize residual sugars on the GOx
surface, introducing aldehyde functional groups (p-GOx)*. The nitrogens of the ferrocene-
modified LPEI provide another layer of positively charged material and can also react with the
aldehydes on the surface of the p-GOx, making a crosslinked network built up by successive
dipping in solutions of each material (see Figure 1.10). With this system it has been easy to test a
number of basic properties related to these ferrocene-mediated GOx glucose sensors. These
electrodes produced ~1.4 mA/cm? at saturating glucose concentrations and 59 pA/mM cm? at 5
mM glucose concentrations (physiological range)*’. However, these electrodes still had a large

decrease in activity after a few hours of use. This was largely attributed again to the delamination

of the electrode material as much of the ferrocene was not present on the electrode, as measured
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by cyclic voltammetry after use. Therefore, more development of covalent attachment methods

for the electrode surface is needed to optimize the stability of these enzymatic glucose sensors.
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Figure 1.10 The cystamine first layer electrode of a LBL-fabricated glucose-sensing gold
electrode.

1.4 Electrochemical Biofuel Cells

1.4.1 How Electrochemical Biofuel Cells Work

Because the sensors discussed above generate a potential that can drive an electric current,
they can be utilized as anodes in biofuel cells. These fuel cells and sensors can be understood from
a few basic principles. In order to outline the basics of a fuel cell better it is useful to illustrate this
with a simple hydrogen/oxygen fuel cell as shown in Figure 1.11. This is the diagram of a fuel
cell that oxidizes hydrogen to protons at the anode and reduces oxygen to water at the cathode

while passing electrons through a circuit between the electrodes. These electrons traveling through
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the circuit can be used to do work, thus transforming the energy contained in the chemical bonds
into useful electrochemical energy. The amount of energy this circuit produces can be calculated
using the Gibb’s free energy relationship for electrochemical processes, (expressed in Equation
1.4) shown below where AG,;; is the amount of energy available in the cell to do work in kJ/mol,
n is the number of electrons transferred from the anode to the cathode through the circuit, F
(Faraday’s constant) is the magnitude of charge of one mole of electrons, and Ec.n is the potential
of the cell. This Ecen can be found (Equation 1.5) by taking the voltage of the half reaction
occurring at the cathode (Ecamode) and subtracting the potential of the half reaction at the anode

(Eanode). For a hydrogen/oxygen fuel cell that has an Ecenn of +1.23V, the Gibbs free energy is -237

Equation 1.4 AGeo = —nFEq,; Gibb’s Free Energy
qu]ation 1.5 ECQ” — ECathode - EA‘JIOdE - +1.23V — 0V =1.23V
2e’

NHE = 0.00V
H,

Anode | Cathode
Figure 1.11 A basic hydrogen/oxygen fuel cell.
kJ/mol.
The experimental voltages (V, in volts) obtained can be multiplied by the current produced
(I, in amperes) to obtain the power (P, in Watts) output of the fuel cell. Fuel cells can be scanned
from the open circuit potential (the potential with infinite resistance and no current flowing) to the

limiting current (no resistance) by changing the resistance (R) of the circuit, and the resulting plot
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generated is called a polarization curve. These polarization curves can be multiplied by the voltage
to generate a power curve (Figure 1.12). The power curves are important in fuel cell

characterization since they indicate the amount of power that can be obtained from the fuel cell at
Equations for Power Curves
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Figure 1.12 An example of a polarization curve of a fuel cell and its corresponding power curve
obtained from electrodes made in Chapter 3.

a given potential, and what that potential is.

Electrochemical fuel cells work on the same principals as any chemical or combustion fuel
cell; the transformation of molecules from high energy starting materials to lower energy products
while extracting the energy from the changes in chemical bonds to do work. Fuel cells rely on
energetic molecules interacting with metal electrode surfaces, building up charge (voltage) and
transferring their electrons and energy from one electrode to the other through the wire connecting
them. The molecules interacting with the electrodes must be close to or touching the electrode
surface, which is why the buried GOx active site is usually coupled to the electrode surface with a
mediator that can diffuse between the inaccessible active site and the electrode surface. There
must be a drop in potential from the GOx active site* (see Figure 1.133°) to the mediator for the

electrons to move to the mediator, and then to the electrode. It is desirable to match the mediator
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redox potential with the FADH; potential in order to produce higher voltages between the cathode

and the anode and produce more energy.
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Figure 1.13 A ferrocene (Fc) mediated glucose biofuel cell with a bioanode poised against an
oxygen breathing cathode. All voltages are shown vs SHE.

There are many types of fuel cells with all kinds of advantages and disadvantages. The
advantage of using a glucose powered fuel cell is that the fuel is abundant, renewable, the product
of the fuel consumption is completely non-toxic, and there is the potential for implantable
electronic devices with no battery that would need replacing. It also has an advantage over the
hydrogen/oxygen fuel cell in the sense that there is no need for the storage of explosive gases since
the anode is powered by a water-soluble fuel, and the cathode from oxygen in the air. This glucose
biofuel cell concept is pictured in (Figure 1.13) as a second-generation GOx bioanode poised
against a platinum air breathing cathode. While the theoretical Eceil of the glucose/oxygen fuel cell
would be a staggering 1.43 V, the passing of electrons stepwise through the GOx and ferrocene
mediator results in a potential loss between the two electrodes to 0.68 V which comes out to 66
kJ/mol. This potential drops further given the fact that the oxygen cathode is pH dependent, and
the observed potential will be significantly lower than the theoretically 1.23 V due to neutral pH
of this particular GOx system (the platinum electrode works best at low pH). Implanted biofuel
cells must use dissolved oxygen and operate at a pH of 7.35-7.45, since this is the pH of the human

body.
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Biofuel cells with biofueled anodes and cathodes have been constructed, removing all need
for any gas electrodes. These biofuels could potentially contain a large amount of energy; however,
the fact that they must be dissolved in water significantly lowers the energy density of these fuels.
For example, GOx typically reaches its Vmax around 0.1 M glucose in our group’s electrodes,
leading to a large decrease in energy density of these fuels when compared with pure liquids and
gases. While this doesn’t matter in implanted fuel cells since the blood-glucose concentration is
roughly 4-15 mM, it is a real problem in all other enzymatic fuel cell applications where fuel
concentration is not limited by biological constraints. For fuel cells that are not in living
organisms, selectivity and pH can largely be ignored, therefore non-enzymatic glucose biofuel
cells are more popularly explored as an alternative to enzymatic glucose biofuel cells when glucose

sensing is not in consideration.

1.4.2 Non-Enzymatic Glucose Sensors and Fuel Cells

While non-enzymatic glucose biosensors can be highly sensitive to glucose, they generally
lack the substrate specificity of an enzyme. This makes them a bad choice specifically for sensing
glucose in the human body or any other biological sample where many different oxidizable
molecules can be present. However, the non-enzymatic electrodes have many advantages over
enzymatic electrodes in fuel cells. For example, GOx has a relatively low substrate saturation
concentration, limiting the output current that can be achieved in these systems, while non-
enzymatic systems have greater promise in accommodating larger concentrations of glucose
without their current plateauing. This is due to the need for the substrate to diffuse into the enzyme
active site, whereas a non-enzymatic reaction site is often a surface or redox-active molecule. GOx
can also only oxidize glucose to gluconolactone (extracting 2 electrons) and needs an enzyme

cascade to completely oxidize gluconolactone to CO, and produce 24 electrons*’. Enzymes are
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also susceptible to denaturing under unfavorable pH conditions, high heat, or after long use. These
disadvantages can be sidestepped in fuel cells by removing the enzyme from the cycle all together.

Some non-enzymatic systems have been reported to oxidize glucose (see Scheme 1.5),
extracting all 24 electrons and producing only water and carbon dioxide. The theoretical energy
output of these electrodes 4430 W hr/kg*®. While the energy density (assuming working near the
solubility limit of 909 g/L) is about 1/3 that of gasoline (9700 W hr/L) this would be an ideal cheap
energy source for many applications. With current technologies it would also take a very large
surface area electrode, as well as many fuel cells in series and parallel, to extract this energy
quickly enough to compete with the power of an internal combustion engine. However, such

glucose fuel cells could be looked at as a renewable cheap energy source for many other stationary

applications.

CGH12OB + 24 OH" = O 002 + 18 H2O + 24 e Anode
6 O, +12 H,O +24 € = 24 OH" Cathode
CgH120g + 6 O, > 6 CO, +6 H,O Overall

Scheme 1.5 Electrochemical equations for the non-enzymatic polyviologen fuel cell and the
overall reaction of the cell.

Non-enzymatic glucose biofuel cells have been made using many different materials, from
nanoparticles to surfaces to organic redox mediators>* #-°, Many of these fuel cells use cobalt,
copper, nickel or gold nanoparticles, complexes, nanowires and more. While these electrodes are
not generally as selective as enzymatic electrodes, some of them have very linear amperometric
plots with respect to glucose concentration and are extremely stable, some being reported stable

after two months of use. While nanoparticles are great for use in fuel cells, they often are difficult

23



to fabricate, expensive, and are reported to be extremely toxic®!, so any long-term use of these in
vivo would need to be tested extensively before use due to their biological accumulation over time.
In 20132 it was reported that methyl viologen, a common 2™ generation GOx mediator>® (see
Figure 1.14), containing solutions were able to oxidize glucose without GOx present at elevated
pH. While it is not practical for use in a biological system since the methyl viologen is toxic and
not selective for glucose, and the cell was held at a high pH, these results are promising for the
production of extremely cheap organic glucose fuel cells that could potentially run with high

glucose concentrations.

Viologen Redox Activity

D-Glucose
©
_0 O._OH
o H._O

H——OH SOH H——OH 0. ®

1 1 -2 -2H° HO——H 0 o_®
HO H —_ HO H » BN + m 26" -2H
H—oOH 9 H——OH H——OH oH — > CO,
—_ “OH —+ H——OH

H——OH H——OH

“OH OH OH

Repeat Process for each aldose unit

Figure 1.14 Electrochemical reduction of a viologen unit shown with its oxidation of D-glucose to
show how 4 electrons are taken from each aldose unit.
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1.4.3 Polyviologen Glucose Biofuel Cells

Since methyl viologen (paraquat) is an environmental toxin, it is important to control the
material and to use as little of it as possible. The simplest way to do this with viologen electrodes
is to polymerize the viologen on the electrode surface (Figure 1.15). Because of their electrical
conductivity and ease of fabrication, our group has used polyviologens as an organic catalyst to
oxidize glucose, potentially all the way to carbon dioxide and water>*. Polyviologens can be made
by reductive electropolymerization of poly(4-cyanopyridinium) compounds using a cyanide
leaving group to clip two pyridinium rings together and form polyviologens. The viologen glucose
fuel cell works most efficiently under high pH conditions due to a dependency of the process on
the concentration of hydroxide ions. This abundance of hydroxide anions can lead to the oxidation
of the viologen moieties, degrading the electrode’s ability to oxidize glucose. The viologen
moieties also have a strong tendency to dimerize due to the strong interaction between pi orbitals,

also deactivating their catalytic capabilities. This has led to the need to develop and use other
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Figure 1.15 The molecules used, and the polymer produced for the polyviologen non-enzymatic
glucose-fueled anode.
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mediators, or to find a way to protect the viologens from dimerization or oxidation by hydroxide

while still allowing them to oxidize glucose.

1.5 Project Goals

1.5.1 Determination of lodide’s Mechanistic Interaction with Glucose Oxidase and Ferrocene

As discussed in Chapter 1.2, the accepted mechanism of mediation of GOx by iodide
involves an indirect chain of reactions with glucose oxidase oxidizing glucose to gluconolactone,
and then in turn passing those electrons on to oxygen reducing it to H>O», and finally this H>O»
oxidizing iodide to iodine. In studying the interaction of glucose oxidase and ferrocene-based
mediators, our group has produced water soluble ferrocene salts. Using these salts, the kinetics of
the electron exchange between the glucose oxidase and the ferrocene mediator were studied and
were found to be consistent with two ferrocenes bound by each glucose oxidase enzyme®>. In the
course of these studies, one of the mediators used was the ferrocenylmethyl-N,N,N-
trimethylammonium iodide (FCTMALI) salt (see Figure 1.16) and it was found that the ferrocene
and iodide redox potentials were within 0.15 V of one another using cyclic voltammetry. This
means that the redox processes are close enough in potential that they can interfere with one

another, and in practice the iodide appeared to amplify the catalytic current of the ferrocene in the
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Figure 1.16 Water soluble ferrocene salts used to study ferrocene’s interaction with GOx.
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presence of GOx and glucose. Therefore, the iodide salts were replaced with chloride and tosylate
salts for these studies. However, these findings led us to question the exact mechanism by which
the iodide mediates electron transport from the enzyme to an electrode or to a colorimetric
indicator.

In Chapter 2, the mechanism by which iodide mediates electron flow from GOx is
examined. Experiments show that the function of a sensor with iodide as a mediator is not inhibited
by the removal of oxygen from the system. Michaelis Menten curves using sodium iodide as the
mediator after purging with N> and air, respectively, were made and statistical differences between
the two were not found. These results indicate that the iodide mediates without the help of the
02/H20> redox couple and is consistent with the idea that it may go through a process similar to
the ferrocene mediators. Chapter 2 details these studies showing that iodide can mediate GOx on

its own.

1.5.2 Carbon Disulfide Modified LPEI

Our group has constructed many efficient glucose biosensor and biofuel anodes using
ferrocene modified PEI and GOx>® 33-3% 41-42.56-58 - Jsing methylated and chlorinated ferrocene,
the tunability of the voltage output of these devices has been demonstrated. Improvements of
current output by incorporating carbon nanotubes into the polymer matrix have also been shown.
At the time of their publication, these anodes had among the highest power and current outputs of
known biofuel cells and produced some of the most sensitive amperometric sensors based on the
use of GOx oxidizing glucose. However, because of the drawbacks of crosslinked anodes, namely
the long curing times, poor controllability of the crosslinking reaction, and most importantly, the

material delamination issues these anodes experience, the use of layer-by-layer (LBL) electrode
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fabrication techniques has been studied using ferrocene modified LPEI (Fc-LPEI) as a
mediator/matrix.

The LBL assembly technique using materials pioneered by our group takes advantage of
two structural properties. The first is the opposite polarity of our polymer backbone and enzyme
GOx. The polymer LPEI has many amine units and when dissolved in water it becomes positively
charged and is attracted to the GOx that naturally has a negatively charged surface at neutral pH’s.
The second factor is that the saccharide-coating of the GOx outer layer chemical is oxidized with
sodium periodate. This oxidation produces many aldehyde functional groups that are then
available for crosslinking with the nucleophilic amines of the polymer backbone. These factors
lead to both the electrostatic attraction between the two materials and their subsequent covalent
crosslinking and allows for the sequential addition of layers of material to the electrode surface as
a covalently crosslinked gel made of PEI and GOx. These electrodes originally used cystamine
dihydrochloride to produce an initial layer of positively charged amines on the surface of a gold

electrode (see Figure 1.17) to build the rest of the electrode on. Since the production of these LBL

Figure 1.17 A multilayer Fc-LPEI based enzymatic electrode shown with Fc randomly dispersed
in the material.
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fabricated anodes, adjusting the tether length (from 1 to 6 and finally to 3 carbons) between the
ferrocene groups and polymer backbone has led to high current density electrodes being fabricated
extremely quickly and efficiently using LBL methods. Impressively, these electrodes, fabricated
using a negligible amount of material, have roughly one half*® (1.4 vs 3 mA/cm?) of the current
density when compared to the best bulk material crosslinked electrodes with CNT incorporation*?
produced by our group. However, these LBL constructed bioanodes still suffer from many of the
lack of stability problems experienced by the bulk crosslinking method, likely from material
delamination and enzyme deactivation through denaturization.

The first layer of these LBL constructed bioanodes utilizes cystamine dihydrochloride to
produce a layer of cationic amines on the surface of a gold electrode and lay down the initial layer
upon which the rest of the electrode is built. While sulfur makes a strong bond with the gold surface
and the amine provides an anchoring point for the GOx, this does not contribute to the function of
the bioanode. In fact, it adds a layer of insulating material between the electroactive components
and the electrode surface. It is our hypothesis that by modifying this first layer of the electrode
material to be electroactive, better and more stable glucose sensors could be made.

Amino groups are able to form strong bonds with CO> and PEI has been proposed as a
cheap and efficient material to capture and sequester carbon dioxide from the atmosphere™ (see

Scheme 1.6). This reactivity of amines with carbon dioxide is mirrored by reaction with its cousin

PEI PEI SH

Scheme 1.6 A The reaction of PEI with CO; and CS..
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carbon disulfide to form dithiocarbamate moieties. These dithiocarbamate groups have been used
to immobilize DNA and lipid chains on gold surfaces®*-¢!. In Chapter 3, the first LBL anodes using
carbon disulfide substituted Fc-LPEI were constructed and studied with differing substitution
amounts of both ferrocene and carbon disulfide substitution (see Figure 1.17). The effects of
dipping pH and dipping time were also studied. The results show that these electrodes produce
much higher current densities with lower numbers of layers and the same amount of current density
at higher numbers of layers. These results indicate that the initial layer can greatly impact the

overall performance of the sensor/fuel cell.

1.5.3 BPEI in LBL Glucose Biosensors

Because it is cheap, BPEI is widely available and was the first material used in our group’s
crosslinked glucose bioanodes. However, due to the non-homogeneous domain structure forming
stress points between individual BPEI domains our group switched to using LPEI for a more
cohesive and homogeneous polymer network with more crosslinks between different LPEI
molecules. This difference can be thought of as the difference between gluing a bunch of footballs
together versus gluing a network of string together. The LPEI forms a more cohesive network that
resists breaking apart upon swelling when submerged in water while in use for long periods of
time. For this reason, we initially used LPEI for our LBL constructed bio-anodes. However, BPEI
contains about 25% primary amines on its outer periphery and it is our hypothesis that the way
these “fuzzy caterpillar”-like molecules are deposited in a LBL construction leads to concentrated
channels of ferrocene and GOx in the BPEI matrix efficiently wired to the electrode surface with
very few inaccessible enzymes (Figure 1.18). In Chapter 4 the development of the first LBL

constructed CS,-Fc-BPEI/GOx/Fc-BPEI bioanodes is presented. These anodes were found to have
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the highest current and power densities and sensitivity to glucose concentration of any of the LBL

constructed bioanodes made by our group.

Fc

Fc Fo

Fc

Ferrocene Lined BPEI

Figure 1.18 A multilayer Fc-BPEI based enzymatic electrode shown with ferrocene and GOx
concentrated between the BPEI polymer cores.

1.5.4 Polyviologen Non-Enzymatic Glucose Biofuel Cells

Novel solution biofuel cells utilizing methyl viologen mediators have recently been
developed that can oxidize glucose under basic conditions™. Theoretically, these fuel cells should
extract 24 electrons per molecule of glucose in the system and up to 70% of these electrons have
been extracted experimentally. This is extremely promising for the goal of producing high energy
density biofuel cells. While methyl viologen interacts well with glucose under basic conditions, it

can oxidize in the presence of hydroxide (Figure 1.19) and is also toxic, which presents a waste
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Figure 1.19 Encapsulation of viologen moieties protects them from oxidation under basic
conditions.
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problem. Since it would be difficult to separate the viologen from the glucose solution and
regenerate the catalytic activity of the solution, using this mediator would cause a huge toxic waste
problem and is not viable as a periodically replaced catalyst for the production of power from
glucose in the long term.

While methyl viologen is a dangerous, water-soluble, environmental toxin, polyviologens
that can be placed directly on an electrode surface to catalyze the oxidation of glucose avoids most
of the problems involved in the environmental dangers of methyl viologen. This could also allow
for the use of much less material than in solution biofuel cells where the methyl viologen to glucose
ratio in the most efficient glucose fuel cells is 8:1. The concentration of viologen in a polymer on
the electrode surface allows for a high local viologen to glucose ratio and high oxidation efficiency
with minimal material. Our group has produced polyviologen fuel cells through the
polymerization of para-cyanopyridinium salts on electrode surfaces>*. The polymerization of the
cyanopyridinium salts has been performed with a tris-pyridinium mesitylene salt to introduce
branch points for a more porous polymer matrix to allow more surface area for the glucose to
interact with the viologens (see Figure 1.15). The use of cucurbit[7]uril (CB7) as an encapsulation
agent has also been shown by our group to insulate the vulnerable viologen units from the basic
solution in these fuel cells (Figure 1.19). While the composition and concentrations of the
monomers in the polymerization have been optimized, it is still unknown what the best method of
polymerization in the production of these materials is.

In Chapter 5 the polymerization of these monomers is studied using constant potential,
cyclic voltametric, and pulsed voltage techniques. These electrodes were tested for catalytic
activity to determine the best method of polymerization. The stability of these electrodes was

tested and the current and power densities were determined. The process was also repeated on

32



high surface area carbon felt electrodes. This polyviologen material represents an important
development in the field of non-enzymatic organic glucose biofuel cells and presents a promising

path forward to further this research.
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2. Mediation of Glucose Oxidase Oxidation of Glucose by
Iodide

2.1 Introduction

Glucose oxidase (GOx)-based glucose sensors have developed in a variety of ways
throughout their history!, and the different types of sensor systems are often classified by reference
to three glucose sensor “generations”. First generation glucose sensors rely on the detection of
oxygen or hydrogen peroxide (precursors or byproducts of the GOx/Glucose reaction), while
second and third generation sensors rely on a mediator to replace or augment the oxygen/hydrogen
peroxide redox couple’. The iodide/iodine redox couple has been used as an auxiliary mediator
system for GOXx in glucose sensors since the 1960’s>’. Current and past literature holds that the
iodide is oxidized to iodine by the hydrogen peroxide produced by reduction of oxygen by GOx,
which is reduced as it oxidizes glucose (see Figure 2.1)%?. The iodine thus produced can be reduced
back to iodide at a cathode of appropriate potential and functions as a key component in the
catalytic redox cycle with glucose oxidase. The iodide is described as an auxiliary mediator since

it interacts with the by-products of the reaction and not the GOx FADH: site itself. This
OH
H O’d Glucose Oxidase (FAD) 0, 217
1e, o
HO¥ Y Yo
OH
OH
HO,,, o
Glucose Oxidase (FADH,) H,0, I
HOY Y~ YOH
OH
Figure 2.1 Postulated electron transport chain from glucose to an electrode through GOX,
oxygen/Hydrogen peroxide and iodide/iodine

Electrode
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mechanism appears reasonable, and because second-generation sensors were not developed until
the 1980’s, it has just been generally accepted that iodide mediates indirectly through a redox
reaction with H20,'°. Todide has even been used to “trap” damaging hydrogen peroxide generated
in a biofuel cell'!, based on the assumption that iodide functions only by reaction with the hydrogen
peroxide.

Our group has used ferrocene-modified polymers to assemble a variety of 2" generation
glucose sensors'?!8, During research on these materials, it became important to study how the
ferrocene was binding to the enzyme through the use of small molecule ferrocene analogs'®. For
these studies, water soluble ferrocenylmethyl-trimethylammonium iodide and tosylate (FcTMAI

)19—20

and FcTMATos, respectively salts were synthesized using known synthetic routes (Figure

2.2). Ferrocene and its derivatives generally show single, one electron redox behavior. The
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Figure 2.2 Aminomethylation of ferrocene followed by a methylation as carried out in our lab
using a method established by Lindsay*®-%.

‘6

fundamental redox behavior of FCTMALI in a pH 7.0 aqueous phosphate buffer was studied using
cyclic voltammetry (CV) versus a saturated calomel electrode (SCE) and it exhibited two redox
waves at Ei2 = ca. 0.43 and 0.59 V (Figure 2.3), suggesting that both ferrocene/ferrocenium and
iodide/iodine redox processes are occurring. Because this behavior would potentially complicate

interpretation of the results of GOx-FcTMALI interaction studies, and to elucidate the relative
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contributions of the ferrocene moiety and the iodide to the overall redox behavior, FcTMATos was

synthesized to replace the redox active iodide with redox inert (under these conditions) tosylate

anions.

FcTmal
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Figure 2.3 Cyclic voltammogram of 2.5 mM FcTMAI in 50 mM phosphate buffer pH 7.0 scanned

at 50 mV/s using an SCE reference, a glassy carbon working electrode and a platinum wire counter
electrode.

The redox behavior of FcTMATos was studied under the same conditions as for FcTMAI
using CV and as expected, showed a single, reversible redox wave at E1»=ca. 0.40 V (Figure 2.4)

resulting solely from the redox behavior of the ferrocene moiety. In comparing the CV’s for

FcTMATos
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Figure 2.4 Cyclic voltammogram of 2.5 mM FcTMATos in 50 mM phosphate buffer pH 7.0
scanned at 50 mv/s using an SCE reference, a glassy carbon working electrode and a platinum wire
counter electrode.
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FcTMALI and FcTMATos (Figure 2.5), two features immediately stood out. The first was that the
peak oxidation potential for the FcTMATos was ca. 30 mV lower that of the FcTMAI, and the

second was that the current response of FcTMAI was significantly greater than that of the
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Figure 2.5 Cyclic voltammograms of 2.5 mM FcTMATos (yellow) and 1mM FcTMAI (Red) in
50mM phosphate buffer pH 7.0 scanned at 50 mv/s using an SCE reference, a glassy carbon
working electrode and a platinum wire counter electrode.

FcTMATos at the same concentration. These observations suggested that the
ferrocene/ferrocenium redox peaks overlap with iodide/iodine redox peaks under these conditions.
On closer inspection, the ferrocene oxidation peak can be seen as a small shoulder on the first

iodide oxidation peak (Figure 2.5) but is nearly completely obscured. To verify this, a CV was
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Figure 2.6 Cyclic voltammogram of 2.5 mM Nal in 50 mM phosphate buffer pH 7.0 scanned at
50 mV/s using an SCE reference, a glassy carbon working electrode and a platinum wire counter
electrode.
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obtained for sodium iodide under the same conditions and is shown in Figure 2.6. The sodium
iodide exhibits two redox waves and is remarkably similar in appearance to that of FCTMAL
Indeed, since the CV’s for FcTMAI FcTMATos, and Nal were all taken at the same concentrations
and under the same conditions, simple numerical addition of the responses for the FcTMATos (Fc
redox only) and Nal (iodide redox only) results in a CV that is nearly identical to that of FCTMAI
(Figure 2.7).
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Figure 2.7 Cyclic voltammogram of 2.5 mM FcTMAI (Red) in 50 mM phosphate buffer pH 7.0
scanned at 50 mV/s using an SCE reference, a glassy carbon working electrode and a platinum
wire counter electrode compared to the numerical addition of the Nal and FCTMATOs
voltammograms collected under the same conditions.

At first glance, the appearance of two redox waves for the iodide may seem unusual, but it
has been observed before under specific conditions, resulting from electrochemical oxidation of
iodide (I') to iodine (I2), which further complexes with non-oxidized iodide to form triiodide (I3),
which oxidizes to iodine at a higher potential’!?2, The redox behavior of FcTMAI can therefore
be understood as a combination of processes occurring in parallel. In Figure 2.4 the FcTMATos
can be seen to have a very simple CV with the 1 electron ferrocene to ferrocenium oxidation peak

(Epa) at 0.433V (Equation 2.1) and the corresponding reduction peak (Ec) at 0.355 V (see Equation
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2.1). The difference in peak potentials (Epa-Epc) is 78 mV, and the ratio of peak currents (ipa/ipc) 1S
1.03, indicating good reversibility?*. The Nal and FcTMAI exhibit a far more complicated ECE
(electrochemical, chemical, electrochemical) redox behavior with 2 oxidation peaks for the I/l
and I37/I> couples with E12 values of 0.438 and 0.569 V respectively (see Equations 2.2 and 2.4)
and a chemical step in between them where iodide and iodine combine to form triiodide (Equation
2.3), and possibly small amounts of polyiodide species. This is especially apparent in comparing
Figures 2.3 and 2.6, the FcTMAI and Nal voltammograms. In the FcTMAI voltammogram (Figure
2.3) the ferrocene peaks can also be made out as shoulders on the first oxidation/reduction peaks,
skewing the Ei12 towards lower voltages; from 0.399 V for the Nal, to 0.383 V for the FcTMAI).
As discussed earlier, the FCTMALI (Figure 2.3) is roughly equivalent to the algebraic addition of
the FcTMATos (Figure 2.4) and Nal (Figure 2.6) voltammograms, but there are some small
differences (see Figure 2.7). However, these differences are mainly manifested in the second
peak, the shape of which varies with scan rate due to diffusion-controlled kinetics of the chemical

reaction step to produce the redox active triiodide species.

FcTMA — Fct +e” Eip=+0.394V Equation 2.1
217 - I, + 2e” Eijp=+0438V Equation 2.2
I+ L - I3 Equation 2.3
237 — 31, + 2e” Eip=+0.569 V Equation 2.4
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Because iodide and ferrocene have similar redox potentials, as seen in Figures 2.3, 2.4, 2.5

and 2.6, and any diffusion barrier to iodine species into and out of GOx would likely be small, the

question arises of whether the iodide/iodine couple can act in a similar manner to the

ferrocene/ferricenium couple in relation to the mediation of GOx (Figure 2.8).
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Figure 2.8 The commonly accepted transport chain from glucose to an electrode through GOx, and

Fc to the electrode surface, compared to iodine mediated electron transport.

also observed anomalous results in the current density of Fc-based/Gox glucose sensors in the

presence of iodide relative to controls. To the best of our knowledge, there has been no

investigation in the literature probing whether iodide can directly interact with the glucose oxidase

as a second-generation mediator. Since the ferrocene mediator used in our sensors should reduce

or eliminate the presence of H>O», this led us to test the hypothesis that the iodide/iodine couple is

able to function as a primary, rather than auxiliary, mediator for the electrocatalytic oxidation of
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glucose with GOx and act as a second-generation glucose sensor, not a first-generation sensor, as
has been assumed in the literature.

In this work electrochemical mediation by iodide of the enzymatic oxidation of glucose
using GOx was probed using cyclic voltammetry and coulombic amperometry, as well as being
visualized using polarization curves. This iodide mediation was studied with and without the
ferrocene moiety present, and in the absence and presence of oxygen by saturating the solutions
with air or N2. Nitrogen saturation should, in the case of a first-generation auxiliary mediation
mechanism, completely impede the sensor by removing the oxygen electron-scavenger, while the
presence of oxygen should either increase the performance of the sensor or have no effect. These
studies shown for the first time that iodide can act as a direct (second-generation like) mediator for

GOx oxidation of glucose.

2.2 Mediation of Glucose Oxidase using lodide

Electrochemical mediation of the oxidation of glucose by GOx was studied using CV of
the mediators with and without GOx present and under saturating sugar concentration (100 mM)
conditions. The simplest case is that of FcTMATos, which in the presence of the GOx and glucose

shows the oxidation peak of the ferrocene with no discernible reverse reduction peak (Figure 2.9).
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Figure 2.9 Cyclic voltammogram of 2.5 mM FcTMATos, 20 uM GOx and 123 mM glucose in 50
mM phosphate buffer pH 7.0 scanned at 50 mV/s using an SCE reference, a glassy carbon working
electrode and a platinum wire counter electrode.
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This occurs because the ferrocenium produced by oxidation at the electrode is immediately
reduced back to ferrocene by GOX’s FADH; center and thus is not available to be reduced in the
reverse potential scan. The oxidation peak is amplified relative to that of the FcTMATos alone
because the ferrocenium reduced by the GOx FADH> can immediately be oxidized again (and
subsequently reduced by the glucose/GOx multiple times), increasing the current until it reaches
an approximate steady state that is limited by reaction and diffusion kinetics.

A similar behavior can be seen using sodium iodide as the mediator, although analysis is
somewhat more complicated (Figure 2.10). The sodium iodide with glucose oxidase and glucose
present clearly shows a significant amplification of the first oxidation at ca. 0.5 V when compared
to the sodium iodide voltammogram (Figure 2.6). This indicates that the iodine produced by
oxidation of iodide at the electrode is getting reduced, at least partially, by the glucose/GOx and

these iodide molecules are then reoxidized to iodine by the electrode. The current amplification is
12

1.0
0.8+

0.6 4

04 T
02
04 . e

02

Current / 1e-4A

-04

T T T T T
0 0.10 020 0.30 040 050 0.60 0.70 0.80
Potential / V

Figure 2.10 Cyclic voltammogram of 2.5 mM Nal, 20 uM GOx and 123 mM glucose in 50 mM
phosphate buffer pH 7.0 scanned at 50 mV/s using an SCE reference, a glassy carbon working
electrode and a platinum wire counter electrode.

attenuated by competition with formation of less easily oxidized triiodide, and which decreases
the available iodide concentration. At higher oxidation potentials, oxidation of the triiodide to
iodine contributes to the availability of iodine and an increase in current (as shown in Scheme 2.1),
and by the continued rise in current at higher potentials. The process may be further complicated
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Scheme 2.1 A proposed route for iodide’s oxidations and subsequent reduction by GOXx.

by deposition of polyiodide species on the electrode, making them unavailable for mediation. The
observation of a reduction peak at a lower reduction potential of ca. 0.32 V is consistent with a
desorption process.

Perhaps not unexpectedly, the CVs for FCTMAI with (Figure 2.11) glucose/GOx present
appear to be a hybrid of the FcTMATos (Figure 2.9) and Nal (Figure 2.10) CV’s with glucose/GOx

present with a small synergistic effect on the current maxima. The main noticeable feature in the

Current / 1e-4A

0 0.10 020 0.30 040 0.50 060 070 0.80

Potential / V
Figure 2.11 Cyclic voltammogram of 2.5 mM FcTMAI, 20 uM GOx and 123 mM glucose in 50

mM phosphate buffer pH 7.0 scanned at 50 mV/s using an SCE reference, a glassy carbon working
electrode and a platinum wire counter electrode.

FcTMAI mediated CV (Figure 2.11) when compared to Nal with glucose/GOx (Figure 2.10), is
that it has a higher current at iodide’s first oxidation and shares the catalytic second oxidation with
no apparent corresponding reduction beginning at around 0.7 V. The reduction at ca. 0.32 V for
the Nal mediated system is larger and shifted to somewhat higher potentials for FCTMAI mediated
CV’s. Assuming this reduction is from adsorbed triiodide that did not participate in the GOx

mediation, the FcTMALI behavior is consistent with the presence of the ferrocene/ferricenium
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moiety somewhat inhibiting the absorption of the polyiodide species. Ferrocenium-triiodide salts
are known and could explain this phenomenon?*. The reduction potential of the ferrocinium and
(adsorbed) triiodide occur at a similar potential and their formation may go unnoticed in the
unmediated CVs. The presence of the I37/1; oxidation and reduction peaks in the mediated Nal and
FcTMALI voltammograms demonstrates that not all of the I» is utilized in the mediation of the
glucose oxidase, and that there is some available for side reactions, of which iodine and polyiodide
species have many. These results are consistent with the iodide/iodine couple functioning directly
as a mediator for the electrochemical oxidation of glucose by GOx. The results also suggest the
ferrocene moiety somewhat inhibits polyiodide species formation, perhaps through complexation
with the triiodide.

In order to study these systems amperometrically as steady-state sensors or as half-cells for
biofuel cell applications, the earlier results suggested that the anode potential should be carefully
chosen to minimize polyiodide deposition. Steady-state mediation by the FcTMATos, FcTMAL
and Nal were studied by constant potential experiments with GOx and varying amounts of glucose
to generate the Michaelis-Menten curves. In order to compare the three mediators, a constant
potential of 0.60 V was chosen for these experiments as this was approximately 200 mV above
E1,2 for both the ferrocene moiety oxidation and the first iodide oxidation [see the Experimental
Section 2.3] to maximize their contribution to catalytic currents, and before significant triodide
oxidation processes were occurring (see Figures 2.10 and 2.11) to minimize their contribution and
any deposition complications. Michaelis-Menten curves were then constructed for each of the
mediators to ensure they are mediating the enzyme and determining whether they inhibit enzyme
function (Figure 2.12). As expected, null experiments using only glucose, GOx, and phosphate

buffer solution without a mediator did not show any appreciable catalytic current. However, the
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Figure 2.12 The Michaelis-Menten curves of GOx with each mediator Nal, FcTMATos, and
FCTMAI made using the current output after exposure to 0.60 V for 200 s at each glucose
concentration using 50 mM pH 7 Phosphate buffer 2.5 mM mediator and 20 uM GOx using a
glassy carbon working electrode, a platinum wire counter electrode and an SCE reference.

resulting curves show definitively that FcTMATos, Nal, and FcTMALI all act as mediators for the
catalytic oxidation of glucose by GOx. A summary of the results is shown in Table 2.1. This data
shows that the Nal mediator has the lowest Jmax, that there is an increase in Jmax with the
FcTMATos, and another increase with the FCTMALI, showing that the I> and ferrocene are working
either together or independently adding to the total current. This is also consistent with the small
synergistic effect between the ferrocene/ferricenium and iodide/iodine couple noted in the earlier

CV studies. It is also evident that the Ky values of the Nal and the FcTMALI are lower (1.92 mM
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and 2.29 mM respectively, see Table 2.1), meaning that they work somewhat more efficiently at

low glucose concentrations than the FcTMATos (7.92 mM). The composite mediator FcCTMAI has

the upside of its respective isolated mediators, with the highest Jmax and a relatively low K.
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Figure 2.13: Michaelis-Menten Curves of GOx with Nal with and without solution purging made
using the current output after exposure to 0.60 V for 200 s at each glucose concentration using
50mM pH 7 Phosphate buffer 2.5 mM Nal and 20 uM GOx using a glassy carbon working
electrode, a platinum wire counter electrode and an SCE reference.
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While the above results demonstrate that the iodide/iodine couple functions to mediate

electrochemical glucose oxidation by GOx, there was still a question as to whether the

oxygen/hydrogen peroxide couple played any role in the process. To further probe this question,

steady-state amperometric experiments were carried out again using sodium iodide as the mediator

as normal, after bubbling air through the through the mediator/glucose/GOx solution for 10 min,

Km Jmax
Mediator (mM) (A/cm?*s)
FcTMATos 7.92 5.69E-04
FcTMAI 2.29 6.91E-04
Nal 1.92 3.97E-04
Nal (N2 purge) 1.46 3.49E-04
Nal (02 purge) 1.22 341E-04

Table 2.1 The Km and Jmax of GOX with each Mediator
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and after bubbling N> through the solution (Figure 2.13). These curves are nearly identical, with
many of their points within a standard deviation of one another. These results are consistent with
the conclusion that dissolved O is not significantly participating in the mechanism of mediation
for the iodide under these conditions. The results are also consistent with the hypothesis that the
iodide mediator interacts directly with the glucose oxidase and demonstrates that it must be acting
almost exclusively as a second-generation mediator.

Although it is unlikely that the iodide/iodine redox couple will be useful as a solo mediator
for sensor or biofuel cells, iodide has been used as a putative hydrogen peroxide scavenger in
biofuel cells!!. As has been shown here, the actual function of the iodide is likely more complicated
and it would be good to understand the effect of having iodide present in a working glucose/GOX
biofuel cell. This would also be useful in explaining some of the anomalous biofuel cell results
our group has observed when iodide was present and justify its exclusion in most cases to simplify
the results.

Biofuel cells were constructed using mediated glucose/GOx oxidation for the anodic
reaction and dissolved oxygen reduction at a platinum electrode as the cathodic reaction. The

working electrode was set as the cathode and the electrode was scanned from the open circuit
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Figure 2.14: Power and polarization curves of GOx with FcTMATos, FCTMAI, Nal on a glassy
carbon electrode poised against a platinum cloth air breathing electrode in pH 7 50 mM phosphate
buffer with 2.5 mM mediator and 20 pM GOx and 100 mM glucose. All solutions purged with
N2 gas for 15 min before testing.
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potential to 0.005V at 2 mV/s to simulate scanning through different resistances. From these
experiments polarization and power curves were constructed to summarize and compare the results
using the FcTMATos, FcTMALI, and Nal mediators as shown in Figure 2.14. The FcTMATos was
clearly the best mediator, giving the most current and power, and having its power maximum (50
uW/cm?) at a higher potential. It is apparent that the presence of iodide in the FCTMAI lowers the
voltage at which the maximum power is generated from 0.110 V in the FcTMATos to 0.091 V
which is the same as for the Nal. The lower operating potential is not surprising as the
iodide/iodine couple has a somewhat more positive potential, increasing the overvoltage at the
anode and decreasing the overall cell potential. The currents at equivalent potentials also decrease,
suggesting that the iodide is limiting mediation in the FCTMALI system and further attenuating the
performance of the fuel cell. While these results seem to contradict the synergistic effects
discussed earlier, it should be noted that in the biofuel cell experiments the electrode potentials are
not kept constant as they were for the steady-state studies, and polyiodide participation and
deposition effects likely play a role in attenuating the biofuel cell’s performance. While the
mediators discussed here will probably never be used in practical biofuel cells, these studies show
that the presence of iodide interferes with ferrocene’s ability to mediate GOx in biofuel cells.
Further, these results suggest that care should be taken before attempting to use iodide to scavenge

hydrogen peroxide in biofuel cells, and in evaluating the results if it is used.

2.3 Conclusion

In this study, the mechanism of iodine’s mediation of glucose oxidase was probed using
electrochemical methods, and it was determined that the iodide/iodine couple acts as a second-

generation mediator, interacting directly with the glucose oxidase FAD/FADH; redox site. It was
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found that gas bubbling (O and N») had no effect on iodine’s mediation of glucose oxidase, ruling
out O as a participant in iodine’s catalytic electron transport from GOx to the electrode surface.
Since some sensors rely on the production of the H>O» intermediate from oxygen, implying a first-
generation oxygen mediated mechanism, the presence of iodide complicates the process and may

not be beneficial.

2.4 Materials and Methods

2.4.1 Chemicals and Solutions.

Glucose oxidase (GOX) from Aspergillus niger (EC 1.1.3.4, type X-S, 117 units/mg solid, 75%
protein), and methyl tosylate, purchased from Sigma-Aldrich and used as recieved.
Ferrocenylmethyl-N,N-dimethylamine and ferrocenylmethyl-N,N,N-trimethylammonium iodide

were synthesized using a previously reported method?’.

2.4.2 Synthesis of Ferrocenylmethyl-N,N,N-trimethylammonium salts

The synthesis of ferrocenylmethyl-N,N,N-trimethylammonium iodide performed as in 1957 by
Lindsay and Houser?’. The tosylate analogue was also synthesized in this same manner, replacing
the methyl iodide with methyl tosylate. The NMR spectra of both compounds (the iodide and
tosylate salts) matched what would be expected from literature and are shown in Figures A1 and
A2. The ferrocenylmethyl-N,N,N-trimethylammonium tosylate had the following 'H-NMR peaks.
"H-NMR CD;COD, (300 MHz): § 2.25 (s, 3H), 2.47 (s, 12h), 4.26 (s, SH), 4.34 (s 2H), 4.36 (t,

2H), 4.45 (s, 2H), 7.08 (d 2H), 7.43 (d, 2H).
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2.4.3 Cyclic Voltammetry

Cyclic voltammetry was performed using a bipotentiostat (CHI 832) and a three-electrode setup
with a platinum counter electrode, a saturated calomel reference electrode and a 2 mm diameter
glassy carbon working electrode at a scan rate of 50 mV/s (unless otherwise specified). All
electrochemical experiments were done at room temperature (ca. 25 °C) in 100 mM phosphate
buffer at a pH of 7.0 unless otherwise stated. GOx 20 uM and 2.5 mM mediator concentrations

were used unless stated otherwise.

2.4.4 Michaelis-Menten Curves

Michaelis-Menten Curves were produced using GOx and iodide, FcTMALI, or FcTMATos
mediators by applying 600 mV to a glassy carbon working electrode with a Pt counter electrode
and a SCE reference electrode in a pH 7.0 50 mM phosphate buffer, with 20 uM GOx and 2.5 mM
mediator concentrations. The voltage was held for 200 seconds to allow the current to stabilize
and the current was recorded. Glucose was added in aliquots from a 1 M glucose stock solution
before each current measurement was taken. This process was repeated to give concentrations of
glucose from 0-150 mM to produce the Michaelis-Menten curves. The solution was bubbled with
nitrogen or air for 15 min after addition of each glucose aliquot and immediately before each
measurement if noted as a gas bubbled sample for these experiments. This entire experiment was
repeated 3 times to produce the curve in triplicate with each mediator and averaged to produce the

Michaelis-Menten curves seen in Chapter 2.
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2.4.5 Fuel Cells.

To simulate sweeping through resistances a glassy carbon electrode was used as the anode and a
Pt cloth air breathing electrode used as the cathode. The working electrode lead was attached to
the Pt cloth and the reference and counter electrode leads were attached to the glassy carbon
electrode dipped in a solution of 20 uM GOx, 100 mM Glucose and 2.5 mM mediator (Nal,
FcTMALI or FcTMATos respectively) in pH 7 50 mM phosphate buffer. The circuit was scanned
from the open circuit potential to 0.005 V at 2 mV/s to generate the polarization curves shown in

Chapter 2.
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Chapter 3

3.1 Introduction

Layer-by-layer (LBL) modification of surfaces is an important method for the fabrication

of sensors, fuel cells and photovoltaics'~.

Many of these applications depend on the flow of
electrons from an upper layer to an electrode surface through an attachment layer. Ferrocene-
modified linear polyethylenimine (Fc-LPEI) has been used by our group to produce a variety of
sensors*'® including LBL electrodes for glucose sensing!’!*. These LBL electrodes utilize the
sulfur in cystamine hydrochloride as the first layer (attachment layer) to establish an amine surface
on a gold electrode for functionalization of gold surfaces (Scheme 3.1)!7. After this first layer, a
second layer of negatively charged GOx can be electrostatically immobilized on the surface. The
GOx can also be oxidized with sodium periodate to form aldehyde functional groups from the
surface sugars of the GOx so that it can react with the amine surface and form covalent bonds as
well. The Fc-LPEI can then be used as another positively charged amine layer to form another
electrostatically and covalently attached layer. The Fc-LPEI and GOx can be deposited in
alternating layers to build up more material on the surface and increase the sensitivity and current
output of these glucose sensors. While this is an elegant electrode system that has produced very
sensitive electrodes, the cystamine layer does not contribute to the electrode’s functionality in any
other way. This has led us to search for a better first layer for these electrodes.

PEI has many basic and nucleophilic amines that can be easily functionalized to build

functional polymer materials like Fc-LPEI used in the LBL electrodes mentioned above. In

solution these amines are in equilibrium with protonated ammoniums and the ratio is dependent
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Scheme 3.1 Graphical comparison of cysteamine first layer vs modified Fc-CS,-LPEI first-
layer in a 3-layer LBL system.

on the pH of the solution. Amines in other polymers and bio-molecules have been reacted with
carbon disulfide to form dithiocarbamate moieties that can be used to link them to and

functionalize gold surfaces and nanoparticles'®2°.

In this chapter, carbon disulfide was used to
react with the amine backbone?! of Fc-LPEI which can then be attached to gold electrodes. This
material was used as the first layer in LBL-fabricated enzymatic glucose biosensors. We
hypothesized that using a large redox-active polymer first layer, instead of a small molecule like
cystamine, could provide the LBL electrode with large dendritic molecules with a high surface

area for a better attachment to the large GOx enzymes in the second layer. This polymer could

also act as an efficient electron transport first layer on the electrode surface since it is redox active.
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This first layer was synthesized, and the material factors such as deposition pH and time were
investigated. The substitution percentages of carbon disulfide, and ferrocene in these materials
were also investigated. The small-molecule cystamine first electrode layer was directly compared
to electrodes with CS,-LPEI and Fc-CS>-LPEI first-layer electrodes using ferrocene salts to study
how the diffusion/electron transfer processes were different for each system. This polymer first
layer was then used to fabricate 9-layer enzymatic glucose sensors that matched the sensitivity and
current outputs of 32-layer (16-bilayers) cystamine first layer electrodes. These polymeric first
layer electrodes were also used in fuel cells and found to be more stable, and produced much more

current than their small molecule cystamine electrodes.

3.2 Results and Discussion

3.2.1 Fc-CS»-LPEI synthesis and electrochemical characterization

Fc-LPEI was functionalized with carbon disulfide by dissolving the polymer in methanol
and adding 5-50 mole percent (per LPEI repeat unit) of carbon disulfide to the solution. The
polymer quickly precipitates out of solution due to the electrostatic attraction between the anionic
dithiocarbamate groups and ammonium backbone groups, making crosslinks and forming an
insoluble salt-bridged crosslinked network (as shown in Scheme 3.2 below). After the solvent was

evaporated the polymer was dried in a vacuum oven to a constant weight. The weight was

%,
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Scheme 3.2 Graphical representation of an amine reaction with CS; and the electrostatic
crosslinking between CS, modifications and ammoniums in the LPEI backbone.
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consistent with the amount of carbon disulfide added, indicating that all the added carbon disulfide
was incorporated essentially quantitatively into the co-polymer. The resulting polymer was
insoluble in neutral and acidic water. To further use or analyze the polymer it needs to be dissolved
by breaking up the ionic crosslinks between the dithiocarbamate and ammonium groups. This
could be done by either protonating all of the dithiocarbamates, or deprotonating all of the
ammoniums. Given that there are many more amines than dithiocarbamate groups one might
assume it would be easier to dissolve the polymer with acidic conditions by protonating the few
dithiocarbamates. However, the pK, of thiocarbamic acid is approximately ~3.4 pK,??, while the
pKa of an ammonium is in the range of 8.4-9.6%°. While the Fc-LPEI dissolves in acidic solutions
around pH 6 when the amines are protonated, the Fc-CS>-LPEI polymer does not dissolve under
acidic conditions even in 1M HCI (aq.) indicating an extremely low pKa for the dithiocarbamate
moieties. However, because the amines can be deprotonated, forming the free amine and reducing
electrostatic crosslinks between the ammonium and thiocarbamate groups, the polymer can be
dissolved in aqueous solutions under highly basic conditions around pH 11.

Using D>0 and sodium hydroxide the polymers were dissolved and "H-NMR spectra were
obtained for several different CS; addition percentages (Figure 3.1). These spectra show new
peaks above the ferrocene peaks at 6 4.0-4.1 ppm, from 6 4.15-4.55 ppm, indicating a highly
electronegative group has been added to the polymer. These peaks are likely due to the LPEI -
C>Hs- backbone hydrogens that are adjacent to the CS> moieties. This is consistent with the
chemical shifts observed for the methylene hydrogens of sodium diethyldithiocarbamate in D>O
at ca. § 4.1%*. While the integration keeps rising with higher CS; addition percentages, it is difficult
to use these to correlate quantitatively to the CS» substitution percentages since these peaks are

broadened significantly, likely affected by proton exchange to neighboring nitrogens, and because
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Figure 3.1 'H NMRs of the Fc-CS-LPEI obtained using a 300MHz instrument in D20 having
A) 50%, B) 9%, C) 7.5%, and D) 2.5% CS; addition by molarity. The integration of the 4.15-
4.55 ppm region relative to that of the normalized 9H ferrocene peak is shown to the left of the
spectra.

of possible overlap with the ferrocene signals from the N-3-ferrocenylpropyl groups that are also
on the LPEI. Because of this, the CS> substitution percentages on the Fc-LPEI were from 5-50%
and were determined using gravimetric analysis.

Since the dithiocarbamic acid groups on the polymer are in the anionic state when dissolved
in a high pH environment, the basic solution is also ideal for attaching the material to gold surfaces
through the dithiocarbamate groups. Because 20-25% ferrocenyl substitution had been used by
our group previously for layers 3-34 in LBL systems, a 20% ferrocenyl and 10% CS: substituted
Fc-CS,-LPEI was used for the initial studies. Gold electrodes were coated with Fc-CS>-LPEI by
dipping in the Fc-CSz-LPEI solution for 5 minutes. After this, the electrodes were washed gently
with DI water and CVs were run in a phosphate buffer to determine whether or not any material

was attaching to the electrode surface (see Figure 3.2 below). While the Fc-CS2-LPEI clearly
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Figure 3.2, Cyclic voltammogram of Fc-CS-LPEI (20% Fc, and 10 % CS>) on a gold electrode
scanned at 50 mV/s in 50 mM pH 7 phosphate buffer with a Pt wire counter electrode and a
SCE reference electrode.

sticks to the gold and can be detected electrochemically on the surface of the electrode (Figure
3.2), the CV possesses several interesting features. First is the fact that it has a broad shoulder
before the sharper surface wave peak at higher potential, indicating that there are at least two
different types of ferrocene environments seen by the electrode. For example, some could be
dendritic and farther from the electrode and CS: groups, while others could be more tightly held
next to the electrode surface near the CS; attachment points. This model is consistent with what
is seen in the CV above. There is a significant loss in ferrocene response between the first and
second scans of the electrode. However, most of this loss occurs in the broad shoulder and could
be explained by those being loosely bound ferrocene groups diffusing away from the surface of
the electrode and tearing loose some of the surface bound ferrocenes as well. The second scan is
used in the studies outlined below to obtain more consistent results since the electrodes are more
stable after 1 scan. It should be noted that the dip time-current response relationships were often
inconsistent, and that dip-times longer than 5 minutes only occasionally resulted in significantly
more current response. It was determined that a consistent monolayer builds up quickly in the first

5 min, with an inconsistent doubling of the ferrocene depositing on the electrode from 6 to 30 min
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of deposition (see Figure 3.3). Electrodes with similar surface coverage to the 30 min electrodes
showed up after 400 min of deposition time and the results were very inconsistent. Since more
material can be built up quickly and consistently using more layers rather than longer dipping

times, 5 min was settled on as a consistent deposition time for the first layer to build the rest of the
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Figure 3.3 The surface charge (Coulombs) detected on the Fc-CS,-LPEI (20% Fc, and 10 % CS»)
on gold electrodes measured through integration of the anodic peak with varying dip time using
CV in 50 mM phosphate buffer at 50 mV/s with a Pt wire counter electrode and a SCE reference.
The black dots are the first scan, and the gray are the second.

multilayered electrode on.
The Randle-Sevcik equation®2® below (Equations 3.1) shows that the current should vary
linearly with the square root of the scan rate (i, is peak current in amps, n is the number of electrons

1

Randle-Sevcik Equation: i, = 0.4463nFAC (anD)E
RT
Langmuir Adsorption Isotherm: ip =V—r

1
nFvD\2
log(i,) = log (0.4463nFAC (T)

) — log (q (%)) =~ log(ea)

Equations 3.1 Randle-Sevcik Equation, the Langmuir Adsorption Isotherm and the Randle Sevcik
equation after taking the Log of both sides.
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in the redox event, A is the area of the electrode in cm?, F is the Faraday constant in C/mol, D is
the diffusion coefficient in cm?/s, C is the concentration in mol/cm?, v is the scan rate, R is the gas
constant in J/K*mol, and T is the temperature in kelvin). However if the process is surface bound
the peak current should vary linearly with the scan rate?’?® following the Langmuir adsorption
isotherm?’ where I'om is the coverage of the electroactive species in mol/cm?.  Given these
relationships, if the logarithm is taken of both sides of the equation, the log(ip) vs log(v) graph
should have a slope of /% if it is diffusion controlled and 1 if it is surface bound given the exponent
on the scan rate in the equations. This is a much greater difference and can be used to differentiate
between surface-bound and diffusion-controlled phenomena with certainty. As shown below
(Figure 3.4) for an electrode prepared using a 5 min dip time it can be difficult to decipher whether

the peak current is linear with the square root of the scan rate or the scan rate itself with R? values
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Figure 3.4 One layer of Fc-CS,-LPEI (20% Fc, and 10 % CS;) on a gold disk electrode scanned in
100 mM phosphate buffer using Pt counter and SCE reference electrodes, and using the second
scan and a fresh electrode for each scan rate: A) Plotted according to the Randle-Sevcik equation
using the peak current and the square root of the scan rate. B) According to the Langmuir
adsorption isotherm where ipa and v are proportional and C) Plotted Log(ipa) Vs. Log(v). Both the
oxidation and reduction peak currents are shown.
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above 0.9. Therefore, the log(i) vs. log(v) plot is used and as shown, the plot has a slope of 1.08,
showing that the ferrocene behaves as though it is surface bound (the slope would be 0.5 if it were
diffusion controlled).

Since this first-layer could have a large impact on the performance of the electrode it was
important to standardize the ferrocene and carbon disulfide substitution percentages, as well as the
dipping conditions used, to produce the first layer in order to study multi-layered electrodes. To
do this, the variables of the dip time and dip pH, as well as the carbon disulfide and ferrocene
content of the copolymer needed to be considered. The CS2-Fc-LPEI dissolves around pH 11.7
making this the logical pH to begin deposition pH testing. While the dipping pH did not have a
dramatic effect on the amount of ferrocene deposited on the surface the optimal pH appeared to be

around pH 13 (see Figure 3.5). After the dipping pH and dip time (Figure 3.3) had been

pH effect on surface ferrocene
5m dip time 20% Fc substitution 10% CS2
4E-10

3.5E-10
3E-10
2.5E-10
2E-10
1.5E-10
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115 12 12.5 13 13.5 14
Dipping pH
Figure 3.5 Number of ferrocenes (or surface charge) per cm of gold electrode vs dipping pH used
for the construction of the Fc-CS,-LPEI (20% Ferocenyl and 10% CS.) monolayer, constructed

using a 5 min dip time and scanned against a Pt wire electrode with an SCE reference at 50 mV/s
in 50 mM pH 7 phosphate buffer.

standardized, the optimal substitution percentages of the polymer could be studied.
The ferrocenyl substitution percentage was tested by synthesizing several different Fc-CS»-
LPEI polymers with ferrocenyl content from 9-24 mol% and 10 mol% CS; substitution and testing
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Fc Substitution Effect on Electro-active Ferrocene
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Figure 3.6 Number of ferrocenes per cm on a gold electrode varying the Fc substitution percentage
of an Fc-CS»-LPEI with 10 % CS> substitution fabricated using a 5 min dip time at pH 13 scanned
against a Pt wire electrode with a SCE reference at 50 mV/s in 50 mM pH 7 phosphate buffer.

a 5 min dip time gold electrode using CV. The ferrocene content chosen for continued studies was
around 11.5% substitution (see Figure 3.6) since this gave the highest response. The carbon
disulfide substitution percentage was the next important variable to set before continuing to
produce a layered electrode. This was studied using the 11.5 mol% ferrocenyl Fc-LPEI and

substituting it with 5-15 mol% CS: and using CV to determine the surface ferrocene concentration.

We found that a 7 mol% CS; substitution was close to the peak of the most observable ferrocene

& 2 00E-10 . §

‘€
3 4 6 8 10 12 14 16
CS2 substitution Percentage

Figure 3.7 Number of ferrocenes (or surface charge) per cm on a Fc-CS,-LPEI gold electrode,
modified using a 5 min dip time at pH 13 and 12 % Fc substitution, scanned against a Pt wire
electrode with a SCE reference at 50 mV/s in 50 mM pH 7 phosphate buffer and varying the CS;
substitution percentage.
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on the surface of a gold electrode (Figure 3.7). Because the changes made in the first attachment
layer could greatly affect multilayered electrodes, the varying CS; substitution percentage was also
tested as a 2- and 3-layer electrode using saturating glucose conditions. Cyclic voltammograms
were taken and the steady state current was plotted against the CS» substitution percentage to
validate that the high ferrocene surface concentration in the first layer correlated with higher
current outputs from the multi-layered catalytic system. It can be seen in Figure 3.8 that the current
at saturating glucose concentration is the highest at 7% CS; substitution. The 3L electrode glucose
response graph resembles the monolayer CS; substitution percent graph (Figure 3.7) indicating the

importance of tuning the first layer to contain as much ferrocene as possible.

Current at Saturating Glucose
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Figure 3.8 Steady state current of a gold electrode with 2 and 3 layers (p-GOx and Fc-LPEI
respectively) using a Fc-CS2-LPEI (12% Fc Substitution) using varying the CS; substitution
percentage found using an electrode scanned against a Pt wire counter electrode with a SCE
reference at 50 mV/s in 50 mM pH 7 phosphate buffer with 150 mM glucose.

Increasing the percentage of electron withdrawing carbon disulfide units showed a small
but significant increase in the potential required to oxidize the ferrocene as seen in Figure 3.10
below. This is likely due to the thiocarbamate moieties withdrawing electrons from the surrounding

environment better and protecting the ferrocene from oxidation, causing the oxidation peak to shift

to higher potentials. While higher oxidation potentials for the ferrocenes lessens the voltage
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generated by a biofuel cell, the potential is less important in bio-sensing applications. A 9 mol%
CS; substitution was chosen to proceed with in the multilayer system studies in order to avoid the

sharp changes in performance seen between the 7 and 5 CS; mol% materials.
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Figure 3.10 The E12 of Fc-CS,-LPEI (12% Fc substitution) on a gold electrode with varying CS>

substitution, fabricated using a 5 min dip time scanned against a Pt wire electrode with a SCE
reference at 50 mV/s in 50 mM pH 7 phosphate buffer.

3.2.2 Low-Layer Characterization

Although each dip does not result in a completely uniform monolayer'*, each dip will be
described as a layer. For example, an electrode dipped in a cystamine or a Fc-CS>-LPEI solution

will be described as a 1-layer (1L) system and an electrode dipped in cystamine or Fc-CS>-LPEI

.
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Scheme 3.3 One-, two-, and three-layer electrodes shown with a CS>-LPEI first layer, a p-GOX
second layer, and a Fc-LPEI third layer.



solution and then in the p-GOX solution would be described as a 2-layer (2L) system (see Scheme
3.3).

There were two main ways we hypothesized that the functionalized polymer in the first
layer could change the performance of the sensor. The first was that the polymer is large and
dendritic and porous, allowing for many attachment points for the large enzymes. The small
molecule cystamine, in contrast, forms a relatively flat and low surface area attachment layer on
the electrode surface for the large enzymes in the second layer (see Scheme 3.1). The second way
it could affect the sensor is that the cystamine has no electrochemically active component and
could partially insulate the surface from interacting with the upper layers, while the CS>-Fc-LPEI
could effectively wire the upper layers to the electrode surface with its incorporated ferrocene
moiety. In order to determine the effect the material used in the first layer has on the electrode’s
behavior, we first studied 1L & 2L system on their own, outside of their use in a sensor or fuel cell.

The insulating effect of the first layer materials was studied by layering one and two layers
of material on an electrode surface and determining diffusion coefficients (D) for ferrocene salts
in solution using these electrodes. These studies were carried out using cystamine, CS;-LPEI, and
Fc-CS,-LPEI as the first layer (see Figure 3.10). Diffusion coefficients for FcTMATos were
calculated using the Randles-Sevcik equation (Equation 3.1). It was found that one- and two-
layered cystamine coated electrodes’ diffusion coefficients were within experimental error to those
of the naked gold electrodes, indicating that the cysteamine does not really insulate or inhibit
diffusion of electroactive components to the surface. In contrast, CS;-LPEI one-layer electrodes
showed a significant drop in the diffusion coefficient, indicating that the polymer surface interferes
somewhat with access to the electrode surface. While this may initially seem like a negative, it

also indicates that there is a significant amount of material on the surface. The 2-layer electrodes
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saw no experimental difference when compared to the monolayer electrodes, indicating that the
GOx layer is patchy enough that it adds no extra barrier to access to the electrode surface. The Fc
in the first layer did not seem to affect the diffusion of electrons through the first layer relative to

the CS,-LPEI first layer.
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Figure 3.10 The diffusion coeficients of FCTMATos (2.5 mM) on the gold and modified gold
electrode with one, and two material layers using cystamine, CS>-LPEI, and Fc-CS>-LPEI as the
first layers respectively, and GOx as the second layer. These were done on a 2 mm gold electrode
in 50 mM phosphate buffer pH 7 and using a SCE reference and Pt counter electrod. The diffusion
constants of the FCTMATos salt on each electrode were calculated at scan rates from 10-500 mV/s
using the Randle Sevcik equation and then averaged together to obtain the final coefficient.
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The Ag (Epa - Epc) of an ideal diffusion-controlled process should be 59 mV under standard
conditions®®. Since the surface-bound systems studied here vary greatly from the ideal, the
diffusional redox behavior of FcTMATos can be compared to the bare gold electrode rather than
the theoretical standard (Figure 3.11). Here the cystamine shows almost no difference from the
standard gold electrode, while the CS,-LPEI 1 and 2-layered electrodes show a significant increase
in delta E, indicating some retardation of the redox process. The Fc-CS>-LPEI 1 and 2-layered
electrodes are somewhere between the small molecule and non-electroactive polymer, suggesting
that the ferrocene inclusion in the first layer is electrically wiring the surface to the solution through

a reasonably diffusion-controlled process.
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Figure 3.11 The Ae of the cyclic voltammograms of FCTMATos (2.5 mM) on the one-, and two-
layer electrodes using cystamine, CS2-LPEI (9% substituted) and Fc-CS,-LPEI (12% Fc and 9%

CS> substitution) as the first layer, respectively, on a 2 mm gold electrode in 50 mM phosphate
buffer pH 7 using a SCE reference and Pt counter electrode scanned at 50 mV/s.

The Ei2 of a redox process is indicative of how difficult it is to oxidize or reduce the
compound involved in the redox process. If something is harder to oxidize its E12 will be higher.
It is apparent from Figure 3.12 below that the E1» decreases slightly but consistantly with the

addition of the negatively charged glucose oxidase layer. The presence of the negative charges
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around the electrode surface could aid in the oxidation of the ferrocene to ferrocenium. It is also
apparent that the presence of the ferrocene in the first layer of the electrode material induces a
better connection of the electrode surface to the ferrocene in solution, aiding in the oxidation of
the ferrocene salt. Models in the literature suggest that ferrocene polymers can pass electrons
through these polymers in a hopping mechanism from the outer layers to the electrode surface?!.
This mechanism could aid in the oxidation of the ferrocene salt in solution since the ferrocene of

the Fc-CS2-LPEI on the electrode surface oxidizes at a lower voltage around 0.3 V.
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Figure 3.12 The Ey/; of the cyclic voltammograms of FCTMATos (2.5 mM) on the one-, and two-
layer electrodes using cystamine, CS2-LPEI (9% substituted) and Fc-CS,-LPEI (12% Fc and 9%
CS: substitution) as the first layer, respectively, on a 2 mm gold electrode in 50 mM phosphate
buffer pH 7 using a SCE reference and Pt counter electrode scanned at 50 mV/s.

These results show that our first hypothesis was correct; the polymer first layer makes a
much better attachment surface for the large enzymatic second-layer than the small cysteamine
molecule by immobilizing more material on the electrode surface. This material can be seen by
it’s effects on the cyclic voltammetry of FCTMATos in solution. It also shows that the first layer

is important in the oxidation of upper layers by the way that it facilitates the oxidation of the
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ferrocene salts in solution. These hypotheses were further confirmed by results from the use of
Fc-CS,-LPEI as the first layer of a glucose biosensor as discussed below.

In order to further study the effect that incorporating ferrocene into the first layer of these
biosensors, cystamine, CS>-LPEI, and CS»-Fc-LPEI 3-layer electrodes were made on gold
electrodes (see Scheme 3.4) and tested as sensors amperometrically at a potential of 0.45 V in pH

7 50 mM phosphate buffer with an SCE reference and a platinum wire counter electrode. Aliquots

Au Electrod

Scheme 3.4 Three-layer electrodes shown with a CS,-LPEI first layer, a p-GOX second layer and
a Fc-LPEI third layer.

of 1 M glucose were added to generate current and a Michaelis-Menten*?=* (MM) curve which
gave the Km and current at saturating conditions as seen in Table 3.1. The ferrocene coverage was
also compared to estimate the amount of material deposited in the 3L systems using cyclic
voltammetry, scanned at 50 mV/s and the same phosphate buffer and a 3-electrode set up as used
for the MM experiments. While the cysteamine electrode had the middle ferrocene coverage and

lowest current at saturating glucose concentrations, it also had the lowest Ei» indicating that it

Current
All electrodes w/Glucose Fe Coverage
tested were 3 layers (uA/cm?) (nmol/cm?) K, (M) E,;; (mV)
Cystamine 30 71 0.0130 185
CS,-LPEI 44 .64 0.0218 195
CS,-Fe-LPEI 174 1.76 0.0239 196

Table 3.1 The 3-layer cystamine, CS,-LPEI and Fc-CS>-LPEI electrodes compared using Fc
surface coverage, current with saturating glucose concentrations, enzyme kinetics and oxidation
potential (see text for conditions).
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inhibits the oxidation of ferrocene the least. It also has the lowest Ky, meaning that it inhibits the
enzymatic reaction of the least of the three electrodes. While the CS,-LPEI shows the lowest
ferrocene content of the three electrodes, it also has 1.5 times the response to glucose when
compared with the cysteamine electrode, likely due to a greater GOx content on the electrode. The
ferrocene in the first layer had a drastic effect on the response to glucose with more than a seven-
fold increase in current over the CSz-LPEI. The increased Kwm of the CS2-LPEI and CS>-Fc-LPEI
shows some inhibition of the enzyme, but is outweighed by the increase in response to glucose and
make much more sensitive glucose sensors than the cysteamine 3-layer electrode. The greater
amount of material deposited on the surface, as well as its more efficient wiring to the surface,
makes the CSz-Fc-LPEI a better overall choice as the first layer when immobilizing large enzymes
on a surface when compared to cystamine.

These promising electrodes were used in galvanic cells at saturating glucose concentrations
to produce polarization and power curves. In order to set up a galvanic cell, a Nafion® coated
platinum cloth electrode was used as the working Oz cathode , and the ferrocene/GOx electrode is
connected as the counter and reference electrode in a 2-electrode configuration. The potential
between the two electrodes is scanned from the open circuit voltage to 0.005 V at 2 mV/s. This
simulates moving through different resistences from high to low and generating a current/voltage
(I/V) curve**. Since P=IV, a power curve can be generated that shows the power generated at a
given voltage. This was done as shown in Figure 3.13A below. After these polarization curves
were generated, the electrodes were allowed to run at 0.3 V for 2 hours, and another polarization
curve was generated to monitor the stability of the bio-anodes. The 3L-LPEI electrode has the
highest power at 100 pW/cm? of power at around 0.5 V followed by the 3L-LPEI electrode after

decay. Not only did the 3L-LPEI electrode produce more power than the cystamine first-layered
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electrode, it also retained 50% of it's original current after 2 hours of use, where as the cystamine

electrode only retained about 15%, showing clearly that the Fc-CS>-LPEI first layer allows the

electrodes to perform better and last longer than the cystamine first-layer electrodes.
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Figure 3.13 The 3-layer cystamine, and Fc-CS2-LPEI electrodes compared to one another using
the: (A) power curves before and (B) after a 2-hour discharge at 0.3 V. Both experiments were
run in 150 mM glucose 50 mM phosphate buffer pH 7 using a 2 electrode setup with a
functionalized gold electrode anode connected to the counter electrode and reference electrode
leads and an air breathing Pt cloth electrode as the working electrode.

3.2.3 Multi-Layer Analysis

Because the CS;-Fc-LPEI showed great improvement as the first layer in the 3-layer
glucose bio-anode as shown above, more layers were placed on the electrode and compared to the
analogous cysteamine first-layer systems. Just like in Table 3.1 the buildup of layers was
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monitored by cyclic voltammetry of the multi-layered electrodes in phosphate buffer, and the
sensing ability was determined by the addition of glucose and the construction of MM curves. The

active ferrocene detected by cyclic voltammetry showed an alternating relationship between odd
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Figure 3.14 The ferrocene on the surface of the gold electrodes compared by the number of layers
using: A) Fc-CS2-LPEI as the first layer and B) Cystamine as the first layer. All electrodes were
analyzed using the specified modified gold electrode with a Pt counter electrode, and an SCE
reference in 50 mM phosphate buffer pH 7 using 50 mV/s scan rate.

and even numbers of layers. The odd layers (Fc-LPEI) show an increase in ferrocene on the surface
of the electrode, giving an indication of buildup of material from layer to layer (Figure 3.14). This
buildup of material is linear with the number of layers, indicating that roughly the same amount of
ferrocene material (~.8 nmol) is deposited in each odd layer. The cysteamine system builds up
roughly half of this amount per odd layer. The even layers show a regular marked dip in detectable
ferrocenes compared to the previous odd layer. Since there is no ferrocene in the even layers (made
up of p-GOx) it makes sense that they would have at the very most the same amount of ferrocene
as the previous odd layer. However, since the GOx is known to bind to ferrocene®, impeding it’s
oxidation, and there is a possibility that some of the material could wash off through the dipping
and washing processes, it makes sense that there would be a decrease in the measured ferrocene in

each of the even layers. The linear relationship of the even layers indicates that roughly the same
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amount of enzyme is binding to the ferrocene layer each dip, or that our dipping and washing
process is consistent at the very least.

The oxidation of the ferrocene appears to get easier as more layers are added, with the E1»
dropping from 0.461 at one layer to 0.357 V at 11 layers (Figure 3.15). As was discussed earlier,
the high oxidation potential of the monolayer may be due to the inclusion of the carbon disulfide
groups on the polymer. The first two layers are the only two to have E12’s around 0.45 V with the
rest of them dropping to around 0.4 V from 3-9 layers. These upper layers may be easier to oxidize
since they don’t have any carbon disulfide electron withdrawing groups. The oxidation potential

is higher in the Fc-CS,-LPEI than in the cystamine first-layer system, however the Fc-CS;-LPEI
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Figure 3.15 Peak voltage behavior using multi-layered cystamine and Fc-CS,-LPEI electrodes
showing A) Delta E and B) Ei. at different numbers of layers. All electrodes were analyzed
using the specified modified gold electrode with a Pt counter electrode, and an SCE reference in
50mM phosphate buffer pH 7 using 50 mV/s scan rate.

system performs better in nearly every other metric, making this difference a minor footnote. The
delta E of the ferrocene redox process also increases as the ferrocene gets further from the electrode
surface from 1-11 layers (0.401 V to 0.710 V). This indicates that the redox process becomes more
There is no significant

diffusion-controlled with distance from the gold electrode surface.

difference between the cystamine and Fc-CS»-LPEI systems with respect to delta E.
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Figure 3.16 A) The current output of the Fc-CS2-LPEI and the Cystamine electrodes, and B) the
Kwm of the enzymes in the electrodes shown by layer under saturating glucose concentrations at
0.35 V vs a SCE reference and a platinum wire counter electrode.

The amperometric response at higher than saturating glucose concentrations (~150 mM for
these electrodes, measured at 176 mM glucose) builds with each layer, odd and even (Figure 3.16).
This buildup of current is roughly linear with the number of layers indicating that after each dip,
the last material put on the electrode, either Fc-LPEI or p-GOX, is the limiting factor in the catalytic
process and limits the current output of the electrode (see Figure 3.16 A). The cysteamine system
builds slowly to around 650 pA/cm? at 11 layers and continues to build to ~1.4 mA/cm? at 32
layers' (not shown). The Fc-CS,-LPEI first-layer electrodes build up much more quickly to ~1
mA/cm? at 9 layers. Although the CVs show that the Fc-CS,-LPEI electrodes continue to build up
material on the surface up to 11 layers (see Figure 3.16A) the maximum current obtained from
these electrodes with glucose present plateaus at ~1 mA/cm? from 9-11 layers. The K, of the Fc-
CS2-LPEI system at 9 layers is 15.1 mM, which is just over half of the Ky for the cystamine system
at 9 layers, increasing to 27 mM at 11 layers, indicating a loss of efficiency of the enzyme. This
jump in Ky lines up with the plateau of the current output and could, in fact, be causing the plateau.
Little increase in Kwm is observed in the cystamine first-layered electrodes from 5-11L, while the

current density continues to build all the way up to 32-layers. The high current output and low Kum

of the 9-Layered Fc-CS,-LPEI first layered electrodes leads to 3 times the sensitivity in the
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physiological range compared to a cystamine electrode (Table 3.2). This is a significant
improvement to produce highly sensitive electrodes that are only 13 pA/mM*cm? less sensitive
than the 32-layer cystamine electrodes fabricated in less than 1/3 of the time (~45 min for the Fc-

CS,-LPEI compared to nearly 3 hours for the cystamine electrodes).

9 Layer Electrodes
Fc-CS2-LPEI | Cystamine
1st Layer 1st Layer
Fc Coverage 7.0 3.0 (nmol/cm?)
Sensitivity at
Ay 47 16 (UA/(mM*cm?))
Saturated ”
Response 978 290 (uA/em’)
K 15.1 18.8 (mM)

Table 3.2 A comparison of the 9-Layered cystamine and Fc-CS,-LPEI electrodes using key
attributes.

3.3 Conclusions

In this chapter the novel material Fc-CS;-LPEI was synthesized, characterized and used in
GOx based glucose bio-electrodes in comparison to cystamine as the first layer of LBL constructed
electrodes utilizing p-GOx. The material was made using a known Fc-LPEI polymer reacted with
carbon disulfide in methanol that was characterized using gravimetric analysis as well as 'TH NMR
and behavioral observations. It was found that the CS> adds quantitatively to the Fc-LPEI up to
25% and the material dissolves under highly basic conditions. The diffusion of ferrocene salts
through this material adsorbed onto gold in 1L and 2L electrodes was compared to the cystamine
and it was found that the material inhibits ferrocene’s access to the gold electrode surface.
However, the ferrocene’s inclusion into the first layer increased the ferrocene surface coverage
(from 0.71 to 1.76 nM/cm?) and the current density of the bio-electrodes when used in saturating

glucose conditions, from 30 to 174 pA/cm? in the 3-layered electrodes. The Fc-CS»-LPEI 3-layer
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electrodes outperformed the cystamine electrodes by ~10 times producing ~100 pW/cm? peak
power compared to the cystamine electrode’s 10 nA/cm? in a fuel cell. The Fc-CS,-LPEI first
layered electrodes also lasted longer, retaining ~50% of their current density after discharging for
2 hours at 0.3 V compared to cystamine electrode’s ~15%.

In multilayers, the Fc-CS>-LPEI electrodes also builtup ferrocene coverage in fewer layers
than the cystamine electrodes producing 9.0 nmol/cm? Fc coverage to cystamine’s 3.0 nmol/cm?,
and producing ~3 times the current density under saturating glucose concentrations (978 to 290
nA/cm?). While the Fc-CS,-LPEI electrodes outperform the cystamine electrodes up to 9-layers,
the Fc-CS,-LPEI electrodes current density plateaus at this point and the Ky of the GOx in these
electrodes increases while the cystamine electrodes continue to build current density up to 32-
layers. While the maximum current density of the Fc-CS»-LPEI electrodes is only 978 pA/cm?
compared to cystamine’s ~1600 pA/cm?, the advantages of electrode stability and construction
time make the Fc-CS,-LPEI electrodes an attractive alternative to the cystamine electrodes when

considering the use of these materials in LBL glucose bio-anodes.

3.4 Materials and Methods

3.4.1 Chemicals and Solutions

Methanol, acetonitrile, sodium carbonate, cysteamine hydrochloride, sodium
metaperiodate, and carbon disulfide were purchased from Sigma-Aldrich and used as recieved. (3-
Bromopropyl)ferrocene was synthesized as previously reported in literature!®. Ferrocenylmethyl-
N,N,N-trimethylammonium tosylate was synthesized as noted in Chapter 2. Glucose oxidase

(GOx) from Aspergillus niger (EC 1.1.3.4, type X-S, 117 units/mg solid, 75% protein), was bought
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from Millipore sigma and oxidized using sodium metaperiodate to form periodate modified GOx

(p-GOX) as previously reported in literature'”.

3.4.2 Synthesis of N-(3-Ferrocenylpropyl)-linear polyethylenimine.

N-(3-Ferrocenylpropyl)linear polyethylenimine (Fc-LPEI) was synthesized as reported in
the literature!® with varying 3-ferrocenylpropyl on nitrogen substitution percentages. These
substitution percentages were confirmed by 'H-NMR as done previously in literature. While the
previously established literature used CD3OD as the solvent, this work shows that the ferrocene
substitution percentages can determined using CDCl3 as the solvent and the method previously
established in the literature® by setting the ferrocene integration (8 3.9-4.35 ppm) to 9 and dividing
4 by the LPEI backbone integration (4 2.2-2.9 ppm) minus 2 (2 is subtracted to compensate for the
3 carbon linker from the LPEI backbone to the ferrocene (see 'H-NMR in Figures A3-5 in the
Appendix). '"H NMR (CDCl3, §): ca. 1.5-1.6 (br,-CH2-), 2.3-2.4 (br t, -CH2Fc), 2.5-3.0 (br, -

CH2N-),4.1-4.35 (br, Fc ring H).

4
; ] 0H =
Fc substitution % = 100 * (Backbone Hs — 2)

3.4.3 Synthesis of N-Dithiocarbamato-N-(3-ferrocenylpropyl)-linear polyethylenimine (Fc-CS»-
LPEI).

Fc-LPEI (~13 mol percent Fc-substituted, 50.0 mg, 67 g/mol) was dissolved in 5 mL of
methanol and 9 mol percent carbon disulfide (4.5 mg in 237 uL. methanol using a 0.25 M solution)
was added to the rapidly stirred solution. The vessel was immediately capped and the reaction was
allowed to proceed for 20 minutes. Over the course of this time the yellow solution became cloudy,
and a precipitate formed. The solvent was removed on a rotary evaporator in a water bath at 60 C

and the residue dried to a constant weight of 54.5 mg. This weight indicated a quantitative addition
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of the carbon disulfide to the Fc-LPEI. Because the polymer is insoluble due to the electrostatic
crosslinking between the ammonium cation groups and the dithiocarbamato anionic groups, NaOH
was added to dissolve the polymer in water. This process was adjusted for different Fc-LPEI
substitution percentages and desired CS» substitution percentages. This same process was

followed for the functionalization of LPEI with CS,.

3.4.4 Fabrication of Fc-LPEI and Cysteamine Electrodes.

Gold electrodes (2.0 mm diameter, CH instruments, Austin, TX) were polished on a
microcloth pad with 0.05 mm alumina and thoroughly rinsed to prepare the surface for
functionalization. The first modification layer (e.g. CS2-LPEI or CS;-Fc-LPEI or cystamine) was
deposited by dipping the cleaned gold disk electrode into a solution of CS,-LPEI 5 mg/mL in water
at a pH of 13 for 5 min. The electrode was gently washed quickly by spraying DI water over the
electrode for <1 second with a lab spray bottle between each layer. The second layer of p-GOx
was deposited by dipping in a 20 uM solution of p-GOx at pH 6.8 for 5 min (this solution was
prepared using a previously reported method'?). To deposit the 3™ layer of Fc-LPEI the electrode
was dipped in a solution of 25 mol% ferrocene substituted Fc-LPEI (5 mg/mL pH 5) for 5 min.
More layers were built up by alternating between the p-GOx and Fc-LPEI solutions for the even
and odd numbered layers, respectively, until the desired number of layers were reached. The same
method was used for the cysteamine electrodes but instead of a CS>-LPEI first layer, a cysteamine
first layer was deposited by dipping a bare gold electrode in a 20 mM solution of cysteamine

hydrochloride for 5 min.
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3.4.5 Cyclic Voltammetry.

Cyclic voltammetry was performed using a bipotentiostat (CHI 832) and a three-electrode
setup with a platinum counter electrode, a saturated calomel reference electrode and a 2 mm gold
disc electrode (coated or not, as specified). All electrochemical experiments were done at room
temperature (ca. 22 °C) using samples in 0.1 M phosphate buffer at a pH of 7.0 unless otherwise

noted.

3.4.6 Michaelis-Menten Curves.

The Michaelis-Menten curves were produced using the same 3-electrode setup with a
platinum wire counter electrode, a saturated calomel reference and a coated gold disc working
electrode (see Electrode fabrication above). Each Michaelis-Menten curve was produced using 5
mL of 50 mM phosphate buffer (pH 7.0) at a stir rate of 120 rev/min. To generate the MM curves
a voltage of 0.4 V was applied to the working electrode and the current outeput was graphed as
aliquots of 1 M glucose were added to produce points from 4-150 mM glucose. The current was
recorded after it had stabilized after each aliquot addition. Each electrode’s curve was produced
in triplicate using a freshly prepared electrode each time. Each concentration point was averaged

together across the three curves and one average curve was produced from these experiments.

3.4.7 Power Curves.

Power curves were produced using a LBL-assembled glucose electrode as the anode, and
a Pt cloth electrode hot pressed onto a Nafion® membrane as the cathode. The buffer and glucose
concentrations are specified in the data where the power curve is presented. The glucose anode

was connected to the potentiostat through the counter and reference electrode leads while the Pt
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cloth electrode was connected to the working electrode lead. The open circuit voltage (OCV) was
measured, and the working electrode was then scanned from the OCV to 0.05 V at 1 mV/s.
Differently sized areas of the Pt air breathing electrode were exposed to air and no difference in

performance was observed; therefore, it was assumed not to be the rate limiting electrode.

3.4.8 2-Hr Power Discharge.

Each specific LBL-assembled glucose anode was placed in 100 mM phosphate buffer at
pH 7.0 with 100 mM glucose and paired with a Pt cloth ELAT electrode hot pressed to a Nafion®
membrane as the cathode. A voltage of 0.3 V was applied for 2 hours, and the current was recorded

for the duration of the time.
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Chapter 4

4.1 Introduction

As shown in Chapter 3, our group has used Fc-LPEI with GOx to construct LBL glucose
bio-electrodes. However, branched polyethylenimine (BPEI) has been used more often than LPEI

1-2

in LBL applications'“. BPEI has been used extensively as a matrix material the production of

sensors for a variety of analytes including cocaine®, thrombin and lysozymes®, glucose>®, cancer

cells’, and lactose® 3 sensors. Our group has used Fc-BPEI (N-ferrocenylmethyl-branched
polyethylenamine) crosslinked with GOx to produce glucose biosensors'®. Because the Fc-LPEI
had worked better than Fc-BPEI in electrodes made by crosslinking, it was assumed that it would
also work better in the LBL-constructed electrodes!!'? and Fc-BPEI has not been used in
fabricating LBL electrodes. In this chapter, the assumption that Fc-LPEI performed better than
Fc-BPEI was tested by building LBL Fc-BPEI electrodes and comparing them to LBL Fc-LPEI
electrodes.

BPEI can be thought of on the molecular level as a “fuzzy caterpillar” when it comes to
their morphology. These oblong polymers are made of usually around 25% primary amines
located on the outer surface with secondary and tertiary amines comprising the inner core. When
these long bunches of polymer are crosslinked using epoxides (as was done by our group using
ethyleneglycol diglicydyl ether (EGDGE)) the polymer will crosslink quickly and randomly due
to the ready availability of primary amines on their surface, potentially leading to non-
homogeneously crosslinked BPEI molecules and large non-crosslinked domains within the

polymer matrix (see Scheme 4.1 below). This non-homogeneous structure makes parts of the

matrix functionally useless since they are disconnected from any catalytic activity in the
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Scheme 4.1: The cross-linking of BPEI vs LPEI with EGDGE and GOx, showing the potential
for voids and isolated GOXx active sites.

crosslinked networks. Due to the granular structure of these “fuzzy caterpillar” BPEI networks,
stress points form between each BPEI/GOx domain and the material breaks apart upon swelling.
These drawbacks are largely sidestepped with the use of LPEI. Because the LPEI is comprised of
mostly secondary amines, it will react with the EGDGE more slowly allowing time to bend and
weave together to form a homogeneous closely packed network. Because it is a more
homogeneous, lacking weak points and grain boundaries, the LPEI network can distribute the
stress of swelling after soaking in water better than its BPEI counterpart. The LPEI is also less
prone to have parts of the network not contributing to the catalytic process since it is more
homogeneous. Since Fc-LPEI had worked so well, outperforming the Fc-BPEI electrodes in the

crosslinked systems, the Fc-LPEI material was initially used to construct LBL electrodes. While
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originally overlooked, the BPEI material could have some key advantages in LBL electrodes over
its LPEI counterpart.

Because of the differences in the assembly process, the disadvantages BPEI faced in
crosslinked systems are conveniently absent in the LBL construction. In a LBL assembly, Fc-CS,-
BPEI is deposited on the electrode and the periodate treated p-GOx can then be immobilized on
the Fc-CS»-BPEIL After this, the 3™ layer of Fc-BPEI can be immobilized on the p-GOx layer.
Because the BPEI is immobilized electrostatically, and through reacting with aldehydes on the p-
GOx, each BPEI molecule will be covalently bound to a p-GOx active site unlike the random
crosslinking process using EGDGE (see Scheme 4.2 below). Our hypothesis was the use of the
Fc-BPEI polymer could lead to higher sensitivity LBL assembled glucose sensors than its LPEI
counterpart for two reasons. Firstly, because of the order of material deposition and the nature of
the crosslinking mechanism, it is certain that each immobilized Fc-BPEI molecule will be in
contact with a GOx and that the GOx will be arranged in “veins” between the BPEI molecules.
Due to the size of the BPEI molecules there should be more space in these veins for diffusion of
sugar into the electrode matrix than was available in the LPEI electrodes. Second, the ferrocene

on the BPEI will also be mostly localized on the surfaces of the BPEI, and therefore the surfaces

Fc Fo

Fc

Fc Fo

Fc
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of the domain interfaces, since they will most readily functionalize the more reactive and available
primary amines on the BPEI. These ferrocene-lined veins of GOx are ideal for shuttling electrons
from the GOx enzymes, funneling them to the gold electrode surface where they can be pulled
through the circuit. This proposed morphology should be much more efficient when compared
with the Fc-LPEI molecules that have more homogeneous and random Fc functionalization, and a
relatively less porous material structure. In this chapter, Fc-CS,-BPEI and Fc-BPEI were
synthesized and used to construct LBL glucose bioanode sensors and compared to their Fc-LPEI
counterparts. The BPEI electrodes were shown to have 50% more sensitivity and current than
their LPEI counterparts. These BPEI electrodes were also used in glucose powered fuel cells and

compared to cystamine first-layer electrodes, as well as the 3L CS,-LPEI first-layer electrodes.

4.2 Results and Discussion

4.2.1 Fc-CS2-BPEI synthesis and Characterization

BPEI was functionalized using (3-bromopropyl)ferrocene resulting in Fc-BPEI in the same
way Fc-LPEI was synthesized. The high availability and reactivity of the primary nitrogens on
the surface of the BPEI molecules leads to the formation of two different environments in the
polymer, the BPEI core, with the largely unsubstituted secondary and tertiary amines, and the
ferrocene functionalized surface amines. This Fc-BPEI was then treated with carbon disulfide in

the same way as the CS>-Fc-LPEI to produce CS>-Fc-BPEI for use as the first layer of the multi-

H H
N NH, Br N NH,
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Scheme 4.3: Synthesis of Fc-BPEI from (3-bromopropyl)ferrocene and BPEI.
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layered sensors built on gold electrodes. The percent substitution was determined gravimetrically
and was found to be consistent with the complete reaction of all the carbon disulfide added. The
ferrocene and CS» substitution percentages used in this chapter were the same 13 and 9 percent,
respectively as used for the LPEI material in Chapter 3. This CS>-Fc-BPEI polymer can be
dissolved in water using sodium hydroxide just like the CS,>-Fc-LPEI material.

The CS»-Fc-BPEI was characterized on a gold electrode surface by dipping the gold
electrode in the basic CSz-Fc-BPEI solution, quickly washing the electrode off with DI water and
running cyclic voltammetry in a phosphate buffer solution to verify that it had chemisorbed onto
the electrode surface. While the voltammogram of the CS,-Fc-BPEI electrodes does not appear at
a first look to be surface bound, the scan rate study shows the slope of the log(ipa)/log(v) plot is
0.94 (close to 1), indicating that the peak results from more of a surface bound phenomenon than
a diffusion controlled redox event (see Figure 4.1 below). The shoulder appearing at ~230 mV, 95
mV lower than the main peak at ~340 mV, indicates that the ferrocene in this shoulder is farther
from any electron-withdrawing carbon disulfide units also attached to the polymer backbone. This
loosely bound material with less carbon disulfide diffuses away from the surface after the first scan
(the charged ferrocenium is more soluble in the buffer solution than the uncharged ferrocene),
leaving the surface bound material with higher carbon disulfide content and a higher oxidation

voltage at ~330 mV. Because all of these electrodes have this loosely bound material, all of the
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points for analysis were taken from the second more stable scan of the electrodes after the loose

material was not present.
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Figure 4.1: Characterization of Fc-CS,-BPEI on a gold working electrode in 50mM Phosphate
buffer with a platinum counter electrode and a SCE reference electrode shown with a cyclic
voltammogram at A) 50 mV/s and B) showing the Log(ipa)/Log(scan rate) of the second anodic
wave at several scan rates.

4.2.2 CSz-Fc-BPEI Multi-Layered Biosensor Construction and Testing

Multi-layered sensors using CS;-Fc-BPEI and Fc-BPEI and p-GOx were constructed in the
same way as the LPEI electrodes discussed in Chapter 3, using the carbon disulfide substituted
polymer as the first layer and then alternating p-GOx and Fc-BPEI to build up the successive
layers. The electrochemical analyses of these electrodes are summarized in Figure 4.2. The
amount of ferrocene detected on the surface scaled roughly linearly with the number of layers just
as the LPEI material in Chapter 3. The peak Ag and E1/2 increased with increasing layers, indicating
that the material is getting thicker and the material at the edge takes longer to respond to the voltage
of the electrode. The Ak of a pure surface wave should theoretically be 0, and for a reversible
diffusion controlled process it should ideally be 57 mV. However, this is for electroactive species
adsorbed onto electrode surfaces. Our material is different from this scenario with the ferrocene

simply immobilized near the surface of the electrode. While it would be
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Figure 4.2: Characterization of multi-layered Fc-BPEI/GOx on a gold working electrode in 50
mM phosphate buffer with a platinum counter electrode and a SCE reference electrode comparing
A) the amount of avtive ferrocene, B) AE and C) the Ey.

unreasonable to assume that the hydrogel on the surface would follow the surface wave
characteristics, it would also be surprising if it were a purely diffusion controlled process due to
it’s attachment to the surface. In fact what is seen in the data is a Ag starting lower than 57 mV at
~30 mV in the monlayer and moving up to 90 mV in the 19L electrode, indicating a shift from
surface bound phenomenon in the lower layers to diffusion controlled as more layers are deposited
on the electrode. Interestingly the Log(ipa)/Log(v) relationship has a slope of 0.94, indicating
surface bound behavior in the monolayer and a slope of 0.52 indicating diffusion controlled
behavior on the 19-layer electrode. This makes sense since the monolayer is similar to an adsorbed
species, and the 19-layer electrode has material far away to the electrode, similar to a dissolved

species. The first layer also has a higher E1» when compared to the higher layer number electrodes
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since the first layer has the carbon disulfide unit pulling electron density away from the ferrocene,
making it harder to oxidize. The upper layers are dominated by the Fc-BPEI material, making the
E1» lower in these layers. All of this behavior is consistent with what was seen in the analogous
LPEI electrodes studied in Chapter 3. However, when the FCBPEI electrode systems were tested
with glucose some favorable differences were noted.

These BPEI-based electrodes were tested with glucose to determine their sensitivity and
maximum response to glucose. Although the LPEI-based electrodes from Chapter 3 matched the
BPEI electrodes’ responses to glucose at saturating glucose conditions up to 9 layers, the BPEI
electrodes continued to grow all the way up to 19 layers where it eventually plateaued (see Figure
4.3 below). This growth up to 19 layers allowed the Fc-CS2-BPEI first layer electrodes to outpace
the Fc-CS2-LPEI first layer electrodes and offer much greater sensitivity in the physiological range
(46.8 pA/cm? mM for the 9L Fc-LPEI and 64.2 pA/cm? mM for the 19L Fc-BPEI) even though
the Kum of the Fc-CS,-BPEI electrodes is higher (25 mM compared to 15 mM in the Fe-CS>-LPEI
first layer). This increase in activity through 19-layers (compared to the LPEI material topping

out at 9-layers) could be due to the wider channels of ferrocene and GOx in the BPEI material
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Figure 4.3: Comparison of the LBL-constructed Fc-CS,-BPEI and Fc-CS,-LPEI first layer
electrodes response to 100 mM glucose with the build-up of layers using an SCE reference and a
platinum counter electrode in 50 mM phosphate buffer.
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allowing glucose to permeate the the electrode more efficiently and quickly. While this data clearly
identifies the properties of these sensors we wanted to also characterize them as fuel cells as well.

Polarization and power curves were generated using the same platinum cloth working
electrode and gold modified electrode as the combined counter and reference electrode set up in
Chapter 3 for the Fc-LPEI LBL power curves. The polarization and power curves for the 19-layer
Fc-BPEI electrode are compared to the Fc-LPEI 9-layered electrodes in Figure 4.4 and shows that
the Fc-LPEI and Fc-BPEI generate as much current as they did in the applied voltage experiments
from ~0.25 V to 0 V, ~1 mA/cm? for the Fc-LPEI and ~2 mA/cm? for the Fc-BPEL This translates
to current densities of 1.01 mA/cm? at 261 mV for the 9L Fc-LPEI and 2.14 mA/cm? at 286 mV
for the Fc-BPEIL. The maximum power of 677 pW/cm? occurred at 354 mV for the Fc-BPEI with
an open circuit voltage (OCV) of 639 mV and for the Fc-LPEI a maximum power of 271 pA/cm?
at 0.290 V was observed with an OCV of 629 mV as shown in Table 4.1. This shows that the OCV
generated by the two electrodes are essentially the same, however the maximum power and voltage
at maximum power are higher in the Fc-BPEI. Since these differences aren’t due to differences in

material makeup, (both electrodes are made of PEI, ferrocene and p-GOx) they must be due to the
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Figure 4.4: Comparison of the LBL-constructed 19L-BPEI and 9L-LPEI electrodes performance
in A) polarization curves and B) power curves using a platinum working electrode and the
constructed electrode as a combined counter and reference electrode in 100 mM glucose and a 50
mM phosphate buffer
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morphology of the materials. It is likely that the diffusion of glucose through the channels of the
Fc-BPEI to the p-GOx active sites allows the Fc-BPEI to function more efficiently and to build
performance through more layers than the LPEI.

While the 19L-BPEI curve was substantially higher than the 9L-LPEI power curve a like-
to-like comparison was used to study the stability of these two different materials. For this
comparison power curves were measured for 3L electrodes of each material (see Figure 4.5). Each
power curve measurement was run, after which the fuel cell was allowed to run at 0.3 V (near peak
power) for 2 hours. After this time another polarization curve was collected to determine how
stable the electrode material was. This was also done with a cystamine-first layer Fc-BPEI material

to determine the effect using a polymer has on the stability of these bio-anodes. While the

Power Curves ocv Max Power (uA/cm?) | Voltage at Max Power (V)
Fc-BPEI 0.639 677 0.354
Fe-LPEI 0.629 271 0.290

Table 4.1: A selection of relevant points taken from the comparison of the LBL-constructed 19L-
BPEI and 9L-LPEI power curves in Figure 4.4.

cystamine produced much less current and lost ~80% of its current over the 2 hours, the
degradation experienced by both the 3L-LPEI and BPEI electrodes was comparable to each other
with the BPEI system losing ~60% of its current, and the LPEI system losing ~50% of its current
over that time. When comparing the Fc-CS,.BPEI and Fc-CS,.LPEI pre- and post-degradation

power curves, the Fc-CS2-BPEI electrode lost 0.16 V of OCV, and only had 24% of its peak power
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Figure 4.5: A) Power Curves of 3-layer Fc-CS,-BPEI and Fc-CS,-LPEI compared before and
after 2 hr decay and their 2hr current graphs at 0.3V compared by B) their raw current values and
C) the percentage of the starting current.

remaining, whereas the LPEI electrode lost only 0.06V in OCV and had 30% of its peak power
remaining, only losing 0.05 V of its peak power voltage. The Fc-CS>.BPEI electrode still
somewhat outperformed the Fc-CS,.LPEI despite losing a greater percentage of its performance
parameters. The results are shown in Table 4.2.

These differences (Table 4.2) are again attributable to the morphological differences
between the BPEI and LPEI.  The LPEI will swell homogeneously since it is a more
homogeneously crosslinked. The LPEI would then have fewer stress points compared to the BPEI.
Since the BPEI has all 3 types (3°, 2°, and 1’) of amines, there will be regions that swell more and
some that swell less. This could cause channels of swelling in the regions comprised of primary
amines, introducing stress points. The BPEI is more porous when compared to more homogeneous

LPEI electrodes. This leads to established channels of GOx and ferrocene for efficient transport

of electrons to the electrode surface from the GOx active site. This is because the ferrocene groups
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will have mostly reacted with the primary amines, ensuring the ferrocene is in close proximity to
the GOx catalytic sites which will be immobilized between BPEI molecules. This may also be

why the BPEI system continues to build current density through 19L compared to the LPEI

system’s 9L.
. Current
First Layer Pmax VatP Pmax After 2| Vat Pmax | OCV After | Starting afier 2 hr | © Lo
al Fmax < urrenl
(3L L W |V (V)| hrRun | After2hr | 2hrRun | Current R Remammz
Electrodes) (nW/em”) (uW/em2) | Run(V) W) (u Wcmz) , g
(uA/em”)
CS2-Fe-LPEI 59.0 0.355 0.597 1.83 0.309 0.539 16.1 7.67 49.75%
2-Fe-
CS2-Fe-BPEI 103 0.489 0.759 2.44 0.315 0.600 17.9 7.10 39.58%
2-Fe-
Cyst-LPEI 10.8 0.440 0.595 0.0927 0.356 0.461 2.88 0.346 12.02%

Table 4.2: A selection of relevant points taken from the comparison of the LBL-constructed Fc-
CS2-BPEI and Fc-CS2-LPEI and cystamine first-layered 3-layer power and 2 hr usage curves in
Figure 4.5.

The differences outlined above show that the BPEI continues to grow through more layers
and produce the highest current and power densities in a LBL electrode built by our group.
Although they degraded more quickly than the LPEI electrodes in the 2 hr usage study, the BPEI
electrodes maintained a better power curve with higher peak power and OCV than the LPEI

electrodes after the 2-hour discharge. This establishes the BPEI LBL electrodes as a most

promising and worthwhile system to improve upon and study further.

4.2.3 Literature Comparisons

Comparing literature examples of these glucose sensors can be a challenge since there are
no standards when it comes to what is tested and how the electrodes are tested. It can get
particularly difficult to compare stability/durability of these systems since they can be analyzed at
different constant voltages, or are sometimes tested at constant currents, particularly when they are
used as fuel cells. While each author has their reasons for testing under certain conditions, and
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certain systems may call for particular conditions and tests that others may not, it can be difficult
to find like-like comparisons for many examples. Most publications choose not to include any
stability or durability analysis at all. There are however two properties that are nearly always
reported when these glucose electrodes are used as sensors; the sensitivity of the electrodes to
glucose and the range over which the response to glucose is linear. While sensitivity is important
and intuitive and overall, a great point of comparison for these sensors, the range of linearity is not
as straightforward as it may initially seem. For example, healthy blood-glucose levels in the
human body are roughly from 5-10 mM, so it would seem that a linear response in this range is
necessary for an adequate glucose sensor. However, if the response is not quite linear in this range
but is predictable (as is the case with enzymatic kinetics) this may not matter quite as much (Figure
4.6). Different authors may use different statistical analyses and have different tolerances for their

definition of linearity in their sensors.

19L BPEI Electrode

0.0025
0.002 - = I
0.0015

0.001

Current Output (A/ecm2)

0.0005 :

0 0.05 0.1 0.15 0.2 0.25 0.3

Glucose Concentration (M)
Figure 4.6 A Michaelis-Menten kinetics curve generated by the addition of 1M glucose aliquots to

50 mM phosphate buffer pH 7, with a 19-L Fc-BPEI working electrode, a SCE reference and a
platinum counter electrode held at a constant potential of 0.40 V.
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A selection of recent literature examples of glucose sensors is shown below and is
compared to the sensors made in this work (Table 4.3). Because our enzymatic sensors are linear
when plotted as 1/current vs 1/concentration, the response is predictable, and the linear range is
irrelevant. The sensitivity was taken as the slope of the curve at 5 mM glucose concentration.
While the sensitivity of our PEI electrodes is better than four of the chosen examples, they are
1/10-1/20" of the sensitivity of the other two. However, these high sensitivity examples have
extremely low ranges of linearity, outside the normal physiological blood-glucose range. The
sensitivities of these electrodes were also taken near what would be the bottom of a Michaelis-
Menten curve where the slope is the steepest, inflating the sensitivity value. This work used the
slope of the Michaelis-Menten curve from 5-20 mM glucose concentrations to obtain the
sensitivity of the electrodes at physiological glucose concentrations. When compared to previous

electrodes made by our group, the highest sensitivity LBL electrode was the 32-layer cystamine

Material Sensitivity (WA/mM*cm?) Linear Range (mM)
Recent Literature
Au-SiO>NP/GOx '3 9.69 02-7.0
Nf-GOx-fMWCNTs-Ppy ! 54.2 0-4.1
Nf-CoS-MWCNTS/GOx ' 15,000 .008 - 1.5
(CQDs)-AuNPs/GOx'¢ 626.06 0.16 - 4.32
(Con A/GOx)s'’ 68 .001-1
Our Group
Cystamine/Fc-LPEI/GOx 32L'® 60 N/A
Fc-LPEI/GOx (X-linked)'° 43 N/A
Fc-LPEI/SWNT/GOx (X-linked)" 93 N/A
This Work
LBL-CSo/LPEI/GOx 9L 47 N/A
LBL-CSo2/BPEI/GOx 19L 64 N/A

Table 4.3: A selection of recent literature references chosen to compare to the materials prepared
in this work. The sensitivities of our group’s electrodes used the slope of the Michaelis-Menten
curve from 5-20 mM as the sensitivity.
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first-layer Fc-LPEI electrode at 60 pA/cm?mM. This is a mark beaten by the CS,-Fc-BPEI first-
layer 19-layer Fc-BPEI electrode at 64 nA/cm?mM. These FcBPEI 19L electrodes
produced 2 mA/cm? outperforming the 32L cystamine first-layered Fc-LPEI electrodes that

produced 1.4 mA/cm?.

4.3 Conclusion

This chapter explored the use of the CS:-Fc-BPEI and Fc-BPEI materials in the
construction of bioanodes in conjunction with p-GOx, similar to those described in Chapter 4 using
the Fc-LPEI materials. The BPEI material continues to build functionally active material through
19 layers where it tops out with double the current density of the LPEI version at 2 mA/cm? under
saturating glucose condititons. The BPEI electrodes also had 36% more sensitivity to glucose (64
mA/cm? mM compared to 47 mA/cm? mM) at physiological glucose concentrations (4-15 mM).
The BPEI systems also produced more power at higher voltages than the LPEI electrodes in a
galvanic discharge under saturating glucose concentration conditions. Although these electrodes
are not ideally suited for long term power generation, this does show that they work more
efficiently, likely due to the morphology of the BPEI electrodes. These electrodes performance
are at least on par with and better than much of what has been reported in the literature within

physiological blood-glucose concentrations.
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4.4 Materials and Methods

4.4.1 Chemicals and Solutions.

Glucose oxidase (GOX) from Aspergillus niger (C 1.1.3.4, type X-S, 117 units/mg solid,
75% protein), methanol, acetonitrile, sodium carbonate, cysteamine hydrochloride, carbon

disulfide, and 25k MW BPEI was purchased from Sigma-Aldrich and used as recieved.

4.4.2 Synthesis of N-(3-Ferrocenylpropyl)-branched polyethylenimine

N-(3-Ferrocenylpropyl)-branched polyethylenimine [Fc-BPEI] was synthesized in the
same way as the Fc-LPEI in Chapter 3. A solution of 100 mg (2.32 mmol repeat units) of 25k MW
BPEI in 10 mL of a 6:4 mixture of acetonitrile and methanol in a flask fitted with a reflux
condenser. (3-Bromopropyl)ferrocene (177 mg, 0.575 mmol or 25 mol% relative to the BPEI) was
added along with 1 equivalent of KoCOs3, and the mixture was heated to reflux solvent overnight.
The solvent was removed under reduced pressure, and diethylether was used to wash the polymer
of any ferrocenyl impurities (3 washes of 15mL). The polymer was dissolved in benzene and the
mixture was filtered through Celite to remove any residual salt impurities. The solvent was
removed under reduced pressure to yield ca. 120 mg Fc-C3-BPEI. The yield was 78%, and the Fc

substitution percentage was determined by 'H-NMR as was done in Chapter 3 with the Fc-LPEIL

4.4.3 Synthesis of N-Dithiocarbamato-N-ferrocenylpropyl-branchedpolyethylenimine (Fc-CS»-
BPEI

N-Dithiocarbamato-N-(3-ferrocenylproplyl)-branched polyethylenimine was synthesized
by dissolving N-(3-ferrocenylproplyl)-branched polyethylenimine (50 mg, 614 nmol repeat units)

in 5 mL of methanol and 9 mol percent carbon disulfide (4.2 mg, 55 nmol) was added with rapid
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stirring. The vessel was immediately capped and the reaction was carried out for 20 minutes. Over
the course of this time the yellow solution became cloudy, and a precipitate formed. The solvent
was removed on a rotary evaporator in a water bath at 60° C and dried to a constant weight of 54.3
mg. This weight indicates a quantitative addition of the carbon disulfide to the BPEI. The polymer
is insoluble due to the electrostatic crosslinks between the ammonium cations groups and the

carbon disulfide anionic groups. Therefore, NaOH was needed to dissolve the polymer in water.

4.4.4 Electrochemical Experiments

All electrode construction and electrochemical characterizations were carried out as

described in Chapter 3, substituting CS>-Fc-BPEI for CS»-Fc-LPEI and Fc-BPEI for Fe-LPEL
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Chapter 5

5.1 Introduction

Non-enzymatic glucose bio-cells have many advantages over enzyme containing materials.
For example, the GOx containing materials used in Chapters 3 and 4 are great for making sensitive
sensors. However, the use of the enzyme in these sensors leaves them prone to degradation over
time'-2. Enzymes can also become saturated with substrate at relatively low concentrations, which
is fine at physiological concentrations, but this limits the power generation of bio-anodes made
using enzymes. While non-enzymatic electrodes are not inherently more stable than enzymatic
sensors, they can sometimes be engineered to be stable over longer periods of time. Non-
enzymatic materials generally lack the specificity to a substrate that the folded protein of an
enzyme provides, but they also have the potential to saturate at much higher concentrations and
produce much larger current densities than enzymatic electrodes®. This lack of substrate specificity
can be used as an advantage as well, generating power from things other than the specific substrates
the enzymatic materials are designed to metabolize!. Some of these non-enzymatic glucose-
consuming electrodes have even been shown to break down glucose all the way to carbon dioxide
and water, extracting 24 electrons in the process and theoretically producing 4430 Wh/kg>. These
differences make them ideal for the production of power as opposed to sensing accurately one
single substrate concentration®, as was done with our enzymatic electrodes in the previous
chapters.

In the interest of making a non-enzymatic biofuel cell our group has utilized electrodes
made by electrodeposition of a polyviologen capable of oxidizing glucose’. This reduced

polyviologen material can conduct electrons to the electrode surface and through a circuit to
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produce power®”.

Using a platinum electrode as the cathode, this polyviologen material can be
used as the anode to produce a compartmentless biofuel cell utilizing glucose’. Our group has
already made and tested the polyviologen material using 1,5-bis(4-cyanopyridinium-1-yl)pentane
(BIS) dibromide and 1,3,5-tris(methyl)-2,4,6-tris-(4-cyanopyridinium-1-methyl)benzene (TRIS)
tribromide salt precursors (Scheme 5.1), along with CB7 encapsulation of the viologen units to
improve its stability in basic environments. CB7 is a macrocyclic molecule that has a hydrophobic

10-11

pocket with an affinity for binding viologens CB7 is known to protect viologens from

12-13

oxidation and keeps it from forming dimers when reduced to the radical cation state'*. The

TRIS salt was incorporated to introduce branch points and voids to produce a more open structure
for the diffusion of glucose through the material'®.

Only one method of electropolymerization and one electrode type has previously been
tested. Electropolymerization can be somewhat of an iterative and tedious process to optimize. It
is our hypothesis that the environments provided by different applied electrical stimuli can induce

different morphologies and polymerization behaviors. For example, in the electrocoupling of the

two cyanopyridinium salts shown in Scheme 5.1, the final elimination step to reform the dication

Polymerization

CN N
Electrochemical @ | |
N~ N~
1 L
R R

Polyviologen N@

Scheme 5.1: Showing the di- and tri-pyridinium salts and how they reductively electropolymerize
to form the viologen polymer.
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viologen salt may be hindered if the potential is only held at a reducing voltage and not allow the
material to return to more positive potentials where conductive radical cation and the dication
forms are favored over the neutral viologen species that would be present in a constant voltage
polymerization. If the film were formed by cyclic voltammetry, in which the material is cycled
between, there may be “layers” of material deposited on the surface each time the voltage is
switched from low to high voltage. The reduction potential of the di- and tri-pyridinium salts are
offset by ~0.05V making the cyclic voltammetry electrodes primarily made up of the BIS salt since
it reduces at a lower voltage than the TRIS salt. This also could form micro-layer regions solely
made from the BIS salts, followed by regions made up of both monomers. If an alternating high
and low voltage pulse method is used, then this micro-layering can be avoided to form a more
uniform material since both monomers will begin to react at the same time when the voltage is
applied. It is also our hypothesis that using a high surface area material such as carbon felt could
make compact but high-current producing electrodes.

In previous work our group’ explored using different concentrations of monomer in the
electropolymerizing solution that caused different polymer morphologies on cycling, leading to
varying performance of the polymerized material. In this work the electrical stimulus itself is
varied to determine the best way to polymerize material for the production of non-enzymatic,
viologen-based fuel cells. We also hypothesize that these electrodes could utilize different
carbohydrate fuels, increasing their power output from raw sources containing multiple sugars (eg.
fruit juice). The different polymerization methods used were cyclic voltammetry, constant voltage
and pulsed voltage techniques. The use of high surface area carbon fiber electrodes was also

explored, along with stability testing of [CB7]-modified polyviologens to protect the viologen

113



from oxidation in the high pH environment used for these fuel cells. Sucrose was shown to be an

effective alternative fuel for this polyviologen electrode system.

5.2 Results and discussion

In order to study the polymerization method, a known method was used and sequentially
modified to study the different polymerization techniques. The only method of polymerization
used in our group for making the viologen-modified electrodes has been cyclic voltammetry.
Previous work has determined that a 2:3 ratio of TRIS to BIS at concentrations of 1 and 1.5 mM,
respectively, is best for the polymerization using this method’. Below in Figure 5.1 are shown the
polymerization of the viologen material on a glassy carbon electrode using cyclic voltammetry

running 1-10, 11-20, 21-30 and 31-40 scans (5.1 A-D) respectively. The initial scans show some
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Figure 5.1: The electropolymerization of 1.5 mM and 3 mM di-pyridinium and tris-pyridinium
salts on 3 mm glassy carbon electrodes in 50 mM phosphate buffer at a 50 mV/s cyclic voltametric
scan rate using a SCE reference and a platinum wire counter electrode A) 1-10 scans B) 11-20
scans C) 21-30 scans and D) 31-40 scans.
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pronounced sharp surface wave peaks that diminish as more scans are run. These are the negative
reduction peak at ~-0.775 V and the positive oxidation peak at ~-0.575 V. The oxidation and
reduction of the viologen can be seen as it is produced from the precursor salts. These are the
oxidation/reduction redox couples that have Ei» values of -0.467 V and -0.900 V respectively
which grow as more scans are performed. The main peak of interest is the reduction peak at -0.535
V since this is associated with the viologen species that will oxidize the glucose molecules in the
operating fuel cell. This peak is seen to only grow in the 1-10 and 11-20 scan polymerizations. In
the 21-30 and 31-40 scan polymerizations the peak grows and then begins to diminish slightly as
more scans are run. This could be due to the film growing so thick that some of the material is
inaccessible to the diffusion of ions through the material that is necessary for the electrochemistry
to occur. This is also a sign that the 20 or 30 scan polymerization is the best for the production of
this electrode using cyclic voltammetry.

Polyviologen-modified electrodes were also produced at constant voltage by holding the
working electrode at -1.0 V for varying amounts of time (Figure 5.2a). The times were chosen to
roughly mimic the total amount of time the voltage would be below -0.9 V in the construction of

the 20, 30 and 40 scan cyclic voltammetry electrodes, so 270, 580 and 820 second polarization
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Figure 5.2: The electropolymerization of 1.5 mM and 3 mM BIS and TRIS salts on 3 mm glassy
carbon electrodes in 50 mM phosphate buffer using a SCE reference and a platinum wire counter
electrode: A) at a constant voltage of -1V for 270, 580 and 820 seconds and B) 30 pulses of -1V.
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times were used. The -0.9 V potential was chosen since both the TRIS and the BIS salts would be
reduced whenever the scan was below this voltage. Various rises and decreases in current occurred
over time and can be seen in Figure 5.2a below, probably due to periods of growth and stagnation.
This growth and stagnation could be due to the repeated buildup of neutral reduced polyviologen
moieties forming and blocking electron transfer, followed by the elimination to the positively
charged viologen species, allowing for electron flow from the electrode surface to the material
surface stimulating more growth. Alternatively, it could also be due to a critical concentration at
the electrode surface needed for growth to occur and the rate of growth could outpace the diffusion
of new material to the electrode inducing these peaks and dips in current over the course of the
run.

The pulsed voltage was also designed to mimic somewhat the time frame used in the cyclic
voltammetry, holding the electrode at -1.0 V for 20 seconds and then allowing the electrode to rest
at 0 V for 40 seconds before pulsing -1.0 V again successively for 30 cycles. This is the amount of
time the electrode is below and above -1.0 V in each scan of the CV polymerizations. These pulses
seemed to remain roughly the same through the thirty scans with no discernable pattern or growth.
In order to judge which polymerization method was the best for our purposes the electrodes were
tested as the bioanode in a Pt/air fuel cell, producing polarization and power curves for comparison.

These power curves were generated using the same method as the ferrocene glucose fuel-
cells described in Chapters 3 and 4. The working electrode lead was attached to the platinum cloth
air breathing electrode and the reference and counter electrode leads were attached to the viologen-
coated electrode. The electrode was then scanned from the open circuit potential to 5 mV at a 1

mV/s scan rate to generate a polarization curve. The voltage at each point is then multiplied by
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Figure 5.3: Polarization and power curves for the polyviologen anodes on glassy carbon electrodes
in 50 mM phosphate buffer pH 7 with 5 mM glucose scanned from the OCV to 5 mV at 1 mV/s
using a platinum cloth working electrode with the reference and counter leads attached to the
viologen electrode. These electrodes were fabricated using pulsed and constant voltage techniques
in A and B and cyclic voltammetry in C and D.

the current at each point to generate a power curve where the maximum power potential and open
circuit voltage can then be seen. These are displayed in Figure 5.3 to compare the polarization and
power curves of each electropolymerization method. In Figure 5.3C and D, the data from the
cyclic voltammetry polymerization method is shown. The OCV of these electrodes all were around
the same voltage (~.61-.65 V) with the exception of the 40 total scan method, which was higher
(0.75 V). The 30 total scan electrode also has the most normal looking polarization curve with a
large ohmic polarization region with a sharp break into the diffusion limited current region of the
polarization curve. This large ohmic polarization region at relatively high currents means it also

has the most peak power. For these reasons the 30 total scan method was determined to be the

best method for CV constructed electrodes. The constant voltage construction methods, while
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producing some high OCVs, produced much less current and ~1/4 power of the CV construction
method when used in a fuel cell. This information was used to construct an electrode on a high
surface area electrode, with and without CB7, to determine if it would stabilize the electrode in
highly basic conditions.

Electrodes were constructed using the CV method on carbon felt electrodes, a high surface
area/volume material (see Figure 5.4). This was done with CB7 in solution and with a solution
not containing any CB7. These polymerization curves are similar with the viologen peaks growing
as more scans are performed. One big difference is that the CB7 containing material produces a
film with roughly half the peak height of the non-CB7 containing material. This translates into an
electrode that produces more current and ~ double the power (Figure 5.5) in the polarization and
power curves (~2 vs ~4 uW/cm?). The non-CB7 material also has a higher OCV (0.85 V vs 0.75V).

However these results do not tell the whole story.

A |30

e-3A

Current / 1e-3A
Current / 1e

T T X T T T T
-14 -1.2 -1.0 08 06 04 -0.2 0 -14 12 -1.0 08 06 04 02 0

Potential / V Potential / V

Figure 5.4: Cyclic voltammograms showing the 30-scan electropolymerization of 1.5 mM and 3
mM BIS and TRIS salts on carbon felt electrodes in 50 mM phosphate buffer using a SCE reference
and a platinum wire counter electrode: A) without CB7 and B) with 1 mM CB7

While maximum power can be a good indicator of how much power a fuel cell will
produce, many batteries and fuel cells are constructed of many cells running at a set voltage to

make a high voltage fuel cell since voltage adds when cells are connected in series. Round

numbers are often used, for example, many fuel cells connected in series, running at 0.3 or 0.5 V
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Figure 5.5: Polarization (A) and power curves (B) for carbon fiber viologen electrodes with the
current-time 2-Hr 0.3 V usage curve in C and the power curves after the 2-hour discharge in D.
These were run in pH 10, 50 mM phosphate buffer.

can be used to easily produce 9 or 12 V batteries. For this reason our degradation test was run at
0.3 V. During this stress test the CB7 protected the viologen from oxidation in the highly basic
solution, while the material with no CB7 quickly degraded. The CB7 material maintained 83% of
it’s starting current and did not seem to lose performance after the first 10 min. The material
without the CB7 quickly lost most of it’s current and continued to decline down to 18% of it’s
original current. The power curves of these degraded electrodes show that the CB7 containing
material actually gained current, power and OCV in it’s polarization and power curves after it’s
use for 2 hours in a fuel cell, while the non-CB7 containing material lost nearly all ability to
catalyze the oxidation of glucose. The doubling (from 4 to 8 uW/cm?) in power output after the 2
Hr use could be due to electrode break-in, allowing for glucose to flow into and out of the material

more easily than in a newly constructed electrode. These carbon fiber electrodes actually

outperform the glassy carbon electrodes with respect to performance/surface area (by a factor of
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4) as well as raw power output, making them a great option for fuel cell production. CB7 has a
large effect on the stability of these electrodes and makes these viologen based electrodes a viable
option for use in non-enzymatic glucose biofuel cells.

These non-enzymatic fuel cells have some advantages over their enzymatic counterparts in
that they can catalyze the oxidation of other sugars, not just the sugar the enzyme is designed to
oxidize. They also continue to add current with much higher concentrations than the 150 mM
glucose limiting concentration of our ferrocene containing enzymatic electrodes. The same
electrode used in the degradation study was used in a solution of 1M glucose to produce a power
curve that more than doubled the power output obtained by the 5 mM solution (from 8 to 20
uW/cm?) used in the degradation study (Figure 5.6). This demonstrates that the electrode can

operate at high glucose concentrations to produce higher power outputs. These electrodes can also
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Figure 5.6: The Power curves for a CV-polymerized CB7/polyviologen modified carbon fiber
electrode in 50 mM phosphate buffer pH 10 with 5 mM and 1 M glucose.

oxidize other carbohydrates like sucrose. This is shown in Figure 5.7 below with a 2 hour
discharge of a CB7-containing electropolymerized polyviologen bio-anode in 5 mM sucrose
solution and the power curve of this electrode after use. The data shows that the CB7-polyviologen
material on a glassy carbon electrode produced ~3.7 uA/cm? operating at 0.3 V in a 5 mM solution

of sucrose. These electrodes also produce ~0.69 OCV and ~4 uW peak current in a polarization
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curve. This establishes this polyviologen material as a versatile material that could process raw

fruit juice and possibly other bio-fuels into electricity for oft-grid or cheap energy production.
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Figure 5.7 Power curve of a carbon fiber CV-polymerized CB7/viologen modified electrode in 5
mM sucrose and 50 mM phosphate buffer pH 10 and a 2-hour discharge of this electrode at 0.3 V.

5.3 Conclusion

In this chapter it was demonstrated that the polyviologen electrodes discussed here are best
prepared through cyclic voltametric methods. Cyclic voltammetry was compared to, and found to
be better than, both the constant voltage and pulsed voltage techniques used in this chapter. Used
in a working bio-fuel cell these electrodes, constructed through cyclic voltammetry, displayed
greater stability in relation to non-CB7 containing polyviologens, maintaining much more
electrical current output throughout 2 hours of use and actually improving their power output after
this period of use. These non-enzymatic electrodes also displayed their versatility in their ability
to oxidize high concentrations of glucose as well as sucrose, where many enzymatic electrodes are

limited to one substrate.
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5.4 Materials and Methods

5.4.1 Chemicals and Solutions.

Sodium phosphate, sodium hydroxide, glucose and sucrose were purchased from Sigma-
millipore and used as received. BIS and TRIS salts were prepared as previously reported in
literature’. The PAN Carbon felt, air breathing 0.1 mg/cm? Pt/Vulcan electrode and 0.7 mm thick
Nafion membrane were purchased from the Fuel Cell Store website. The Pt cloth and Nafion
membrane were hot pressed together at 800 psi and 120 °C for 5 min. A CHI Model 830D
potentiostat was used in all electrochemical studies. We thank Profesor R. Halterman for providing

us with a sample of CB7

5.4.2 Cyclic Voltammetry.

All scans were performed in 50 mM phosphate buffer at pH 7.0 with a Pt wire counter
electrode, an SCE reference, and a glassy carbon working electrode at a scan rate of 50 mV/s

unless otherwise stated.

5.4.3 CV Electropolymerization to Form Polyviologen.

A solution of 1.5 mM BIS and 1 mM TRIS was made in 50 mM phosphate buffer at pH
7.0 and cycled 10, 20, 30 and 40 times from 0 to -1.4 V and back to produce the viologen films on
3 mm glassy carbon or PAN carbon felt electrode surfaces as specified in the text. A platinum wire
counter electrode and a SCE reference electrode were used in the 3-electrode setup with the glassy

carbon working electrode. 1 mM CB7 was added if noted in the text.
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5.4.3 Pulsed Voltage Electropolymerization to Form Polyviologen.

A solution of 1.5 mM BIS and 1 mM TRIS was again made in 50 mM phosphate buffer at
pH 7.0 and -1 V was applied for 20 s and then 0 V for 40 s. This pulse was repeated 30 times to
produce viologen films on 3 mm glassy carbon electrode surfaces. A platinum wire counter
electrode and a SCE reference electrode were used in the 3-electrode setup with the glassy carbon

working electrode.

5.4.4 Constant Potential Electropolymerization to Form Polyviologen.

A solution of 1.5 mM BIS and 1 mM TRIS was made in 50 mM phosphate buffer at pH
7.0 and -1 V was applied for 270, 580 and 820 s to build the viologen films on 3 mm glassy carbon
electrode surfaces. A platinum wire counter electrode and a SCE reference electrode were used in

the 3-electrode setup with the glassy carbon working electrode.

5.4.5 Power Curves.

Power curves were produced using an electropolymerized polyviologen as the anode, and
a Pt cloth electrode hot pressed onto a Nafion® membrane as the cathode. The buffer and sugar
concentrations are specified in the data where the power curve is presented. The glucose anode
was connected to the potentiostat through the counter and reference electrode leads while the Pt
cloth electrode was connected to the working electrode lead. The open circuit voltage (OCV) was
measured, and the working electrode was then scanned from the OCV to 5 mV at 1 mV/s.
Differently sized areas of the Pt air breathing electrode were exposed to air and no difference in

performance was observed; therefore, it was assumed not to be the rate limiting electrode.
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5.4.6 2-Hr Power Discharge

When 2-hr discharge curves were generated, this was done by submersing the specified
polyviologen anode in a pH 10, 50 mM phosphate buffer with 1 M, or 5 mM glucose or 5 mM
sucrose and paired with a Pt cloth ELAT electrode hot pressed to a Nafion® membrane as the
cathode. A voltage of -0.3 V was applied and held for 2 hours; the current was recorded for the

duration of the time.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

As part of an exploration of the fundamental processes in the functioning of ferrocene-modified
LPEI bio-anodes, this work presented a study of the mechanism of iodide’s mediation of GOx. The
synthesis of our Fc-LPEI material made by the Glatzhofer group sometimes contained hard to remove
iodide salt impurities. The iodide-containing materials produced anomalous results when used in the
construction of GOx containing bio-anodes, slightly increasing the current produced by these anodes, even
when oxygen was not present. Current literature suggests that iodide acts in conjunction with oxygen to
mediate the oxidation of glucose. This work is the first to our knowledge to show the iodide can mediate
the GOx without the presence of oxygen, making it a direct mediator, rather than an indirect mediator,
changing the way iodide is perceived to interact with GOx.

New ferrocene- and carbon disulfide-ferrocene-substituted LPEI and BPEI were also synthesized
and used to construct enzymatic glucose bio-anodes using the layer-by-layer (LBL) technique. The
synthesis of novel ferrocene and carbon disulfide substituted LPEI and BPEI materials allowed their use as
a base layer for the LBL construction of films on gold electrodes due to the strong affinity of sulfur for gold
surfaces. The use of non-redox active CS;-LPEI as the first layer in this LBL bio-anode allowed for a direct
comparison of small-molecule vs polymer first layered systems, using soluble ferrocene derivatives as a
probe. These studies showed that although the polymer inhibits diffusion near the electrode it allows for
increased GOx deposition on the surface, roughly doubling the sensor’s Vmax and making CS,-LPEI first
layers superior to using the tradition sulfur small-molecule cystamine for the first layer. We were also able
to compare the CS,-LPEI to the Fc-CS,-LPEI, showing that the mediator in the first layer improves the
sensor’s Vmax by a factor of ~5 in the 3-layer bio-anodes. In anodes with higher numbers of layers the initial
Fc-CS,-LPEl-layered electrodes gained Vuax with every layer up to 9 layers and a Vmax of ~1 mA/cm?.

While previous work with the cystamine first-layered annodes have achieved 1.6 mA/cm?, this was not
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until 32 layers (16 bilayers) had been deposited over the course of ~3 hours. The Fc-CS,-LPEI allows for
much faster electrode fabrication, as well as resulting in a more durable electrode as shown in this work’s
comparison of the two electrodes over 2 hours of continuous use. This work also presents the production
of Fc-CS,-BPEI first-layered glucose anodes with p-GOx and Fc-BPEI upper layers, analogous to the Fc-
CS,-LPEI electrodes. These electrodes built Vuax all the way up to 19-layers producing a Vmax of ~2
mA/cm?. These Fc-CS,-BPEI anodes were shown to retain more of their current after 2 hours of continuous
use than either the Fc-CS,-LPEI or the cystamine anodes, making them the clearly superior material for
LBL bio-anodes.

While these LBL materials are clear advancements in the production of enzymatic glucose bio-
sensor anodes, this work also presents studies of novel polyviologen materials for the fabrication of non-
enzymatic glucose fuel cells. In Chapter 5 the formation of a polyviologen material was explored by
electropolymerization on glassy carbon electrodes. Three different methods of depositing this material
were used: cyclic voltammetry, pulsed voltages, and constant voltage. Electrodes constructed using 30
voltammetric cycles were found to produce the most current and power. This could be due to differing
amounts of polyviologen material forming on the electrodes or different morphologies of the material based
on the electrochemical method used. These electrodes produced ~20 pW/cm? at ~0.5 V when poised against
a platinum air breathing cathode in a glucose bio-fuel cell at 1 M glucose . Cucurbituril (CB7) encapsulated
monomers were used to produce the polyviologen material in order to protect the viologen from oxidation
in the caustic environment of these fuel cells. The CB7 was shown to have a significant impact on the
longevity of the life of the viologen material, improving the life of the fuel cell over a 2 hour test period in

which the electrode retained ~90% of it’s original current.

6.2 Future Work

While the mechanistic studies showing iodide can function as a mediator for GOx will certainly

have an impact on how this system is understood in the scientific community, there is not much more work
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to be done in this area. The crystallization of GOx with the iodine immobilized in it’s active site might be
accomplished so the interaction of these two species could be better understood. This knowledge could
lead to a new or better use of iodide’s mediation of GOx or other oxidoreductases, potentially allowing new
technologies to be developed.

While this work presents an advancement in the production of LBL 2™ generation enzymatic
glucose sensors using Fc-CS,-LPEI and Fc-CS,-BPEI, there is still a lot of work to be done to make this a
viable technology that could compete with current CGMs on the market. While the sensors we have
produced are more sensitive than the current CGMs, they are far less stable, falling to ~40% of their original
current after 2 hours of use in 100 mM glucose (saturating conditions). While this demonstrates potential,
it would be good to test these bioanodes at physiological glucose concentrations (~4-15 mM glucose) to
really expolore their viability. Although they may perform better in these lower glucose concentrations it
is still doubtful that they could last for the two week span that is the market standard today. These electrodes
could also be improved by incorporating gold nanoparticles. This could be done by adding a dip into a
nanoparticle solution into the production of these anodes or by coating the nanoparticles themselves using
the Fc-CS,-BPEI and GOx. While this could be an interesting area of study, the stability of the electrodes
is the real problem with this technology that needs to be solved before these can be brought to the market.
In the past it has been shown that the 3-carbon link to the LPEI was far more stable than the 1- or 6-carbon
link. Other ways of attaching the ferrocene to the polymer backbone could also be explored, or another
polymer backbone altogether (like polyvinylamine). Use of matrix stabilizing crosslinkers such as dipping
these electrodes in di-epoxide or glutaraldehyde solution could also improve the longevity of these sensors.

This work has shown that CB7-encapsulation of polyviologens significantly improves the stability
of the resulting non-enzymatic biofuel cells. This technology could be useful in areas where no grid is
available, and electricity could be produced for very small electronics using simple sugars that are
ubiquitous in most areas of the world. To improve this technology, finding a cheaper cathode (Pt cloth and
Nafion are expensive) using a different biofuel or gas to complete the circuit would vastly increase it’s
viability as an off-grid power source. The caustic environment of the anode (these run better at a high pH)
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could also present a danger and a limitation of what materials are viable to use in these fuel cells. If this
high pH requirement were eliminated, this would be much more viable as a technology. This could be done
by adding a basic polymer diffusion layer on top of the imidazole catalyst layer, forming a localized basic

environment around the imidazole catalyst.
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Appendix

'"H NMR spectra
Figure A1 FCTMATos *H-NMR (CD3COD) 300 MHz.
Figure A2 FcTMAI *H-NMR (CDCl3) 300 MHz.
Figure A3 16 % Fc-LPEI *H-NMR (CD3;COD) 300 MHz.
Figure A4 19 % Fc-LPEI 'H-NMR (CD3sCOD) 300 MHz.
Figure A5 12.6 % Fc-LPEI *H-NMR (CDCls) 300 MHz.
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Figure A2 FCTMAI tH-NMR (CDCls) 300 MHz.
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