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ABSTRACT
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Associate professor

Computer Science and Electrical Engineering
In this dissertation, we designed and developed a novel self-powered glucose biosensor (SPGS)
system that can simultaneously sense blood glucose and generate bioelectricity to power
implantable bioelectronics. We characterize the power generation and biosensing capabilities in
the presence of glucose analyte. The system comprises a biofuel cell employing bioelectrodes
composed of a compressed network of three-dimensional multi-walled carbon nanotubes
(MWCNTs) with immobilized redox enzymes, pyroquinoline quinone glucose dehydrogenase
(PQQ-GDH) and bilirubin oxidase (BODx) functioning as the anodic and cathodic catalyst,
respectively. The overall dimension of the biofuel cell prototype was 5 mm x 5 mm yielding an
active surface area of 0.04 cm?. When operated in 20 mM glucose, the biofuel cell exhibited an
open circuit voltage and power density of 552.37 mV and 0.225 mW/cm? at 285.46 mV,
respectively, with a current density of 1.285 mA/cm?. Moreover, at physiological glucose
concentration (5 mM), the biofuel cell exhibits an open circuit voltage and power density of 391.36
mV and 84.64 pnW/cm? at 214.3 mV, respectively, with a current density of 602.5 pA/cm?. This
micropower harvested by a single glucose biofuel cell is only practical for powering micropower
devices and the power produced is linearly correlated with glucose over a dynamic range of 3 - 20
mM glucose. These findings showed that glucose biofuel cells can be further investigated in the
development of a self-powered glucose biosensor. To achieve this task, we incorporated a charge

pump circuit and a capacitor as the transducer element. By monitoring the capacitor charging



frequencies, which are influenced by the concentration of the glucose analyte in the biofuel cell, a
linear dynamic range of 3 - 20 mM glucose is observed. The operational stability of SPGS was
monitored over a period of 53 days and was found to be stable with 4.17% (least) and 9.09% (peak)
drop in sensor performance under continuous discharge in 20 mM and 3 mM glucose, respectively.
Thereby not requiring recalibration during the 53-day period and retaining over 90% of the initial
activity compared to the Continuous Glucose Monitors (CGM) that requires calibration every 12
hours. The system was further characterized by testing the performance of the system at various
temperature, pH and amidst various interfering and competing chemical species such as uric acid,
ascorbic acid, fructose, maltose and galactose. To amplify the system’s performance further, a
step-up DC converter circuit was interfaced with the charge pump circuit. The output from the
charge pump circuit provided a necessary 1.4 V trigger to drive the step-up DC converter circuit.
The system exhibited a 3.7-fold increase in sensitivity while powering a digital glucometer device.
These results demonstrate that SPGSs can simultaneously generate bioelectricity to power ultra-
low powered bioelectronic devices and sense glucose. To the best of our knowledge, practical
power was generated to power a glucometer and the sensing characteristics are an improvement
over the existing state of art. Such a practical glucose sensing system powered by a single
enzymatic glucose biofuel cell overcomes the drawbacks of present glucose monitors by

eliminating the battery, device bulkiness and the frequent need for recalibration.
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Chapter 1: Introduction

Diabetes is one of the most fatal diseases suffered by humans worldwide. According to a 2014
report from the Center for Disease Control (CDC), 29.1 million people or 9.3% of the population
suffers from diabetes, in the United States (US) alone and the cost incurred to keep diabetes under
control was 245 billion US dollars [1]. It is not diabetes alone, but the complications that arise due
to diabetes that makes it the seventh leading cause of death in the US. Some of the complications
include; gastroparesis, foot complications, diabetic ketoacidosis, kidney disease, etc [2]. Diabetes
is ametabolic disorder caused by abnormal blood glucose levels and is a result of either insufficient
hormone insulin produced by the pancreas, or the body cells not responding to the insulin
produced. Diabetes is quickly becoming an epidemic mostly due to the unhealthy lifestyles and
undue stress faced by many people in their day to day lives. Table I represents normal levels of

blood glucose for non-diabetic and diabetic individuals.

Table I. Normal blood glucose levels for non-diabetic and diabetic people

Non-diabetic people Diabetic people
Test Blood glucose (mg/dL) Test Blood glucose(mg/dL)
Normal 79.2-110 Pre-meal 90-130
Fasting 70-100 Post-meal <180

According to the American Diabetes Association (ADA), diabetes is classified into four major
types:
1. Type IL: In this type, the body fails to produce enough insulin needed to supply glucose to

fuel the cells in the body. This type of diabetes is less common and mostly diagnosed in



young adults and children and accounts for 5% of total diabetes cases [1]. Although there
is no definite remedy to cure this type of diabetes, type I diabetes can be kept in check by
employing insulin therapy.

2. Type II: In this type, the body is insulin resistant. It is the most common form of diabetes
accounting for 90 — 95% of the total diabetes cases [1]. In order to overcome the insulin
resistance, the pancreas produces excess insulin. Over a period of time, the pancreas is no
longer able to keep up with the excessive insulin production which results in a condition
characterized as hyperglycemia.

3. Gestational diabetes: This type of diabetes occurs in pregnant women who have elevated
blood sugar levels and occurs during the second or third trimester of their pregnancy. The
prevalence of gestational diabetes was as high as 9.2% of the pregnant women according
to the CDC report (2014). Women with gestational diabetes have a higher risk of
developing type II diabetes in the future [1].

4. Other diabetes: Other forms of diabetes mellitus include congenital diabetes, which is due
to genetic defects of insulin secretion; cystic fibrosis-related diabetes, steroid diabetes,
which is induced by high doses of glucocorticoids; and several forms of monogenic

diabetes. These other types of diabetes account for 1 — 5% of the total diabetes cases [1].

Upon being diagnosed with diabetes, the individual is required to monitor and keep his/ her blood
glucose level under control by maintaining a nutritious diet and living a stress free and healthy
lifestyle.

Currently, invasive technology is available for individuals with diabetes to monitor and maintain
normal blood glucose levels. The most common monitor is the finger prick test, which involves

pricking the finger using a lancet and extracting the blood drop with a disposable glucose test strip,



which is then placed in a glucometer (Figure 1A) to measure the blood glucose level. The
glucometer uses an amperometric principle of operation for measuring blood glucose level. The
disposable test strip consists of a glucose selective enzyme and a capillary system. The capillary
system is used to draw in the solution at one end of the strip. The glucose selective enzyme oxidizes
the glucose in the blood to produce gluconic acid and release electrons. These electrons are
proportional to the glucose concentration. The current is measured using a transimpedance
amplifier, which shows variable voltage to varying glucose concentration. External factors like
temperature, humidity and altitude affects the rate of enzyme reaction; and hence, the glucose
measurement. In addition, the device is very bulky and, at times, depending on different batches
of the test strips, the glucometer requires recalibration. The blood glucose reading can drift by as
large as 4 mmol/dL or 72 mg/dL, which can prove to be fatal. Therefore, close monitoring of the
blood glucose levels may involve pricking the finger multiple times a day, which may prove

painful and tedious.

Transmitter
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Figure 1. Current technologies to monitor the blood glucose levels. A) A glucometer (image courtesy:imedicalapps.com). B) CGM

device C) A GlucoWatch G2 Biographer designed by Cygnus Inc (image courtesy: fda.gov).

In order to minimize the high frequency of finger prick test, researchers have developed a
continuous glucose monitoring (CGM) device (Figure 1B), which is another invasive technique to
monitor blood glucose level. This device consists of a disposable strip that acts as a sensor

implanted under the skin with a non-implantable potentiostat circuit and transmitter outside of the
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body. The biosensor is 10 mm in length and is implanted in the subcutaneous tissue. This biosensor
consists of a glucose selective enzyme which reacts electrochemically with the interstitial fluid to
oxidize glucose and release electrons. The generated current, which is proportional to the glucose
concentration, is transmitted via a transmitter attached to the skin externally. The transmitter sends
a signal every five minutes to the receiver, which displays the blood glucose levels at the user end
device. This device is powered by an external power source such as a battery, thereby rendering
the device bulky. The CGM device often requires recalibration every 12 hours after the first day,
and recalibrating 3 — 4 times a day improves the device accuracy. The sensor can last up to 7 days,
after which it must be replaced. Although CGMs minimize the need for finger pricking, it does not
eliminate its need entirely.

Several attempts have been made to design a noninvasive glucose monitoring device [3 - 5]. Of all
the attempts, the only device that was approved by the U.S. Food and Drug Administration (FDA)
was the “GlucoWatch G2 Biographer,” which was designed by Cygnus Inc. (Figure 1C).
GlucoWatch G2 Biographer assembly comprises a biosensor, iontopherosis electrodes, hydrogel
discs and an adhesive to hold the watch secured to the skin. It uses a single AAA battery to power
the watch. It works on the principle of iontophoretic current and the glucose sample is obtained
through a reverse iontophoresis process in which a very small current is passed through the skin.
The extracted glucose is stored in the hydrogel discs which consists of a glucose oxidase enzyme
that converts the glucose to gluconic acid and hydrogen peroxide. The hydrogen peroxide reacts
with the platinum biosensor to generate a current that is proportional to the glucose in the system
and is read by the Biographer. The corresponding glucose reading is displayed on an LCD screen
after being processed. However, a Biographer requires at least a 2 hour warm up period after which

it is calibrated using traditional glucose measuring technique. This device can display glucose



reading up to 6 times per hour over a 13-hour period. However, due to the inconsistencies in the
measurement of glucose levels caused by perspiration, this device was short lived in the market.

Both Medtronic’s Minimed Paradigm RTS and the Dexcom system CGM devices have a bulky
receiver, often making them cumbersome to carry. Also, one must calibrate the receiver for
accurate blood glucose measurements which takes nearly 2 hours and demonstrates a maximum
lifetime of just one week. Although these devices show promising results, the quest to maintain
normal blood glucose levels and improve the quality of lives for individuals with diabetes remains
a challenge. It is imperative that there is a closed loop system that would be minimally invasive,
flexible and easy to use. Our proposed SPGS system uses employs a transducer element and
electrochemical conversion of glucose to generate electrical power and sense glucose. The
electrochemical conversion of glucose to gluconolactone and electrons is achieved via the use of
a glucose selective enzyme. The SPGS system eliminates the need for a potentiostat circuit, and
integrates a capacitor as a transducer element, in which varying glucose concentration is converted
into a corresponding charge and discharge frequency. This SPGS system would eliminate the need
to conduct a finger prick test, or use batteries, and will continuously measure the blood glucose
level. The long-term goal will be to potentially implant the SPGS system in the body to acquire
real-time glucose data without the need for an external power source, unlike a CGM device or the
GlucoWatch, which requires a battery in order to operate. Here we develop a self-powered
biosensing microsystem consisting of two major components viz. a sensing unit and a powering
unit to sense glucose and supply power to a small portable electronic device. Currently, a glucose
sensing circuit powered by a single enzymatic glucose biofuel cell cease to exist as the power
produced by a single biofuel cell is insufficient to drive the sensing circuit. However, stacking

multiple biofuel cells in series to amplify the electrical power has been demonstrated by various



research groups at the expense of making the overall system bulky. Here the proposed system uses
a mediatorless, biocompatible single enzymatic glucose biofuel cell as a power source to drive the
sensing circuit. The use of enzymes overcome the drawback of non-enzymatic glucose sensors
reported earlier by eliminating the need for metal catalysts to oxidize the glucose fuel. The novel
design of our biofuel cell system enables us to achieve higher electrical power density than those
previously reported. Moreover, the use of amplification circuits reduces the overall dimension of
the system to enable simultaneous glucose sensing and powering of a microelectronic device,

thereby making the system truly novel.



Chapter 2: Glucose biosensor

A glucose biosensor is a device that senses the concentration of glucose in a complex mixture. A
blood glucose sensor measures the concentration of glucose in the blood by breaking down the
glucose molecules to produce electrons with the help of glucose selective enzymes. These
electrons reduce Flavin adenine dinucleotide (FAD), a redox cofactor in an enzyme to FADH». On
complete oxidation of glucose, the current generated correlates to the glucose concentration. Thus,
the biorecognition enzyme element is immobilized on a transducer, which in turn transduces the
chemical signal into an electrical signal that can be read by a read-out circuit. Since the enzymes
act as catalysts, they are not consumed in the oxidation reaction of glucose, making them reusable.
Also, the enzymes provide an alternate route for the glucose oxidation reaction with a lower
activation energy, thereby allowing the reaction to be thermodynamically favorable. The biosensor
mainly consists of the active region that is modified with the enzyme for the detection of the
chemical constituent of interest. A transducer converts the chemical signal into an electrical signal
that is processed using a signal processing unit into a readable form [6 - 8]. The active region can
incorporate biorecognition elements, such as receptors, enzymes, antibodies, nucleic acids,
microorganisms and lectins [9 - 10]. The chemical constituent of interest in this study is the glucose
analyte, and it is detected commonly via amperometric detection principle. When the immobilized
glucose selective enzyme comes in contact with the glucose analyte, it oxidizes glucose to generate
electrons. These electrons contribute to the generation of current, which is proportional to the
concentration of glucose analyte.

The commonly represented transducer classes include electrochemical, optical, thermometric,
piezoelectric, and magnetic. Electrochemical transducers are preferred over other types of

transducers mainly due to their higher sensitivity, ease of maintenance and cost-effectiveness.



Electrochemical sensors may be subdivided into potentiometric, amperometric, or conductometric
types [11 - 13]. Enzymatic amperometric glucose biosensors are the most commonly available
commercially because they are cheap, clean and easily renewable, and have been widely studied
over the last few decades, and are preferred over abiotic glucose biosensors. Amperometric
biosensors monitor current generated when there is a direct or mediated electron transfer between
the active region of the enzyme and the substrate [14, 15].

Commonly used glucose selective enzymes at anode are hexokinase, glucose oxidase (GOx) or
glucose-1-dehydrogenase (GDH) [16, 17]. The hexokinase assay is the reference method for
glucose measurement using a spectrophotometry technique in many clinical laboratories [18].
Glucose biosensors used for detecting the blood glucose levels are usually based on the two
enzyme families, GOx and GDH. These enzymes differ in formation of byproducts, redox
potentials, cofactors and glucose selectivity [19]. GOx is the most commonly used enzyme for
biosensors; it has a relatively higher selectivity for glucose. GOx is easy renewable, cheap, and
has a higher tolerance for pH and temperature than many other enzymes, allowing easy
manufacturing and storage of the glucose sensors [19, 20].

In 1975, Clark’s technology was used to design the first commercially successful glucose
biosensor by the Yellow Springs Instrument Company analyzer (Model 23A YSI analyzer) for the
direct measurement of glucose based on the amperometric detection of hydrogen peroxide. This
analyzer was short-lived because of its high cost due to the expensive platinum electrode. The first-
generation glucose biosensors used natural oxygen substrate and detected the hydrogen peroxide.
Measurements of peroxide was preferred in the case of the miniaturized devices [21]. However,
they required a high operation potential for high selectivity, soon making them unfit for monitoring

glucose. Several unwanted components in complex mixture interfered with the detection of



glucose. As a result, extensive research has been performed in the late 1980s to limit the
interference of such components like ascorbic acid, uric acid, and certain drugs in complex
mixtures. The shortcomings were overcome due to the development of mediated glucose
biosensors, which are also known as second-generation glucose sensors. Non-physiological
electron acceptors, called redox mediators, assisted in the electron transfer from the enzyme to the
surface of the working electrode [22]. A variety of electron mediators, such as ferrocene,
ferricyanide, quinines, tetrathialfulvalene (TTF), tetracyanoquinodimethane (TCNQ), thionine,
methylene blue, and methyl viologen were used to improve the sensitivity and performance of the
sensor [23 -26]. Some of the important features of a good mediator are that their passive reaction
with oxygen, stability in both the oxidized and reduced forms, independent of pH, showing
reversible electron transfer kinetics, and reacting rapidly with the enzyme [26]. Ferrocenes were
extensively studied as electron mediators between both GOx and Glucose-1-Dehydrogenase
dependent Pyrroloquinoline Quinone (GDH-PQQ) and the electrodes and showed promising

results [23, 27 - 29].

2.1 Different generations of glucose sensors

During the 1980s, various methods were developed to improve sensor performance. This included
the introduction of commercial screen-printed strips for glucose monitoring and the use of
modified electrodes and tailored membranes [23, 30 - 33]. The first electrochemical blood glucose
monitor for self-monitoring of diabetic patients was introduced in 1987 by Medisense Inc., which
used GDH-PQQ and a ferrocene derivative [31]. Over a period of time, different generations of
glucose biosensors have been introduced, each with a purpose to improve the standard of living of

individuals with diabetes. The first generation of the glucose biosensor relies heavily on



coenzymes and oxygen, resulting in the generation and detection of hydrogen peroxide. The
biocatalytic reaction involves the reduction of the flavin group (FAD) in the enzyme by reacting
with glucose to produce the reduced form of the enzyme (FADH>) followed by re-oxidation of the

flavin by molecular oxygen to regenerate the oxidized form of the enzyme GOx (FAD) [24].

GOx(FAD) + Glucose — GOx(FADH,) + Gluconolactone .......................c....c.coeue. (D

GOxX(FADH,) + 0y = GOX(FAD) + HyO o...vveeeeeeeeee e, )

Peroxide formation measurements are commonly performed with Platinum electrode at a moderate
anodic potential of +0.6 V (vs Ag/AgCl). The amperometric measurements of hydrogen peroxide
is performed at higher potential at which some other species including ascorbic acid, uric acid, etc
are also reduced. Similarly, oxygen-based devices rely heavily on oxygen for electron acceptor
and often succumbs to errors due to fluctuations in oxygen tensions and the stoichiometric
limitations of oxygen. This limitation was overcome by designing an oxygen-rich carbon paste
enzyme electrode. Also, glucose dehydrogenase is independent of oxygen cofactor and could be
an effective substitution for glucose oxidase.

The second generation of glucose sensors were designed using a mediator that facilitates the flow
of electrons between the active site of the enzyme and the substrate. Since there exists a thick
protein layer surrounding the active FAD site on the enzyme, the direct transfer of electrons is
nearly impossible. The use of artificial mediators helped to achieve direct electron transfer (DET)

as follows:
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Glucose + GO

*(0x)

- gluconic acid + GOX(reqy «+v o vvvevenerneiieiiiiiiiiiia 3)

GO + ZM(OX) - GOX(OX) + 2M(red) + 2H+ ................................................... (4)

X(red)

ZM(red) - ZM(OX) +

Mox) and Mreq) are oxidized and reduced forms of mediator, respectively. Re-oxidation of reduced
form at the electrode gives a current signal which is proportional to glucose concentration. Various
glucose biosensors are based on the use of ferrocene or ferricyanide mediators. To facilitate better
direct electron transfer, various methods have been employed, which include enzyme wiring of
GOx by electron-conducting redox hydrogels, the chemical modification of GOx with electron-
relay groups and the application of nanomaterial as electrical connectors [34 - 37]. With the advent
of nanotechnology, various nanomaterials like palladium nanoparticles and carbon nanotubes are
used as the connector between the active sites of the enzyme and the substrate.

The third-generation of glucose biosensors are reagentless and based on direct transfer between
the enzyme and the electrode without mediators, thus disregarding potential problems of high
toxicity. Although glucose oxidase is used commonly to oxidize glucose, there are very few
instances of DET using GOx enzyme. The electrode design must ensure that the distance between
the active site and the electrode must be as small as possible. One technique for creating third-
generation amperometric glucose biosensors is to use conducting organic salt electrodes based on
charge-transfer complexes such as tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ)
[38, 39]. The third-generation glucose biosensors paved way to the development of implantable,
needle-type devices for continuous in vivo monitoring of blood glucose. Although significant
progress has been done, more optimization is required for efficient transfer of electrons between

active region and substrate.
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2.2 Continuous glucose monitoring (CGM) devices

Before the development of in vivo glucose monitoring devices, continuous ex vivo monitoring of
blood glucose was employed [40]. CGM devices offer an improved control of diabetes by
providing real-time data of an internal insulin release system. Currently, a continuous
subcutaneous glucose monitor is commonly used. However, CGM devices that measure the blood
glucose directly are more prone to surface contamination of the electrode by proteins and
coagulation factors and enhance the risk of thromboembolism. This cleared the path for
subcutaneously implantable needle-type electrodes measuring glucose concentrations in interstitial
fluid [41 - 46]. Shichiri et al. was the first to demonstrate the needle-type enzyme electrode for
subcutaneous implantation in 1982 [25]. The first commercial needle-type glucose biosensor was
marketed by Minimed (Sylmar, CA, USA). However, it failed to provide real-time data [46].
Following that, several FDA approved CGM devices by manufacturers such as Medtronic and
Dexcom are most commonly used. These devices displayed real-time glucose concentrations every
one to five minutes. The disposable sensor can be used for three to seven days [47]. Continuous
subcutaneous glucose monitoring can also be achieved without direct contact between the
interstitial fluid and transducer by using microdialysis principle [48, 49], which was employed by
GlucoDay (Menarini, Florence, Italy) and SCGM (Roche, Mannheim, Germany). This approach
was advantageous over the invasive needle type sensor in terms of both precision and accuracy,
and lower drift signal [50]. Along with accuracy and precision, some of the other essential features
possessed by these devices should include biocompatibility, calibration, long-term stability,
specificity, linearity, and miniaturization. The accuracy of these innovative devices was lower than

that of traditional glucose biosensors. However, these devices use a potentiostat circuit which
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consist of three electrode assembly viz. a working electrode, a reference electrode and a counter
electrode. The current at the counter electrode is adjusted such that the voltage at the working
electrode remains stable with respect to the reference electrode. The potentiostat measures the
potential difference between the working and the reference electrode and based on the potential, it
applies the current through the counter electrode and measures the current as an iR voltage drop

over a series resistor as illustrated in Figure 2.

Figure 2. A schematic of potentiostat circuit

Non-invasive glucose monitoring systems have been developed by incorporating optical or
transdermal approaches [51, 52]. The principle of optical glucose sensors involves using the
physical properties of light in the interstitial fluid or the anterior chamber of the eye. These
approaches include polarimetry [53], Raman spectroscopy [54], infrared absorption spectroscopy
[55], photo acoustics [56], and optical coherence tomography [57]. The GlucoWatch Biographer,
manufactured by Cygnus, Inc. (Redwood City, CA, USA), was the first transdermal glucose sensor
approved by the US FDA. This watch-like device was based on transdermal extraction of

interstitial fluid by reverse iontophoresis but had a long warm up time, resulting in false alarms,
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skin irritation, sweating and consistent inaccuracy. As a result, the Biographer was withdrawn in
2008 from the consumer market. Despite tremendous efforts, a reliable non-invasive glucose
measuring method is still not available.

Point of care (POC) glucose testing consists of a test strip inserted into the meter followed by a
small drop of capillary blood obtained from the fingertip with a lancing device applied to the test
strip. The measurement results are displayed as plasma glucose equivalents using a conversion
factor [58]. Introduction of ExacTech in 1987 opened the doors to the portable glucose biosensor
device. Eventually the market was flooded with different glucose sensor devices. According to the
2010 issue of the Diabetes Forecast Resource Guide, there are 56 different POC glucose sensors
from 18 different companies. However, over 90% of the market is occupied by products
manufactured by four major companies, including Abbott, Bayer, LifeScan, and Roche. Most of
the meters are plasma-blood calibrated. The measurement requires a 0.3- to 1.5-uL drop of blood
and yielded results within 10 seconds. Currently, many POC devices can be directly connected to
laboratory information systems via proprietary data management systems. An effective glucose
biosensor should be easy to handle, require minimal amounts of blood, and should perform rapid
measurements. Suboptimal measurement quality can lead to significant inaccuracies and increased
patient morbidity and mortality.

Glucose biosensing is a very vast field with rapid improvement in the development of glucose
sensing devices from time to time. Some of the important features possessed by the glucose
biosensors include precision, sensitivity and stability along with minimal invasive nature of the
sensor. Glucose sensing not only helps diabetes patients monitor their blood glucose levels but can
also be used in the food industry to monitor the glucose content of various food materials. With

the proliferation of the diabetes disease and more impetus being given to its treatment, novel
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glucose biosensor technologies including POC devices, CGMS, and noninvasive glucose
monitoring systems, have been developed. However, the currently available devices in the market
used to monitor the blood glucose level has a couple of drawbacks. A glucometer needs a finger
prick test every time blood glucose needs to be monitored which is painful and tedious. The CGM
devices measures the interstitial blood glucose. Moreover, recalibration is an issue and it relies on
conventional blood glucose monitoring method for calibration. Thus, it does not eliminate the need
for finger prick test. The Biographer GlucoWatch also measures the interstitial blood glucose level,
however it does not provide an accurate glucose measurement. All the above devices run on
batteries which makes these glucose monitors bulky in size. Glucose biosensors are constantly
evolving as per the demand and there is a need for a self-powered glucose biosensing microsystem
which will eliminate the dependence on glucometers and CGM devices, thereby improving the
standard of living of people suffering from diabetes. With the additional benefit of eliminating the

need for batteries as the power source by relying on natural and clean glucose as fuel.
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Chapter 3: Electrochemical power sources

Batteries have been used as a source of power for couple of decades and are finding applications
in almost every part of our lives. Batteries come with a limited amount of stored chemical energy
and need to be recharged or replaced once all the chemical energy is utilized. The electrochemical
conversion of this stored chemical energy into power forms the working principle of a battery.
Batteries mainly consists of an anode and a cathode and an electrolyte separating both electrodes.

The electrolyte can be in either a solid or a liquid state as shown in Figure 3.

Metal cap

Carbon rod

(=S

Manganese
(IV) oxide

Zinc case +~——

Metal bottom

Figure 3. An illustration of battery

The outer zinc casing in this illustration serves as the anode and is oxidized, thereby consumed

according to the following reaction:

ZN(S) 2 ZN2T(AQ) F 287 oo (6)

On the other hand, the cathode comprising of a paste of manganese dioxide and ammonium

chloride is reduced according to the following reaction:
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2Mn0,(s) + 2e~ + NH,Cl (aq) » Mn,05 (s) + 2NHz(aq) + H,0 (1) + 2Cl™ ............... (7)

Thus, the overall cell reaction is as follows:

Zn(s) + 2Mn0,(s) + 2NH,Cl (aq) = Mn,05(s) + Zn(NH3),Cl; (aq) + H,0(0) ...... (8)

The positive ions flow towards the positive terminal through the electrolyte, and the electrons flow
towards the terminal through the external circuit. The active masses are continuously consumed as
the power is generated. Since the active mass supply is limited, the battery will eventually run out
once the active mass is completely depleted. In order to overcome this limited supply of chemical
energy, lithium ion (Li-ion) batteries were invented. These batteries are rechargeable and
commonly consist of metal oxide as the positive electrode, a negative electrode carbon rod and
lithium salt in organic solvent as the electrolyte. The redox reactions are reversible depending on
the current flow direction, thereby making these batteries rechargeable. The following reversible

redox reactions occur in a Li-ion battery:

At anode: XLiCg <> XLit 4 X€ 7 4+ XCq ononinii e 9)
At cathode: Li;_,Co0, + xLi* + xe™ & LICOOy .......c.coiiiiiiiiiiiiii e (10)
The overall cell reaction: LiCg + CoO < Cg + LiCoOy ..oooviiiiiiiiiiii, (11)

The battery is recharged by supplying an external voltage higher than that produced by the battery
while discharging. This process causes the electron to flow from the cathode to anode. However,
the chemical energy which is used as a source of power in these batteries is often toxic and eco-

destructive. These prompted researchers to come up with an eco-friendly and renewable source of
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fuel, leading to a cleaner environment. Following the invention of the gas batteries by Grove [59],
Neidrach and Grubb at General Electric introduced the first conventional fuel cell for NASA [60].
This simple and efficient fuel cell is the hydrogen fuel cell, which uses hydrogen gas as the fuel

as shown in Figure 4.
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Figure 4. A Hydrogen fuel cell

The cell consists of a noble metal electrocatalyst (i.e., platinum), which is used to oxidize hydrogen
and reduce oxygen. In a hydrogen fuel cell, hydrogen is oxidized by the platinum electrocatalyst
to produce protons and electrons, which travels through the electrolyte and the external circuitry,
respectively. The flow of electrons results in the generation of electricity. At the cathode, the
electrons recombine with oxygen in the presence of protons, thereby resulting in the reduction of
oxygen to produce water as the by-product. Most fuel cells employ hydrogen fuel because the
platinum electrocatalyst utilized is very efficient in oxidizing hydrogen. However, its large-scale
application as a power source is limited because platinum is very expensive and nonrenewable. In
addition, a hydrogen fuel cell requires continuous supply of hydrogen fuel to generate electrical

power by the oxidation of hydrogen, and is also susceptible to carbon contamination, which further
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complicates the oxidation process due to carbon monoxide poisoning of the electrocatalyst. The
high cost of this noble metal electrocatalyst coupled with the production of hydrogen and
electrocatalyst poisoning results in an unsustainability of hydrogen fuel cells as an ideal power
source for implantable bioelectronic devices.

The idea of energy conversion from organic fuel sources comes from the very basic reaction of
photosynthesis. In photosynthesis, light energy is trapped by chlorophyll to generate Adenosine
Triphosphate (ATP) and at the same time a hydrolysis reaction takes place that releases electrons.
These electrons further react with the carrier molecule Nicotinamide Adenine Dinucleotide
Phosphate (NADPH) and reduces it from the oxidized state NADPH" to NADPH. In this
environmentally friendly energy conversion reaction, the light energy is converted into chemical
energy by plants and microorganisms [61]. This stored chemical energy can then be further utilized
as a fuel source for other purposes. Thus, the fundamental sugar producing reaction in
photosynthesis involves the utilization of atmospheric carbon dioxide and light dependent

products, ATP and NADPH, to produce sugar and release oxygen back into the environment:

6C0, + 12Hy0 = CoHypOg 4 60y «nevveeeeeeeeeeeee e (12)

CoHy206 + 6Hy0 = 6C0; + 24HY 4+ 24€™ oooiiie e, (13)

Furthermore, one molecule of glucose upon complete oxidation to CO> during the aerobic
metabolic pathway generates 24 electrons to produce electrical energy. The large amount of
glucose produced by the above reaction can serve as a fuel in glucose biofuel cells. The motivation
behind extensive research in glucose biofuel cell technology is attributed to the search for an

alternative sustainable ‘green’ fuel source that is cost-effective and can meet the increasing global
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energy demands and recent advancements in bioelectronics. Since glucose is an essential energy
source in many living organisms, glucose biofuel cells have found application in powering
implantable bioelectronic devices used to diagnose and treat a variety of conditions ranging from
metabolic disorders to neurological disorders. Conventional fuel cell assembly consists of an
anode, a cathode and an electrolyte and relies on the conversion of chemical energy, into electrical
energy. Two types of reactions occur in a fuel cell: oxidation and reduction reaction also known
as redox reaction. The oxidation reaction occurs at the interface of the anode and electrolyte;
whereas the reduction reaction occurs at the interface of the cathode and electrolyte. Oxidation of
fuel releases electrons, which travel through an external circuitry towards the cathode, thus
producing electricity. Glucose biofuel cell is a subclass of conventional fuel cells, wherein glucose
is utilized as the fuel in the presence of oxygen and is then oxidized to form gluconolactone and
release electrons at high voltages, enabling oxygen to be reduced to produce bioelectricity. The

experimental set up for such energy generation is shown in Figure 5.

Glucose Oxygen
Laccase,
microperoxidase,
GOx, BOD,
PQO-GDH

Gluconolactone Water

Figure 5. An enzymatic glucose biofuel cell

Although glucose biofuel cells are classified as electrochemical power sources, they are different
from batteries and can be differentiated based on the anodic catalysts used for the oxidation of the
fuel. A battery is a closed loop system consisting of internal stored chemical energy that needs to

be recharged or replaced once all the chemical energy is utilized. On the other hand, a fuel cell is
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an open loop system consisting of a cathode, an anode and the electrolyte-containing fuel that
produces power as long as there is a continuous supply of fuel. Instead of relying on precious metal
catalysts to oxidize the glucose fuel, which forms the basis of operation of non-enzymatic glucose
fuel cells, the enzymatic glucose biofuel cell uses naturally occurring enzymes derived from living
organisms making it a cheap, renewable and clean source of power. These glucose biofuel cells
consist of an anode, a cathode and an electrolyte containing glucose fuel. The electrodes are
modified with enzymes which act as a catalyst to initiate the redox reaction. The anode is modified
by a glucose selective enzyme which oxidizes the glucose fuel to form gluconolactone with the
release of electrons and protons. These protons and electrons travel towards cathode, through the
electrolyte external circuit respectively. At cathode, oxygen is reduced by an oxygen reducing
enzyme in the presence of the electrons and protons to form water. The flow of electrons results in
current generation, thus, power is generated. The redox reaction occurs at the interface of the

electrolytes and bioelectrodes and are as follows:

glucose selective enzyme

At anode: Glucose Gluconic acid + 2H  +2e™ .........cooiinnnl. (14)

oxygen reducing enyzemes

At cathode: 0, + 4H* + 4e~ 2HH0 ..o (15)

The above reaction mechanism does not produce any poisonous byproducts, which is the case in
non-enzymatic glucose fuel cells. Therefore, a major advantage of glucose biofuel cells over
conventional fuel cells is that they employ renewable enzymes that are environmentally friendly.
Thereby, making enzymatic glucose biofuel cells a ‘green’ alternative to convention fuel cells for
generating power with high conversion efficiency at ambient temperatures and pH conditions. An

enzymatic glucose biofuel cell can be a good alternative to a battery that powers pacemaker

21



circuits, which currently run on a Li-ion battery for 6 - 10 years and need to be replaced from time
to time. [62].

The most promising and challenging application for glucose biofuel cell is its integration into
implantable bioelectronics. Therefore, dependable power harvesting technologies are required for
sustaining implantable bioelectronics operation in vivo for the lifetime of the patient without the
need of continuous battery replacements [63]. Advances in implantable bioelectronics such as
cardio-stimulators, drug delivery, and glucose biosensors make feasible the concept of using
glucose biofuel cells to power low-powered biomedical devices [60, 64, 65]. It is shown that
conceptually a biofuel cell can harvest electrical power from cerebrospinal fluid when implanted
within the subarachnoid space as illustrated in Figure 6. This integration has the potential to restore

proper function to damaged organs without the need for an external power supply.

Figure 6. Conceptual schematic of energy harvesting from cerebrospinal fluid by an implantable glucose fuel cell. The inset
illustrates a micrograph of one prototype, showing the metal layers of the anode (central electrode) and cathode contact (outer ring)

patterned on a silicon wafer. (Rapoport et al. 2012)

Although conventional fuel cells and batteries remain the power source currently employed for
powering electronic devices, they are known to be cost inefficient, contain harmful chemicals, and

have limited supply of stored chemical energy. Biofuel cells, on the other hand, have been
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researched extensively to overcome some of these disadvantages by utilizing naturally occurring
enzymes to catalyze the redox reactions at the interface of the bioelectrodes and electrolyte solution
to generate power in the presence of the analyte/ fuel. The impetus has been given to the design of
power sources that employ naturally and readily-available catalysts, cost-effective and
environment friendly source of fuel, thereby resulting in the development of an enzymatic glucose
biofuel cell. Currently, high performance glucose biofuel cells mostly employ carbon nanotubes
(CNTs) as the electrode material due to their high surface area mediated electron transfer.
Buckypaper, which comprise of 3D multi-walled carbon nanotubes (MWCNTs), is a popular
electrode substrate material. It consists of an aggregated chain of carbon nanotubes, making it
conductive throughout, and along with its multi-dimensional structure which increases the active
surface area. The development of these nanostructured electrode materials has been shown to
greatly improve the electroactive area for enzyme immobilization [66 - 68]. Several reports also
demonstrated the transition from in vitro to in vivo characterization of enzymatic glucose biofuel
cells [64, 69 - 73]. Katz pioneered the implantation of glucose biofuel cells by implanting a glucose

biofuel cell in snail as shown in Figure 7.

1)

Figure 7. Bioimplantations of glucose biofuel cell in animals. (1) Schematic diagram of the principle, preparation, implantation
and operation of an implantable “Quinone-Ubiquinone Glucose BioFuel Cell” (2) Photographs of an assembled biofuel cell for

power generation from a rabbit vein. (3) Photograph of a snail with implanted biocatalytic electrodes.
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The assembly produced a power density of 30 pW/cm? with an open circuit voltage of 530 mV
and a current density of 170 pA/cm? While size is an important constraint to be considered while
fabricating a biofuel cell, knowing the power specifications is equally important. A pacemaker
device needs a minimum power of 10 uW for its proper functioning. The electrical parameters
produced by a single biofuel cell didn’t fulfill these necessary requirements. The open circuit
voltage and the short circuit current density can be improved by stacking two or more biofuel cells
in series or in parallel depending on the application [71]. Figure 8 illustrates two glucose biofuel

cells connected in series using two lobsters each implanted with a biofuel.

Figure 8. Series combination of Glucose biofuel cell as a source of power. A) Pictorial representation of two biofuel cells connected
in series. B) Experimental set up of implanted glucose biofuel cell C) A stopwatch powered by glucose biofuel cell implanted

inside the lobster. (MacVittie et al., 2013).

This arrangement resulted in an enhanced potential of 1.2 V as opposed to 0.54 V for a single cell.
Katz et al. implemented a pacemaker circuit using a single glucose biofuel cell and boost

convertors consisting of a charge pump and a DC-DC converter to generate the 3 V to drive the
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pacemaker circuit [74]. In this work, the charge pump assembly was used to excite the input
voltage (0.3 —0.5 V) to 2 V and the DC-DC converter was used to amplify the 2 V supply to result
in a stable 3 V power supply used to drive the pacemaker circuit. Thus, a single implanted biofuel
cell inside a lobster exhibited an open circuit voltage of 0.47 V and a short circuit current density
of 0.83 mA/cm? and delivered sufficient energy to power the cardiac pacemaker circuit. In
addition, Southcott et al. [71, 73] connected an implantable biofuel cell operating under conditions
mimicking the blood circulatory system, to a charge pump and a DC-DC converter circuit to
amplify and stabilize the power produced by the single biofuel cell to power a pacemaker circuit.

Satisfactory operation of the pacemaker circuit was observed (Figure 9).

C j
0.5s ' 0.5mV

Figure 9. Glucose biofuel cell powering a pacemaker circuit. (A) Experimental setup depicting (a) a sensor, (b) an implantable

loop recorder, (c) a pacemaker, (d) the charge pump—DC-DC interface circuit, and (e) the biofuel flow cell (B) Registered pulses
generated by the pacemaker when it is powered by the standard battery. C) Registered pulses generated by the pacemaker when it

is powered by the biofuel cell (Southcott et al., 2013).

With the overarching goal of replacing external power sources, these enzymatic glucose biofuel
cells can serve as micro-power generators for micro-/nanosize implantable bioelectronic devices
[63] such as cardiac pacemakers and implantable biosensors for monitoring physiological state

[75]. The advantage of using this chemical approach to harvest energy is that the fuel source,
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glucose is continuously replenished in living organisms [76]. In 2015, Falk et al. reported a
wireless self-powered bioelectronic device, which employed a self-sustained carbohydrate and
oxygen sensitive biofuel cell system. The self-sustained wireless system consists of a
micropotentiostat for biosensing, an energy harvesting module for amplifying the input voltage, a
radio transmitter for data transmission and separate sensing bioelectrodes for carbohydrate and
oxygen sensing. The enzymatic biofuel cell was operated in a carbohydrate and oxygen-containing
buffer and was shown to supply sufficient drive strength (at least 44 pA and 0.57 V) to power the
wireless units interfaced to it. Bench-top prototype was demonstrated using various concentrations
of the carbohydrates and oxygen to wirelessly monitor real-time changes in analyte concentrations,
using the enzymatic biofuel cell as the power supply. Desmaele et al. [77] fabricated a multilevel
membraneless enzymatic glucose biofuel cell using thin polyester films as flexible electrode
substrates. The overall setup comprised of four anodes and cathodes having an individual
geometric surface area of 25 mm? and a thickness of 425 um. The parallel arrangement resulted in
a maximum power of 12.5 uW and the voltage booster circuit produced an output voltage of 3.1
V, which is sufficient for powering the wireless sensor circuit and transmitting temperature
measurements to a remote desktop.

The development of implantable glucose biofuel cells from well-established biological materials
for the generation of electrical power have a much higher chance of being biocompatible, and
surviving long term implantation in living organisms. The energy converted from glucose in the
body using glucose biofuel cells finds potential application in powering bioelectronic devices and
portable electronic devices, such as cardiac pacemakers, neurophysiological monitors, etc. Since
glucose is abundant in the body, the glucose biofuel cell will continuously generate electricity as

long as there is a continuous supply of glucose with the assumption that the enzymes do not lose
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its activity over time. Thus, numerous efforts have been made to develop lightweight glucose
biofuel cells that can power ultra-low power devices over a long period of time without the need
for surgical replacements.

Realizing the importance of enzymatic glucose biofuel cell as a power source, scientists began
employing these biofuel cells to power glucose sensors which gave rise to a self-powering glucose
sensing system (SPGS). SPGS system comprising of GOx anode and a Pt/C cathode was reported
by Liu et al. [78]. This SPGS exhibited a linear dynamic range of 2-30 mM in vitro at relatively
low O> concentrations. When operating in 30 mM glucose, an open circuit voltage of 480 mV and
short circuit current of 19 nA was achieved. The power output was observed to be stable over a
period of 60 days of continuous operation at 37 °C in 30 mM glucose. In addition, Pinyou et al.
[79] reported a miniaturized glucose biofuel cell based on screen printed electrode modified with
glucose dehydrogenase and bilirubin oxidase. The power generated from the oxidation of fuel is
used to power an electrolyser and transduced into an optical read-out. An open circuit voltage of
567 mV and a maximum power of 6.8 uW/cm? was achieved. The power generated by the biofuel
cell is proportional to the concentration of glucose, and a linear dynamic range of 0.1 mM to 1 mM
was reported. The power generated by this miniaturized biofuel cell was utilized by the electrolyser
that detected the glucose concentration dependent dye spectrophotometrically led to the
development of a self-powered glucose biosensor with a dynamic range of 0.1-0.6 mM. Yoshino
et al. [80] also reported a free-standing enzyme/mediator/electrode consisting of
polyvinylimidazole-[Os(bipyridine) 2 CI] (PVI[Os(bpy) 2 Cl]) composites and glucose oxidase
inside a 1 mm x 1 mm film of carbon nanotubes wound on one of the lead of a light emitting diode
(LED) device to serve as the anode. An air breathing cathode (carbon fabric) composed of bilirubin

oxidase was employed as the cathode and connected to the other lead of the LED. The assembled
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biofuel cell served as a self-powered glucose monitor inside a grape, where the blinking of the
LED is inversely proportional to the power of the biofuel cell. The presence of glucose/ sugar in
the fruit resulted in the blinking of the LED (Figure 10) and this has potential applications in blood

glucose monitoring, if the exact concentration of glucose/ sugar can be deduced.
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Figure 10. Glucose biofuel cell implantation in fruit. a) Performance of a biofuel cell composed of an anode of GOD/PVI-[Os(bby)
2 CIJ/CNTF film (20 p m thickness) and a cathode of BOD-modifi ed carbon cloth (1 cm % 1 ¢cm), b) Photograph of the LED-based
self-powered sugar indicator, c) Biofuel cell implanted in a grape and the time course of LED emission (inset) (Yoshino et al.,

2013).

Falk et al. [81, 82] reported the development of a miniaturized biofuel cell as a power source for
a glucose sensing contact lenses by harvesting the biochemical energy stored in ascorbate, which
is naturally present in tears. The anode was constructed from 3-D nanostructured gold electrodes
(gold nanowires and gold nanoparticles conductive complex) and cathode employed myrothecium
verrucaria bilirubin oxidase. The biofuel cell was operated in human lachrymal liquid and an open
circuit voltage of 0.54 V, a maximal power density of 3.1 pW/ cm? at cell voltage of 0.25 V was
reported. A stable current density of 0.55 pA/cm? at a cell voltage of 0.4 V was observed for 6 h

of continuous operation. Although the biofuel cell was not directly used to power glucose
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biosensing contact lenses, it provides a proof-concept that the reported findings that electrical
power can be generated from an ascorbate/O; biofuel cell and used as power source for glucose-
sensing contact lenses for continuous monitoring of blood glucose. Although enzymatic glucose
biofuel cells are still plagued by low power densities and short lifetimes, a considerable amount of
research in biofuel cells development has been conducted in the field since 1911 to enable the
realization of enzymatic biofuel cells as power sources for implantable bioelectronic devices, thus
decreasing our reliance on batteries. Additionally, the enzymatic glucose biofuel cells low power
production has been overcome by using various power amplification circuits as previously
described. Thereby, the advantages of these glucose biofuel cells over conventional fuel cells and
batteries have made them a popular choice of power source.

The above works cited report different instances where glucose biofuel cells were used as a glucose
biosensor because the power characteristics correlated well to glucose concentrations, thereby
resulting in the capability to sense glucose. In some cases, the glucose biofuel cell was used to
power a separate glucose biosensor. However, there have been no reports of developing a system
comprising of the enzymatic glucose biofuel cell with a transducer to convert the power generated
into an electrical signal (frequency) that correlates to the concentration of glucose, while powering
an electronic device simultaneously. Such a system would eliminate the use of external power
sources currently available for glucometer and CGM devices and eliminate the need for
potentiostat circuits. The sensing device would then be truly self-sufficient, wherein it converts
the chemical energy stored in glucose within the body to generate power as well as sense glucose
concentration via the monitoring of the charge cycle of the trancing element. In this work, we
fabricate an enzymatic glucose biofuel cell, which is used as a power source to drive the charge

pump circuit and the step-up DC convertor amplification circuits to generate practical electrical
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power. The capacitor interfaced with the charge pump is used to sense glucose by monitoring the
charge cycle across it whereas, the step-up DC convertor circuit is used to condition the triggering
signal from the charge pump to produces a steady DC output to drive glucometer device.

In the following chapters, we describe the fabrication and characterization of enzymatic glucose
biofuel cell as a power source. Chapter 4 explores palladium nanowires and carbon nanotubes as
the electrode substrate materials to improve the surface area for enzyme immobilization. We
further characterized the biofuel cell system in various glucose concentration and monitored its
operational stability overtime.

Chapter 5 focusses on the development of the self-powered glucose sensing (SPGS) system
comprising a glucose sensing circuit (charge pump and a capacitor). The performance of the
sensing circuit was evaluated in various glucose concentration by monitoring the change in
frequency of charge cycle across the capacitor. Optimal pH and temperature conditions for the
glucose sensing circuit was determined. The stability profile of the glucose sensing circuit was
studied to determine the duration over which our sensor can operate without recalibration.
Chapter 6, focuses on the demonstration of simultaneous glucose sensing and powering of a
glucometer device. The sensor key parameters such as sensitivity, selectivity, dynamic range,
response time were determined. Lastly, we also determined whether the powering of glucometer
device has any adverse effect on the glucose sensing.

Chapter 7 concludes the research conducted by discussing the important findings and significance
of the results achieved. We further suggest ways to improve the performance of our system to
ultimately design and develop a closed loop system consisting of biofuel cell, sensing and

powering unit capable of transferring sensed data wirelessly.
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Chapter 4: The development of an enzymatic glucose biofuel cell

The most commonly used glucose selective enzymes in the fabrication of an enzymatic glucose
biofuel cell bioanode are glucose oxidase and glucose dehydrogenase. Whereas, laccase and
bilirubin oxidase are commonly used as the oxygen reducing enzyme in the construction of the
biocathode. Apart from the enzyme, it is important to achieve a direct electron transfer between
the active site of the enzyme and the current collector in order to achieve higher current output. In
order to achieve that, the substrates need to be electrically conductive as well as possess a high
surface area for enzyme immobilization. The enzymes being highly selective eliminates the
possibility of cross-reaction in the presence of other analytes, thereby enhancing the sensitivity,
selectivity, stability and efficiency of the enzymatic glucose biofuel cell. Moreover, these
enzymatic glucose biofuel cells can produce power as long as there is a continuous supply of fuel.
Due to their cost-effective and clean nature, they have become a popular choice as a power source
and may potentially replace batteries, which we have come to heavily rely on. This chapter
describes various fabrication techniques employed in our lab to fabricate an enzymatic glucose

biofuel cell.

4.1 Fabrication of palladium nanowire array for biofuel cell application

Nanowires and nanotubes have been used extensively to improve the active surface area for
enzyme immobilization. Platinum (Pt) metal served this purpose in the early days; however, Pt is
a costly and nonrenewable metal in addition to being poisonous [83], thereby resulting in a short
cell life. To improve the active surface area for enzyme immobilization, we employ palladium (Pd)
nanowire metal array. Although Pd has been demonstrated to exhibit a high degree of selectivity

for glucose in non-enzymatic amperometric glucose sensing under high pH (0.1 M NaOH)
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conditions [84], there are no reports of Pd being used in non-enzymatic glucose-based biofuel cell
application due to the large overpotential of Pd. The Pd nanowire array electrodes realized from
the anodized aluminum oxide (AAO) template electrodeposition method [85, 86] exhibit a large
surface area, which results in an increased number of adsorption sites for the immobilization of
glucose oxidase. This further enables the electron generated during the biocatalysis to be directly
transferred to the Pd electrode from the active center of glucose oxidase, thereby compensating for

the large overpotential of the bare Pd electrode.

4.1.1 Experimental methods

Anodic aluminum oxide (AAO) has a porous structure which helps trap Pd in its pores and
eventually form nanowires. A thin film of Au (100 A) was sputtered onto one side of the AAO (3
x 3 mm?) templates to provide an electrical conduction path for the electrodeposition of the Pd
nanowires by exposing the pores of the AAO template to the underlying Au film. Silver epoxy
was used to glue the Au side of AAO onto an Aluminum (4 x 10 mm?) sheet to create an electrical
connection. The AI-AAO template served as the working electrode in a three-electrode
electrochemical cell setup with a platinum wire and a Ag/AgClsay) electrode as the counter and
reference electrodes, respectively in a water jacketed electrochemical cell. The AI-AAO template
was immersed in the electrodeposition solution containing 1 g/L. PA(NH3)4Cl2(99.99%) and 10 g/L.
NH4Cl (99.99%) for ~15 min prior to electrochemically depositing Pd from the aqueous solution
at a pH of 8. The electrodeposition was conducted at — 600 mV versus Ag/AgCl at a temperature
of 30 °C for 2 h using BASi potentiostat/galvanostat EC Epsilon. After electrodeposition, the

substrate was rinsed in deionized water and the AAO template was etched away in 2 M NaOH for
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6 min at room temperature with mild agitation. The resulting free standing Pd nanowire array

electrodes (Figure 11) were then rinsed three times with ethanol followed by deionized water.

Deposit 10 nm Au

Apply Ag epoxy
Attach Al foil

Deposit Pd

Etch AAO template

0 1000 2000 3000 4000 5000 6000 7000
Time (s)

Figure 11. A) Schematic representation of the electrodeposition of Pd nanowire using AAO template. Top right: AFM top-view
micrograph of the AAO template with pore diameter ranging from 62 to 70 nm. B) Current transient curve for the electrochemical
deposition of the Pdinto the AAO template. C) SEM cross-sectional view and D) top-view micrographs of free standing Pd

nanowires after etching away the AAO template in 2 mM NaOH.

4.1.2 Functionalization of Pd Nanowire bioelectrodes

The surface of the as-prepared Pd nanowire bioelectrodes was subsequently functionalized by
treatment with y-APS, 0.1 vol% in ethanol at 40 °C for 30 min in order to introduce silane surface
functionalities as previously reported [87]. After silanization, the Pd nanowire array bioelectrodes

were rinsed by sequential washing for 1 min in an ethanol, and then in ethanol/water mixture (1:1,
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v/v). Finally, the y-APS-coated Pd nanowire array bioelectrodes were cured at 110 °C for 20 min
in a convection oven, incubated in 6% glutaraldehyde at room temperature for 30 min. The surfaces
of the Pd nanowires were thoroughly rinsed and placed in 0.1 M phosphate buffer (pH 7). This was
followed by a derivatization step to create a continuous path of covalent bonding between the Pd

nanowire bioelectrode surfaces and the biocatalysts.

4.1.3 Enzyme immobilization

The biocatalyst immobilizations were achieved by incubating the yAPS-aldehyde functionalized
Pd nanowire bioelectrodes in the appropriate enzyme solution (bioanode: 1 mg/ml glucose oxidase
and 0.5 mg/ml catalase or biocathode: 1 mg/ml laccase in 0.05 M phosphate buffer with 0.15 M
NaCl ((PBS), pH 7) for 30 min. The surfaces were thoroughly rinsed in PBS and incubated for an
additional 30 min in HEPES buffer containing 0.2 M EDC and 0.05 M PEG-NHS solution at room
temperature in the dark. Finally, the electrodes were rinsed thoroughly in buffer.

The immobilized enzyme bioanode and biocathode surface were encapsulated with HEMA-based
hydrogel membrane to enhance the lifetime of immobilized enzymes. The HEMA-based hydrogel
was chosen because it allows efficient diffusion of glucose into the Pd nanowire matrix. The
monomer mixture comprised of HEMA, PEGMA and TEGDA in a mole ratio of 80:10:10. DMPA,
4 wt%, photoinitiator was then completely dissolved in the mixture and 5 pL of the monomer
mixture and was solvent casted onto the Pd nanowire bioelectrodes. UV irradiation (2.3 W/cm?,
366 nm, UVP Model CX-2000) was performed for 20 min to polymerize the methacrylates. The
PEGMA monomer was added to the hydrogel formulation to provide for long-term stabilization

of membrane-immobilized biocatalysts. This establishes PEG chains, set pendant to the polymer
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network, in the form of network supported polymer brushes. PEG chains are well-known to

stabilize proteins, preventing their denaturation and promoting long-term bioactivity [87].

4.1.4 Results and discussion:

Electrochemical characterizations were conducted on BASi potentiostat/galvanostats EC Epsilon
at 37 °C. The electrochemical experiments were performed in a conventional three-electrode cell
with the exception of the biofuel cell characterizations. The Ag/AgClsar and Pt wire were used as
the reference and counter electrode, respectively. Various glucose concentrations were
investigated. The working buffer solution was 0.1 M phosphate buffer saline unless otherwise
indicated. All potentials referenced in the present work are measured against Ag/AgClsay reference
electrode. The anodes were characterized using potentiostatic polarization curves generated by
applying a series of potentials to the anode while measuring the resulting steady-state current
density as a function of time. Cyclic voltammetry was conducted with scan rates of 20 mV s !
under air, unless otherwise indicated. Cyclic voltammetry measurements were performed in 5 mM
glucose to compare and evaluate the electrocatalytic activity of the nonenzymatic and enzymatic
bioanodes in a classical three-electrode arrangement containing the reference -electrode
Ag/AgCl(KClsa) and a counter Pt electrode. In principle, the combination of glucose oxidase and
Pd nanowire arrays leads to the development of a glucose oxidase bioanode that can oxidize

glucose, enhance the bioanode conductivity and facilitate the electron transfer of the biocatalyst

without the use of a mediator [88].
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Figure 12. Cyclic voltammograms of the bare Pd and GOx-Pd bioanodes measured in air-saturated 0.1 M PBS and air-saturated 5

mM glucose under physiologic conditions (pH 7 and 37 °C). Scan rate: 20 mV s

Figure 12 represents the cyclic voltammograms (CVs) of the GOx-Pd and bare Pd bioanodes
measured in air-saturated 0.1 M PBS and air-saturated glucose 5 mM with a scan rate of 20 mV/s.
The CV profile in phosphate buffer saline for both bioanodes was nearly featureless. In the
presence of 5 mM glucose, an increase in the electrocatalytic current for the bare Pd nanowires
was observed in the potential range of 0.3 to 0.8 V, which suggests that the oxidation of glucose
and the cathodic peak at —0.14 V are attributed to the reduction of the palladium oxide formed at
higher potential during the forward scan [84]. Surface confined redox processes associated with
the presence of glucose oxidase were apparent in the CV of the GOx-Pd nanowires in the presence
of 5 mM glucose. The anodic current increased, suggesting catalytic activity towards glucose.

Additional CVs were performed with the enzymatic bioanode in different glucose concentration
to evaluate the electrocatalytic activity of the GOx-Pd bioanode. Figure 13A represents the CVs
of the GOx-Pd bioanode measured in air-saturated 0.1 M PBS and glucose: 1 mM, 5 mM and 10
mM. In the presence of increasing glucose concentration, the shape of the CVs changes
considerably. In the presence of glucose, an onset potential was observed at ca. —0.3 V vs. Ag/AgCl

for glucose oxidation, thereby suggesting that this redox system exhibits an increase in the
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electrocatalytic current as a function of glucose concentration, and thus corresponds to glucose
oxidation. The electrocatalytic current generated in the presence of 5 mM glucose in air-saturated
PBS, oxygen purged PBS and nitrogen-purged PBS under physiologic conditions (pH 7 and 37
°C) is shown in Figure 13B. A large anodic and cathodic currents were observed in the presence
of oxygen because oxygen accepts electrons from glucose oxidase, while such large current was
not observed in nitrogen-purged PBS containing 5 mM glucose and 5 mM glucose in air-saturated
PBS. These results reveal that GOx-Pd nanowires exhibit electron transfer activity without the use
of mediators. Thus, the GOx-Pd nanowire bioanode is well suited for use in a single compartment

enzymatic glucose biofuel cells.
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Figure 13. A) Cyclic voltammograms of the GOx-Pd bioanode measured in air-saturated 0.1 M PBS (dashed line) and air-saturated
glucose: 1 mM (gray line), 5 mM (black line) and 20 mM (dotted line) under physiologic conditions (pH 7 and 37 °C). Scan rate:
20 mV s~'. B) Cyclic voltammograms of theGOx-Pd bioanode measured in the presence of 5 mM glucose in air-saturated PBS
(black line), oxygen-purged PBS (dash line) and nitrogenpurged PBS (gray line) under physiologic conditions (pH 7 and 37 °C).

Scan rate: 20 mV s\

The biofuel cell characterizations were carried out in phosphate buffer saline (pH 7). The

polarization curves for the biofuel cell were obtained from the use of a series of external loads (1
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KQ to 1 MQ). The bioanode and biocathode were constructed using Pd nanowires and positioned
20 mm apart in the single compartment cell. The glucose oxidase selectively catalyzes glucose
oxidation in the presence of oxygen and laccase catalyzes oxygen reduction reaction at the cathode,
thereby enabling the use of a single compartment design for testing. All current densities were
calculated using geometrical area of the bioelectrodes. As demonstrated above, the higher current
density generated by the GOx-Pd bioanode makes it promising as a bioanode in glucose/O: biofuel
cells. The GOx-catalase-Pd bioanode and the laccase-Pd biocathode were assembled into a single

compartment biofuel cell using glucose prepared in PBS as the electrolyte (Figure 14).

Figure 14. Schematic representation of the glucose biofuel cell structure

The open-circuit voltage (Vo) of the biofuel cell constructed using bare Pd nanowires was 13.4
mV, this makes the bare Pd nanowires impractical for improving V. of the biofuel cell and
maximizing the power generated. Here, we developed a glucose/O; biofuel cell using the GOx-Pd
bioanode which exhibits a more favorable improvement of V. of the biofuel cell. Figure 11 shows
the [-V and power characteristics of the glucose biofuel cell at different external loads (1 kQ to 1

MQ) in 1 mM, 5 mM and 10 mM glucose solution saturated with air.
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Figure 15. [-V and power density curves of the glucose biofuel cell at different external loads inl mM (gray line), 5 mM (black

line) and 10 mM (dotted line) glucose in PBS (pH 7 and 37 °C) saturated with air.

The open-circuit voltage of the fuel cell was 322, 389 and 506 mV for I mM, 5 mM and 10 mM
glucose, respectively. The power of the cell at different loads obtained with various glucose
concentrations is shown in the Figure 15. The maximum power densities were 10.5 pW/cm?at 0.20
V (1 mM glucose), 18.8 uW/cm?at 0.17 V (5 mM glucose), and 72.2 pW/cm? at 0.25 V (10 mM
glucose). The results observed here follow the trends of the bioanode for the oxidation of glucose
when tested separately in a three-electrode cell setup for CV characterization. The short-circuit
current densities were 136 pA/cm?, 233 pA/cm?, and 411 pA/cm?, for 1 mM, 5 mM and 10 mM
glucose, respectively. These values compare well with those recently reported for other glucose
biofuel cells based on immobilized enzymes [89-91]. The cell performance operating in 5 mM
glucose under O»-saturated condition exhibited an overall stable current density profile, wherein
the current density dropped by 21% over a period of five weeks in 5 mM glucose. This stability

could be attributed to the large electroactive surface area afforded by the Pd nanowire array
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electrodes and the fast electron transfer between the enzymes and electrodes. There is clearly an
enhanced cell performance as the concentration of the glucose fuel increases. These results lead to
the conclusion that GOx-Pd nanowire bioelectrode is a very attractive platform for biofuel cells
because no mediators are used. Although this platform serves the purpose, it has some
shortcomings. Apart from the biocompatibility issue of Palladium metal, it is a rare-earth metal
and expensive. Moreover, the glucose oxidase enzyme produces poisonous hydrogen peroxide
which is cytotoxic and a product of oxidative stress [92] that affects the cell stability and longevity

unless treated with catalase or decomposed at higher potentials.
4.2 Glucose biofuel cell as a glucose biosensor

Another enzyme immobilization technique which is independent of any metals as well as the
glucose oxidase is immobilizing glucose dehydrogenase on a dense mesh network multi-walled
carbon nanotubes (MWCNTs) [93]. The MWCNTs (Buckypaper) are approximately 50,000 times
thinner than human hair filament. It has an inbuilt three-dimensional structure which enables
improved surface area for immobilization of enzymes. Buckypaper is highly porous and
electrically conductive (105.82 mho.cm™) [94]. Previously, glucose oxidase (GOx) was a popular
choice of glucose selective enzyme due to its high selectivity towards glucose fuel. It is derived
from Aspergillus Niger which remains a common source for GOx. However, glucose oxidase
produces harmful cytotoxic hydrogen peroxide, which affects the cell stability and longevity.
Reduction in pH is observed sometimes during oxidation of glucose which hinders the enzyme
performance [95]. This enzyme is not useful in the case of third-generation glucose sensors as it is
unable to transfer electrons directly to the conventional electrodes. To improve the direct electron
transfer, polymers, artificial cofactor derivatives and thienoviologens are commonly used, which

at times affects the selectivity of the glucose sensor. Due to its ineffectiveness as a third-generation
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glucose sensor along with production of toxic hydrogen peroxide, we employ pyroquinoline
quinone glucose dehydrogenase (PQQ-GDH). PQQ-GDH does not produce hydrogen peroxide as
a byproduct, thereby making it a favored glucose selective enzyme for bio-implantation application

in developing the SPGS system.

4.2.1 Experimental methods

1 cm x 0.2 cm strips of metallic type buckypaper were used as the electrode material because of
the high surface area for enzyme loading afforded by the mesh network of carbon nanotubes [66,
72, 96). Initially the electrodes were rinsed in 2-proponal to remove any impurities present on the
surface of the buckypaper as a result of the manufacturing process. In order for the polyaromatic
pyrenyl group of the PBSE, a heterobifunctional cross-linker, to interact with the MWCNTs via
n—7 stacking [97] as seen in Figure 16A, the electrodes were immediately incubated with 10 mM
PBSE, in DMSO with moderate shaking for 1 h in the dark. Following the incubation period, the
electrodes were subsequently rinsed with DMSO and 100 mM phosphate buffer solution (pH 7) to
remove any loosely bound PBSE and any traces of DMSO on the electrodes, respectively. The
bioelectrodes were prepared by immobilizing anodic and cathodic enzymes, PQQ-GDH and
laccase on a separate PBSE-functionalized electrode. The bioanode was prepared by incubating
the PBSE-functionalized electrodes in a solution of PQQ-GDH in 10 mM PBS containing 1 mM
CaCl> (pH 7). Whereas, the biocathode was prepared by incubating the PBSE functionalized
electrodes in the solution of laccase in 10 mM PBS (pH 7). The immobilization reactions were
conducted at room temperature with moderate shaking at room temperature for a period of 1 h.
The amino functional groups from the enzymes react with the carboxyl functional group from the

PBSE (Figure 16A) by breaking the double bond between the carbon and oxygen atom. The ©
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electrons present in the m bond moves towards the oxygen atom making it formally negative
charged. In addition, the nitrogen atom reacts with the carbon atom to donate an electron making
it formally positive. These formally positive and negative states result in the formation of an
intermediate product that is unstable (Figure 16B). As a result, the & electron returns to form a
double bond and releases the R'—O group along with one hydrogen atom. This reaction enables the
nitrogen atom to become electrically neutral and, hence, stable. Overall, this reaction results in the
formation of a peptide (amide) bond (-CO-NH-) between the amino and carboxyl functional

groups [98], thereby resulting in the enzyme-modified electrodes as shown in Figure 16C.

Buckypaper

0 )
1-Pyrenebtanoic acid, succinimidyl ester Enzyme 0 K(
Immobilized enzyme Succinimidyl ester

Figure 16. Enzyme immobilization scheme. (A) PBSE interact with the buckypaper via n—= stacking and amino functional group
on the enzyme reacts with the carboxyl functional group on the PBSE to form a peptide bond. (B) Formation of the unstable

intermediate product. (C) Immobilized enzyme along with the byproduct.

Furthermore, the bioelectrodes were additionally coated with 2 pL. of a 10-fold diluted 5 wt%
Nafion® solution and left to dry in a desiccator for 15 min. The resulting bioelectrodes exhibited

an active surface area of 0.08 cm? and a volume of 0.024 cm?>. The bioanode was stored in 100 mM
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PBS (pH 7) and the biocathode was stored in 100 mM PBS (pH 6) in the refrigerator when not in

use.

4.2.2 Glucose biofuel cell measurements

Figure 17 provides a depiction of the experimental setup of the glucose biofuel cell consisting of
bioanode and biocathode previously described by using glucose analyte and oxygen in an air-

saturated environment as fuel and oxidant, where the load represents external variable load resistor.

Anode oxidation Cathode reduction
reaction reaction
Glucose Oxygen
+ - +
o) )
- =
gluconic acid H H Water

Figure 17. Illustration of the experimental setup for the glucose biofuel cell consisting of a cathode, an anode and an electrolyte

containing glucose fuel and the redox reactions that occur within the glucose biofuel cell.

At the bioanode, PQQ-GDH oxidizes glucose to produce gluconolactone by releasing electrons
and positive ions. The electrons travel through the external circuitry, thus producing current, and
the positive ions travel through the electrolyte containing the glucose fuel and recombine at
biocathode, where laccase reduces oxygen to water. The glucose biofuel cell was characterized in
the presence of various concentrations of glucose analyte. The current and voltage values were
monitored across and in series with the load resistor respectively at 37 °C and pH 7.
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4.2.3 Results and discussions

The bioelectrodes display a huge advantage of providing a dense network of MWCNTs for
electrically wiring large amounts of enzymes. The electrocatalytic activity of the bioanode and
biocathode using cyclic voltammetry (CV) affirmed the direct electron transfer between the active

center of the bioelectrodes and the MWCNTs.
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Figure 18. Cyclic voltammogram of (A) bioanode in the absence of glucose pH 7 (blue) and presence of 20 mM glucose (orange).

(B) Biocathode in 100 mM phosphate buffer (pH 6) saturated with Nz (blue) and in the presence of Oz (orange). All CVs were

performed at 37 °C.

The CV experiments were performed at 37 °C at a scan rate of 20 mV s-! (Figure 18). The catalytic
electrooxidation of 20 mM glucose was detected at an onset voltage of 190 mV vs Ag/AgCl (Figure
18A), whereas the reduction of oxygen due to the laccase modified biocathode exhibited an onset
voltage of 380 mV vs Ag/AgCl (Figure 18B). The open circuit voltage of the glucose biofuel cell
operating in 20 mM glucose was 530 mV, which is very similar to the potential difference at which
glucose oxidation and oxygen reduction start to occur in the cyclic voltammograms under the air-

saturated environment. These results are comparable or superior to those previously reported using
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GOx or PQQ-GDH [99, 100]. The high open circuit voltage could be attributed to the fact that the
oxidation of glucose by PQQ-GDH does not produce hydrogen peroxide in contrast to GOx or
mixture of various enzymes [101 - 105]. The production of hydrogen peroxide as a byproduct in
glucose oxidation reaction leads to the denaturing of the enzyme. Thus, bioanode based on PQQ-

GDH enhances the bioanode performance.
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Figure 19. Glucose biofuel cell characterization. (A) Polarization curve and (B) corresponding power curves of glucose biofuel
cell at varying glucose concentrations in 0.1 M PBS (37 °C, pH 7). (C) Calibration curve of glucose biofuel cell response to glucose

analyte (error bars indicated the RSD). (D) 30-day stability profile in the presence of 10 mM and 20 mM glucose (37 °C, pH 7).
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Furthermore, the glucose biofuel cell was characterized in vitro at various standard glucose
solutions by measuring the voltage and the current values at varying resistances. The current and
power densities were calculated using the geometrical surface area of the bioanode. Figure 19A
depicts the polarization of the cell, wherein the open circuit voltage and the short circuit current
increased with increasing glucose concentrations due to the availability of more glucose molecules.
The maximum cell parameters were obtained in the presence of 45 mM glucose in air-saturated
environment (37 °C, pH 7) with an open circuit voltage, short circuit current and power density of
681.8 mV, 39.6 mA, and 67.86 mW/cm? at a cell voltage of 335 mV, respectively. This compares
favorably to those previously published glucose biofuel cells employing GOx and PQQ-GDH [68,
91, 106 - 109]. At physiological glucose concentration (5 mM glucose at 37 °C, pH 7), the cell
exhibits an open circuit voltage of 302.1 mV, a maximum power density of 15.98 mW/cm? at a
cell voltage of 166.3 mV (Figure 19B). Triplicate testing of the cell parameters to various glucose
concentrations yielded a dynamic linear range of 0.5-45 mM glucose with the following regression

equation (n = 14, r* = 0.995):

Cell response (u%) = 1.3128 [glucose](mM) + 8.4841 ( L) .......................... (16)

cm?

As illustrated in Figure 19C, the biofuel cell performance (power density) significantly increased
upon increasing the glucose analyte concentration from 0.1 mM to 45 mM. The biofuel cell
stability was further investigated separately in 10 mM and 20 mM glucose solutions under constant
load discharge by applying a load resistance of 90 and 84 kQ for 1 h each day over a period of 63
days. Figure 19D shows the successive 1 h constant load discharge curve acquired during the 63

day periods. A 2% and 3% drop in power density was observed after 1 week of operation in 10
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mM and 20 mM glucose, respectively. The overall drop in power density after 63 days of operation
in 10 mM and 20 mM glucose at 37 °C and pH 7, was 10.61% and 9.11%, respectively. This slight
drop in power density is attributed to the use of PQQ-GDH and nafion, which provided a
hydrophobic surface and improved the durability of the bioelectrodes [67], thus, improving the
biofuel cell stability. The peak power density produced by the biofuel cell was higher than that
reported [110], which was stable for 1 week. Nevertheless, more than 90% of the glucose biofuel
cell activity was maintained after the 63 days of operation in air-saturated 10 mM and 20 mM
glucose, proving the stability of the bioelectrocatalytic ensemble achieved with the compressed
MWCNTs, enzymes and nafion coating. The power produced by the above assembly was
successfully applied to the charge pump circuit that amplified the voltage to 1.8 V which was
enough to power the LED. This work demonstrated successful characterization of an enzymatic
glucose biofuel cell employing PQQ-GDH dependent bioanode which oxidized glucose fuel and
laccase dependent biocathode which reduced oxygen. This redox process generated current which
was observed to be increasing with glucose concentration due to the availability of more glucose
molecules for oxidation at higher glucose concentration. There has been significant research
already performed in the field of biofuel cell. After ascertaining the fact that the enzymatic glucose
biofuel cells can produce electrical parameters, it was important to explore the stability aspect of
the biofuel cell. We successfully demonstrated the operation of an enzymatic glucose biofuel cell
over 3 months. This was the longest streak using PQQ-GDH ad laccase enzymes at anode and
cathode respectively, which successfully powered an LED, to the best of our knowledge. Further
improvement in the stability of the system coupled with higher power densities would eliminate
the need for voltage boost circuits and the biofuel cell by itself would be able to power

microelectronic devices. Although the thought is far-fetched, significant steps have already been
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taken to replace batteries with enzymatic glucose biofuel cells as a power source for bioelectronic

devices.
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Chapter 5: Self-powered glucose biosensing system

Researchers have been seeking to bridge the gap between glucose monitoring and insulin delivery
by developing an artificial pancreas, which would consist of a CGM system, an insulin delivery
system and a computer program that adjusts the insulin delivery based on changes in the blood
glucose levels. The bridge between the glucose monitoring and insulin delivery systems has been
implemented in the early stages and SPGSs have the potential to overcome the shortcomings of
glucose monitors based on potentiostatic circuits by continuously and autonomously monitoring
blood glucose. This technology uses the amalgamation of glucose biofuel cell and glucose
biosensor operation principles. The glucose biofuel cell consists of an anode, a cathode and an
electrolyte containing glucose fuel. The oxidation of glucose at anode results in power generation,
which can be utilized to meet the need for external power sources, and glucose in the body will be
used to simultaneously generate bioelectricity. Blood glucose levels will also be continuously
monitored. The power produced by a single biofuel cell is, however, not sufficient to power an
implantable bioelectronics device (i.e., glucose biosensor). Although stacked multiple glucose
biofuel cells [71] may fulfill the power requirement needed to power a glucose biosensor, it
becomes a bulky device overall, thereby defeating the purpose of miniaturized implantable biofuel
cell device. To overcome this limitation, a charge pump integrated circuit (IC) is used to amplify
the minimum input voltage of 0.3 V, which is easily produced by a single glucose biofuel cell to a
voltage range of 1.8-2.2 V. The resulting power has been shown to be enough to power implantable
bioelectronic devices [73, 107]. Further amplification to 3 V has been achieved using a DC-DC

convertor to enable the powering of pacemaker circuit [77].
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5.1 Glucose sensing circuit

Although the power produced by a single glucose biofuel cell has been shown to be incapable of
powering any bioelectronic devices, significant work has been done by stacking multiple glucose
biofuel cell to enhance the electrical parameters [111, 77] to power low-powered bioelectronic
devices. Due to implantation and power constraints, several research groups have implemented a
charge pump IC [112] to excite the voltage generated by biofuel cells, however there is still a need
to develop SPGS systems with long term stability in order to compete with the existing technology.
And significant efforts have been made in the development of SPGSs in past couple of years [113]
because they can be considered as an alternative to conventionally-powered sources, specifically
for implantable bioelectronics. In this work, we fabricated and characterized a complete SPGS
system by exciting the voltage generated from the glucose biofuel cell via a charge pump IC, and
the resulting amplified voltage is used to charge the capacitor functioning as a transducer. The
combination of charge pump IC and capacitor with the glucose biofuel cell enables the realization
of a complete SPGS system that can simultaneously power ultra-low-powered bioelectronics and
sense glucose, while eliminating the need for a potentiostat circuit.

5.1.1 Experimental methods:

Here we demonstrate the application of the glucose biofuel cell as a self-powered glucose
biosensing system by constructing a power amplifying circuit as seen in Figure 20A and 20B using
a printed circuit board, wherein the charge pump IC requires an input voltage of at least 0.25 V.
The charge pump IC boosts the voltage generated by the biofuel cell to 1.8 V. The 302.5 mV
generated by the glucose biofuel cell operating in 5 mM glucose is sufficient to serve as the input
voltage to the charge pump IC, which in turn supplied a continuous burst of power via the 0.1 pF

capacitor to power a light emitting diode (LED) as a small portable electronic device.
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Figure 20. A) Eagle schematic of charge pump circuit. B) Eagle board used to fabricate PCB consisting of 0.1 mF transducer

element capacitor and micro-electronic device LED. C) Internal circuit of the charge pump IC with two stage capacitor.

The charge pump circuit is used to amplify the electrical parameters generated by a single biofuel
cell. However, stacked glucose biofuel cells have successfully demonstrated the amplification of
electrical parameters at the expense of bulky circuit. Charge pump circuit possesses a potential
solution to the before-mentioned problem. Internal structure of the s882Z series charge pump IC

is shown in Figure 20C. It takes an input power of 0.3 V or higher to trigger the oscillation circuit
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which gives a clock signal output that drives the charge pump circuit. Power from Vv pin is
converted to step up electric power in the charge pump circuit. This electric power is gradually
charged up to the startup capacitor Cpour pin, and its voltage rises gradually. When the Cpour
voltage reaches the discharge start voltage (Vcrouri) which is 1.8 V, the output signal of the
comparator (COMP1) changes from high level to low, which enables the discharge control switch
M. As a result, the stepped up electric power to Cpour is discharged from the OUT pin. When
Crourt voltage drops to discharge stop voltage (Vcpoutz2), which is 1.2 V, M switches off and the
discharge is stopped. When the Vm pin voltage (Vvm) reaches or exceeds the shutdown voltage
(VOFF), the output signal (EN—) of the comparator (COMP2) changes from low level to high. As
a result, the oscillation circuit stops operation and the shutdown state is entered. If Vym does not
reach the shutdown voltage, the stepped-up power from the charge pump circuit is recharged to
Crour. Thus, charging and discharging can be observed via the output capacitor and the voltage
toggles between 1.8 V and 1.2 V. Thereby enabling the capacitor to be used as a transducer to

sense various glucose concentrations, where the frequency of charge and discharge was monitored.

5.2 Results and discussion

For indicating glucose concentration, the charging/discharging frequency of the 0.1 UF capacitor
can be controlled by the performance of the glucose biofuel cell used to charge the capacitor via
the charge pump IC. Once the capacitor is fully charged, the charge pump IC discharges the
capacitor until the potential reaches 1.2 V. This charging/discharging of the capacitor continues as
long as the glucose biofuel cell continues to produce power and is observed to be directly
proportional to the biocatalytic reaction at the bioanode. Thus, by monitoring the charging

frequency of the capacitor, the glucose analyte concentration can be determined. Triplicate testing
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of the charging frequency to various glucose concentrations yielded a dynamic linear range of 0.1—

35 mM glucose with the following regression equation (n = 14, 1> = 0.995):

Cell response (u%) = 1.3128 (glucose)[mM] + 8.4841 (u%) ........................... (17)

Figure 21A shows that the average frequency increased linearly with increasing glucose
concentration. This indicates that the present SPGS system can sense the changes in glucose levels
from hypoglycemic (0.5 mM) to hyperglycemic (20 mM) conditions. A wider linear dynamic range
was achieved with this SPGS system and was found to exceed those previously reported [69]. The
frequency of charging the capacitor was stable for 1 week, following which the power density
dropped by 3% after a week of operation separately in both 10 mM and 20 mM glucose. The
overall drop in the frequency was 15.38% and 11.76% over a period of 63 days of operation in 10
mM and 20 mM glucose, respectively (Figure 21B). The stability observed here supersedes the
stability of the biofuel cell powering contact lens [114], which was reduced by 80% within the

initial 4 h of operation.
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Figure 21. A) Calibration curve of SPGS response to glucose analyte and (B) 63-day stability profile in the presence of 10 mM

and 20 mM glucose (37 °C, pH 7; error bars indicated the RSD).

The SPGS system was also characterized under various pH and temperature conditions in the
presence of 10 mM glucose and 20 mM glucose solution. The temperature-dependent profile in
response to 10 mM and 20 mM glucose for the present SPGS is seen in Figure 22A with a stable
working temperature range of 35 — 40 °C. The pH dependent profile in response to 10 mM and 20

mM glucose for the present SPGS are seen in Figure 22B with a stable optimal working pH of 7.
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Figure 22. (A) Temperature and (B) pH response of the present SPGS in response to 10 mM glucose (orange dots) and 20 mM

glucose (blue dots).

The charging/discharging frequency of capacitor steadily improved with increasing pH and peaked
at pH 7 at which both PQQ-GDH and laccase enzymes are still active. Importantly, laccase from
Trametes versicolor exhibits optimum biocatalytic activity at pH 5.5-6.0, and its activity is reduced
at neutral pH. Therefore, beyond pH 7, laccase becomes inactive and as a result little or no power
is generated to supply the present SPGS system. Overall, the activity of the present SPGS system
in the presence of 20 mM glucose solution retains greater than 91% activity over the entire 63 days
of investigation when compared to the SPGS system operating in 10 mM glucose solution, which
retained 88.5% of its activity over the 63-day period. The overall system was active over a period
of 96 days in 20mM glucose solution and 74 days in 10mM glucose solution respectively, as seen

in Figure 23.
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Figure 23. 96-day stability profile in the presence of 180 mg/dL (blue) and 360 mg/dL (orange) Glucose (37 °C, pH 7; error bars

indicated the RSD).

The SPGS system exhibited an extended stability in 20 mM glucose concentration when compared
to operating in10 mM glucose concentration. Once the voltage dropped below 300 mV, which was
the lower limit for charge pump to operate, it no longer amplified the voltage and, subsequently,
failed to charge the capacitor. We have successfully demonstrated a self-powered biosensing
microsystem comprising of a glucose biofuel cell powering unit and a sensing unit consisting of a
charge pump circuit and a capacitor functioning as transducing element. The system operated

stably over a period of over 3 months in neutral pH at 37 °C.
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Figure 24. A charge pump circuit used to light LED

Additionally, the biofuel cell produced sufficient burst of power to drive the charge pump circuit
to amplify the voltage and powered an LED. The charge pump produced a voltage of 1.8 V which
was sufficient to power a LED with input voltage requirement of 1.5 V. Thus, we successfully

demonstrated powering of a microelectronic device using a charge pump circuit.
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Chapter 6: Biofuel cell prototype

Since enzymatic glucose biofuel cells are currently incapable of producing electrical power
sufficient to power a device, various attempts were made to improve their performance. One such
attempt involved connecting multiple biofuel cells in series that improved the voltage produced by
the biofuel cell assembly. However, such arrangements make the assembly bulky and more
complex. Moreover, if this assembly fails while operating in vivo, a surgery to replace the faulty
stage is required imminently. Hence, instead of connecting multiple stages of biofuel cells, we
focused on using various amplification circuits to improve the performance of our biofuel cell
system along with making our single biofuel cell more robust.

Although the enzymatic glucose biofuel cell utilizes naturally-occurring enzymes which make it
economical, easily renewable and clean; immobilization of enzymes on the substrate depends on
various factors, such as the choice of electrodes with with high surface area, choice of enzymes to
completely oxidize the fuel, electrode design and finally efficient charge transfer by the anode.
Since different research groups design bioanode of different dimensions, it is difficult to compare
their performance. Hence, the convention for reporting the electrical parameters of a biofuel cell
is to calculate the current and power generated as density values in order to enable comparison of
biofuel cells. Buckypaper electrode has been commonly used as the electrode material to
immobilize enzymes. Buckypaper consist of mesh network of multi-walled carbon nanotubes,
which improves the active surface area for enzyme immobilization. Carbon nanotubes (CNTs) are
broadly classified into single walled and multi-walled carbon nanotubes. A single walled CNT
consist of a single graphite sheet wrapped into a cylindrical sheet, whereas a multi-walled CNT
comprises of array of single walled CNT concentrically nested like rings. CNTs can be further

classified into metallic or semiconducting CNT based on the sheet direction about which the
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graphite sheet is rolled to form a nanotube cylinder [115]. These graphene sheet wrapping is
represented by a pair of indices (n, m) [116]. Indices (n, m) represent unit vectors along two
directions in honeycomb lattice structure of graphene. If n = m, the nanotube is armchair type.
However, if n —m = 3K (K being a non-negative integer), the nanotube is zig-zag type and rest all
are chiral type. Armchair type nanotubes are always metallic, zig-zag type nanotubes that satisfy
the above criteria are semiconductor with tiny band gap. Semiconductor CNTs band gap is
inversely proportional to the diameter of the nanotube. The electronic properties of MWCNTs are
similar to SWCNTs due to a weak coupling between the cylinders. Electronic transport between
the MWCNTs occur without scattering over long lengths, which enables them to carry higher
current densities without heat loss. Thus, buckypaper comprising of MWCNTs exhibits excellent
electrical conductivity and thermal stability as high as 105.82 (mho.cm)!and 331 W.m™\. K™! along
with biocompatibility [117]. The two proposed models to describe the structure of MWCNTs are
the ‘Russian Doll model’ and the ‘Parchment model’. In Russian model, the sheets of graphene
are arranged in concentric cylinders, while in the Parchment model, a single sheet of graphene is
rolled around itself. The Russian doll structure is observed more commonly. Due to the advantages
of buckypaper over other metallic and non-metallic substrates, it has been commonly used to
immobilize enzymes. In our research, we use buckypaper material with metallic bulk property.
Buckypaper is fragile and tears easily if not handled properly and its probability to tear increases
since the bioelectrodes are stored moist environment for most of the time. Hence, a novel design
was implemented for the Buckypaper electrodes which improves its rigidity and provides a means

for better handling mechanism.
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6.1 Electrode preparation

Two 5 mm x 5 mm Buckypaper squares were carefully cut, followed by another Buckypaper strip
which was 1 mm x 5 mm. A 2-cm long tungsten wire was cut and then sandwiched between the
Buckypaper squares and strip and glued using Polyimide (PI) 2611. Also, all but the bottom edge
of the Buckypaper was coated with PI 2611 to give it rigidity. It was then cured in a convection
oven at 150 °C for 1 hour. Following which, PI 2611 was used to coat all the edges except the
bottom edge on the back of the Buckypaper electrode and cured again at 150 °C for 1 hour in a

convection oven.

Figure 25. Buckypaper electrodes designed in SolidWorks. A) Front view B) Top View C) Back view.

Figure 25 shows three-dimensional views of the Buckypaper electrodes drawn using SolidWorks.
The electrode designed in the above procedure yielded an active surface area of 0.04 cm? for the
immobilization of enzymes.

6.2 Surface immobilization

Our previous work involving enzymatic glucose biofuel cell with PQQ-GDH modified bioanode
and laccase modified biocathode allowed us to characterize and demonstrate a self-powering
biosensing system at a pH 7 and 37 °C temperature. However, such a system involving laccase

biocathode fails to operate in vivo as the optimal working pH of laccase biocathode is 5.5 — 6.
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Hence, to enable our system to operate at physiological conditions (pH 7.4 and 37 °C), bilirubin
oxidase enzyme was chosen at the biocathode. Both laccase and bilirubin oxidase enzymes are
multi-copper enzymes with multiple active centers. However, the type II Cu center which is active
in bilirubin oxidase allows for its optimal pH to be 7.4. Laccase does not have an active type II Cu
center, which significantly causes its optimal pH to be at a low value. These electrodes were
modified with respective enzyme solutions to form the bioelectrodes. The stepwise procedure to
immobilize enzymes is explained elsewhere [113]. Instead of laccase as biocathode enzyme,

buckypaper was modified with bilirubin oxidase to form biocathode as shown in Figure 26.
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Figure 26. Surface modification of Buckypaper with A) PQQ-GDH B) BODx using Solid Works.

Since the enzymes cannot directly attach to the Buckypaper, PBSE crosslinker was used to link
the amino group from the enzymes to the Buckypaper via a substitution reaction. The bioelectrodes

were further coated with 2 pL. Nafion® to avoid any leeching of the enzymes.
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6.3 Prototype

The total area of the biofuel assembly using the above bioelectrodes was 0.5 cm?, which was twice
that of the unmodified Buckypaper squares. To reduce the overall dimensions, a filter paper was
sandwiched between the bioelectrodes to serve as an insulator. Silicon epoxy, an insulating glue,
was applied to the back end edges of the Buckypaper, except the bottom edge. A 5 mm x 5 mm
filter paper was then placed on the epoxy end of the anode and was let to dry at room temperature.
Once the bond between the filter paper and the anode was established, silicon epoxy was applied
on the edges of the filter paper and the back end of the biocathode was placed on top of the filter
paper and we again let it sit at room temperature to dry. This procedure resulted in the biofuel cell

prototype as shown in Figure 27.

Figure 27. Solid Works schematic of the buckypaper prototype with bioelectrodes separated by a filter paper. A) Top view B)

Front view.

The overall dimension of the above Buckypaper prototype sample was 0.5 cm x 0.5 cm, whereas
the active surface region was 0.04 cm?. The separation between the bioelectrodes is a tradeoff

between the minimum separation to avoid short circuit and the bulkiness of the overall device. The
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separation between the bioelectrodes was optimized at 0.8 mm. The biofuel cell prototype was

then used to characterize the biofuel cell assembly in various glucose concentration solutions.

6.4 Results and discussion

6.4.1 Biofuel cell polarization characteristics

The novel electrode design allowed for better handling of the Buckypaper electrode and protected
it from tearing during experiments. The conductive Buckypaper material comprising of a mesh
network of multi-walled carbon nanotubes provided a large surface area for the enzyme
immobilization. The biofuel cell comprising PQQ-GDH and bilirubin oxidase (BODx) enzymes at
anode and cathode, respectively allowed their characterization at physiological conditions (pH 7.4
and 37 °C). The biofuel cell was characterized in various glucose concentrations, and the open
circuit voltage along with short circuit current density and peak power density were calculated in
their respective glucose solutions. All the experiments were performed in triplicate in standard
glucose concentration solutions in a dynamic environment where a fresh supply of glucose was

continuously provided.
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Figure 28. Glucose biofuel cell characterization. A) Polarization curves B) Corresponding power curves of glucose biofuel cell at
varying glucose concentrations prepared in 100 mM PBS (37 °C and pH 7.4). C) Calibration curve of glucose biofuel cell response

to glucose analytes. D) 53-day stability profile in the presence of various glucose concentration analytes (37 °C and pH 7.4).

The characterization of glucose biofuel cell was performed under physiological conditions in
various glucose concentrations by measuring the current and voltage across variable load resistor.
Further, the current density and the power density was calculated using the geometrical surface
area of the active region of the anode (0.04 cm?). Figure 28A shows the polarization curves of the
biofuel cell, wherein both the open-circuit voltage and the short-circuit current density were
observed to be increasing with an increase in glucose concentration due to the presence of more

glucose molecules at higher concentration. The peak electrical parameters were obtained in the
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presence of air-saturated 20 mM glucose solution (37 °C and pH 7.4) with an open circuit voltage
and short circuit current density along with a peak power density of 552.37 mV, 1.285 mA/cm?
and 0.225 mW/cm? at a cell voltage of 285.46 mV, respectively in the dynamic environment. These
results are comparable or superior to those previously reported [96 — 98, 111]. At physiological
concentrations (5 mM glucose at pH 7.4 and 37 °C), the glucose biofuel cell revealed an open
circuit voltage of 391.36 mV and a peak power density of 84.64 UW/cm? at a cell voltage of 214.3
mV as shown in Figure 28B. Triplicate testing in a dynamic environment yielded a linear dynamic

range from 3 — 20 mM glucose as shown in Figure 28C with the flowing regression equation (R?

=0.997):

Cell response (%) = 12.47 [glucose](mM) + 12.38 (% ....................................... (17)

As observed from Figure 28C, the peak power density of the biofuel cell increased with an increase
in glucose concentration from 3 — 20 mM glucose. The biofuel cell stability was further
investigated by monitoring its electrical parameters in various glucose concentrations at their
respective load resistance over a period of 53 days. Figure 28D shows a constant discharge curve
acquired over 53 days. An initial maximum drop in peak power density was observed in the
presence of 3 mM glucose solution, which was 5.25%, whereas a minimal drop of 0.56% was
observed in the presence of 10 mM glucose solution at the end of first week. Thereupon, a constant
decrease in electrical parameters was observed for subsequent days due to a slow degradation of
the enzymes with regular testing of the biofuel cell. At the end of the 53" day, peak drop in the
performance of the glucose biofuel cell was observed in the presence of 3 mM, which was 31.75%

while a minimum drop was observed in the presence of 10 mM which was 21.92%. The other

65



glucose concentration also recorded drops in the power density performance, which was 26 + 6%.
Although the electrical parameters decreased with time, the sheer ability of the biofuel cell to
perform continuously over 53-day period was attributed to the use of Nafion coating which
prevented the enzymes from leeching out, thus improving the life of the glucose biofuel cell. The
above recorded stability is better than those previously reported [77, 107]. The above results were
then compared to our previous work involving biofuel cell characterized in a static environment
[118]. The electrical density values observed in a dynamic environment were higher than those
observed in static environment due to the continuous fresh supply of glucose in the former case.
The open circuit voltage was comparable; the peak current density in 20 mM glucose solution
dynamic environment at physiological conditions was more than twice than observed in a static
environment in 20 mM glucose solution at physiological conditions. At the same time, there was
a 150% increase in peak power density in a dynamic environment at physiological conditions in
20 mM glucose solution compared to the static environment at same conditions. The huge boost
in the electrical parameters was attributed to continuous fresh glucose supply. At physiological
conditions (5 mM glucose at pH 7.4 and 37 °C), the open circuit voltage and the short circuit
current density in a dynamic environment was observed to increase 24.52% and 78.63%
respectively, compared to the static environment. Also, the peak power density increased 131%
going from static to dynamic environment. Thus, the performance of the glucose biofuel cell

improved tremendously in a dynamic environment at physiological conditions.
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6.4.2 Self-powered biosensing system characterization

A single glucose biofuel cell has the potential to replace batteries as a power source, but to fulfill
this primary goal, the electrical parameters from a single biofuel cell need to be amplified, as it is
neither sufficient to sense glucose nor power any microelectronic devices. Past research has shown
that the electrical parameters can be improved by stacking multiple biofuel cells in series or
parallel, depending on the applications. However, it makes the overall design bulky and increases
the circuit complexity [111] and due to the implantation constraints, several research groups have
started using charge pump to amplify the electrical parameters from a single biofuel cell. In this
work, we demonstrate the amplification of the electrical parameters of a single glucose biofuel cell

by using the charge pump IC to enable simultaneous power amplification and glucose sensing.
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Figure 29. A) Calibration curve of glucose sensing system in various glucose concentration at physiological conditions across 0.1
UF capacitor in dynamic environment. B) Stability profile of glucose sensing system over a 53-day period at physiological

conditions in dynamic environment.

The charge pump takes in an input voltage from the biofuel cell and amplifies it to 1.8 V per the
mechanism explained in Figure 1. The burst of power generated by the charge pump was supplied
to power a portable electronic device. The bioelectricity produced by the biofuel cell to be specific

anode increased with increase in glucose concentration, which resulted in an increase in charge
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and discharge across the capacitor. Thus, the varying charge cycles were a measure of the glucose
sensed by the circuit. The triplicate testing of the charge cycle at various glucose concentration
solutions (pH 7.4 and 37 °C) in dynamic environment yielded a dynamic range from 1 — 45 mM

with a flowing regression equation (R? = 0.9981):

Frequency response (Hz) = 0.9252 [glucose](mM) + 14.113 (Hz)........cvveeenvnnenen.. (18)

The above range covers both the hyperglycemic (20 mM) and hypoglycemic (1 mM) states,
including the normal glucose levels, and would be useful in detecting blood glucose levels. The
extended linear dynamic range was found to be more than previously reported [79] and as shown
in Figure 29Athe sensitivity was calculated to be 23.13 Hz/cm?>.mM., which was more than our
previously reported work. The stability profile of the charge cycle frequency was monitored over
53 days as shown in Figure 29B. At the end of first week, a peak drop in the frequency response
was observed in the presence of 3 mM, which was 4.54%, corresponding to the peak drop in peak
power density. The least drop was observed in 20 mM glucose solution which was 2.08%. Further,
the 53-day profile retained an over 90% response with both peak and minimum drop observed in
3 mM (9.09%) and 20 mM (4.17%) respectively. The drop in the performance was due to the drop
in electrical parameters produced by the biofuel cell due to the degradation in the enzymes over a

period.
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6.4.3 pH and temperature stability profile
The above system was also characterized under various pH and temperature conditions in the
presence of the 20 mM glucose solution, and the corresponding profile was determined. It is

essential to determine the performance of our system under various pH and temperature conditions.
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Figure 30. A) pH B) Temperature profile of the self-powering system in response to 20 mM glucose solution.

The pH-dependent profile of the system is shown in Figure 30A, where the response of the system
was recorded under various pH levels and compared to the system’s original performance shown
in Figure 30A. It was observed that the system functions optimally at physiological pH of 7.4.
Moreover, the biofuel cell comprising bilirubin oxidase cathodic enzyme performs better than the
biofuel cell system with laccase cathodic enzyme, which fails to operate at physiological pH. This
is very important from an in vivo systems point of view. Figure 30B shows a temperature profile
of our system at variable temperatures. Our system performs optimally at 37 °C, which is the in
vivo optimal temperature. Overall, our system performs optimally well at physiological conditions

(pH 7.4 at 37 °C) and retains over 90% of the activity at the end of the 53" day.
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6.4.4 Interference testing

One of the essential qualities of a glucose sensing system is that it needs to be highly selective.
When implanted in vivo, it is subjected to interference by various interfering species such as
ascorbic acid, uric acid and acetaminophen and various competing species such as fructose,
maltose and galactose [119 - 121]. The physiological glucose concentration in serum is ~3-8 mM,
whereas the physiological concentration of these interfering and competing species is no more than
0.2 mM [122]. We monitored the charging and discharging across the capacitor for these
interfering and competing species and compared the charge cycle with the unadulterated glucose
solution. To confirm the results, we performed two sets of experiments to measure the effect of
these species on the overall performance of the system at their physiological concentrations. Figure
31A & 31C shows the frequency of charge cycle when glucose was mixed with interfering and
competing species. For this set of experiments, a fresh 5 mM glucose solution was used every time
to mix corresponding species. Figure 31B & 31D shows the effect of the competing species and
interfering species on the overall performance of the system individually. After every set of

experiments, a fresh glucose solution was used to test the performance of the system.
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Figure 31. Interference testing. A) 5 mM glucose adulterated with 0.2 mM interfering analyte. B) 5 mM glucose tested between

each 0.2 mM analyte by itself. C, D) Corresponding tabular values.

From the above figure, there was no charge/discharge response introduced by the interfering
species, such as ascorbic acid and uric acid. This was because it interferes only at +700 mV, at
which hydrogen peroxide breaks down. Since a single biofuel cell is incapable of producing such
high potential, these interfering species fail to have any impact on the overall system performance.

Competing species on the other hand such as maltose, fructose and galactose failed to produce
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sufficient voltage to drive the charge pump circuit. Thus, there is no charge cycle observed across
the capacitor. Thus, both competing and interfering species at their physiological concentration

have no effect on the performance of the system, thus, our system exhibits excellent selectivity.

6.5 Simultaneous glucose sensing and powering of glucometer device

Although a charge pump circuit amplifies electrical parameters from a single biofuel cell, it
supplies a burst of power which is inconvenient to power any micro-electronic devices. Also, since
the output from the charge pump circuit ranges between 1.2 V and 1.8 V, finding a microelectronic
device that can transmit data wirelessly with a burst supply of power is very difficult. Therefore,

there is a need for a steady DC supply, thus, a step-up DC converter circuit was used, as shown in
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Figure 32. A) Step-up DC converter circuit configuration consisting of voltage divider circuit. B) Board schematic of step-up DC

converter circuit implemented in eagle PCB software.

This device needed an initial trigger of 1.4 V, which was easily supplied by the charge pump
circuit. Following which, step up DC convertor circuit could operate at a voltage as low as 225

mV which was easily fulfilled by a single glucose biofuel cell thereby, conserving the energy. The
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output of the step-up DC convertor circuit was a steady DC voltage which was then applied to
various digital devices, such as a digital thermometer and a digital glucometer device.

This circuit consists of a 3 mm x 3 mm x 0.75 mm IC and an output capacitor to store the charge
developed by the IC. It also consists of a voltage divider circuit which is used to amplify the output
voltage based on the requirement as shown in the Figure 32A. Theoretically, output DC voltage

was calculated using the equation below:

Vour = 1.004 ((ﬁ—j) L) e (19)

PSpice software was used to optimize the resistor value such that the output DC voltage obtained
was 3.3 V. Under ideal conditions and disregarding the triggering voltage, the minimum input
voltage required to achieve an output voltage of 3.3 V was observed to be 0.52 V. Further, different

resistors were connected in the voltage divider circuit to observe the change in output voltages.

Table II. Percentage error in theoretical and measured DC output voltage produced by step-up convertor

Q Ratio Theoretical (V) Measured (V) Percentage error (%)
1.39 2.399 1.951 18.674
1.632 2.643 2.066 21.831
2.26 3.3 32 3.03

Table II shows some variation between the theoretical and practical output DC voltage values,
which could be attributed to the energy loss in the form of heat at the orthogonal turns in the

original PCB designs copper traces losses in the circuits. Moreover, signal losses could emerge
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due to long distance connection between the IC and the output measuring pins. Various output
voltages such as 1.951 V and 3.259 V observed by varying the voltage divider resistances were

sufficient to drive digital thermometer and digital glucometer respectively.
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Figure 33. A) Charge cycle frequency of 0.1 pF capacitor in various glucose concentration (3 — 20 mM) at pH 7.4 and 37 °C. B)

Tabular representation of the charge cycle frequencies corresponding to respective glucose concentration. C) A calibration curve

of the entire system operating at physiological conditions (pH 7.4 and 37 °C) when simultaneously sensing glucose and powering

a glucometer device.
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Figure 33A shows the frequency of the charge cycle corresponding to various glucose
concentration while the system is simultaneously powering a digital glucometer. This system
operates over a wide range of glucose concentration from 3 — 20 mM with a following regression

equation (R? = 0.9938):

Frequency response (Hz) = 3.4567 [glucose] (mM) + (—6.734)(HZ)............c...c..... (20)

The calibration curve shown in Figure 33C yielded a sensitivity of 86.42 Hz/cm?. mM., which was
better than our previously published work [113, 118]. Therefore, this novel system is designed
such that it can simultaneously sense glucose using a transducing element capacitor connected at
the output of the charge pump circuit and power a digital device such as a digital thermometer and

digital glucometer. The schematic of such a novel device is shown in Figure 34.
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Figure 34. Simultaneous glucose sensing and powering of glucometer device.
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Figure 35. System showing simultaneous glucose sensing (oscilloscope reading) and powering of a glucometer in the presence of

7 mM glucose solution.

Figure 35. shows the simultaneous operation, in which the oscilloscope reading signifies the
frequency of charge and discharge cycle that increases with increase in glucose concentration
solution. Also, the figure shows a digital glucometer indicating a ‘0’ on the display, which is
powered by the voltage that is produced at the output of step-up DC converter circuit and is
displayed on the multimeter screen. We observed that the overall system’s performance improves
when the system is fully functional with a microelectronic device being powered. Since the
glucose-sensing was dependent on the power produced by the single glucose biofuel cell, we
designed an experiment to determine whether the powering of microelectronic device has any
effect on the sensing performance of the system. The device under test (DUT) was a digital

glucometer manufactured by freeStyle Lite which requires a minimum voltage supply of 3 V. The
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experiment was performed in various glucose concentrations ranging from 3 — 20 mM at

physiological conditions in dynamic environment.

Glucose |Glucometer|Glucometer 70
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Figure 36. Frequency response of the device in the presence of glucometer device being powered (blue) and in the absence of

glucometer device (orange) at physiological conditions in dynamic environment in various glucose concentrations.

Figure 36 shows the charge cycle frequency in various glucose concentrations at physiological
conditions in the presence of the glucometer device being powered and in the absence of
glucometer device being powered. Except for 7 mM and 10 mM glucose solutions, other
concentrations exhibit an ideal response irrespective of the device being powered. Moreover, the
slight variation observed in the presence of 7 mM and 10 mM can be rectified using a more robust
algorithm and by running multiple test runs and averaging the observed frequencies. Overall, the
performance of the system is not significantly affected by the simultaneous glucose sensing and
powering of a digital glucometer device. This is a novel system and such simultaneous glucose

sensing and powering has never been implemented before, to the best of our knowledge.
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6.6 Biofuel cell operating in serum glucose

Further, in vivo implantations of such system is desired and highly important. However, blood
consists of species other than glucose such as uric acid, ascorbic acid, fructose, maltose and
galactose along with some minerals. Thus, it is of immense importance to test the performance of
our glucose sensing system in the presence of these species. Researchers have demonstrated the
functional biofuel cell as a power source in the presence of serum solution [123 - 126]. Here, we

demonstrate the glucose sensor performance in serum.

We characterize the biofuel cell system in various serum solutions by performing the cyclic
voltammetry that ascertains the presence of enzymes on the electrode surface. We further address
the various losses occurring in the biofuel cell system by performing linear scan voltammetry
(LSV) and calculate the percentage losses at various glucose concentrations. Polarization
characteristics of the biofuel cells were determined as previously discussed and we demonstrate

glucose sensing in serum by monitoring the charge/discharge frequency of the capacitor.
6.6.1 Results and Discussions

The presence of enzyme on the surface of the bioelectrodes was confirmed by performing cyclic
voltammetry (CV) scans in the presence of standard buffered solution as well as serum at
physiological conditions (pH 7.4 and 37 °C). The direct electron transfer between the active sites
of the enzyme and the buckypaper electrode was ascertained from the CV scans. The scans were

monitored over a voltage range from -0.8 V to +0.8 V and back at a scan rate of 20 mV.s™\.
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Figure 37. Cyclic voltammetry of A) bioanode B) biocathode performed at physiological conditions (pH 7.4 and 37 °C) in the
absence of glucose (blue) and in the presence of various serum glucose solution at 2.78 mM (orange), 5 mM serum glucose solution

(gray) and 10 mM glucose solution (yellow) in air saturated environment.

Glucose oxidation by PQQ-GDH enzyme at the surface of the bioanode in the presence of serum
is shown in Figure 37A. The bioanode does not show any peak in the presence of 100 mM PBS
(pH 7.4) indicating the bioanode is non-responsive to the buffer. However, when the serum
concentration was increased, a significant increase in peak current corresponding to glucose
oxidation was observed at negative potential. The onset of the oxidation potential became more
negative with an increase in glucose serum solution. The electro-oxidation potential of glucose
fuel in the presence of 10 mM glucose serum solution was detected at an onset potential of -0.199
V vs Ag/AgCl. The more negative onset potential is desirable for better biofuel cell performance.
Figure 37B. shows the CV scan for biocathode, where oxygen reduction occurs at the surface of
the biocathode by bilirubin oxidase enzyme. With an increase in glucose concentration, more
glucose molecules were present for redox reaction. As a result, the onset potential for oxygen

reduction becomes more positive. The electro-reduction potential of oxygen in the presence of 10
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mM serum glucose solution was detected at +0.399 V vs Ag/AgCl. The overall cell voltage of the

biofuel cell is governed by the Nernst equation given by,

VCELL == VCATHODE - VANODE .............................................................................. (21)

According to the Nernst equation, the theoretical biofuel cell voltage was calculated to 0.598 V
from the cyclic voltammetry scan in the presence of 10 mM glucose serum solution at
physiological conditions. However, the experimentally calculated biofuel cell voltage was
observed to be 0.479 V. The difference in the cell voltage was attributed to various losses occurring

in the biofuel cell system which was further studied by performing linear scan voltammetry (LSV).
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Figure 38. Linear scan voltammetry. A) Bioanode B) Biocathode performed at physiological conditions (pH 7.4 and 37 °C) in the
absence of glucose (blue) and in the presence of various serum glucose solution at 2.78 mM (orange), 5 mM serum glucose solution

(gray) and 10 mM glucose solution (yellow) in air saturated environment.

Figure 38 A shows LSV for bioanode in which, the ohmic losses become dominant beyond -0.2 V
due to the resistance offered by the solution to the flow of electrons. Upon oxidation of glucose
fuel, electrons are generated which flow towards the current collector. At higher glucose

concentration, the solution becomes more conductive. The resistance offered to the electrons
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decreases as the solution becomes more conductive. Thus, the biofuel cell overcomes the ohmic
losses by producing more current at higher glucose concentration as seen from Figure 38A. Table

3 shows ohmic loss percentage in various serum solutions.

Table III. Percentage ohmic loss in biofuel cell at different glucose serum concentration

Serum glucose Theoretical voltage Experimental Voltage Ohmic loss
concentration (mM) (mV) (mV) percentage (%)
2.78 463 325.7 29.65
5 524 387.9 25.97
10 598 479.7 19.78

The increase in glucose concentration makes the solution more conductive and reduces ohmic
losses as observed from Table 3. Oxygen reduction occurs at the surface of biocathode at +0.6 V.
At such higher potentials, concentration losses become dominant and are caused due to saturation
of oxygen gas molecules at the bioelectrodes surface. Due to the concentration losses, fresh oxygen
molecules cease to reach the active region of the bioelectrode. By increasing the glucose
concentration, more fuel is available for redox reaction. Figure 38B shows that the biocathode
overcomes the concentration losses at higher glucose concentration and the onset of the reduction
potential becomes more positive. The performance of glucose biofuel cell improves at higher

glucose concentration by overcoming various losses occurring within the assembly.

The glucose biofuel cell was then characterized in vitro by measuring the voltage and the current
values at varying the load. The current and power densities were calculated using the geometrical

surface area of the bioanode which was 0.01 cm?.
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Figure 39. Glucose biofuel cell characterization. (A) Polarization curve and (B) corresponding power curves of glucose biofuel

cell at varying serum glucose concentration from 2.78 mM to 11.11 mM (37 °C, pH 7).

Fig. 39A shows the polarization curve of the cell, wherein the electrical parameters produced by a
single glucose biofuel cell such as open circuit voltage and the short circuit current increased with
increasing glucose concentrations due to the presence of more glucose molecules at higher glucose
serum concentration. The maximum cell parameters were obtained in the presence of 11.11 mM
glucose with an open circuit voltage, short circuit current density and power density of 491.5 mV,
4.75 mA/cm?, and 0.917 mW/cm? at a cell voltage of 288.4 mV, respectively as seen from Figure
39B. These results compared well to those previously reported [73, 79, 127 - 129]. At physiological
serum glucose concentration (5 mM glucose at 37 °C, pH 7), the cell exhibits an open circuit
voltage of 387.9 mV, a maximum power density of 0.462 mW/cm? at a cell voltage of 212.9 mV.
The power generated by the biofuel cell assembly over the wide range from 2.78 mM — 11.11 mM
in the serum glucose solution covers both hypoglycemic state as well as hyperglycemic state.
Moreover, the biofuel cell produced sufficient power to drive the charge pump circuit comprising

the capacitor for which, the charge/discharge frequency was monitored. The charge/discharge
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frequency across the capacitor was monitored over a wide concentration range 2.78 mM — 11.11

mM at physiological conditions.
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Figure 40. Calibration curve of glucose sensing system’s response to glucose analyte at physiological conditions.

Figure 40 shows a calibration curve of sensed glucose over a dynamic range between 2.78 mM —
11.11 mM. Sensitivity of glucose sensor was calculated to be 104.51 Hz/cm?.mM in the presence
of serum glucose solution. We observed an increase in the sensitivity of our glucose sensor in the
presence of serum solution. A 13% increase in the sensitivity was observed in comparison to the
standard glucose solution. The limit of detection was calculated to be 2.31 mM in the presence of
serum solution, which is below the dynamic operating range. This limit of detection was also lower
than the standard glucose solution, where it was calculated to be 4.84 mM. Our system can sense

glucose in blood serum covering the hypoglycemic and hyperglycemic region.
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Chapter 8: Conclusion

8.1 Summary

We have successfully fabricated a novel self-powered glucose biosensing system, which is capable
of simultaneously sensing glucose and powering an electronic device such as a glucometer. This
novel device relies on a single glucose biofuel as its power source, unlike, existing glucose sensors,
which rely on batteries. The glucose biofuel cell comprised two 5 mm x 5 mm buckypaper
bioelectrodes, one of which was modified with pyrolloquinoline quinone glucose dehydrogenase
(PQQ-GDH), a glucose selective enzyme and the other with bilirubin oxidase, an oxygen reducing
enzyme to create the bioanode and biocathode, repectively. The glucose fuel is oxidized at the
bioanode to form gluconolactone along with the release of electrons and protons. These electrons
and protons migrate towards the biocathode, where oxygen is reduced to form water. The flow of
electrons lead to current and hence, power being generated. Upon biofuel cell characterization in
the presence of various glucose concentration solutions, this assembly produced a peak open
circuit voltage and a peak power density of 552.37 mV and 0.225 mW/cm?, respectively and a
peak current density of 1.285 mA/cm? in the presence of 20 mM standard glucose solution. These
results showed that glucose biofuel cells can be further investigated in the development of a self-
powered glucose biosensor. Since, the glucose biofuel cell by itself can neither sense glucose nor
power any device, a charge pump circuit was incorporated. The transducer element capacitor
connected at the output of charge pump was used to sense glucose by monitoring the charge cycle
frequency. The glucose sensor exhibited a dynamic range between 1 — 45 mM with the sensitivity
calculated to be 23.13 Hz/cm?.mM at the correlation coefficient of 0.9981.

The charge pump circuit supplied a burst of power, which is undesirable to power any electronic

device. We then use a step-up DC convertor circuit to produce a steady DC voltage. The output of
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the step-up DC convertor was measured to be 3.259 V, which was sufficient to power a glucometer
device. We also studied the pH and temperature profile of the system and observed that the system
performs optimally at physiological conditions (pH 7.4 and 37 °C). Further, the system was
observed to possess excellent selectivity in the presence of various interfering and competing
species such as ascorbic acid, uric acid, maltose, fructose and galactose. The operational stability
of the system was observed to be 53-days with over 90 % of the original activity being retained.
A single glucose biofuel cell along with various power amplification circuits enabled the
simultaneous glucose sensing and powering of a glucometer, thus eliminating the need for a
battery.

To conclude, we have successfully fabricated a novel prototype design that allows us to achieve
higher electrical power density at physiological conditions (pH 7.4 and 37 °C). The electrical
parameters produced by a single glucose biofuel cell were amplified using a charge pump circuit.
A capacitor connected to the output of the charge pump sensed changes in glucose concentration.
The charge/discharge frequency increased proportionally with glucose concentration over a wide
dynamic range from 1 — 45 mM glucose solution, which includes hypoglycemia to hyperglycemia.
The charge pump circuit interfaced with the step-up convertor circuit enabled glucose sensing and
powering of a glucometer, all at the same time. The system shows excellent selectivity in the
presence of various competing and interfering species at their physiological concentration. This
system retained over 90% of the glucose sensing activity over a 53-day period. Hence, our system
overcomes the drawbacks of glucose monitoring devices such as a glucometer and a CGM device,

which are battery operated.
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8.2 Future work
8.2.1 Design and fabrication of microfluidic chamber

The future work in this area may involve the design and development of a microfluidic system to
allow for characterization of the entire system in a dynamic environment, wherein the biofuel cell
is subjected to a continuous supply of fresh glucose fuel. The microfluidic chamber may be
constructed with polydimethoxysilane (PDMS) via soft-lithography will not only serve as dynamic
environment but also serve as a flexible protective chamber for the biofuel cell from the external

conditions.

8.2.2 Operational stability of biofuel cell

To truly replace batteries, biofuel cell’s operational stability must be further improved. In this
system, the operational stability refers to the drop in the performance of the biofuel cell or a glucose
sensor over a period of time due to the slow denaturing of the enzymes. To improve the operational
stability, the enzymes could be coated with permeselective membranes such as hydrogels,
chitosan, which are biocompatible membranes that prolong the life of the immobilized enzymes

on the bioelectrodes surface.

8.2.3 Wireless transmission of sensed data

We have demonstrated that our single enzymatic glucose biofuel cell can simultaneously sense
glucose and power an electronic device. To make this system a smart healthcare system, it is
important to transfer the sensed glucose data wirelessly to the user end device such as a mobile
phone or a laptop. The DC voltage produced by the step-up convertor circuit, can be utilized to
drive the microcontroller circuit. The inbuilt A/D convertor inside microcontroller will convert the

analog glucose sensed data to digital signal and transmit it wirelessly to the user end device. The
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data interpretation algorithm stored at the user end will convert the digital data and display it on
the user end device screen. This will enable the development of a smart glucose sensor that can

sense glucose continuously and transmit the data to the user end.

8.2.4 Optimization of the overall system’s performance using COMSOL simulation

The optimization of the system can be further performed in COMSOL simulation software to
improve its performance. The computer simulation of the performance of the electrodes under
varying external conditions such as temperature, pressure, humidity and internal conditions such
as various losses can be studied. The system’s performance can vary tremendously even by
altering a single parameter. For instance, the size of the bioelectrodes and the concentration of the
enzymes could be altered to find the optimal value. The experimental data can be compared with
the simulated data to enable the experimental conditions to be change to enhance the performance
of the system. After exhaustive device testing under both standard glucose solution as well as
plasma, the device would be ready to be implanted inside a laboratory specimen to study its

performance as well as its viability to serve in vivo.
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