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ABSTRACT OF THE THESIS

Minimally Invasive Continuous Ketone Monitoring using Electrochemical Microneedle
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Diabetes is one of the fastest-growing chronic diseases worldwide, with diabetic
ketoacidosis (DK A) significantly increasing the risk of complications and comorbidities. Effective
diabetes management relies on accurate and timely blood glucose and ketone levels monitoring.

Yet, traditional methods like frequent finger-prick blood tests or urine tests are invasive,
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inconvenient, and often delay the detection of critical metabolic changes. This thesis explores the
development of a Continuous Ketone Monitoring (CKM) system using an electrochemical
microneedle biosensor. Ketone bodies, specifically B-hydroxybutyrate, are a key indicator of
metabolic state and disease progression in diabetes. This work focuses on developing and
validating a novel microneedle sensor capable of continuous, real-time monitoring of ketone levels
directly from the interstitial fluid by building on the principle of electrochemical sensing,
biocatalytic reactions, and microfabrication. The CKM system offers a minimally invasive, real-
time alternative to traditional monitoring methods, by addressing many of their limitations and
advancing it by proposing enhancements to overcome these challenges such as mediator leaching,
HBD/NAD" immobilization, minimally invasive ISF BHB testing, and on-body testing. The
sensor’s performance was evaluated through a series of experiments, including in vitro and on-
body tests, indicating promising accuracy and reliability compared to existing methods. By
providing continuous feedback on ketone levels, CKM technology has the potential to significantly
improve diabetes management, prevent DK A, and enhance patient compliance and quality of life.
The study offers critical insights into their potential impact on the future of diabetes care. The
findings suggest that this technology could represent a significant leap forward in the pursuit of

improved diabetic health monitoring and management.
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Chapter 1 Introduction

1.1 Ketone Bodies (KBs)

Ketone bodies (KBs) and ketosis have received tremendous attention lately due to their
significant contribution to human health and disease monitoring, nutrition, and wellness [1] [2]. In
recent decades, it has become evident that KBs are indicators of metabolic conditions of the body
and disease status [1]. This makes sense as ketones are used as an alternate source of energy in our
body. They were first detected in the urine of a type 1 diabetes mellitus (T1DM) patient [3]. This
created an association of these ketone bodies to this deadly condition and hence were labeled as
potential pathogenic markers for the last 100 years. Under normal conditions, the body relies on
glucose as its primary source of energy, which is typically derived from carbohydrates, such as
sugars, starchy foods, and grains. The body breaks these carbohydrates down into simple sugars,
then either uses it up as glucose for immediate energy or stores them as glycogen in the liver and
muscles for future use. In cases of insufficient glucose availability to meet the body’s energy
demands, it switches to an alternative method.

Ketosis is a metabolic state where your body doesn’t have enough carbohydrates to burn
for energy, from the low-carb Keto diet [4] [5]. Instead, it burns fat and makes ketones (as seen in
Figure 1). KBs are produced in the body by the liver during periods of high caloric restrictions
(low food intake, fasting low-card diets, strenuous exercise, etc.), primarily to sustain memory
formation, but also during periods of starvation, alcoholism, and disease status (untreated type 1
diabetes mellitus, hyperemesis gravidarum, heart and Alzheimer's diseases (AD), and various

metabolic disorders) [6]. The body begins breaking down fat stores and converts triglycerides to



glucose. This metabolic shift (ketosis) is characterized by ketonemia and ketonuria, which is the

accumulation of these acids in the blood and excretion through urine [7] [8].

Traditional Carbohydrates- Keto Diet or Fasting or
based diet Strenuous Exercise Starts
Glucose are used .&\ Carbohydrate Ketones are used P Carbohydrate
as fuel by tissues o= ’ intake rises as fuel by tissues “ intake falls
A> ! \\ L
Insulin shuttles . ) Ketones are B
Glucose into the ~ 3 L/ Blood Glucose released into the = o> ”ﬂ/ Blood Glucose
cells - and Insulin rises blood streaii . and Insulin falls

g

Pancreas secretes Liver Breaks down
Insulin fatty acids for Ketone

Figure 1: Glucose (Carbohydrates-based diet) vs Ketone (Keto diet) as source of energy.

Functionally, the body produces two primary ketone bodies, acetoacetate (AcAc) and B-
hydroxybutyrate (BHB), which are crucial in energy metabolism and biological process signaling.
AcAc is the first ketone body produced during the breakdown of the free fatty acids in the liver, a
process known as ketogenesis. Once synthesized, AcAc can follow one of the two pathways: AcAc
can be converted into acetyl-CoA, which then enters the citric acid cycle (Krebs cycle) to produce
ATP, or it can be reduced to BHB (as seen in Figure 2), a process that occurs in response to the
body's cellular redox state (the balance of NAD'/NADH). This conversion is particularly
significant in periods of high-fat metabolism, such as fasting or prolonged exercise [9]. A higher
ratio suggests a more reduced environment (higher NADH levels), which can influence metabolic
pathways and signal the body to adapt to changes in energy availability. BHB is the more reduced
form of acetoacetate and is often present in higher concentrations during states of ketosis. It
provides an efficient and readily available source of energy for tissues such as the brain, heart, and
muscles, especially when glucose availability is low [2]. Unlike free fatty acids, KBs can cross the

blood-brain barrier (BBB) and hence, are also available as fuels for the CNS cells.



H.C OH
AcAc NADH
NAD+
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Figure 2: Acetoacetate conversion to Acetone and beta-hydroxybutyrate (BHB) [10] [11] [12]

In small quantities, ketones indicate that fat is being metabolized. However, elevated levels
of ketones can be harmful, potentially leading to a dangerous condition known as ketoacidosis. In
ketoacidosis, the overproduction of ketones results in their accumulation in the blood, causing the
blood to become overly acidic. This acidification can disrupt normal bodily functions and, if not
addressed, can lead to severe complications.

A particularly severe form of ketoacidosis is Diabetic Ketoacidosis, also known as DKA,
which occurs predominantly in people with diabetes, particularly TIDM. It occurs when there is a
severe insulin deficiency, leading to high blood sugar levels and forcing the body to break down
fat at a rapid pace, producing large amounts of ketones [13]. Primarily affects individuals with
type 1 diabetes, but it can also occur in people with type 2 diabetes under certain conditions, such
as during periods of illness or severe stress. DKA is a life-threatening complication of both Type

1 and Type 2 Diabetes Mellitus (T2DM), which if left untreated can lead to coma and death.

1.2 Need for BHB Monitoring: Diabetes and Ketoacidosis
At the core of DKA is diabetes, a chronic condition that is rapidly becoming one of the

most prevalent diseases globally. It is a major contributor to illness, disability, and early death,



with the risk of developing cardiovascular diseases increasing by 2 to 4 times in those with diabetes
[14] [15] [16]. In 1980, 108 million people worldwide had diabetes, a number that surged to 422
million by 2014, according to the World Health Organization [17]. As seen in Figure 3, China
currently has the highest number of diabetes cases, with 116 million people affected, followed by
India with 77 million, and the United States with 31 million [18]. In the United States, estimates
for 2021 show that of the 31 million people who were diagnosed with diabetes, 352,000 were
children and adolescents under 20 years old, of whom 304,000 have type 1 diabetes [19].
Additionally, 97.6 million adults aged 18 or older were estimated to have prediabetes in 2021 [20].
Alarmingly, an American is diagnosed with diabetes every 17 seconds [21].

WORLD DIABETES TREND

United States of America India China
1000 —e—Diabetes in millions
31 million diagnosed e T
= 77 Million diagnosed 116 Million diagnosed 800
* 335,200 children and

adolescents

* 97.6 million adults
prediabetic

PEOPLE DIAGNOSED (IN
MILLIONS)
)
1=}
1<)

1980 2014 2021 2030 2045
YEARS

00:1700
By 2030: 643 million people with diabetes,

Every 17sec one American By 2045: rise by 46%; approximately 783 million
is diagnosed with Diabetes adults with diabetes worldwide

orlin8.

Current: 540 million people with diabetes,

Figure 3: Diabetes statistics (Worldwide and USA)
Currently, there are 540 million people with diabetes worldwide, and projections by the
IDF suggest that by 2045, this number could rise by 46%, affecting approximately 783 million
adults, or 1 in 8 [22]. Diabetes disrupts the body’s ability to regulate blood sugar levels, often
leading to hyperglycemia. In cases where insulin levels become critically low or absent, as in type
1 diabetes, the risk of developing DKA significantly increases. Therefore, understanding and
managing diabetes is crucial not only for preventing hyperglycemia but also for reducing the risk

of DKA and other serious complications associated with the kidney, liver, and heart.



DKA has been observed to have higher prevalence rates among women and non-White
populations. Studies in the USA and Europe have shown ever-increasing hospitalizations for DKA
in adults with a 1.1% DKA hospitalization rate from 2000 to 2009 to 6.3% from 2009 to 2014 [1]
[23]. In Europe, data from the DPV registry indicated that adults with T1DM had a DKA rate of
2.5 per 100 patient-years. A 2020 U.S. study identified 220,340 T1DM patients with a primary
diagnosis of DKA, with a mean age of 38.4 years; 53.3% were between 18 and 44 years old. DKA
is particularly common among children and adolescents with T1DM, leading to increased
hospitalizations, recurrence, and mortality. Younger children are especially at risk for DKA at the
time of T1D diagnosis, as the symptoms may go unrecognized. From 2010 to 2016, the prevalence
of DKA in the United States increased from 35.3% to 40.6%, with a 2% annual rise in cases of
DKA at or near the time of T1D diagnosis. The prognosis for DKA worsens significantly at the
extremes of age, particularly with the occurrence of coma, hypotension, and severe comorbidities.
Mortality rates exceeding 5% have been reported among the elderly and those with life-threatening
illnesses. In the U.S., a study found that nursing home residents accounted for 0.7% of DKA cases,
with increased mortality associated with this population [23]. The geriatric population is especially
at risk for developing hyperglycemic crises due to factors like increased insulin resistance and
decreased thirst mechanisms. The elderly are particularly susceptible to hyperglycemia and
dehydration, which are critical components of hyperglycemic emergencies. However, with
enhanced diabetes surveillance and aggressive early treatment of hyperglycemia and its
complications, morbidity, and mortality from acute diabetic crises in the elderly can be
significantly reduced.

Given the risks associated with ketoacidosis, monitoring ketone levels to prevent, diagnose,

and treat diabetic ketoacidosis (DKA) becomes crucial, especially for individuals with diabetes



who are at higher risk. Regular ketone monitoring allows for early detection of rising ketone levels,
enabling timely intervention before the condition progresses to ketoacidosis. Traditionally, ketone
levels are monitored using urine strips or blood tests, but these methods come with several
significant limitations that can impact the effectiveness of diabetes management. More
importantly, they are often used only after symptoms have been prevalent. There is no real-time
monitoring which limits the ability to react proactively to the rising ketone levels in the blood or
in the urine. Having to rely on symptoms like fruity-smelling breath, thirst, a very dry mouth or
frequent urination to determine whether there is a need to test the blood ketone or ketone in urine,
is not very efficient for early detection of ketone buildup, and in the long run not ideal or consistent
practice for most patients.

To enhance diabetes management and prevent complications like DKA, there is a growing
need for Continuous Ketone Monitoring (CKM). The development of minimally invasive CKM
technologies represents a significant advancement in diabetes care [24] [25] [26]. CKM provides
accurate, real-time data on ketone levels, offering a more dynamic and proactive approach to
monitoring with minimum discomfort. With CKM, individuals can track ketone trends
continuously, allowing them to make informed decisions about their insulin dosing, diet, and
activity levels. This continuous feedback loop is particularly valuable in preventing the onset of
ketoacidosis by alerting users to rising ketone levels before they become dangerous. Unlike
traditional methods that require frequent finger pricks or urine sampling, minimally invasive CKM
devices use technologies such as microneedle patch sensors to continuously monitor ketone levels
in the interstitial fluid [27] [28] [29]. These devices are designed to be discreet, easy to use, and
integrated with other diabetes management tools, making them an attractive option for individuals

seeking to optimize their health and prevent complications.



Given the critical need for continuous and reliable monitoring of ketone levels in diabetes
management, my thesis delves into the development and applications of minimally invasive
Continuous Ketone Monitoring (CKM) technology using an electrochemical microneedle sensor.
This innovative approach aims to provide a minimally invasive, real-time solution for tracking
ketone levels, enhancing the ability to prevent diabetic ketoacidosis, and improving overall
diabetes care. By leveraging the latest advancements in electrochemical sensors and microneedle
technology, this platform represents a significant step forward in the field of digital health and
wearable medical devices. My thesis explores minimally invasive CKM technology, the
fabrication and enzymatic modifications of the electrochemical microneedle-based biosensors, the
underlying principles of biocatalytic reactions on the sensor surface, electrochemical analysis, in-
vitro detection and measurement of NADH and BHB, on-body testing capabilities, potential

implications, and future directions of CKM using this cutting-edge sensing technology.



Chapter 2 Related Works and Background

2.1 Conventional Ketone Detection

The incredible pace at which technological advancements have happened over the past few
decades has impacted our lives in more ways than we can count. Especially in the field of
healthcare and biological sciences. The healthcare sector is going through rapid transformations
which impact both patient care and operations. These advancements in healthcare have
revolutionized the way medical services are delivered and how medical data is managed,
improving patient outcomes, enhancing the efficiency of healthcare, and expanding the capabilities
of diagnostics, treatment, and patient monitoring. Over the past few decades, we have seen the
world collectively move towards one goal — to improve global quality of life through better patient
care, public health, and reduced costs. We have seen advancements in genomics and personal
medicine, robotics in surgery, advanced imaging technology, CRISPR and gene editing,
regenerative medicine, telemedicine and telehealth, Al and finally wearable health technology.
These advancements not only enhance the quality of care but also make healthcare more
personalized and efficient, making strides toward a future where medical treatment is more
responsive to individual needs and global health challenges.

On that note, one of the first things we learn growing up is “prevention is better than cure.”
This has now become the fundamental principle of modern healthcare across the world. Securing
global healthcare will require significant and sustained efforts to prevent illness and support good
health, both physical and mental. The first thought that naturally comes to mind is diagnostics and
patient monitoring. Biomedical diagnostics, a critical aspect of healthcare, has seen significant
advancements in transitioning from invasive, blood-based methods typically confined to hospital

settings to more personalized, decentralized, and remote diagnostic approaches. This evolution is



particularly evident in the detection of ketone bodies (KBs), where advancements in small-scale
electrochemical sensing methods have enabled more accessible and timely monitoring.

As mentioned in the introduction, historically, KBs were measured using blood and urine
samples, with urine testing for acetoacetate (AcAc) and blood testing for B-hydroxybutyrate
(BHB). However, there is delayed detection as seen with the urine strips measuring the amounts
of ketone excreted in the urine, which reflects ketone levels from several hours earlier. This delay
in detection can prevent timely intervention, increasing the risk of DKA before the patient is even
aware of rising ketone levels. The introduction of the first colorimetric paper-based ketone
detection strip in 1984 and the subsequent development of a dry-strip electrochemical sensor by
Batchelor et al. in 1988 marked significant milestones in the journey toward more efficient ketone
monitoring [30] [31]. This was a simple electrochemical sensor with a redox mediator (4MQ) layer
and a layer dependent on a dehydrogenase enzyme derivative and NAD" cofactor. In 1999, Stewart
et al. introduced a dual electrochemical detection system for BHB and glucose, leading to a point-
of-care (POC) device for BHB monitoring. This innovation was followed by the first commercial
dual analyte (BHB/glucose) sensor strip by Medisense/Abbott Laboratories in 2000, validated
against traditional urinary acetoacetate strips. Over the next decade or so, attempts were made to
improve the sensor strip [32]. In 2008, printed film sensors were introduced which showed single-
step BHB detection without the need for any mediator. In 2016, Whitesides's team developed an
electrochemical paper-based device (pop-up-EPAD) for BHB detection, demonstrating
comparable performance to plastic test strips in a commercial glucometer. In 2017, Guo introduced
a smartphone-integrated electrochemical analyzer, providing a portable and accessible solution for

point-of-care blood ketone monitoring (compiled in Figure 4) [33].



History of ketone bodies
Ketones fuels heart and = = = » History of ketone detection
increase in circulation

Electrochemical paper-
based analytical device

during heart failure (pop-up-EPAD)
Ketones as =
brain fuels -
Biochemical characterization ”
of Enzymes & Regulation of Smg{e-stlep pri;ned
Ketogenesis strip electrode )
Reports of ketone - 7 First smartphone
in urine from Ketones compete interfaced F(etone
diabetic patients for fuel sources First ketone / test strips
/ electrode sensors
Ketosis is regulated by /
hormones, fat availability /

/ and exercise First commercial First microneedle-
dual analyte based ketone sensors
I sensor strip
First Ketone detection g @ First CKM

method: Colorimetric
paper-strip First patent of ketone I
‘ detector: dual detection

/ of BHB and glucose First commercial @ -

First electrochemical ' V4 integrated wearable @ CKM via
ketone detector: 1988 wearable
dry-strip sensor R i ~ @ microneedle

Strip sensor for detection in patch

Saliva and fingertip Sweat
Figure 4: History of ketone body metabolism and ketone detection [3]

But there are numerous significant limitations associated with the conventional methods
for ketone detection. Both urine and blood ketone tests are typically performed at specific times,
often when symptoms arise, rather than continuously. This sporadic testing can miss fluctuations
in ketone levels, leaving gaps in monitoring that can be critical in detecting the early onset of
ketoacidosis. Blood ketone tests require frequent finger pricks, which can be painful and
inconvenient, particularly for individuals who need to monitor their ketone levels regularly [33]
[34]. This is like conventional diabetes management where monitoring blood glucose is typically
done through frequent finger pricks to obtain blood samples, requiring patients to perform this
invasive procedure multiple times daily, totaling around 1800 finger-pricks per year and 90,000
finger-pricks over a period of 50 years [35]. This repetitive process not only causes discomfort but
also carries a risk of blood-borne infections associated with invasive ketone sensors. The
discomfort associated with repeated testing often leads to poor compliance, with users less likely

to test as frequently as needed.
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2.2 Minimally Invasive Ketone Monitoring

Efforts have been made to develop minimally invasive or non-invasive ketone monitoring
devices, utilizing various techniques. As a promising alternative, researchers are exploring
methods to measure ketone concentrations in more easily accessible body fluids, such as the
Interstitial Fluid (ISF), sweat, tear fluid, and saliva [36] [37]. Among these, sweat, tear fluid, and
saliva were predominantly tested for creating a non-invasive monitoring platform. This was due
to the ease of accessibility, as these methods do not require skin pricking. ISF is particularly
advantageous because it is more readily accessible than blood, can be continuously collected, and
is less prone to dilution (or dependent on hydration) compared to urine [38]. This approach has
significant potential for non-invasive diabetes diagnosis and management. Although these
methods still need to be frequently validated against direct blood ketone measurements in the

testing phase, they have created a much sought-after avenue for the future.
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Figure 5: Microneedles for measurement in ISF
ISF, or interstitial fluid, is the fluid that occupies the microscopic spaces between the cells

in tissues, also called the interstitial spaces (Figure 5). It is present between blood vessels and the
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cells they supply and plays a vital role in transporting nutrients, ions, oxygen, and other small
molecules, which are necessary for cell function, between the blood capillaries and the cells. It
also carries carbon dioxide and waste products from the cells to the blood for removal from the
body. Small molecules like glucose, oxygen, and electrolytes can freely pass through the capillary
walls into the ISF, while larger molecules and proteins are typically restricted. The composition of
ISF is maintained in equilibrium with the blood plasma, with constant exchange occurring to
balance the levels of nutrients, gases, and waste products. This means that the concentration of
glucose, ketones, and other metabolites in ISF closely reflects their levels in the blood. The only
issue here is the small time lag associated with the maintenance of the equilibrium. Hence, ISF is
a valuable medium for biomarker monitoring using continuous monitoring technology, as it can
provide real-time insights into a patient’s metabolic status without the need for direct blood
sampling or urine sampling. These peripheral biochemical monitoring and electrochemical sensing
methods offer minimally invasive measurement of metabolites in humans without ever breaking
the endothelial barrier between capillaries and surrounding tissue cells.

This was a turning point in the field of biosensors. The first microneedle-based sensing
approach for continuous BHB monitoring was introduced in 2020 by Teymourian et al., offering
multiplexed detection of glucose and ketones in interstitial fluid (ISF), crucial for managing
diabetic ketosis (DK) and diabetic ketoacidosis (DKA) [25]. In 2021, a new microneedle CKM
system was introduced that demonstrated excellent analytical performance with a detection limit
of 50 uM, effective even in the presence of potential interferences, paving the way for future
applications in real-time, minimally invasive BHB monitoring. By the end of 2021, a commercial
system integrating joint glucose and BHB monitoring was announced. 2022-2023 saw efforts

focusing on detecting BHB in alternative body fluids, such as saliva and fingertip sweat, offering
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rapid, decentralized, and painless detection methods. Despite their potential application, they have
their own share of limitations, as in the case of sweat, the biofluid assessment and the volume
collected would always pose an issue, as sweat is not as readily available in abundance as tear fluid
or saliva. Recent efforts by the NBE group furthered ketone sensing and monitoring of saliva and
sweat by demonstrating disposable screen-printed carbon electrodes (SPCE) for touch-based sweat
analysis and measurement of salivary BHB, along with making strides in microneedle sensing
platforms for ISF [39] [33] [37]. Recently, our team developed minimally invasive microneedle-
based biosensors designed for monitoring various biomarkers in interstitial fluid (ISF), which is
the focus of my thesis. Microneedle-based biosensors combine tiny, needle-like structures with
technology originally developed for drug delivery, but they have recently been adapted for
biosensing applications. These sensors are engineered to penetrate only the outermost layer of the
skin, the stratum corneum, avoiding deeper, nerve-rich areas. This design makes them minimally
invasive and virtually painless, which is particularly advantageous for patients who require long-
term monitoring. The appeal of microneedles lies in their ease of use and pain-free application,
making them an attractive option for continuous health monitoring [40]. The small size of these
microneedles allows them to access interstitial fluid (ISF) just beneath the skin's surface. This
enables the detection of important biomarkers, such as glucose, ketones, and other metabolites,
without causing significant discomfort or skin damage. By providing a less invasive alternative to
traditional methods, microneedle-based biosensors offer a promising solution for ongoing, real-
time health monitoring, enhancing patient comfort and compliance. The minimally invasive nature
of these microneedles enables pain-free biomarker monitoring with minimal tissue inflammation

and promotes rapid skin recovery (compiled in Figure 4) [41] [25].
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The concepts of “sense and act” and “minimally invasive” are revolutionizing the industry,
one metabolite at a time. Smart CGM devices are the norm. These devices can sense blood glucose
levels in real time and alert the user or automatically adjust insulin delivery through a connected
insulin pump, effectively managing diabetes with minimal user intervention. The wearables now
had sensing, data collection, data processing, and decision-making abilities along with the ability
to take necessary actions (user alert, data sharing, or automatic adjustments). Wearable fitness
devices were available in the market that can sense metrics like heart rate, sleep patterns, and
physical activity. Based on the data, they can provide personalized recommendations, such as
encouraging the user to move more or adjust their sleep routine. A smartwatch with an
electrocardiogram (ECG) sensor can detect irregular heart rhythms (such as atrial fibrillation) and
prompt the user to seek medical attention or automatically alert healthcare providers. A wearable
microneedle patch could sense the body's need for a drug (like pain relief or insulin) and
automatically deliver the appropriate dose through the skin, ensuring optimal treatment without
user intervention or alerting the user of the body’s needs in times of low blood glucose levels or

in our case elevated ketone levels.

2.3 Electrochemical Sensor for Ketone Monitoring

In the following sections, we will go over the electrochemical sensors, developed to
monitor these ketone levels of the body continuously and effectively. But to understand the
principles that govern the electrochemical sensor used for ketone monitoring, we first need to
understand ketogenesis in the liver and ketone oxidation in the lungs, heart, and other extrahepatic

tissues.
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2.3.1 Ketogenesis and Ketone Oxidation

A normal circulating ketone level is lesser amounts of ketones in the blood, which are
below 0.6 mmol/L (normal) [33]. This represents ~5% of total daily energy expenditure in a
normal, healthy, fully fed, resting state. This fluctuates up to ~20% in starvation, alcoholism,
strenuous exercise, or ketosis, which could be 0.6 to 1.5 mmol/L (low—moderate risk of DKA)
where you would be advised to contact a healthcare provider, if persistent. Ketone levels of 1.6 to
2.9 mmol/L are high and would require you to seek medical attention (high risk of DKA) and
levels above 3 mmol/L would require you to report to ER and seek urgent medical care (very high
risk of DKA, prevalent ketonuria and ketoacidosis, and risk of coma or other complications) [42]
[43]. To get this information, you could get a blood work-up done at your healthcare provider or
buy a blood or urine self-testing kit at home. If you use strips to test for ketones in your urine and
the result is over 2 mmol/L, it indicates high levels of ketones in the blood, which may suggest
you have DKA. In this case, you should call emergency services or go to the nearest A&E
immediately. This is where the importance of continuous monitoring of ketone is reiterated, as
there are a lot of factors that could affect the result seen in the urine test. It is subject to the patient’s
dehydration level, fasting, or exercise, and there is a considerable time lag between the ketone
level in blood and urine, which also increases the risk of not knowing if you have severe DKA
before it is too late.

Under normal circumstances, our body derives energy from stored carbohydrates, and it
breaks down glycogen to glucose and then glucose to pyruvate while generating ATP for the
cellular process (as illustrated in Figure 6) [44] [45]. This process is called glycolysis. During
periods of low glucose availability, the body tries to synthesize glucose from a non-carbohydrate

source like lactate. This process is called gluconeogenesis, which is considered to be the reverse
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of glycolysis, but with some key regulatory differences. During low glucose periods, oxaloacetate
from the Krebs cycle will enter the gluconeogenic pathway, is removed from the mitochondria of
the liver cells and is converted into glucose in the cytoplasm of liver cells and released into the
blood. Oxaloacetate is a crucial metabolic intermediate that is involved in many important
pathways, particularly the tricarboxylic acid cycle (TCA), also known as the Krebs cycle and

gluconeogenesis.
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Figure 6: Various sources of energy for tissues.

Ketogenesis also occurs continuously in the hepatic mitochondria of a healthy person. But
as mentioned earlier, under certain conditions such as an increased concentration of free fatty acids
from adipose tissue or depleted carbohydrate reserves, the ketogenesis rate increases. As illustrated
in Figure 7, fatty acids released from adipose tissue during lipolysis and derived from
triacylglycerols (TAGs), are transported to the liver where they enter the mitochondrial matrix of

hepatocytes through carnitine palmitoyl transferase 1 (CPT1). Three ketones are derived from the
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B-oxidation of the excessive free fatty acids and the first substrate for ketogenesis is Acetyl-CoA.
Here, the Acetyl-CoA can perform one of two tasks: 1) it can enter the TCA (Krebs) cycle as one
of the intermediates to produce ATP and oxaloacetate which can undergo gluconeogenesis, and
the glucose is exported as fuel for the brain and other tissues or 2) form acetoacetyl-CoA (AcAc-
CoA) in a reaction catalyzed by thiolase. This acetoacetyl-CoA synthesizes 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) with the help of HMG-CoA synthase, which is further broken
down into acetoacetate (AcAc) and acetyl-CoA (Ac-CoA) by the action of HMG-CoA lyase. This
acetoacetate forms the other two ketone bodies, acetone by decarboxylation and D-3-

hydroxybutyrate (BHB) by reduction [46].
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Figure 7: Ketogenesis and Ketone Oxidation
Since the liver does not have the enzyme S-keto-acyl-CoA transferase, it cannot use up the
ketone bodies produced in the mitochondria and so AcAc and BHB are exported out of the liver
and into the blood as sources of energy for the heart, skeletal muscles, and brain. Both these 4-C

molecules can be converted back to Ac-CoA by most tissues of the body except the liver by ketone
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oxidation. In the extrahepatic cells’ mitochondria, BHB is converted back to AcAc by f-
hydroxybutyrate dehydrogenase (HBD) with the release of NADH and H+. This AcAc is
converted back to AcAc-CoA by [-keto-acyl-CoA transferase enzyme and this AcAc-CoA enters
the citric acid cycle (TCA or Krebs cycle) and produces NADH, FADH2, ATP/GTP, and CO2
with each iteration of the cycle. The acetone that was produced by the decarboxylation of AcAc is
exported out of the liver in the form of lactate which is then oxidized into pyruvate and ultimately
converted to Ac-CoA, which fuels the TCA or Krebs cycle [44] [47].

These ketones must be expelled out of the body through the urine and usually, the process
is fairly regular and pH dependent. But in cases of extreme form of ketosis or an out-of-control
case of TIDM, there is ketoacidosis i.e., extremely elevated levels of KB in the blood, which makes
the blood acidic. Diabetes mellitus is characterized by insulin deficiency and elevated glucagon
levels, which can be maintained or regulated with periodic/controlled insulin replacement [48].
Normally, increasing glucose concentration leads to insulin production in pancreatic beta cells,
and this insulin decreases blood sugar levels by inhibiting the gluconeogenesis and glycogenolysis
processes. When such a TIDM patient is under high duress or stress (Figure 8), and/or fails to
administer enough insulin, their blood sugar level drops, and blood ketone levels start to increase.
They enter a pathological state of ketoacidosis with significantly low or absent levels of blood
insulin which leads to increased gluconeogenesis and glycogenolysis, thus producing
inappropriately elevated levels of glucose and plasma glucagon. This ultimately could lead to
hyperglycemia [49].

Ketogenesis is also regulated by insulin and hormones such as glucagon, thyroid hormones,
catecholamines, and cortisol increase the ketogenesis rate by stimulating the breakdown of free

fatty acids. Due to the absence of carbohydrate reserves and no oxaloacetate left for condensation
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with Ac-CoA, there is B-oxidation of fatty acids and ketone bodies are produced. As instructed,
the liver produces exceedingly high concentrations of ketones, which lowers the pH of blood
plasma to dangerous levels. This triggers the kidney to urinate with the urine being very highly
acidic in nature. This urine is comprised of glucose and ketones that were not reabsorbed by the
kidney due to the inability of the renal tubules, along with excessive water and many necessary
electrolytes which leads to severe dehydration. Symptoms of ketoacidosis include frequent
urination, breath smelling like fruits or acetone, nausea, shortness of breath, fatigue, and excessive

thirst [50].
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Figure 8: Risk of DKA in type 1 diabetes mellitus patients (T1DM)
The symptoms of diabetic ketoacidosis include hyperglycemia,

dehydration, hyperosmolarity, osmotic diuresis, worsening renal functions, severe inflammation,
and electrolyte imbalance. This is proof why understanding the critical role of ketogenesis in
energy metabolism and the severe risks posed by DKA is extremely crucial, and why we need
accurate and continuous monitoring of ketones. Here, traditional methods will often fall short, and
this gap in effective monitoring calls for innovative solutions that can offer continuous, reliable,

and minimally invasive measurement of ketone bodies.
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2.3.2 Electrochemical HBD-based Biosensor for Enzymatic Detection

Biosensors, particularly microneedle technology, present a promising avenue for
addressing this challenge. Biosensors are devices that convert biological or chemical information
into electrical signals [51] [52]. As illustrated in Figure 9, a biosensor is comprised of two parts:
the bioreceptor part and the transducer part. Biosensors can be classified into many types based on
the bioreceptor type and the transducer component.
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Figure 9: Schematic of Biosensors

Depending on the bioreceptor, biosensors can be classified into enzymatic, immunosensor,
DNA sensor, and whole cell. Depending on the transducer, the biosensors can be categorized as
electrochemical, optical, piezoelectric, thermal, and magnetic sensors. In this thesis, we use
enzymatic biosensors, also known as biocatalytic sensors. These are biosensors that specifically
utilize enzymes to catalyze a reaction with the target analyte. The enzyme's activity results in a
measurable change, such as the production of a detectable electrochemical signal, which is used
to quantify the analyte concentration.

Most studies to date have focused on dehydrogenase-based enzymatic biosensors, which
are commonly used for decentralized testing of various analytes, such as alcohol and lactate. A

dehydrogenase-catalyzed reaction is a biochemical process in which an enzyme known as a
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dehydrogenase catalyzes the removal of hydrogen atoms (often in the form of protons and
electrons) from a substrate. This reaction typically involves the oxidation of the substrate, where
electrons (along with hydrogen ions) are transferred from the substrate to an electron acceptor
molecule, such as NAD" (nicotinamide adenine dinucleotide) or FAD (flavin adenine
dinucleotide). In a typical dehydrogenase-catalyzed reaction, the substrate (A-H>) loses hydrogen

atoms:

A—Dehyd
A-H, + NAD' —— 279" | A + NADH + H'

Here, "A-H>" represents the substrate with hydrogen atoms, and "A" is the oxidized
product. NADH is the product of the selective dehydrogenase-catalyzed reaction with the target
substrate. The detection mechanism of these biosensors involves the measurement of NADH

which allows for the quantification of the substrate (illustrated in Figure 10).

Substrate  Product AcAc
Enzyme Enzyme
oenzyme oenzyme

NADH = NAD+ NADH NAD+

Figure 10: Dehydrogenase Enzyme Biocatalytic Reaction
For instance, in the case of the enzyme B-hydroxybutyrate dehydrogenase (HBD), the
reaction involves the oxidation of B-hydroxybutyrate (BHB) to acetoacetate (AcAc), with NAD"

reduced to NADH, which can then be measured:

. BHB—-Dehydrogenas N
BHB + NAD AcAc+NADH + H
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Here we observe that NADH is a common biproduct of a dehydrogenase reaction. And the
measurement of this NADH will allow for the quantification of the amount of substrate in the
solution. Since our reaction produces a NADH molecule and we measure the NADH there is a
need to use a redox mediator to reduce the oxidation potential of the NADH. This redox mediator
would categorize this proposed solution into the 2™ generation of amperometric biosensors (Figure

11).
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Figure 11: Generations of Ampermetric Enzymatic Biosensors
These reactions are foundational in the development of electrochemical biosensors for
monitoring key metabolites, such as ketones, in medical diagnostics. The electrochemical sensor
has an electrode that acts as a transducer, converting the biochemical reaction into an electrical
signal. The electrode is typically made from materials like platinum, gold, carbon, or conductive
polymers. The enzyme-catalyzed reaction typically produces or consumes electrons or generates
products like NADH, which can be detected using electrochemical methods such as amperometry,

voltammetry, or potentiometry. Electrochemical sensing devices are widely used due to their high



sensitivity, selectivity, cost-effectiveness, rapid response, convenience, potential for
miniaturization, scalable manufacturing, and ease of integration into portable devices [53].

The solution we propose in this thesis is a dynamic biocatalytic detection mechanism for
ketone detection, which has two steps: 1) selective reaction of BHB target metabolite with a NAD"
cofactor-dependent HBD enzyme on the microneedle surface and 2) electrochemical transduction
of the enzymatic reaction through amperometric detection of the NADH reaction product. These
electrochemical sensors leverage the specific chemical properties of ketones and their interaction
with enzymatic reactions, which generate electrical signals proportional to the concentration of
ketones in the sample. The change in current (amperometric sensors) or voltage (potentiometric

sensors) is measured and is proportional to the changes in concentration of the analyte (Figure 12).
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Figure 12: Actions of Enzymatic Electrochemical Biosensor
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This new electrochemical biocatalytic microneedle biosensor for continuous BHB
monitoring uses a NAD" cofactor dependent HBH enzyme. The NAD-dependent dehydrogenases
are the largest group of redox enzymes known today and they don’t have any oxidase-based
enzyme limitations such as dependence on oxygen. However, they require the stable confinement
(immobilization) of the NAD" cofactor on the microneedle surface. On top of that, the subsequent
oxidation of NADH at the electrode surface commonly occurs at high potentials, which can lead
to interference from other electroactive compounds like acetaminophen, ascorbic acid, or uric acid,
as well as extreme surface fouling due to the adsorption of oxidized products, reducing the sensor's
stability. Due to the challenges of stabilizing the NAD" cofactor and redox mediator, most HBD-
based biosensors reported so far have been designed as single-use, disposable devices for self-
testing. To mitigate these issues, redox mediators are employed to lower the oxidation potential of

NADH.
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Figure 13: Actions of HBD Enzyme-based Electrochemical Biosensor
Hence, the detection of BHB is achieved through a coupled reaction mechanism that
involves an enzyme, a cofactor, a mediator, and a transducing element (Figure 13). In this study,

toluidine blue O (TBO) is used as the mediator, nicotinamide adenine dinucleotide (NAD™) is used
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as the coenzyme, and B-hydroxybutyrate dehydrogenase (HBD) is used as the enzyme, all of which
are confined to the surface of the working electrode microneedle transducer (as seen in figure 13).
The NADH produced by the NAD"-dependent HBD-catalyzed reaction is then amperometrically
detected at a low potential via the TBO-mediated reaction. This transition from metabolic
processes to electrochemical detection underscores the seamless integration of biological
knowledge with technological advancements, facilitating more accurate and timely monitoring of
ketone levels in both experimental and remote settings. The BHB microneedle sensor goes another
step further and offers a practical solution for tracking the physiological temporal profile of BHB

in interstitial fluid (ISF) among individuals taking a ketone supplement.
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Chapter 3 Methods and Materials

3.1 Chemicals

All the reagents and solvents for the preparation of the enzymatic microneedle patch
sensor, in-vitro testing, and on-body monitoring, were used as received. For the enzymatic layers
on the fabricated microneedle, chitosan (low molecular weight), glacial acetic acid (C2H402,
>99.99%), gold (III) chloride trihydrate (HAuCIl4.3H20, >99.9%), hydrochloric acid (HCI, 37%),
[-hydroxybutyrate dehydrogenase from Pseudomonas lemoignei (HBD, EC 1.1.1.30, 25 UN), f-
nicotinamide adenine dinucleotide (reduced form, >97.0%), poly(vinyl chloride) (PVC), toluidine
blue O (TBO, C15H16CIN3S, 94%), and Tris-HCI buffer solution (1 M, 7.5 pH) were purchased
from Sigma-Aldrich. Carboxylated multiwalled carbon nanotubes (CNTs-COOH, >95%) were
purchased from Cheap Tubes, Inc. Silver/silver chloride (Ag/AgCl) ink was obtained from Ercon,
Inc.
Acetaminophen (C8H90O2N, >98.0%), L-ascorbic acid (C6H806, 99%), L-(+)-lactic acid
(C3H603, >98%), and uric acid (C5SH4N403, >99%) were purchased from Sigma-Aldrich and
used for in-vitro testing of interference from co-existing electroactive species. D-(+)-glucose
anhydrous (C6H1206, >99.5%), sodium chloride (NaCl, >99%), and potassium chloride (KClI,
>99.5%) from Sigma-Aldrich were used to prepare artificial/synthetic ISF based on the reported
procedure [25] [54]. Phosphate buffer solution (1.0 M, pH 7.4) from Sigma-Aldrich was diluted
to make PBS (0.1M, pH 7.4) solution. Stock solution for was prepared using f-nicotinamide
adenine dinucleotide hydrate (oxidized form, >96.5%) from Sigma-Aldrich in PBS (0.1M, pH 7.4),
and the stock solution for BHB was prepared using (+-)-sodium 3-hydroxybutyrate (C4H703Na,

>99.0%) from Sigma-Aldrich, in both PBS (0.1M, pH 7.4) and artificial ISF.
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3.2 Instrumentation and Sensor Fabrication
3.2.1 Electrochemical Analysis

All electrochemical measurements were conducted against Pt (bare) microneedles using a
handheld, wireless potentiostat (Sensit BT, PalmSens) managed by PSTrace (PalmSens) software
version 5.9. In vitro measurements of the NADH and BHB analytes were performed in PBS (0.1
M, pH 7.4) or in synthetic ISF using the respective stock solutions. On top of the testing surface
modifications and microneedle modifications, a small 3D printed cylindrical tube (15 mm diameter
and 15 mm height) of internal volume 1mL is embedded onto the MN patch surface. The sample
solutions were placed in this 3D-printed, open-cylinder electrochemical cell to facilitate seamless
testing and prevent leaks and leaching.
3.2.2 Fabrication of the Microneedle Patch Sensor

An array of 20 individual microneedles (10 working electrodes and 10 reference
electrodes) is designed using SolidWorks and printed using Digital Light Processing (DLP)
printing which employs a microl5 printer (Kudo3D). The microneedles are 1.5mm in height and
300um in diameter with a microtip size of 20um. The printed parts are cleaned in an isopropanol
ultrasonic bath for 60 minutes, and UV-cured (405nm) for 30 minutes. The microneedles are
outgassed in a vacuum oven at 80 °C overnight. To make handling of the microneedles easier, a
base of 2.5cm diameter and a protective cover with holes for microneedle placements was designed
in SolidWorks and printed using a Form3+ printer. The same post-printing processes are repeated
for the printed parts (isopropanol ultrasonic bath for 60 minutes, UV cure at 50°C for 60 minutes,

and outgassing the base in a vacuum oven) [55].
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Figure 14: Fabrication and Assembly of MN Sensor

The microneedle is now assembled by attaching the microneedle array to the center of the
printed base. A sputter mask is designed in Keynote and scored on Kapton tape using Cricut
Explore Air 2. This is important to protect the two different sections of the microneedles from
forming any connections, to differentiate distinctly between the working and the reference
electrode, and to avoid short-circuiting. Then there is meta deposition on the microneedles using
the Denton Discovery 635 machine of chromium layer (6 min at 300W) and platinum layer (12
min at 100W). Conductive silver epoxy and Dupont pin connectors are applied to the connection
channels and cured at 80°C for 30 minutes. The 3D-printed cover is attached to the microneedle
for protection and insulation by applying a thin layer of photocurable resin to the base and UV-
curing the resin for 60 minutes (process summarized in Figure 14). After assembling, ensure the
final height of the microneedles is 1.2 mm [55] [56].
3.2.3 Fabrication of the Enzymatic Microneedle Patch Sensor

The fabrication process of the enzymatic biosensor for BHB monitoring closely follows

the ketogenesis process, the relation between AcAc and BHB, and the need to maintain the balance
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of the NADH/NAD" (cellular redox state). Understanding the principles behind these is key to the
development of a biocatalytic sensor that is highly selective, sensitive, and analyte-specific. The
new CKM microneedle patch sensor leverages a gold-electrodeposited platinum transducer. A
100uL of a 1.0 mM Gold (IIT) chloride solution dissolved in 0.1 M HCI is used to electrodeposit
an initial gold (Au) layer onto the Pt working electrode of the microneedles (WE) by applying a
potential of -0.9 V for 20 min. This is done to improve the signal strength of the WE. After 20 min
the electrode surface is rinsed with PBS buffer and air-dried at room temperature.

For testing the electrochemical response of the sensor for NADH, which generally happens
at higher oxidation potentials, there is a need to lower the oxidation potential using a redox
mediator. So, following the Au electrodeposition, this transducer is enhanced with an
electropolymerized layer of toluidine blue O (poly-TBO), which serves as a mediator. 1uL droplet
of a 0.2 mM TBO solution (redox mediator) is cast onto the MNs and allowed to dry for 45 min.
The TBO film is then altered through electropolymerization, utilizing a disposable Ag/AgCl
pseudo-reference electrode strip in a two-electrode system. A 0.9V potential is applied for 6
minutes with 400uL of PBS solution (0.1 M, pH 7.4), followed by multiple rinses with deionized
(DI) water to form poly-TBO. This modified poly-TBO/Au/Pt MN patch is used to evaluate
NADH detection.

Now for the evaluation of BHB detection, we need to recreate the seamless conversion of
BHB to AcAc with the help of HBD enzyme, and the release of the NADH product. However, the
HBD enzyme is a NAD" dependent enzyme and the NAD" coenzyme requires stable confinement
(immobilization) on the surface of the MNs. To achieve this, the next layer consists of a
biocatalytic coating made up of the B-hydroxybutyrate dehydrogenase (HBD) enzyme and the

nicotinamide adenine dinucleotide (NAD™) coenzyme. 1uL of a cocktail solution of carboxylated
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CNTs (0.1 mg mL™) in chitosan solution (0.5 wt. % in 0.1 M acetic acid) is placed on each of the
modified WEs of the MN patch and allowed to air-dry at room temperature. This is followed by
the deposition of 1uL of a mixture of HBD (2.5 mg mL ") in 0.1 M Tris-HCI buffer solution, NAD*
(40.0 mM) in 0.1 M Tris-HCI buffer (1:2 v/v ratio), and chitosan (0.5 wt. % in 0.1 M acetic acid)

on the modified WEs of the MN patch and facilitating overnight incubation at 4°C.

Chitosan/PVC

HBD/NAD "

CNT/Chitosan

Poly-TBO Poly-TBO

Au

Pt Microneedles Pt Microneedles

Figure 15: Enzymatic Modifications of Electrochemical MN Biosensor

Additionally, chitosan (Chit) and poly(vinyl chloride) (PVC) are applied as protective
layers to enhance stability and selectivity. 1uL of 0.5% chitosan solution and 1pL of 2.0%
poly(vinyl chloride) (PVC) solution are added on the surface and they are stored at 4°C until used.
All the layers indicated in Figure 15. Here, CNTs/chitosan assist in immobilizing HBD and NAD ™"
through amide bonds whereas, chitosan is utilized in two steps during sensor development to
ensure strong immobilization of HBD/NAD" biomolecules through covalent bonds. The wearable
microneedle-based sensor device is thus designed with a Pt working electrode that incorporates
the HBD enzyme, paired with a quasi-reference Pt electrode, providing an effective platform for

in vivo BHB monitoring as summarized in Figure 15.
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33 Procedure
3.3.1 In Vitro Evaluation of Ketone using Microneedle Sensor

After fabricating microneedle patch sensors and before starting the in-vitro
experimentations, it is essential to perform a critical step in modifications in the development of
the biosensors based on dehydrogenases which is to select an appropriate electrocatalytic mediator
[57]. This mediator should be able to effectively reduce the potential for NADH oxidation to the
desired level which is critical to avoid any interference from other oxidizable components in
interstitial fluid (ISF), as well as achieve low background current and noise. Furthermore, the
mediator must have a high electron transfer rate and a highly selective biocatalytic reaction with
NADH in order to efficiently regenerate NAD" as the final product [58] [59]. This was achieved
by comparing multiple potential redox mediators and critically evaluating their surface
functionalization for selective and stable NADH measurements. Many different redox mediators
were screened for NADH detection by recording chronoamperograms of Au/Pt SPCE electrodes,
each modified with a different redox mediator: azure C (AC), meldola blue (MeB), methylene blue
(MB), methylene green (MQG), nile blue A (NBA), phenanthroline dione (PD) and toluidine blue
O (TBO) in PBS media (0.1 M, pH 7.4) spiked with SmM NADH. The corresponding current
readings were saved and plotted.

Poly-TBO was chosen as the redox mediator and the redox mediator-modified poly-
TBO/Au/Pt microneedle patch sensor is ready for use. Now, there is a need to validate whether the
poly-TBO/Au/Pt MNs are better at in-vitro NADH measurements when compared to Au/Pt and
bare Pt MNs. These three MNs patch sensors were subjected to low potential NADH catalysis
using cyclic voltammetry, with a scan rate of 0.05 V/s and a scan range of -0.4 V to +0.5 V, in

PBS (0.1 M, pH 7.4) before and after the addition of 2mM NADH and the corresponding CVs
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were recorded. Post that, the bare Pt MNs sensor and the poly-TBO/Au/Pt MNs sensors were
compared using chronoamperometry in PBS (0.1 M, pH 7.4) before and after the addition of ImM
NADH at various applied potentials ranging from 0-0.4 V.

Now after determining the optimum NADH oxidation potential, the same potential is used
to assess the sensitivity, selectivity, stability, reproducibility, and shelf life of the poly-TBO/Au/Pt
MNs sensors one by one. For sensitivity, the limit of detection (LOD) must be determined by
creating a standard curve and a calibration plot which would serve as the baseline for all future
experimentations. Chronoamperometry is performed on the modified poly-TBO MN sensor at the
optimum applied potential of +0.2 V by successive additions of 0.05 mM concentrations of NADH
until it reaches up to 1.5mM (1 to xxx). The resulting current responses are recorded and plotted,
and a calibration plot is made by taking the value of the current response at the 60s mark for each
concentration.

To assess the selectivity of the poly-TBO/Au/Pt MNs sensor at the optimum NADH
detection potential and get corresponding current responses, chronoamperometry was performed
for ImM NADH detection in the presence of common interferents: 6.25uM acetaminophen (AP),
S5uM ascorbic acid (AA), SmM glucose (Glu), ImM lactate (Lac), and 150uM uric acid (UA). The
resulting chronoamperometric current responses and relative current responses were plotted.

To assess the operational stability of the poly-TBO/Au/Pt MNs sensor at the optimum
NADH detection potential, the sensor underwent repetitive chronoamperometric measurements of
ImM NADH concentrations at room temperature at 15 min intervals for a period of 5 h. Another
test performed was taking amperometric response of the poly-TBO/Au/Pt MNs sensors over

extended periods while making successive additions of NADH in low concentrations a) 0.05mM
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and high concentrations b) 0.25mM amounts. The resulting data was recorded and plotted along
with the subsequent calibration plot.

This is followed by tests for reproducibility and shelf-life storage. For both these
assessments, chronoamperometry was performed at ImM NADH concentrations. In
reproducibility assessment, 5 poly-TBO/Au/Pt MNs sensors are tested under the same condition
and the results are plotted. For the shelf-life assessment, the poly-TBO/Au/Pt MNs sensor is tested
over a 15-day period repeatedly, during which the sensor is stored at room temperature each time
until use.

These studies assess whether the mediator-based poly-TBO/Au/Pt microneedle (MN)
sensor meets the necessary criteria for effective NADH detection or not. At this point,
modifications are made to the poly-TBO/Au/Pt MN sensor to convert it into an enzymatic
biosensor which is crucial for the subsequent operation of a selective, sensitive, and stable
continuous ketone monitoring (CKM) system based on B-hydroxybutyrate (HBD).

Much like the assessments of NADH concentrations by the poly-TBO/Au/Pt MNs sensors,
the BHB detection of the modified biosensors also follows a similar assessment structure but, in
both PBS, (0.1M, pH 7.4) and artificial ISF. After incorporating the NAD-dependent HBD
biocatalytic layer in combination with chit and PVC, the assessments are carried out for the
detection of the BHB target by first confirming the inability of the poly-TBO/Au/Pt MNs sensors
without the immobilization of HBD/NAD" biomaterials to detect BHB. This is done by taking
chronoamperometric measurements before and after the additions of 2mM BHB. The resulting
chronoamperometric response is recorded. For comparison, it is important to successfully validate
the BHB target analyte being catalyzed in the presence of HBD/NAD™ by using CV and recording

the modified MN sensor in PBS (0.1 M, pH 7.4) before and after the addition of 2 mM BHB. Now
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the next step is to validate if the pH of the artificial ISF is a variable in the subsequent BHB
detections. To do that, the chronoamperometric response of the BHB MN sensors is taken before
and after the addition of 2 mM BHB under different pH of synthetic ISF (6.5pH, 7pH, 7.4pH, 8pH)
along with the comparison of current responses.

Like the in-vitro assessment of NADH detection of the poly-TBO/Au/Pt MNs sensor, we
determine the optimum BHB oxidation potential and use the same potential to assess the
sensitivity, selectivity, stability, reproducibility, and shelf life of the HDB/NAD" modified MN
sensors. For sensitivity, the limit of detection (LOD) must be determined by creating a standard
curve and a calibration plot which would serve as the baseline for all future experimentations.
Chronoamperometry is performed on the modified enzymatic sensor at the optimum applied
potential of +0.2 V by successive additions of 0.5mM concentrations of BHB until it reaches up
to SmM (1 to xxx) in PBS. The resulting current responses are recorded and plotted, and a
calibration plot is made by taking the value of the current response at the 60s mark for each
concentration. This process is repeated with all the same conditions for BHB detection in artificial
ISF.

To assess the selectivity of the HDB/NAD" modified MN sensor at the optimum BHB
detection potential and get corresponding current responses, chronoamperometry was performed
for 2mM BHB concentration in the presence of common electroactive interferents: 6.25uM
acetaminophen (AP), SuM ascorbic acid (AA), SmM glucose (Glu), ImM lactate (Lac), and
150uM uric acid (UA). The resulting chronoamperometric current responses and relative current
responses were plotted.

To assess the operational stability of the HDB/NAD" modified MNs sensor at the optimum

BHB detection potential, the sensor underwent repetitive chronoamperometric measurements of
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2mM BHB concentrations at room temperature at 15 min intervals for a period of 5 h. Another test
performed was taking the amperometric response of the HDB/NAD" modified MN sensors over
extended periods while making successive additions of 0.5 mM BHB in artificial ISF, extending
to SmM. The resulting data was recorded and plotted along with the subsequent calibration plot.
The stability of the microneedle biosensor is also assessed through continuous 5 h measurements
of 0.2 mM BHB. And the resulting current response is recorded.

This is followed by tests for reproducibility and shelf-life storage. For both these
assessments, chronoamperometry was performed at ImM BHB concentrations. In reproducibility
assessment, 5 HDB/NAD" modified MN sensors are tested under the same condition and the
results are plotted. For the shelf-life assessment, the HDB/NAD " modified sensor is tested over 15

days repeatedly at room temperature, during which the sensor is stored at 4°C each time until use.

3.3.2 On-Body Test of Ketone using Microneedle Sensor

It’s important to note that the thickness of human skin varies across different parts of the
body. The outermost layer of the epidermis typically measures between 0.1 and 0.3 mm, while the
underlying dermis layer can range from 0.5 to 3 mm in thickness. Microneedles (MNs) are
designed to penetrate the outer skin layer and remain within the epidermis, which enables real-
time measurement of analytes like BHB. These microneedles are capable of reaching the ISF at
depths of less than 1 mm, where such measurements can be effectively taken. In our design, each
microneedle in the array has a height of 1.2 mm, offering a sensing surface area of 0.92 mm?,
which is optimal for accurate and reliable sensing of BHB levels in real time. Post in-vitro
experimentations, the cytotoxicity and skin penetration of the developed enzymatic ketone

microneedle sensors are assessed to ensure the sensor would not cause any harmful effects from
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direct skin contact, skin penetration, potential leaching of materials in or on the skin, or detachment
of the sensing component.

THP-1 cells were cultured at a concentration of 1 x 1076 cells/mL in RPMI medium. The
THP-1 cells are a human monocytic cell line derived from an acute monocytic leukemia patient.
These cells are widely used in biomedical research, particularly in studies related to the immune
system, inflammation, and various disease processes. Due to their human origin and
characteristics, THP-1 cells serve as a relevant in-vitro model for investigating the behavior of
monocytes and macrophages, and they are commonly used in cytotoxicity assays.

The sensors were sterilized with UVC radiation and then incubated with the cell culture for
two different periods: 1 hour and 24 hours. After incubation, S0uL of the MTS assay reagent
(Colorimetric, ab197010) was added to each tube containing S00uL of the THP-1 cell (1 x 1076
cells/mL) solution. The MTS assay is a colorimetric method used to assess cell viability, where
the level of cytotoxicity is indicated by the reduction of MTS (tetrazolium salt) to a formazan
product by metabolically active cells. This reduction occurs only in metabolically active cells, so
the amount of formazan produced correlates with the number of viable cells. After a 40-minute
incubation at 37 °C, the results were measured using UV spectroscopy at a wavelength of 490nm
(as the formazan product is usually colored purple or blue and often measured at wavelengths like
490nm) with the BioTek Synergy Mx microplate reader. The intensity of the color is directly
proportional to the number of living cells in the sample and in cytotoxicity assays, a decrease in
formazan production compared to the control indicates the extent of cell death or reduced
metabolic activity. This is often used to assess the toxicity of substances or the efficacy of
treatments. This process allowed the researchers to determine the cytotoxic effects of the

microneedle sensors on the cells, providing important data on the biocompatibility of the sensors.
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In this test, the MN sensor sample in incubation was categorized into three instances: control,
before skin penetration, and after skin penetration. The resulting data was plotted in terms of
relative cell viability. Since this test deals with before and after skin penetrations, it is important
to discuss on-body in-vivo human trials procedure and the assessments.

Healthy and consenting participants between the ages of 18-45 with no history of medical
conditions like diabetes, gout, hyperuricemia, chronic kidney disease, GI symptoms, or
renal/genitourinary abnormalities were selected for the trial. The trials were conducted under strict
adherence to the ethical guidelines and protocol approved by the Institutional Review Board at the
University of California, San Diego (IRB# 171927). For the trials, sterilized modified microneedle
sensor patches were applied to the forearms of the participants, either on the left or right hand,
using double-sided 3M medical adhesive tape to ensure secure placement (Figure 16A, 16D).
Additional medical tape was placed over the MN sensor to further support the patches and prevent
them from detaching. The microneedle sensor patches were then connected to the Sensit BT device
using male-to-female jumper Dupont wires. The female end of each wire was attached to the male
header pins on the sensor patch, while the male end was connected to the adapter on the Sensit BT,

as illustrated in Figure 16A.
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Figure 16: Microneedle Sensor On-body Placement

After checking all the connections and securing the placement of the microneedle, the trials
start by applying a potential of +0.2 V to the sensor and waiting until a stable baseline current is
established. Throughout the experiments, continuous fixed-potential amperometric detection is
performed by the Sensit BT device and it is used to monitor changes in ketone levels based on the
response from the MN sensor. The response of the sensor to ketone levels is cross-verified every
10 minutes using a commercial blood ketone meter (Keto-Mojo ketone analyzer) to ensure
accuracy and validity. Once a stable baseline current is established, which typically occurs within
the first 120 minutes, the participants are instructed to consume a commercial ketone drink (Real
Ketones) containing 13.1 grams of ketone salts. The microneedle sensor continues to monitor the

ketone levels in real-time, in the background, as the drink gets metabolized.
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Figure 17: On-Body Testing Procedure

After the trials, the data from the sensor is transferred to a laptop or smartphone wirelessly,
and retrospectively calibrated using two key reference points: the baseline current and the peak
maximum current recorded during the trial. These calibrations allow the researchers to establish
personalized ISF BHB profiles for each participant, by comparing the recorded current responses
to the corresponding blood BHB concentrations. This process (illustrated in Figure 17) ensured
that the sensor's readings were accurately aligned with the participant's actual ketone levels,
providing reliable data on the effectiveness of the microneedle sensing system.

In this thesis, Chapter 3 is based, in part, on the material as it appears in journal of ACS
Sensors, 2024, by Chochanon Moonla, Maria Reynoso, Ana Casanova, An-Yi Chang, Omeed
Djassemi, Aishwarya Balaje, Amal Abbas, Zhengxing Li, Kuldeep Mahato, and Joseph Wang.

The dissertation author was a co-author of this paper.
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Chapter 4 Results and Discussion

4.1 Screening Redox Mediator

As seen from Figure 18, the chronoamperometric assessment along with the corresponding current
responses, the polymeric form of methylene blue (MB) initially showed a stronger signal than
toluidine blue O (TBO), closely followed by nile blue A, but there was a change in the solution’s
color for MB which indicated that it had leached into the surrounding medium. This leaching most
probably happened due to the presence of incomplete or deformed polymeric methylene blue
residues that remained on the sensing surface along with properly polymerized form even after
electropolymerization. This didn’t occur in the case of electropolymerization of TBO, as it left no
free-form TBO behind. The polymerized poly-MB also appeared to have higher solubility than
poly-TBO under the same preparation conditions. Consequently, electropolymerized TBO was
chosen for the development of the BHB microneedle sensing system as the polymerized form of
TBO effectively reduces the risk of leaching from the sensing surface while maintaining its

desirable redox mediator properties.
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Figure 18: Screening Redox Mediators
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4.2 In-vitro NADH Measurement using Microneedle Sensor

As seen from the CV Figures 19A-C, there is a clear trend of a shift in the NADH oxidation
potential from bare Pt MNs to poly-TBO/Au/Pt MNs sensor. A NADH oxidation potential of
around +0.4 V which is lower in Au/Pt at slightly above +0.3 V. This is significant but the most
notable is the change in the NADH oxidation reaction to a much lower potential in the MN’s sensors
with poly-TBO redox mediator. With the combined efforts of electrodeposited Au and the poly-

TBO on the surface, the sensors have higher sensitivity and show improved detection of NADH.
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Figure 19: CV response of A) Pt vs B) Au/Pt vs C) poly-TBO/Au/Pt MN sensor in PBS (0.1M,
pH 7.4) before and after the addition of 2mM NADH spike against Pt RE with scan rate 0.05 V/s
and corresponding CV data for Pt vs poly-TBO/Au/Pt MN sensor for the range of 0-0.4 V

Based on the recorded CV for the range of 0-0.4 V (Figure 19D), chronoamperometry
investigations for the same range were performed in PBS (0.1M, pH 7.4) before and after the

addition of 0.1 M NADH in bare Pt and poly-TBO/Au/Pt MNs. From Figure 20, it is clearly
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observed that the modified MNs showed higher response and sensitivity to NADH spiking at the
same potential. One limitation that was observed was that although for higher detection potentials
of +0.4 V, higher sensitivity was observed but there was a compromise to the selectivity. There
was arise in background currents, noise, and interference from electroactive constituents. Between
0-0.4 V, a detection potential of +0.2 V offered a balance between high sensitivity and selectivity

allowing us to detect NADH from a range of 0.05mM to 1.5mM concentrations.
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Figure 20: Chronoamperometry investigations for the range of 0-0.4 V in PBS (0.1M, pH 7.4)
before and after the addition of 0.1 M NADH in A) bare Pt and B) poly-TBO/Au/Pt MNss.
The resulting chronoamperogram (Figure 21A) showed increasing current response for all
30 readings ranging from 0.05mM to 1.5mM at applied detection potential of +0.2 V. The resulting
calibration plot (Figure 21B) shows a linear relationship with R? = 0.951. Based on the current
responses in the chronoamperograms, the limit of detection (LOD) was assessed as 0.021mM
NADH using the 3Sd/m criteria, where Sd is the standard deviation of the background signal for

0.05mM NADH, and the m is the slope of the calibration plot.
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Figure 21: Sensitivity validation using A) Chronoamperogram at applied detection potential of
+0.2V ranging from 0.05mM to 1.5mM and B) its corresponding calibration plot
The resulting chronoamperometric current response from selectivity analysis (Figure 22)
and the corresponding relative current response indicated that the potential interferents are
negligible compared to the target NADH detection and that the MN sensor are selective only for

the target analyte and not the common interferences.
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Figure 22: Selectivity analysis using A) Chronoamperometric current response of potential
interferents and NADH, and B) its corresponding relative current response
The resulting curve (Figure 23A) shows 24 repetitive measurements of ImM NADH
concentration at the detection potential of +0.2 V. This data was used to plot a relative current
response graph over the 5 h of repetitive testing to show that there is a high stability with a retention

of 95% of the initial current response, and no compromise in the stability of the sensor over
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extended period of operation (Figure 23B). This is the most critical aspect needed to support on-

body testing capabilities.
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Figure 23: Stability analysis via A) chronoamperogram of repeated 24 measurements of 1mM
NADH at +0.2 V and B) its corresponding relative current response plot
The resulting amperometric plots from the successive addition of NADH in low
concentrations (0.05mM — 0.5mM) (Figure 24) and high concentrations (0.25mM-1.25mM) and

the corresponding calibration plot show that there is a well-defined response and linear trend with

similar sensitivity, respectively. [3]
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Figure 24: Sensitivity and stability analysis via A) amperometric plots with successive additions
of A) low concentration 0.05mM and B) high concentration 0.25mM, and C) their corresponding

calibration plot
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The resulting chronoamperogram (Figure 25A) and the relative current response plot
(Figure 25B) for the 5 poly-TBO/Au/Pt MNs sensor for reproducibility clearly indicate a very high

reproducibility, with a relative standard deviation (RSD) of 1.39%.
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Figure 25: Reproducibility analysis via A) chronoamperometric detection of ImM NADH in 5
poly-TBO/Au/Pt MN sensors under same conditions and B) the relative current response
The resulting chronoamperogram (Figure 26A) and the relative current response plot
(Figure 26B) over the 15-day period for shelf-life/storage indicate a good shelf-life with an RSD
of 1.82%. The sensor's performance in NADH detection ensures that it can reliably support the

specific and sustained monitoring required for accurate ketone measurement.
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Figure 26: Shelf-life validation of modified MN sensors via A) chronoamperometric detection of

ImM NADH over different shelf-life periods and B) the relative current response plot
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4.3 In-vitro BHB Measurement using MN Sensor

As anticipated, when BHB is introduced to the poly-TBO/Au/Pt MNs sensors with no
immobilized HBD/NAD" biomaterials, there is no detectable response in the system (Figure 27A).
This lack of response confirms that the presence of these specific biomaterials is essential for the
sensor's functionality. The immobilization of HBD and NAD" is crucial because these components
enable the biochemical reaction necessary for detecting BHB. Without them, the sensor remains
inactive, as there is no BHB to NADH conversion and if there is no NADH, there is no electron
transfer. The CV successfully validated the catalysis of BHB target in the presence of HBD/NAD™

in PBS (0.1 M, pH 7.4) before and after addition of 2 mM BHB (Figure 27B).
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Figure 27: A) Chronoamperogram of 2mM BHB in poly-TBO/Au/Pt sensor without enzyme
immobilization and B) CV validation of catalysis of 2mM BHB in the presence of HBD/NAD™"
The resulting chronoamperogram for BHB detection in PBS showed increasing current
response for all 10 readings ranging from 0.5mM to SmM in PBS (Figure 28A). The resulting
calibration plot (Figure 28B) shows a linear relationship with R2 = 0.993 in PBS. Based on the

current responses in the chronoamperograms, the limit of detection (LOD) was assessed as
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0.05mM BHB in PBS using the 3Sd/m criteria, where Sd is the standard deviation of the

background signal for 0.5mM NADH, and the m is the slope of the calibration plot.
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Figure 28: Sensitivity analysis in PBS via A) Chronoamperometric detection of 2mM BHB with
successive increment of 0.05mM and B) the corresponding calibration plot
Similarly, the resulting chronoamperogram for detection in ISF showed increasing current
response for all 10 readings ranging from 0.5mM to 5SmM in ISF (Figure 29A). The resulting

calibration plot (Figure 29B) shows a linear relationship with R2 = 0.999 in ISF. Based on the

current responses in the chronoamperograms, the limit of detection (LOD) was assessed as

0.053mM BHB in ISF using the 3Sd/m criteria.

A
50 .
2(" |
£ "
2 25 _
= n
O . o
0 . .
0.0 25 50
Time (s) [BHB] (mM)

Figure 29: Sensitivity analysis in ISF via A) Chronoamperometric detection of 2mM BHB with

successive increment of 0.05mM and B) the corresponding calibration plot
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The modified MN sensor showed similar current signals (Figure 30) in different artificial

ISF solutions pH values ranging from 6.5 to 8.0, and an RSD of 1.62%.
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Figure 30: pH analysis via chronoamperometric detection of 2mM BHB in ISF (6.5-8pH)
The resulting chronoamperometric (Figure 31) current response from selectivity analysis
and the corresponding relative current response indicated that the potential interferents are
negligible compared to the target BHB detection and that the modified MN sensor is selective only

for the target analyte and not the common interferences.
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Figure 31: Selectivity analysis via A) chronoamperometric detection of current response of
interferents compared to 2mM BHB, B) its corresponding relative current response plot and C)
amperometric response of subsequent additions of potential interferents

The resulting curve (Figure 32A) shows 24 repetitive measurements of 2mM BHB
concentration at the detection potential of +0.2 V. This data was used to plot a relative current

response graph over the 5 h of repetitive testing to show that there is a high stability with a retention
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of 92% of the initial current response, and no compromise in the stability of the sensor over
extended period of operation (Figure 32B). This is the most critical aspect needed to support on-

body testing capabilities.
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Figure 32: Stability analysis via A) repetitive chronoamperometric detection of 2mM BHB over
5h and B) its corresponding calibration plot
The resulting amperometric plots from the successive addition of 0.5mM BHB in ISF
(Figure 33A) and the corresponding calibration plot show that there is a well-defined response and
linear trend with similar sensitivity, respectively. The corresponding BHB calibration (Figure 33B)
curve was linear over this range (R2 = 0.998). The limit of detection (LOD) was determined to be
95uM. The stability assessment showed high retention of initial current response over the Sh period

setting baseline for on-body tests (Figure 33C).
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Figure 33: Sensitivity analysis via amperometric detection of successive additions of 0.5mM
BHB, its corresponding calibration plot and stability assessment over Sh via amperometric

detection of 2mM BHB
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The resulting chronoamperogram (Figure 34A) and the relative current response plot

(Figure 34B) for the 5 poly-TBO/Au/Pt MNs sensor for reproducibility clearly indicate a very high

reproducibility, with a relative standard deviation (RSD) of 2.08%.
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Figure 34: Reproducibility validation via A) chronoamperometric detection of 2mM BHB in 5

enzymatic MN sensors under same conditions and B) the relative current response

The resulting chronoamperogram and the relative current response plot over the 15-day

period for shelf-life/storage indicate a good shelf-life with an RSD of 2.87% (Figure 35). The

sensor's performance in NADH detection ensures that it can reliably support the specific and

sustained monitoring required for accurate ketone measurement on-body.

Figure 35:
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Shelf-life validation via A) chronoamperometric detection of 2mM BHB over

different shelf-life periods and B) the relative current response plot
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4.4  Cytotoxicity Test

In vitro cytotoxicity assessment (Figure 36) of the microneedle (MN) sensor array, before
and after skin penetration, involving co-incubation with the human macrophage cell line (THP-1)
for 24 hours. Cell viability was subsequently analyzed using the CellTiter 96 Aqueous One
Solution Cell Proliferation Assay (MTS). Within the first 24hrs, no toxic effects were observed,
and the cell viability was above 96% in all instances (control, before skin penetration and after

skin penetration).
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Figure 36: In vitro cytotoxicity assessment of the microneedle (MN) sensor array

4.5  On-body Monitoring of ISF BHB using Wearable MN Sensors

Figures 37A—37D show the real-time amperometric BHB response profiles from the
wearable microneedle biosensor, recorded before and after ketone supplementation over 3—4
hours, alongside the corresponding blood BHB profiles. The microneedle current profiles highlight
continuous monitoring of the dynamic ISF BHB levels in individual participants. However, a time
lag was observed between the ISF and blood BHB profiles, similar to those reported in continuous
glucose monitoring (CGM) studies. The data reveal that in all subjects, there was a noticeable
increase in the current response within 30—40 minutes after consuming the ketone drink. The

results demonstrated a strong correlation between the trends observed in both ISF BHB and blood
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BHB profiles, indicating similar temporal patterns in both measurements. The study also revealed
individual differences in response times among the subjects. For instance, Participants A-C
showed the highest signals within 50 minutes, whereas Participant D exhibited the largest response
after 80 minutes. These variations can be attributed to differences in metabolic rates and individual
responses to the same ketone drink intake. Additionally, a gradual decline in BHB concentration
was observed in all subjects over extended periods, lasting up to 2 hours. It further illustrates the
estimated changes in blood BHB concentration profiles for each subject, derived from normalizing

the maximum microneedle current response to the peak blood-meter BHB concentration.
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Figure 37: BHB measurements during the consumption of a commercial ketone drink by four
healthy human subjects: continuous real-time current response of the MN sensor (black lines)
along with the corresponding periodic blood measurements (red dots).

However, a time lag was observed between the ISF and blood BHB profiles, similar to
those reported in continuous glucose monitoring (CGM) studies [60] [61]. This delay may result
from the physiological time delay caused by the transport of molecules from the bloodstream to
the interstitial fluid, influenced by factors such as local blood flow, tissue perfusion, ISF

permeability, and local convection. Additionally, technologically induced delays, related to the
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inherent lag in electrochemical sensors due to reaction cascades and signal processing, also
contribute to this time lag.

The exact cause of these time delays between plasma blood glucose and ISF glucose
remains unclear, with studies reporting a wide range of delays from 4 to 50 minutes [60]. Recent
glucose tracer experiments using micro-dialysis estimated a physiological delay of about 5—6
minutes. Such delays vary among individuals, regardless of the CGM system used [62] [63] [64].
Literature also suggests that the time delay in adolescents tends to be shorter than in adults and
increases with age [65]. In contrast to the well-studied glucose transport, no previous research has
explored ketone transport from the vascular compartment to ISF in humans, and thus, there are no
established reports on such time delays for BHB.

Compared to traditional CGM technologies, which typically penetrate deeper into the
dermis, microneedle-based biosensors, with their shallower penetration, might experience a longer
diffusion time in ISF, potentially contributing to the observed time lag. The dehydrogenase-based
cascade reaction for BHB detection may also slow down the response time compared to oxidase-
based CGM systems. Furthermore, the dynamics between blood and ISF might indicate that
capillary barriers between ISF and plasma regions could hinder BHB diffusion. Although BHB is
a small biomolecule (0.1 kDa), its movement from blood to ISF may be restricted by the selective
barrier of the luminal glycocalyx, which resists negatively charged molecules. Thus, the observed
time lag is likely due to the combined effects of these factors impacting BHB partitioning between
ISF and blood, as well as the intrinsic delays in the microneedle platform's electrochemical

reactions.
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Another small experiment that was done to document (Figure 38) the human skin at
different times following the removal of the ketone microneedle sensor which shows impact of

microneedles on the skin and the indentations over Omin, 10min, 20min, and 30min.

20 min. 30 min.

Figure 38: Photographic Documentation Illustrating the Human Skin at Different Times
following the Removal of the Ketone Microneedle Sensor.
Chapter 4 is based, in part, on the material as it appears in journal of ACS Sensors,
2024, by Chochanon Moonla, Maria Reynoso, Ana Casanova, An-Yi Chang, Omeed Djassemi,
Aishwarya Balaje, Amal Abbas, Zhengxing Li, Kuldeep Mahato, and Joseph Wang. The

dissertation author was a co-author of this paper.
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Chapter 5 Conclusion

In conclusion, this study successfully addresses the critical need for continuous ketone
monitoring by developing an innovative enzymatic electrochemical microneedle-based biosensor.
This biosensor enables real-time, minimally invasive tracking of ketones in interstitial fluid,
allowing for the accurate measurement of B-hydroxybutyrate following ketone intake, which could
lead to the accurate creation of individual BHB profiles. The sensor patch was designed with a
focus on ease of assembly, biocompatibility, painless skin penetration, high reliability, and cost-
effectiveness which is a significant advancement in the field of continuous monitoring
technologies. By integrating poly-TBO and immobilizing HBD/NAD", the sensor effectively
overcomes challenges related to redox mediator leaching, immobilization of the enzyme, and
continuous BHB detection.

Before moving to on-body testing, we conducted extensive in vitro experiments, as detailed
in the procedure and results sections. These in vitro studies combined with the cytotoxicity
assessment, provided promising results, demonstrating the sensor’s effectiveness and reliability,
which justified the progression to on-body testing. The practical application of this device was
demonstrated through continuous electrochemical monitoring in a small cohort of healthy subjects,
where it exhibited a strong correlation between ISF and blood BHB profiles (gold standard finger-
pricking blood ketone measurement) over a four-hour monitoring period. These promising results
highlight the sensor's potential for accurate and continuous ketone monitoring in real-world
settings.

Future work will focus on refining the system by exploring the physiological lag time

between blood BHB and microneedle ISF measurements. Developing sophisticated calibration
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algorithms to account for this delay will enhance the sensor's precision. Additionally, the
integration of glucose monitoring capabilities within the microneedle array is planned, enabling
simultaneous tracking of ISF BHB and glucose levels. Further studies will also aim to obtain
detailed, context-specific data on BHB diffusion rates through the epidermis to optimize sensor
performance. Long-term, this research envisions the integration of wireless electronics and
batteries into a single, user-friendly skin-worn patch, enhancing the device’s practicality for
everyday use. Extensive clinical trials involving a larger and more diverse population are already
underway to validate the sensor's accuracy against gold-standard BHB blood assays and create
precise BHB profiles for each individual. This validation would help us move a step closer towards
personalized diagnostics and diabetes management. The ultimate goal is to translate this minimally
invasive microneedle-based continuous ketone monitoring (CKM) system into a practical tool for
routine medical, nutritional, and wellness applications, offering a new standard in personalized

healthcare management.
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