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Non-invasive microsystems are emerging as a means to address diagnostics

challenges in healthcare due to the potential to retrieve information at the source and
in a personalized approach. The gastrointestinal (GI) tract is a hub of information that
alters in composition during both homeostatic and pathological conditions, and often
manifests as varying biochemical concentrations in cell and tissue-sourced secretions.
Thus, innovative strategies to sample molecular information from these secretions
would be of significant benefit to physicians in establishing an appropriate prognosis.
This dissertation describes the development of a film-based capacitive sensing strategy
and subsequent integration into a capsule-based microsystem that is designed to travel
through the GI tract upon ingestion until it passes through the stomach, where it is
designed to measure model analytes in duodenal secretions. Subsequently, the
measurements are processed into signals for wireless transmission, enabling external

analysis for potential clinical utility.



To achieve a system that can be safely ingested by patients, design features must
be implemented that follow previously established standards in device requirements
such as geometry and biocompatibility. In this work, I aided in the design, integration,
and characterization of a capsule-embedded sensing system using commercial off-the-
shelf components that interface capacitive transducers (range: 0.8-220 pF; sensitivity:
7.3x10%) with a smart phone via Bluetooth Low Energy (2.4 GHz). The transducers
are designed to measure the change in dielectric constant of interfacing media, which
transitions when specific environmental (pH) characteristics are met. The system,
including the power supply, are manufactured on a printed circuit board and packaged
within a 3D-printed capsule structure (13 mm x 35 mm) that maintains dimensions of
other clinically utilized ingestible capsule devices. The system is cost effective, user-
friendly, biocompatible, and can serve as a highly customizable platform for measuring
a variety of desired targets.

Secretions from various Gl organs can be distinguished by pH, as is
demonstrated in the pharmaceutical industry via enteric coatings that dissolve in target
pH ranges but maintain structural stability in others. | employed such coatings for
protecting our system until targeting the pH, and therefore Gl region, of interest for
sampling. Once dissolved, microfluidic inlets allow access for the media to interface
with the sensors. | studied coatings that respond to both acidic (<pH 3) and neutral
conditions (>pH 6), as well as pH sequences via hierarchical coatings. Because the
target analytes react with naturally occurring substrates, | investigated label-free
sensing of model enzymes such as pancreatic trypsin (20-40 uM) and lipase (10 uM-1

mM), as well as bile salts (0.07-7 %w/v) as a model emulsifier, using films composed



of biomaterials, including gelatin and stearin. To integrate these materials with the
desired microsystem, | investigated various film deposition and modification strategies.
Studies performed with our platform suggest the potential for the ability to sample the
target fluid, as well as sense the analyte of interest in different concentrations by
comparing the rate of capacitance change upon fluid entry compared to uncoated
controls. Using this system, | characterized its potential for utility as a non-invasive

platform for targeting multiple Gl regions and detecting sensor-compatible biomarkers.
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1. Chapter 1: Introduction

1.1 Background and Motivation

The gastrointestinal (GI) tract is a complex canal that, while composed of
distinct organs with respective functions, hosts a wide range of biochemical and
biomechanical interactions critical to homeostasis. To maintain various organ
functions, there is a continuously evolving dependence on understanding the functional
status at any given time through GI diagnostics in particular, which range broadly
depending on the suspected condition, how it is known to manifest in physiological
processes, and its severity.

One example of a physiological process that can require monitoring — and is a
major focus of this dissertation — is exocrine pancreatic function, which is critical to
maintaining one’s nutritional intake at the very least, but is often compromised in a
variety of pancreatic pathologies, including pancreatitis, pancreatic adenocarcinoma
(PA), and cystic fibrosis [1]-[3]. While various aspects of human physiology and the
procedures involved are well understood by physicians and medical researchers,
current diagnostic tools reliant on biomarkers — objective medical indicators of a
physiological state — suffer from a combination of limited specificity or sensitivity,
high cost and invasiveness, or only detect the condition severity at the point at which
efficacy of traditional therapies has diminished [4], [5]. Though biomarkers vary with
condition, enzymes, which are a class of proteins naturally synthesized in cells to
catalyze (or accelerate) biochemical reactions, have been demonstrated as
physiological indicators and remain a major category of biomarkers [6]. There are

further subclasses of enzymes required for food digestion and nutrient absorption in the
1



GI tract: proteases (trypsin, chymotrypsin, and elastase), lipases (steapsin), and
amylases (a-amylase). These enzymes are secreted in either active forms or precursors
(zymogens) by the pancreas in a bicarbonate solution, or buffer, that enters the
gastrointestinal (GI) tract — into the duodenum — by way of the pancreatic duct [7].
Additional markers such as carcinoembryonic antigen (CEA), carbohydrate antigen
(CA) 19-9, or specific microRNAs have been found present in these secretions that
correlate with early stages of PA [8], [9].

Recently, there has been a surge in advanced microsystem development driving
innovation for ingestible sensors capable of replacing or aiding invasive clinical
methods [10]-[12]. Such devices are designed to reveal new information about
physiological responses to various stimuli (discussed in detail in Section 1.3.4),
depending on the sensor types and the materials used to modify them [13]. However,
none have been used to measure enzyme activity, which can be invaluable to expanding
their utility. Moreover, consistent with Moore’s law, microelectronics have advanced
to point where circuit footprints can cost-effectively be fabricated in reduced sizes
while increasing complexity [14]. The primary challenge remains how to leverage this
for interfacing with biomaterials such that we can measure physiological processes in
regions where smaller systems are at a great advantage for obtaining previously
inaccessible data. This challenge is augmented by the chaotic nature of the Gl tract,
especially for integrating the microelectronics into the ingestible, autonomous devices
that must navigate through it [15].

Distribution of specific tasks, such as safe navigation and specific sensing, to

different modules is critical for embedding functionality in complex systems and



devices [16]. Modular integration can be difficult when each requires a different
fabrication method, hence the growing utility of more custom tools such as the variety
that fall under the category of 3D-printing, including stereolithography, photopolymer
jetting, laser sintering, and fused deposition modeling (FDM), among others [17].
Furthermore, features such as biocompatibility and biodegradability have become
common and almost essential themes in many bioelectronics devices for providing safe
interfaces with other biologics and embedding sustainability, respectively [18]-[21].
This doctoral research aims to overcome these challenges and demonstrate the
development of a wireless integrated capsule microsystem for navigating the Gl tract,
sampling pancreatic secretions, and monitoring enzyme activity in situ for indicating
pathological conditions. | anticipate that this system will lay the foundation for hybrid

fabrication and integration methods toward measuring a broader range of Gl targets.

1.2 Summary of Accomplishments

In this work | leveraged biochemical properties of various materials as coatings
individually designated for (1) packaging our system to sample fluid with a specific pH
characteristic of a target Gl region and (2) insulating our sensors until degrading in
response to catalytic pancreatic enzymes. Specifically, | integrated these features into
an ingestible capsule designed for ingestion and autonomously navigating through the
Gl tract via natural peristaltic forces for sampling pancreatic secretions, measuring
pancreatic enzyme activity, and wirelessly transmitting the data via smartphone
interface for external analysis. | envision using this platform as a system for not only
targeting specific regions in the Gl tract by utilizing a variety of coating materials, but

for sensing different enzymes that might be in those regions. This broadens the
3



applicable conditions for which this device could be used, limited only by current
understandings of how Gl secretions vary with these conditions. Such a platform would
minimize efforts and intermediaries between the physician and the source of a patient’s
pathology, with the potential for aiding in differential diagnostics. Toward enabling
this research, three primary objectives were investigated: biomaterial-based electrical
transduction systems for measuring duodenal enzyme activity, packaging materials for
system protection and Gl region targeting, and integrating these systems to function

simultaneously into an independent device.

1.2.1 Investigation of Biomaterial Film-Based Electrical Transduction Systems for

Measuring Enzymatic Activity

This work begins with the investigation of thin films made from biomaterial
substrates that respond preferentially to health-related enzymes of interest. In this part
of the thesis, | developed a variety of deposition parameters for obtaining thin films of
gelatin and their subsequent crosslinking over both wafer- and individual sensor-level
substrates. The protocols developed here are the first time of not only depositing
glutaraldehyde-crosslinked gelatin  films over impedance sensors and the
characterization of the impact of different spin-coating parameters on their resulting
thicknesses, but determining and confirming the change in various impedance
elements, including resistance and capacitance, with respect to these varying
thicknesses. Furthermore, we established relationships between the rate at which these
film thicknesses, and ultimately impedance, change in response to local concentrations
of a pancreatic trypsin (1 pg/mL — 1 mg/mL). The impact of these methods and

characterizations is that they enable further work on integrating similar films, i.e. those
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from either gelatin-based hydrogels or other biomaterials, with traditional MEMS
technology and utilizing them for more advanced developments in enzyme detection

through impedance sensing.

1.2.2 Investigation of Embedded Packaging Materials for Gastrointestinal Targeting

Due to naturally occurring pH gradients in Gl regions and their contents,
polymer coatings commonly used in the pharmaceutical industry for dissolving in a
specific pH, provides a mechanism for Gl targeting [22]—[24]. This aim resulted in the
development of a microelectronics sensing platform that leverages these polymers as
coatings in combination with a biocompatible 3D-printed capsule structure as a hybrid
package to protect internal system elements from nonspecific environmental stimuli.
The platform was designed using off-the-shelf components to acquire changes in sensor
capacitance for downstream utility in measuring changes in biomaterial film thickness
from enzyme reactions as described in Aim 1. This capacitance measurement is then
transmitted wirelessly using Bluetooth Low Energy (BLE) for real-time measurement
control, realized through the use of a facile user interface via an Android app. Using
similar methods used for coating therapeutic capsules in drug delivery applications, |
adapted a dip-coating protocol for layering the pH-sensitivity polymers over our 3D-
printed capsules, which allow a sensor-sample interface using microfluidic gratings
that allow fluid inflow, while subsequently developing an assembly process that
maintains functionality of the individual modules (i.e. sensors, power supply,
electronics, etc.) required for autonomous operation of the device. These processes
serve to promote the targeting capabilities of future ingestible devices while offering

insight as to interfacing MEMS sensor signals with users such as patients or clinicians.
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1.2.3 Development of Ingestible Integrated System for Targeted Gastrointestinal

Sampling and Enzyme Sensing

The third accomplishment of this work is the development of triglyceride film-
based deposition and sensing strategy for detecting biochemical species present in the
duodenum and its subsequent integration into a Gl-targeting capsule system that can
sample simulated fluid in the duodenum. We leverage deposition methods such as dip-
coating and drop-casting for triglyceride films over the sensor surfaces utilized in Aim
2, and determine their respective limitations in comparing process parameters such as
film composition and substrate preparation. This is the first demonstration of utilizing
a purely capacitance-sensing platform for measuring reactions between triglyceride
films, specifically from stearin and glycerol, and duodenal analytes such as pancreatic
lipase or bile acids. Furthermore, we are the first to reveal morphological changes of
such films after undergoing hydrolytic and emulsification reactions to lipase and bile
acids, respectively, compared to buffering fluid alone or with local trypsin as a
nonspecific analyte. The assembly process used for integrating the capsule modules in
Aim 2 is modified further to maintain reactive films over the sensor surfaces for
subsequent testing in the pH-soluble polymer-coated capsules, establishing various
required considerations and validating the feasibility of pH-targeted sampling and
sensing. The successful development of this device will enable further advances in both
novel hybrid fabrication strategies for integrated device development and exploratory

endeavors for Gl evaluation with ingestible microsystems.



1.3 Literature Review

This section provides the necessary background and literature review as
applicable to the presented work. First, I will discuss previous work on electrical
sensing systems for biological species and their requirements for successful operation.
Next, | will present a review on the current state of traditional GI diagnostic tools with
an emphasis on pancreatic health. 1 will then expand on pancreatic enzyme and
substrate interactions while introducing similar species present through the Gl tract.
Finally, recent advances in ingestible systems for addressing challenges in Gl health
will be evaluated, introducing the rationale for various design choices made during this

work.

1.3.1 Electrical Biosensors

In general, biosensors are devices that convert the presence of biological
molecules or activity into an observable signal [25]-[27]. Biosensors are often
designated to measuring biomarkers, which, in a clinical setting, are indicators for
normal or pathological function of physiological processes. Figure 1-1 illustrates the
general mechanism for a biosensor. The most common signals processed in biosensors
are electrical, optical, mechanical, and magnetic, though this dissertation will
emphasize efforts for interfacing biomolecules on electrical biosensors. Their
performance can be defined through the following criteria: sensitivity, working and
linear concentration ranges, detection limits, selectivity, reliability, response time
(steady-state or transient), sample throughput, reproducibility, stability, and lifetime

[28].
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Figure 1-1 Variety of biosensing mechanisms [29].

Electrical or electrochemical biosensors rely on a biological system’s ability to
directly alter an electrical signal, generally in the form of a simple applied voltage or
current [30], [31]. These sensors are popular as they do not require intermediate
transduction mechanisms, can be easily miniaturized for subsequent integration with
most microelectronic systems, are low cost to produce and, depending on the structure
can be fashioned to be mechanically robust. Additionally, while innovations in sensing
generally aim to expand the detection limits and ranges, the concentrations of the
targets of interest, discussed more in section 1.3.2, are relatively higher, allowing the
use of simpler systems. The signals are frequently measured as either impedimetric or
conductometric (interdigitated, metal electrodes), potentiometric (ion-selective, glass,
gas, or metal electrodes), amperometric (metal, carbon, or chemically modified
electrodes), or field-effect transistor (FET, ion or enzyme sensitive), and induce an
increase or decrease in signal with respect to a change in surface characteristic from a

bio-functionalized sensor material [28]. The medium of applied excitation is desired to
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possess a certain threshold of conductivity that would enable electron transport from
the source to receiver, hence the use of metals such as gold or platinum as the path of
travel.

One primary challenge of these sensors is determining the appropriate method
for interfacing the material of the transducer — typically an electrode — with the
biological materials. The latter can include proteins, carbohydrates, lipids, nucleic
acids, or even just ions released from a physiological function. One of the most
ubiquitous clinical biosensors is the glucose sensor, which operates amperometrically
by relating change in current to the amount of enzyme catalysis between glucose and
glucose oxidase, the latter of which is the material bound to the sensor surface. The
reaction, based on reduction-oxidation, results in electron generation, thereby
increasing the current at the peak potential of an electrochemical cell. The peak
potential is specific to the experimental condition, though the current can be

approximated by the Nernst equation (1):

RT (OX) (1)
— 0 4
E=F +nFln(Red)

Here, E is the cell potential, E° the standard potential of a species, R the universal gas
constant (8.314 J/(mol-K)), n the number of electrons, T the temperature, and (Ox) and
(Red) the relative activities of the oxidized and reduced analytes at equilibrium [32].
This is used to determine concentrations of electrochemical activity, and is popular
among other electrical biosensing strategies due to its high sensitivity, compatibility
with microfabrication processes, minimal power requirements, and economical cost,

among others [25]. These systems require two or three electrodes. Both require (1) a



working electrode for responding to the target analyte and (2) a counter electrode to
balance the reaction. Three-electrode systems possess an additional reference electrode
to maintain a constant potential independent of the solution properties.

Direct electron transfer is the ideal scenario for electrochemical sensing systems
as it results in simpler designs. However, this only occurs with species that already
possess a charge, including ions. Some sensors require a secondary substrate; using the
glucose sensor as an example, glucose oxidase is required to generate the electron via
catalytic reaction. In other scenarios, mediators are implemented that react with the
electrode, such as ferrocyanide or ferrocene derivatives, that avoid interfering with
other reactants in the solution and possess lower potential requirements [33]. Both
options lead to new design requirements in the system, i.e. methods to ensure the
secondary substrate or mediator is constantly within range or access of the electrode
surface. While this is not a problem with most benchtop setups, integrated systems that
rely on isolated sensing chambers must adapt methods for ensuring their containment.
One purpose of mediators is their ability to amplify reactions as a means of embedding
specificity to the sensor. Another method toward this end is the utilization of
membranes that filter interfering species access to the sensor surface or provide an
additional layer for substrate immobilization. For example, nitrocellulose filters are
fabricated with pores that can reach 0.22 um, which is permeable to fluid flow to
underlying sensors while maintaining protein-retaining properties [34]. Further, lipid
bilayer membranes have been utilized for mimicking physiological conditions [35]. In

addition to adding further fabrication and design steps, however, such membranes are
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often at risk of fouling or pore saturation, thereby requiring solutions for mitigation
such as treatments that increase hydrophobicity [36].

In contexts where no redox species are involved and changes in electrical
signals at different frequencies, i.e. AC systems, adds value to understanding a
mechanism of reaction, electrochemical impedance spectroscopy (EIS) is another
viable sensing technique. EIS, which can be categorized into Faradaic and non-Faradaic
subgroups based on their respective requirement and absence of a reference electrode,
offers information on changes in the chemical interface of modified electrodes,
modeled specifically using the Randles and Ershler equivalent circuit, as well as
reaction rates through sequential spectra [37], [38]. The model for Faradaic EIS is

displayed in Figure 1-2, while the resulting equation is as follows:

(a) il
Ca

()
?—L |

Figure 1-2 Randles-Ershler equivalent circuit models for (a) Faradaic and (b) non-Faradaic EIS. (c)
Nyquist spectra for Faradaic EIS for a: Zw — and Ret — controlled system, b: Zw — controlled system, and c:
Ret — controlled system. Reproduced with permission from [39].
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Here, Z is the total impedance, Rs and Rt (shown in Figure 1-2 as Ret) are the solution
and charge transfer resistance, respectively, Cq is the double-layer capacitance and o is
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the frequency. Zw in the figure represents the Warburg impedance, which is the result
of ion diffusion from the solution to the electrode surface. The equation identifies the
total impedance as two distinct parts: Z’ and Z’’, which are the real and imaginary
impedance, respectively. These are often analyzed by plotting against one another to
form Nyquist plots, which produce spectra that offer information on the individual
circuit elements [39], [40]. This can provide insights as to biochemical events occurring
at the electrode surface, depending on which circuit element is affected. This topic will
be further discussed in relation to this work in chapter 2.

As discussed earlier in this section, electrical and electrochemical-based
measurement systems are well suited for integration with microelectronics systems,
which makes them applicable for point-of-care and, as demonstrated throughout this
thesis, capsule-based systems. There are many that are already used for measuring a
variety of biomarkers, including pathogens and toxins, in the clinical setting, though a
major limitation of EIS is generally the lack of labelling processes involved, which
reduce sensitivity and performance in complex media such as blood. However, they
continue to increase in popularity and efforts remain to improve surface and binding
strategies of targets. A general schematic of how the sensors are arranged is depicted
below, while more information on specific impedance-based biosensors and their

respective performances can be reviewed in other works [41], [42].

12



a b

solution

side view

selective
film (optional)
electrode electrode
non-conductive support
top view electrode
working # recognition selective  solution
electrode element film
supporting (optional)
electrode

layer

Figure 1-3 Scheme for impedance biosensors when using (a) a modified working electrode or (b) two
interdigitated electrodes in plane. Reproduced with permission from [28]

1.3.2 Exocrine Pancreatic Health and Diagnostics

Exocrine Endocrine
Acinar and duct tissue Islets of Langerhans

Figure 1-4 Illustration of the pancreas with insets representative of its exocrine and endocrine cell types.
(Image credits: Wikimedia common:s).

This section will describe the clinical topic of interest in designing our
biosensors. The human pancreas, illustrated in Figure 1-4, is a focus in this dissertation
due to its relationship to the GI tract and the general difficulty associated with its

various diagnostics. It is a gland comprised of an endocrine and exocrine system, the
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latter of which is primarily responsible for secretion of digestive enzymes and sodium
bicarbonate into the duodenum, via the sphincter of Oddi, for macromolecular
fragmentation and gastric acid neutralization, respectively. The most common
pathologies that affect these secretions are pancreatitis (acute and chronic) and various
forms of pancreatic cancer. A lack of digestive enzymes, however, is more generally
referred to as exocrine pancreatic insufficiency (EPI), and is often present in cystic
fibrosis, a primarily endocrine affected pathology [3], [43]. Before diagnosis of these
conditions however, a patient must present various symptoms as part of the screening
process as part of the differential for identifying the exact condition. For example, both
pancreatitis and pancreatic cancer can cause upper abdominal pain, jaundice, fever,
and/or unexplained weight loss, but further tests are required to verify both the
underlying issue as well as the severity of the condition [44], [45].

Current diagnostic strategies for evaluating the pancreas can range from direct
analysis of the tissue itself or indirect analysis via its secretion products. Direct analysis
is generally the most specific, consisting of imaging techniques for physical
abnormalities and blood testing or tissue biopsy for molecular and genetic testing.
Imaging tools are gold standards for verifying the presence of a tumor or neoplasm
(tumor precursor), or even enlargement or inflammation [4], [46], [47]. Specific
strategies include abdominal computed tomography (CT), endoscopic ultrasound
(EUS), magnetic resonance cholangiopancreatography (MRCP), magnetic resonance
imaging (MRI), endoscopic retrograde cholangiopancreatography (ERCP), or positron
emission tomography (PET) [47]-[49]. The primary challenge with these strategies for

cancer, unfortunately, is their lack of efficacy in early-stage detection, considering the
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images are analyzed and diagnosed by physician ability. EUS is often used to guide
biopsy through fine-needle aspiration (EUS-FNA), thereby offering further molecular
information but still suffering from high invasiveness. ERCP, while useful for
collecting samples for cytological analysis, can occasionally induce pancreatitis,
bleeding, and cholangitis [50]. Computer-aided approaches with EUS are also being
developed to improve diagnosis rates, and while they have increased performance rates
there remains room for improvement [51]. Pancreatitis, alternatively, requires
significantly less effort to diagnose. Digestive enzymes such as amylase, lipase, and/or
trypsin, for example, can be significantly elevated in serum, while the fecal elastase
test is the gold standard when diagnosing severe chronic pancreatitis [4]. The primary
blood marker that is a gold standard for identifying the presence of cancer is
carbohydrate antigen 19-9 (CA 19-9), though it is not specific to pancreatic cancer and
has limited sensitivity for smaller tumors [47], [49], [52], [53]. Other markers include
circulating tumor DNA (ctDNA) and cells (CTC) analyzed for KRAS mutations, which
can often be used to determine the progression of treatment as well. Unfortunately,
these are very difficult to isolate and identify, which only becomes more challenging
in the early stages [54].

Pancreatic juices have been investigated as a source of diagnostic information
[8],[47], [49], [55]-[57]. Duodenal aspirates have been analyzed for comparing various
pancreatic pathologies for differentiation as they have been least physiologically
processed and therefore less likely to be contaminated or the contents degraded from
spontaneous autolysis, especially for DNA or RNA markers [58]-[60]. The region of

secretion in the duodenum is targeted using esophagogastroduodenoscopy (EGD),
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endoscopic retrograde pancreatography (ERP), or endoscopic nasopancreatic drainage
(ENPD) [57], [61]. Further, genetic and protein analysis has yielded markers such as
K-Ras, Smad4, KL-6, PKD, telomerase activity, DNA methylation, CA 19-9, or
microRNA’s in the juice for cancer, some of which allow for concrete differentiation
from pancreatitis [8], [53], [57], [62]. Various analyses have shown differences in
digestive enzyme activity from the secretions [1], [63]-[65]. Figure 1-5 illustrates
qualitative trends in enzyme output, impacted by various pathologies, as this will be
emphasized more throughout this work. Overall, however, sample extraction and
analysis can be cumbersome while ultimately losing molecular integrity, thereby
driving the need for in situ measurements for a combination of several biomarkers
discussed above that can be achieved with tools that require less human intervention
such as ingestible capsule technology. With tools that can achieve measurements in
situ, there is greater potential to detect biomarkers at an earlier pathological stage to
prevent transit-related sample degradation, while allowing a higher throughput of non-
invasive and likely less costly-procedures with less involvement from clinical and
laboratory personnel. Furthermore, in situ sensing offers the ability for real-time
analysis upon data acquisition, enabling a more rapid response for informed decision

making. This will be elaborated more in chapters 3-5.
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Figure 1-5 Reduction of pancreatic trypsin and amylase output with various pathologies. Reproduced
and modified with permission from [1], [2].

1.3.3 Pancreatic Enzyme Activity and Other Gastrointestinal Fluid Contents

Detecting the presence of multiple molecular markers in pancreatic secretions
has the potential to improve the differential diagnosis for pancreatitis or screening for
pancreatic adenocarcinoma. Depending on the sensing strategy utilized, accuracy and
precision can be optimized to compete with the previously mentioned strategies,

limited only by recent advances in technology.
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Many pancreatic enzyme activity biosensors are under investigation that use
substrates responsible for hydrolysis with the target enzyme. Trypsin, for example,
cleaves peptide chains on the carboxyl ends of amino acid residues lysine and arginine
unless proline is present [66], [67]. The mechanism is illustrated in Figure 1-6.
Substrates used in standardized or reported assays are Nq-Benzoyl-L-arginine ethyl
ester (BAEE) [68] and p-toluene-sulfonyl-L-arginine methyl ester (TAME) [69].
Alternatively, sensors have used poly-I-lysine, cytochrome c, or gelatin [70]-[73].
Pancreatic lipase, however, cleaves triglycerides at ester bonds to form glycerol and
three fatty acids. This occurs specifically when the enzyme undergoes interfacial
activation, which consists of the enzyme active site becoming uncovered at a lipid-
water interface [74]. Substrates used in assays or sensors include olive oil, composed
4-30% of triolein which can also be used as a substrate, while an amperometric sensor
has been reported that uses glycerol dehydro-genase/NADH oxidase. Pancreatic ao-
amylase cleaves at alpha-bonds of large polysaccharide chains to produce mono- and

disaccharides glucose and maltose, respectively [7]. Therefore, glycogen or starch in
18



various forms such as amylose or amylopectin are used as substrates in assays or in
biosensors for determining amylase activity, which can potentially enable the detection

of amylase using pre-existing redox sensors using such materials [75], [76].

The resulting hydrolytic events induce structural changes that can be sensed
with a variety of transduction methods, such as electrochemical, piezoelectric, optical,
thermoelectrical, or photosensitive, among others [77]. Several studies use a quartz
crystal microbalance (QCM) to sense changes in crystal resonant frequency as the
substrate is degraded in response to varying concentrations of the enzymes mentioned
above [72], [76], [78]. These studies consisted of depositing films of the biomaterials
on the sensor surface, and in some instances, would be embedded with nanoparticles
or chemical cross-links to enhance sensitivity or decrease non-specific binding,
respectively. In other sensors, these films can act as insulators, coating surfaces and
changing their electronic characteristics, such as conductivity or dielectric permittivity,
depending on the material. For example, a pH sensor exists that uses a hydrogel co-
polymer film deposited over interdigitated electrodes (IDEs), and the film’s water
content changes depending on the presence of acids or bases, resulting in a pH-
dependent level of hydrogel swelling and ultimately measured by the change in
electrode surface conductivity [79]. By exploiting these material properties, it is
possible to design sensors with signal outputs that change proportionally to the
environment and specifically to a target of interest [80]. On that note, biomaterials-
based films can act as enzyme-specific degradable substrates, which | leveraged when

deposited over our system’s capacitive sensors [72], [73], [76], [78]. Because the Gl
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tract is a host to numerous hydrolytic enzymes, many of which are summarized in Table

1-1, monitoring them in situ would likely offer pathologically relevant information.

Table 1-1 Major gastrointestinal enzymes, organized by source and excluding the salivary glands and
large intestine, and some of their respective associated health conditions.

Source Enzyme Substrate Conditions
Stomach | Pepsin Proteins Carcinoma, pernicious anemia,
post-operative peptic and
duodenal ulcers [81]
Lipase Triglycerides Pancreatic dysfunction, cystic
fibrosis [81]
Pancreas | Amylase Starch Pancreatitis (Acute/Chronic),
Lipase Triglycerides Adenocarcinoma, Pancreatic
Proteases (Trypsin, | Peptides insufficiency [1], [2], [65], [82]
Chymotrypsin)
Elastase Elastin
Nucleases Nucleic Acids
Phospholipase Phospholipids Adenocarcinoma [83]-[85]
Carboxypeptidase | Protein terminal
amino acid
Small Enterokinase Trypsinogen, Mucosal villous atrophy,
Intestine Chymotrypsinogen | Hypoproteinemia, Pancreatic

Insufficiency, Carcinoma [86],
[87]

Maltase Maltose
Lactase Lactose
Sucrase Sucrose

Mucosal villous atrophy,
Coeliac’s Disease [87], [88],
Lactose Intolerance, Intestinal
hypermotility, Diarrhea,
Inflammatory bowel disease [89],
[90], Sprue [91]

The above enzymes, it is worth noting, are those present in higher

concentrations in the GI environment and critical to homeostatic physiological

function. As mentioned in the previous section, other enzymes have been isolated from

pancreatic secretions that become present in pathological conditions such as pancreatic

cancer. One example is matrix metalloproteinase (MMP), or matrixin, which is a type

of protease that can be subdivided into more than 20 different forms [92]. Specifically,

MMP-9, or gelatinase B, has been present in both serum and pancreatic juices, and aids
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in differentiating patients with pancreatic ductal adenocarcinoma, the most common
form of pancreatic cancer, from those with chronic pancreatitis [56], [93]. MMP-9
explicitly hydrolyzes peptide sequences with Pro-X-X-Hy-(Ser/Thr) motifs at Ps
through P2 positions, so it is possible to design hydrolytic substrates that would react
similarly to the aforementioned materials [93]. One example has been demonstrated by
Biela et al., where the peptide has been used to crosslink Dextran films, and the
degradation was monitored via EIS [94]. Their hydrogel fabrication process, which
could be utilized for other peptide-hydrogel-crosslinking mechanisms, is illustrated in
Figure 1-7 below. While the process for forming peptide-crosslinked hydrogels has
been previously demonstrated, the above work showcases a use-case with a clinical
target. Using EIS or other electronics sensing methods like those discussed in Section
1.3.1, such film-based platforms have the potential for integration with

microelectronics that be implemented in capsule devices for measuring these targets in

the Gl tract.
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Figure 1-7 (a) Process for fabricating peptide-crosslinked hydrogels over gold IDE sensors, specifically
for sensing MMP-9 with EIS, and (b) 10 Hz impedance response of resulting sensor to different MMP-9
concentrations. Reproduced with permission from [95].
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1.3.4 Integrated In situ Capsule Technology

This section introduces the system-based solution that is pursued in this
dissertation. Integrated systems embedded with automated micro- and
nanotechnologies are gaining momentum as revolutionary methods in biomedical
applications for replacing cumbersome or complex processes. Many of these systems,
like most automated technology, require a combination of sensors or various electronic
components, as well as some form of interface with human physiology to achieve a
designated purpose.

Several such devices, depicted in Figure 1-8, are continuously under
development for vastly different applications, and are ubiquitous both in industrial and
academic settings. One of the most successful commercially available examples is the
capsule endoscope, such as the PillCam by Medtronic, introduced as an alternative to
endoscopic procedures in the GI tract such as a colonoscopy or EGD [10]. Capsule
endoscopes are essentially pill-shaped devices containing a camera that, upon
ingestion, allows for tetherless video streaming and recording of the Gl tract to locate
abnormalities such as ulcers, sources of bleeding, polyps, or tumors. While there is also
an associated non-trivial risk of bowel obstruction, the primary benefit is that it is able
not only to reach areas that exceed the range of other procedures, but it also does not

require anesthesia or as much physician involvement [96].
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Figure 1-8 Examples of integrated capsule systems. From left to right: PillCam COLON 2, GI gas sensor,
and GI bleeding monitor. Reproduced with permission from [97]-[99].

Additional examples in academia use specific sensing mechanisms when the
target becomes more complex. One device exists for measuring gas concentrations in
the gut [100]. Here, CO., Hz, and CH4 are measured with electrochemical sensors at
various sampling sites through the stomach, small intestine, cecum, and colon, and are
measured in response to controlled diets based on fiber content. Though
electrochemical gas sensors have been around since the 19th century, the novelty lies
primarily with the integration of this sensor into an ingestible system [101]. This
becomes compounded by evidence suggesting gas composition throughout the GI tract
changes in various pathological conditions, thereby offering potential for clinical
evaluation. Another device uses fluorescence imaging to determine the occurrence of
Gl bleeding [99]. By injecting fluorescein into the bloodstream, the marker naturally
makes its way into the GI tract, where a capsule housing a fluorimeter detects and
wirelessly transmits data to an external monitoring unit. This device serves to enhance
traditional endoscope procedures for real-time monitoring, and is also more specific
than using capsule endoscopy as discussed above.

Though there are additional similar devices that warrant discussion, a prevalent

theme is the integration of multiple modules. The modules included often consist of a
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sensor, microcontroller, signal transceiver, power supply and management electronics,
and a capsule-like package, enabling the development of devices capable of targeted,
real-time sensing with wireless signal transmission. A brief list of recent state-of-the-

art capsule devices are presented in Table 1-2.

Table 1-2 Integrated capsule systems. From left to right: PillCam COLON 2, GI gas sensor, and GI

bleeding monitor.

Product/ Transducer/Target | Communication Power Manufacturer/
Application Reference
Gas Sensing Electrochemical/ | 433 MHz Silver Oxide | [12], [13],

COg, Oz, Hz, CH4 [100]
PillCam/ Optical 434 MHz/ Lithium lon | Medtronic/
MiroCam/ 430 MHz/ IntroMedic
Endocapsule 434 MHz Co./
Olympus
Gl Bleeding Photodetectors/ 2.4 GHz (Zigbee) | Lithium [99]
Fluorescein polymer
Gl Bleeding Photodetectors/ 433 MHz Lithium [102]
Bacterial light Manganese
Gl Electrochemical 433 MHz Lithium [103]
Electrochemical Manganese
Signatures Dioxide
pH/ Capacitive/ 434 MHz Silver Oxide | [104]
Temperature/ Resistive
Pressure

The above devices are but a short list of the emerging technologies in the

ingestible capsule domain, and are representative of the open-ended nature of
integrated capsule system development. Though the most consistent feature is the ISM
band of radiofrequency (RF) communication for wireless signal transmission (433-434
MHz), the transducers and applications vary significantly and each require their own
signal-conversion circuit to be compatible with the microcontroller capable of tasks
such as (a) generating an input signal at programmable intervals, (b) signal processing,

and (c) enabling feedback control for modulating power or signal characteristics,
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among others. One aspect of note with Table 1-2 is that the optical capsules are the
only ones listed with manufacturers. Though there are additional capsules on the market
for sensing features such as temperature or pressure, those used for capsule endoscopy
remain the most mature and popular for commercial development and therefore
medical diagnostics.

In terms of power supply, or battery, each capsule must identify the most
appropriate option to ensure the on-system electronics can maintain individual modular
functions. First and foremost, batteries must operate over the time intervals required,
which is often throughout the entirety of the Gl tract and can average at 34 hours with
a range of 8-57 hours [105]. This is generally easier for systems designated to operate
for shorter time durations, i.e. when localized to specific organs or organ transitions.
However, this is critically dependent on the electronics of the system for achieving its
respective function. Each option in Table 1-2 is adequate for the devices presented,
while there is likely room for optimization through considerations such as data
compression (of the transmitted signal) or power-saving algorithms that alter the power
modes of each module; for example, some IC components can operate between modes
such as “Active” or “Deep Sleep” (specifically for the MCU discussed in Chapter 3),
which correspond to current consumption when wireless functions are triggered or
delayed, respectively. In capsule endoscopy, for example, power consumption of the
signal transmitters has evolved with each iteration, ranging between 2-7 mW, and is
detailed further in other works and for other types of ingestible devices [106]-[108].

One of the most important features of these devices is the packaging, which

upon observation appears relatively consistent and is the only barrier between the
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internal system and the external environment. The primary metric the design packaging
must achieve is safety for both the GI environment, i.e. the tissue, fluids, etc., and for
the internal components. The former is dictated by the shape, dimension, materials, and
sealing capability of the device shell. The shape is almost always a capsule, where the
length in one axis is longer than the length of the other, or the width, and the ends of
the shell on the longer axis are rounded [109]. Work from Baek et al. investigated the
effect of structural features such as geometry, length, and diameter on capsule friction,
producing downstream expectations on how it would impact Gl transit [110]. Though
capsules have long been a standard for ingestible technology in the area of
pharmaceuticals, their findings yielded adequate rationale to appreciate the impact of
this seemingly trivial feature. Furthermore, the ability to control transit time poses
significant utility for additional applications. For example, in the event that a device
would be required to remain in a specific Gl region for a longer time scale, one could
use geometric innovation such as a greater surface area at the micro- and nanoscale to
increase frictional forces. While such strategies may augment additional complications
such as biofouling or potential trauma to Gl mucosa if large enough to create
perforations, it adds further consideration to ingestible capsule design [110]-[114].

In terms of materials, the most common requirement is biocompatibility.
Though biocompatibility can still entail a wide range of properties, the most popular
use in this context is for the material to be tested as a “surface device that contacts
breached or compromised surfaces for prolonged contact”, according to the Food and
Drug Administration (FDA)-modified 1ISO-10993 [115]. This would entail testing such

as cytotoxicity, sensitization, irritation or intracutaneous reactivity, acute systemic
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toxicity, material-mediated pyrogenicity, subacute/subchronic toxicity, and
implantation, as outlined in Table A.1: Biocompatibility Evaluation Endpoints [115].
The effects prove challenging to enable efficient control due to the heterogeneity of Gl
fluids, even without considerations for variation in diet. For example, the pH of the Gl
tract can range from <1 (highly acidic) to >7 (neutral, slightly basic), imbuing a
requirement with a significant impact because (1) this comprises approximately half
the pH range in our general chemical understanding and (2) this limits the number of
materials that would not react with such pH levels. This is compounded by numerous
other species in GI fluids likely to induce any number of physicochemical interactions
with the capsule package, such as proteins (enzymes, glycoproteins, etc.), hormones,
ions, etc. [116].

The materials must also withstand mechanical forces occurring during
peristalsis, which can vary depending on the region of the Gl tract. In the small
intestine, the primary forces acting on devices in transit are traction force, contact force,
and peristaltic waves [117], [118]. Forces are slightly different in the stomach, where
tonic contractions and peristaltic waves dominate the mechanical impact on materials
to induce movement toward the pyloric sphincter; these forces were also investigated
using pills with embedded pressure sensor arrays [119], [120]. For the above capsules,
cladding and sealing materials vary where mentioned. Arefin et al. only discusses
having used corning sealant while using a 3D printed cladding to surround their system
[121]. The work by Mimee et al. uses PDMS as their sealing material without any
cladding material [102], and the capsule for GI bleeding uses a machined cylinder made

of acetal resin, specifically Delrin (DuPont, DE). The optical capsules generally use a
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variety of biocompatible plastics such as polycarbonate, polyurethane, or nylon due to
their resistance to gastric acids [122], [123]. Chapter 3 will revisit the concept of
capsule packaging, including the materials | utilized for enhanced utility for both

protecting our system and targeting our Gl region of interest.

1.4 Structure of Dissertation

Chapter 1 introduced the reader to the motivation and background required to
appreciate the impact of this dissertation, ranging from the rationale of our sensor and
system design to the requirements for the downstream development of a platform
adaptable to a variety of healthcare diagnostics. Chapter 2 delves into the intricacies of
impedance sensing and its utility for garnering detailed information on surface-
interacting hydrolytic reaction mechanisms. Chapter 3 presents our packaging-focused
approach in hybridizing 3D-printing and pharmaceutical polymer coatings into a
cohesive manufacturing strategy. Chapter 4 discusses the challenges associated with
assembling, testing, and validating our system, while demonstrating its versatility for
sensing multiple duodenal biomarkers. Finally, Chapter 5 summarizes the contributions

of the work while introducing various directions for expanding device utility.
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2. Chapter 2: Electrical Transduction of Pancreatic Trypsin
Activity

2.1 Pancreatic Enzyme Sensing

As discussed in Table 1-1, GI enzymes can be categorized by their region of
origin, substrate, and associated pathologies. Their quantification is traditionally
performed through assays, including various forms of enzyme-linked immunosorbent
assays (ELISA), with a range of methodologies including colorimetric, radioimmuno,
and immunochemiluminometric. What remains consistent among each of them is the
requirement of transducers to convert the biological signal, i.e. the enzyme
concentration or activity, to a measurable signal for analysis in electronic systems. As
discussed in Section 1.3.1, electrical biosensing techniques leverage direct changes in
electrical properties of the substrate and biomarker-substrate interface, while achieving
inherently more simplicity than those discussed above [124]. Such direct measurements
can be useful not only for detecting the biomarker of interest, but determining
qualitative or mechanistic details on how the sensor materials behave in response to
their activity; this can aid further in improving sensor designs or optimizing materials.
Here, 1 describe efforts to observe changes in electrical characteristics of substrate films
after exposure to hydrolytic enzymes.

Pancreatic enzymes, including trypsin, lipase, and amylase, are excellent model
biomarkers to assess Gl health and proper pancreatic function. Pancreatic trypsin, in
particular, is a protease essential to a functional digestive system, allowing for the
breakdown of various proteins to enable nutritional absorption in the small intestine. It

is secreted as the proenzyme trypsinogen by acinar cells, where it travels through the
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pancreatic duct into the duodenum and becomes activated upon hydrolysis by
enterokinase on the lumen surface [7]. Lipase and a-amylase are among the other major
enzymes that are activated in the duodenum. These enzymes enter the duodenum in a
basic solution with the intent to neutralize the gastric acid entering from the stomach.
In various types of pancreatic pathologies, such as chronic pancreatitis or pancreatic
adenocarcinoma, trypsin activity has been shown to decrease, indicating the acinus or

duct has been compromised in some way [1], [125], [126].
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Figure 2-1 Schematic of collagen denaturation into gelatin. Reproduced with permission from [127].

Recent techniques for sensing trypsin involve analyzing substrate degradation
in response to enzymolysis, described in Section 1.3.3. Trypsin hydrolyzes specific
peptide bonds present on substrates with amino acids lysine and arginine. The
substrates include cytochrome c, gelatin, alboumin or poly-L-lysine, while transduction
methods are equally variable, using either optical, fluorescence, ionic conductance, or

resistance [71], [73], [128]-[130]. Because of its versatility for processing and
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modification, including over other electrode systems, gelatin was investigated as a
model substrate for this work [131], [132]. Gelatin is a hydrolytic product of collagen,
and the 10%-20% of most final gelatin forms consist of the amino acids mentioned
above [133]. Gelatin is also biocompatible, and therefore an attractive substrate
material for trypsin. As a hydrogel that begins as a low viscosity liquid when heated, it
can be formed to a variety of structures that are limited only by the tools used until it
cools and transitions from sol to gel state, the process for which is depicted in Figure
2-1.

One such structure is a thin film, compatible for various impedimetric or
amperometric sensors made from standard monolithic fabrication. Thin film structures
have been achieved through deposition of hydrogel, while in the sol state, using
strategies such as spin-coating, drop-casting, dip-coating, etc. [134]. Furthermore,
crosslinking is utilized often to enhance the stability of the material, and is limited by
the reactive functional groups in the structure’s chemistry [135]. Glutaraldehyde, for
example, has been used to allow for gelatin films to maintain structural integrity at
higher temperatures — i.e. the physiological temperatures present throughout the Gl
tract (37-39°C) — to ensure the film remains stable, though high concentrations can
induce toxic effects on cells [136], [137].

It is important here to introduce several distinctions between the sensors
intended for the system in this thesis, i.e. in vivo in the GI tract, and how most
biochemical sensors for biomedical applications operate. Firstly, in vitro systems are
often not concerned with toxicity as they are often utilized in vitro, where the samples

are either in buffer or fluids that have been removed from the cellular contact. This
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does not apply to the few sensing strategies that are designed to operate in vivo, as there
are significant risks associated when implementing foreign objects in the physiological
environment due to the potential for an immune response with the complex biochemical
heterogeneity [138]. This introduces another distinction, which is that in vivo sensing
has limited capabilities regarding sample pretreatment without additional system
modules, and thus the sensor is subject to interact with each molecule — including those
that are not of interest and therefore nonspecific — present in the fluid. Therefore, when
targeting trypsin, which, as discussed above, originates near the duodenum, it is critical
to test the sensor with fluids exhibiting similar heterogeneity to thus reduce
unprecedented signals resulting from these nonspecific interactions.

Through our use of gelatin, there are various potential nonspecific interactions
at risk. For example, though none of the species are likely to react with the substrate
via hydrolysis — except for chymotrypsin, as discussed in Section 1.3.3 — other
interactions may occur such as ionic or molecular diffusion into the film or aggregation
at the film surface. Diffusion often occurs for species with sizes smaller than the
hydrogel film mesh, which can be mitigated through tighter crosslinking through
techniques discussed above. Aggregation, on the other hand, can occur when the
species are larger than the mesh or are immobilized via nonspecific binding at the film
surface [139]. Both can yield distinct sensor responses, depending on the transducer
used, though 1 focused in this work on testing several species that fit into the latter
category.

In this chapter, | discuss our efforts for developing a sensing strategy for

measuring trypsin activity in solutions containing several types of interfering enzymes
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characteristic of duodenal fluid. Crosslinked gelatin films were formed over
interdigitated finger electrode (IDE) sensors, which were fabricated similarly to those
described previously [140]-[142]. These sensors were inserted into fluidic chambers
and exposed to various pancreatic enzymes while changes in the mass and impedance
responses were recorded. Ultimately, it was possible to differentiate the presence of
trypsin and provide insight as to its role in producing complex impedimetric signals,
offering potential for utilizing this method for in situ sampling.

Dr. Luke Beardslee contributed to fluidic setup design and sensor process
development. Dr. Young Wook Kim contributed to initial sensor design in Appendix
A.1l. Dr. Sowmya Subramanian and Dr. Thomas Winkler contributed respectively to
initial data extraction (Appendix C of [143]) and analysis of impedance results. This

work was published in contribution to [144].

2.2 System Design and Experimental Setup

2.2.1 IDE Sensor Fabrication and Film Deposition

A simplified schematic of the sensor fabrication process is depicted in Figure
2-2a. A pair of sensor electrodes per device (Appendix A.1), one sensor with substrate
polymer coating and one for negative control (footprint 3 cm x 1 cm), was obtained
using a standard photolithography process for NR9-1500PY photoresist (Futurrex, Inc.,
Franklin, NJ) over 100 mm pyrex wafers. This involved a 5-minute dehydration period,
spin-coating at 3000 RPM for 30 seconds, a 150°C soft bake for 1 minute, exposure to
365 nm UV 190 mJ/cm?, a 100°C hard bake for 1 minute, development in RD6 for 10-

12 seconds, then rinsing in DI water. Cr/Au (20 nm/200 nm) was deposited via E-beam
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evaporation(Angstrom Engineering, Ontario, Canada), followed by liftoff with acetone
for 5 minutes. The resulting IDE fingers, a total of 146, were 2 pum wide with 4 um
spacing and 960 pum in length, as shown in Figure 2-2b.

Next, a 75 um thick polyvinyl chloride (PVC) film (Semiconductor Equipment
Corp, Moorpark, CA, USA) was applied to the wafer surface, and patterns were
manually cut over one sensor per device as a mask for the gelatin film. Gelatin type B
solution (from bovine skin, Sigma Aldrich, St. Louis, MO, USA) was added to 50 °C
deionized (DI) water while stirring until complete dissolution to a final 5 %wi/v. 200
uL gelatin solution was spin-coated at 400 rpm for 30 s over the sensors, then cooled
overnight into a gel state over the test sensor. All gelatin films were crosslinked after
overnight cooling with 0.5% glutaraldehyde solution in DI water at room temperature
for at least 4 hours to improve thermal stability. After PVC removal from the IDE
patterned wafer, gelatin film thicknesses were characterized, or profiled, with a contact
profilometer (Veeco, Dektak-8 stylus, Plainview, NY, USA) which were found ranging
between 400-700 nm. IDE devices were then diced using a standard dicing saw

(Microautomation, Centreville, VA, USA), rinsed with DI water, and dried overnight.

- 1. Patterning gold IDEs using liftoff
IW’ 2. Overlay patterned PVC film
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Figure 2-2 (a) Schematic of sensor fabrication. Step 1 entailed photolithography and E-beam deposition

l
@ [t [Goun] ) I
of Cr/Au for 20nm/200nm, then liftoff with acetone. After overlaying a 75 um thick PVC film, 5% gelatin

in buffer was spin-coated at 400 rpm for 30 sec, cooled overnight, then crosslinked with 0.5%
glutaraldehyde solution to improve thermal stability. After PVC removal, gelatin was measured using a
contact profilometer at thicknesses of 300-700 nm. (b) Microscopic image of the resulting sensors.
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2.2.2 Enzyme Solution Preparation

Trypsin from bovine pancreas (>7500 benzoyl-L-arginine ethyl ester units/mg
solid, 23.8 kDa), a-Amylase (>10 units/mg solid, 51-54 kDa) and lipase (Type 11, 100—
500 units/mg protein, 48 kDa) from porcine pancreas, as well as phosphate-buffered
saline (PBS) capsules were obtained from Sigma Aldrich. 0.1 M PBS (pH 7.4) was
used in each experiment. Enzymes were mixed and incubated in PBS for at least 15
min at 37 °C before use. Trypsin solutions of either 1 or 0.5 mg/mL were used, while
lipase and a-amylase were prepared at 1 mg/mL each. Heterogeneous solutions

consisted of 1 mg/mL of each enzyme.

2.2.3 Impedance Sensing

To test the sensors with continuous enzymes, a fluidic chamber was designed,
depicted in Figure 2-3, that enabled electrical connections with the sensor contact pads.
Diced IDE sensors were inserted into a custom two-piece 3D printed chambers
containing an inlet and outlet for respective solution entry and removal from the
chamber via continuous flow. The parts were designed in SolidWorks (Dassault
Systemes, Vélizy-Villacoublay, France) and 3D printed from MED610 with an Objet30
Pro (Stratasys, Eden Prairie, MN, USA). Fluid was injected with syringe pumps at 20
uL/min through 0.4/2.24 mm inner/outer diameter tygon tubing (Cole-Parmer, Vernon
Hills, IL, USA) into the chamber inlet, then exited through the outlet into a waste
beaker. Sensor response was recorded with each medium until the signal saturated at a
constant magnitude, beginning with air, PBS (negative control), then PBS with
enzymes, described in Section 2.2.2. The chamber was incubated at ~37 °C for each

experiment to simulate physiological temperature. IDE contact pads were connected to
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a CHI 660D Electrochemical workstation (CH Instruments, Bee Cave, TX, USA), one

pad connected to the working terminal and the other pad to shorted reference and

counter terminals. The frequency was swept from 10 Hz—1 MHz at an AC voltage

amplitude of 50 mV for two minutes per sensor. Sensor substrates were weighed with

a Sartorius ME-5 microbalance (Sartorius, Goettingen, Germany) and profiled, through

the process described in Section 2.2.1, at three separate time-points: (1) before

deposition, (2) once the films were dehydrated, and (3) following experimentation to

correspond absolute change of film mass and thickness with the resulting changes in

impedance.

(b)
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Figure 2-3 (a) Fluidic reaction chamber for testing sensors with enzyme solutions. (b) Schematic of the
film-coated sensor and experimental chamber (left). Photograph of Experimental setup (right).
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2.2.4 QCM Sensing Methodology

As a means of measuring activity in real time between the enzymes discussed
above and the gelatin films, | investigated mass sensing using quartz crystal
microbalance (QCM) (Inficon, East Syracuse, NY, USA). Fluid was injected with
syringe pumps at 20 uL/min through tygon tubing (Cole-Parmer) into the QCM
Teflon® 100 puL chamber inlet, then exited through the outlet into a waste beaker.
Sensor response was recorded with each medium until signal saturation, beginning with
air, PBS (negative control), then PBS with enzymes, described in Section 2.2.2. The
chamber was incubated at ~37°C for every experiment to simulate physiological
temperature. QCM substrates were cleaned before deposition and after experimentation
with 3:1 Piranha solution. They were also weighed with a microbalance and profiled as

described in Section 2.2.1.

2.2.5 Image/Data Analysis

Drop-cast deposited and crosslinked over each dye, with one of the two sensors
consistently covered with PVC. This process was done carefully to cover only one of
the sensors on the device as to maintain the presence of a control sensor. The resulting
films possessed thicknesses ranging from 60—-90 um (Veeco). Films were observed and
analyzed using an INM100 Microscope (Leica, Wetzlar, Germany) and an S-3400
Variable Pressure Scanning Electron Microscope (SEM) (Hitachi, Tokyo, Japan).
Impedance data were exported from CHI software as .txt files, and imported, along
with film thickness profiles, into MATLAB (MathWorks, Natick, MA, USA) for
analysis. Nyquist and Bode spectra were observed, and impedance at various

frequencies were plotted over time for each condition.
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2.3 Results and Discussion

2.3.1 Film Structure and Morphology

Microscopic images of resulting IDE sensors, with and without spin-coated
gelatin films before exposure to enzyme solutions, are displayed in Figure 2-4a. The
gelatin films, depicted over the sensors on the left side of the image, were slightly
frayed at the edges after removal of the PVC tape; however, this was not found to
directly affect sensor response as the edges were further than a finger width distance
from the IDEs. Figure 2-4b—d represent the dried sensor after exposure to either PBS
(b), trypsin (c), or a combination of trypsin, lipase, and amylase (d) in PBS. After
surface profiling, it was evident that trypsin alone removes the most gelatin from the
sensor surface, visualized in Figure 2-4c, while each other condition leaves a residue
of film over the test sensor and more non-specific adhesion of other enzymes to the
control surface, such as the mixture-treated sensors depicted in Figure 2-4d. Table 2-1
describes the mean proportion of remaining film thickness after exposure to each
solution condition, calculated using equation (3), where t is the thickness at each

measurement point explained above:

tyre — t
Film Thickness Remaining = <mt—p°“> 3)
pre

A value of 1 indicated zero film loss, and each thickness was achieved after signal

saturation and complete drying of the sample in an ambient environment.
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GELATIN FILM UNCOATED
SENSOR

(b)

(c) » (d)
Figure 2-4 Resulting interdigitated finger electrode (IDE) sensors, with (Left) and without (Right) gelatin
films, (a) pre-exposure to solutions, and post-exposure to (b) buffer; (c) trypsin; or (d) all three enzymes
in buffer. Scale bar = 1 mm.

Table 2-1 Ratio of spin-coated film remaining after various enzyme conditions, analyzed with a contact
profiler (n=2).

Condition Film Thickness Remaining (%)
PBS (Phosphate Buffered Saline) 78.6 £ 0.05
Amylase (1 mg/mL) 24.3 £0.08
Lipase (1 mg/mL) 52.4+£0.30
Trypsin (1 mg/mL) 11.1+0.03
Trypsin (0.5 mg/mL) 21.7£0.10

Scanning electron microscope (SEM) images of the drop-cast films in various
conditions can be viewed in Figure 2-5, where (a-b) are side-view and (c-d) are top-
down. In Figure 2-5a, the dry, cross-linked films resulted in an edge thickness of ~60
um. After exposure to trypsin for several hours, at which the absolute impedance had
saturated, the sensor was rinsed with DIH20 and completely dried. The resulting edge
thickness, depicted in Figure 2-5b, was then measured at ~9 um, reflecting the removal

of film as a result of hydrolysis from trypsin. The ratio of remaining to original film
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thickness was slightly less than 0.15, which is relatively consistent with the ratio of
film remaining with the spin-coated film from Table 2-1 (0.11). Furthermore, the film

is much smoother, and can be observed again from the top view in Figure 2-5c.

Figure 2-5 Representative SEM images of drop-cast, crosslinked gelatin films. Edge views of film (a)
without exposure to enzyme solutions and (b) after exposure to trypsin, and top views of film (c) after
exposure to trypsin and (d) after exposure to all three enzymes in buffer.

After the drop-cast film was exposed to a combination of all three enzymes, the
thickness reduced to only ~0.68 of the original film after the impedance signal had
saturated. This indicates saturation occurred before even half of the film had been
degraded. Further, as depicted in Figure 2-5d, globules form in the film, some of which
can exceed 15 pum in diameter. This is likely due to the entrapment of non-specific
enzymes in the gelatin matrix, potentially responsible for attenuating the trypsin
activity [145]-[147]. Further, the immobilization of the non-specific enzymes in the
gelatin may induce tighter bonds (i.e., aldimine with the amylase) to form, possibly
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explaining the decrease in thickness[148]. However, based on the results in Table 2-1,
there is still less degradation with all three enzymes than what occurs with only amylase
or lipase, suggesting enzymatic cross-interference in the solution prior to interactions
occurring with the gelatin surface. Due to the prevalence of arginine and lysine in the
amino acid compositions of both amylase and lipase, trypsin may be performing
additional proteolysis on the nonspecific enzymes in the solution as a result, hence the

necessity for further experimentation in the future [149], [150].

2.3.2 Impedance Sensing of Trypsin

| characterized the impedance response of gelatin film degradation over IDE
sensors in response to various stimuli in a fabricated impedance testing setup made
from 3D-printed components, PEEK tubing, and a potentiostat, discussed in Section
2.2.3. Impedance spectra were recorded after film stabilization under PBS flow with
the 3D-printed setup in Figure 2-3. The absolute impedance recorded at 10 kHz
(indicated later in this chapter in Figure 2-7b) revealed the highest sensitivity to the
presence of trypsin during flow due to the largest changes that occurred relative to the
initial signal saturation. Figure 2-6 presents impedance spectra comparing the effect of
different concentrations of trypsin, which show that 0.5 mg/mL trypsin reduced the
film AZ rate to 0.114 kQ/min, a significant drop compared to the 2.88 kQ/min rate of
the 1 mg/mL concentration. This indicates that the AZ rate can potentially be used a
sensing parameter. The curve for “Trypsin—No Film” essentially represents the
impedance of PBS over the sensor since trypsin is not significantly polar and thus does
not alter the dielectric properties of the buffer, while “Control—Film” represents the

impedance of the film after equilibrating with the PBS.
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Figure 2-6 Representative impedance responses at 10 kHz of sensors, either uncoated or coated with a
gelatin film, to trypsin at 1 (both film and no film), 0.5 (film only) and 0 mg/mL in phosphate-buffered
saline (Control). “Trypsin—No Film” represents the impedance of PBS over the sensor, and “Control —
Film” represents the impedance of the film after equilibrating with the PBS. The error bars plot the
temporal change in impedance at respective time points (temporal span = 3, n=3).

Interestingly, the impedance of the film alone is expected to be higher than that
of PBS due to the gelatin’s relatively neutral isoelectric point [151]. It is likely,
however, that equilibration with the PBS flow allowed salt ions to accumulate
compared to the non-PBS exposed films (data not shown), thereby increasing the ion
concentration in the gelatin matrix over the sensor via diffusion.

In Figure 2-7, | report a representative sequence of Bode plots at different
exposure times that convey changes in impedance with respect to the equivalent
electrical circuit model of the film, such as the double-layer capacitance and solution

resistance.
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Figure 2-7 Representative Bode and Nyquist plots for progressive exposure of (a-c) uncoated and (b-d)
gelatin-coated sensors to 1 mg/mL trypsin in buffer. Continuous (-) and dotted (--) lines indicate |Z| and
the phase, respectively. (n=3).

Here, | observed over time, both the phase and impedance spectra of the coated
sensor approaching those of the uncoated sensor, indicating a decrease in film (though
it cannot be objectively determined as a decrease in coverage or thickness based on this
data) that reflects trypsin degradation of the film due to increased exposure of the
sensors to the buffer. | also observed in Figure 2-7b that with increasing frequency the
phase approached 90°, further evidence that resistive elements become more negligible
compared to capacitive elements in the circuit. Additionally, there is an increase in the
solution resistance (Rs) in the Nyquist plot, illustrated by the increase in diameter of
the semicircles (Figure 2-7d) as trypsin continues to remove film from the sensor

surface. This is different compared to what is observed in uncoated sensors (Figure
43
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2-7¢), which further supports the likelihood of ion accumulation in the film. Our
observations indicate that each of these circuit elements, i.e. resistance and capacitance,
can be monitored to determine film degradation, which suggested that I could simplify
our electrochemical sensing strategy to measure a specific signal, therefore reducing
signal and power requirements to adapt to a smaller electronics system. This first
requires investigation as to potential non-specific interactions to determine if they
affect either parameter, as well as determine which would be ideal for enhanced

sensitivity to the film reactions.

2.3.3 Impedance Response with Enzyme Mixture

After characterizing the impact of trypsin on the impedance of the film-coated
sensors, | then observed the impact of introducing non-specific enzymes to the
solution. In Figure 2-8, | observed that the addition of both amylase and lipase (1
mg/mL each) to trypsin caused a significant decrease in rate of AZ, measured at 6.77
x 107* kQ/min compared to 2.88 kQ/min for the trypsin only. Further, when amylase
or lipase are alone in buffer without trypsin, | observed a decreasing impedance,
opposite of the result found with buffers including trypsin. The origin of the increase
in impedance during the first hour of the sensors exposed to lipase, as well as within
two hours for the amylase, still require investigation, but only seem temporary as the

long-term impact of the enzymes yields a decrease in impedance.
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Figure 2-8 Representative impedance responses at 10 kHz of sensors, either uncoated or coated with a
gelatin film, to trypsin, amylase, or lipase, each at 1 mg/mL, or combinations of each enzyme with trypsin.
The error bars plot the temporal change in impedance at respective time points (temporal span = 3, n=3).

Upon analyzing the Nyquist plots of non-specific enzyme impact in Figure 2-9,
| observed additional trends, again different to those from trypsin, induced by the
addition of amylase and lipase. These trends include a decrease in the radius of the
semicircular region (representative of the Rs), the latter of which can be represented by
equation (4):

Rs = p @

A
where p is the solution resistivity, | electrode length, A is the electrode area [152]. This
effect on the Rs can be a result of the lack of film degradation, or even increase in film
thickness [153]. The semi-circular region in the film responding to amylase or lipase is
much more defined, indicating a larger double-layer capacitance of the active material
i.e. the film and its constituents. This characteristic of the film is also maintained while

there is buffer alone, suggesting the non-specific enzymes do not significantly affect

the structure of the film in the absence of trypsin (indicated from Figure 2-5d).
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Alternatively, in the case of most nonspecific enzymes, residual glutaraldehyde
remaining in the film may have allowed for accumulation of additional a-amylase or
lipase, likely observed in Section 2.3.1 [145]-[147]. Upon measuring the film after
exposure to all three enzymes, | see the similar trend of increasing impedance as when
trypsin is alone, though at a much slower pace. | again observed the phenomena of
decreasing Rs in the Nyquist plot, similarly to what occurred with the amylase and
lipase alone. The reduction in degradation rate discussed above may be alleviated by
modifying the film to prevent non-specific binding, such as with the use alternative
crosslinkers (microbial transglutaminase has shown to be effective), inhibitors (orlistat
or tendamistat for lipase and amylase, respectively) or with more specific film materials
to trypsin (i.e., poly-I-lysine) [154]-[156]. Overall, however, the experiments
conducted above allowed us to observe the impacts of these enzymes on the impedance
of gelatin films, and it appeared that the presence of trypsin, rather than the non-specific
enzymes, is responsible for inducing increments in impedance over the gelatin-coated

Sensors.
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Figure 2-9 Representative Nyquist plots for gelatin-coated sensors to (a) 1 mg/mL lipase; (b) 1 mg/mL
amylase; and (c) trypsin, amylase, and lipase, each at 1 mg/mL over time. (n=3).
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2.3.4 QCM Results

Figure 2-10 displays the QCM response of gelatin films when exposed to
different solutions; PBS, different trypsin concentrations (0.5 and 1 mg/mL
concentrations), amylase or lipase at 1 mg/mL concentration, or combinations (each at
1 mg/mL) of trypsin, amylase, and lipase. First, the mass response equilibrated under
air for approximately 20 min (not displayed), and further equilibrated under the initial
flow of PBS solution without enzymes for approximately two hours. Figure 2-10a
compares the response to different concentrations of trypsin in buffer. The average
gelatin degradation rates, calculated using the region with the largest slope magnitude,
that occurred for 1 mg/mL and 0.5 mg/mL trypsin concentrations were 0.52 and 0.16
mg/min, respectively, while there was no significant degradation that occurred for
lipase, amylase, or PBS alone, as indicated in Figure 2-10b. For the single enzyme
mixtures in Figure 2-10c, gelatin degradation rates were quantified at a maximum of
0.09 and 0.12 mg/min for mixtures with lipase and amylase, respectively. For all three
enzymes (each 1 mg/mL), the average rate decreased further to 0.04 mg/min. Since not
every film possessed the same initial mass, the total change in mass is presented, with
most of the film having been removed from the substrate by the 1 mg/mL trypsin.
Additionally, values were recorded until the signal saturated, as saturation time varied
depending on the amount of film removed from the substrate for each trypsin
experiment. Though the slope for all three enzymes in Figure 2-10c combined appears
steeper than those for just trypsin and either amylase or lipase individually, the time
scale gives an indication that the rate of film removal from the substrate decreased

significantly as the signal approached saturation. This indicates amylase and lipase
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interfere with the gelatin removal from the substrate, though it is unknown as to

whether they affect trypsin activity or the availability of peptide bonds in the gelatin.
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Figure 2-10 Representative QCM response of gelatin film to (a) trypsin at 1, 0.5 and 0 mg/mL in PBS, (b)

trypsin, amylase, or lipase, each at 1 mg/mL, or (c) combinations of each enzyme with trypsin (each at 1
mg/mL). (n=3).
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This section provided empirical evidence as to the feasibility of using gelatin
films for measuring pancreatic trypsin through electrical impedance spectroscopy. |
measured various electrical properties of the films such as overall impedance, which is
then decomposed using Nyquist analysis and QCM to compare isolated trypsin versus

nonspecific enzyme results.

2.4 Film Reactions to Varying Enzyme Concentrations

Because | observed real-time changes in electrical properties of the gelatin films
in response to pancreatic enzymes and a potential dependence on physical properties
such as thickness, | wanted to further evaluate limitations of how these films react. In
this section, | exposed the films developed in the previous section to a wider
concentration range of pancreatic trypsin and observe potential time-scale
dependencies in the film thickness and mass response.

Gelatin films were deposited via drop-casting of 500 uL of 1 %w/v gelatin in
DIH20 over pre-weighed 10mm x 10mm Pyrex chips, then refrigerated overnight and
crosslinked similar to the process described in Section 2.2.1. The mass and surface
profiles were then obtained for each film-coated chip (FC).

FCs were immersed in glass petri dishes containing solutions, under 200 RPM
stir via magnetic stir bar and 37-39°C, consisting of 0.1 M PBS only or PBS with
varying concentrations of trypsin (1 mg/mL, 100 ug/mL, 10 ug/mL, and 1 ug/mL). FCs
were then removed at 30 minutes, 1 hour, 2 hour, and 4 hour time points. After
removing 3 samples at each time point, FCs were then rinsed with DIH20, blow-dried
with N, then set aside to dry in ambient for 24 hours. FCs were then re-weighed and

re-profiled.
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Figure 2-11 illustrates the trends produced for both % change in mass and
thickness, using equation (3) and its converted form when considering the change in
mass. Initial film masses and thicknesses were calculated at 0.572+0.01 mg and
6.80£0.44 um thick, respectively. The thickness for the drop-cast films are likely lower
than those from Section 2.2.1 due to the volume used and the available surface area and
how they impacted potential spreading effects. | observed distinct changes in the rate
of mass and thickness decrease with increasing trypsin concentration. The time points
chosen only yielded saturation levels for the 100 pg/mL and 1 mg/mL concentrations,
which appear to be evident at 2 hours of incubation, though it is clear the higher

concentration induced faster degradation of the film.
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Figure 2-11 Gelatin film responses to varying trypsin concentrations through analysis of resulting
%change in in (a) mass and (b) thickness, with each sample removed from incubation at different time
points. Error bars depict standard deviation (n=3).
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| then used these trends to calculate the rate of reaction over time with each
concentration, depicted in Figure 2-12 below. The time frames used for 1, 10, 100, and
1000 pg/mL were, for mass, 2, 0.5, 0.5, and 0.5 hours, respectively, and for thickness,
2, 1,0.5,and 0.5, respectively, due to the length of time observed until saturation. Not
only do | observed that the changes in values occur in logarithmic trends, but that they
are almost equivalent to each other for both mass (mg/hr) and thickness (um/hr). This
is critical in relating these metrics to enzyme concentration, which are quantified using

the depicted equations and their respective R? coefficients for variance.
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Figure 2-12 Logarithmic rate of reactions of gelatin films in solutions with varying pancreatic trypsin
concentrations, calculated using the slopes in percent change of film mass and thickness. Error bars depict
standard deviation (n=3).

In this section, | briefly described our efforts to characterize the reaction
response of gelatin films to varying concentrations of pancreatic trypsin. | evaluated
the impact specifically on film mass and thickness, and enable us to use these metrics
as means to evaluate the substrate reaction as a subsequent result from the presence of

environmental trypsin.
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2.5 System Modeling for Capacitive Sensing

2.5.1 Electrical Behavior of Biomaterial Films

Based on the impedance response demonstrated in Figure 2-6, | observed that
the capacitive and resistive elements of the equivalent circuit model of the IDEs both
change significantly as the gelatin film hydrolyzes from the trypsin. While the total
impedance shifted more significantly at lower frequencies (<100 kHz) reflecting more
capacitive effects compared to other frequency range, | also noticed measurable shifts
at higher frequencies for resistive effects (>100 kHz), indicating the potential to adapt
sensing strategies for either signal type. Because impedance sensing possesses more
circuit requirements, adding further challenge to miniaturization of the sensing
electronics, | was interested in focusing on transitioning from impedance sensing
strategy to solely either a capacitive- or resistive-sensing strategy and determining
which would have more sensitivity to changes in film reactions.

Capacitive sensing possesses several benefits over resistive sensing in
understanding how thin films structures over IDEs affect either. When a thin film is
deposited onto an electronic transducer, the double-layer capacitance (Ca), is affected,
which can be expressed as the sum of the constant capacitance from an unmodified
electrode (Cau) and a surface modifier (Cmod), depicted in Figure 2-13 and expressed in
equation (5) [39]. Cmod is an indicator of binding to the electrode surface, dependent on
the relative permittivity (er) and thickness of the film (t), and can be calculated by
equation (6), where go is vacuum permittivity (8.85x10? F/m) and A is the electrode
area [153]. Equation (7), solving for Cay, is similar, only with film thickness replaced

by the distance between fingers (d) [157].
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Figure 2-13 (a) Equivalent circuit model and (b) schematic for thin films over impedance sensors.
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The benefit of measuring capacitance lies specifically in Cmod. To clarify,
resistive sensing of a degrading insulating film would require that the thickness of the
film be reduced at its entirety at one specific location along the surface area for any
charge-transfer to occur. This would also affect the Cq at the location, so the response
time would be equivalent. However, Cmod is affected by changes in the rest of the film
thickness whereas Rs, described in Equation (4), is not, thereby indicating that the
sensor would respond upon initial degradation at a certain change in thickness that
would occur before the reaction has reached the sensor surface. While changes in Rs
were evident through the Nyquist plots from impedance measurements, Equation (6)
indicate measuring the capacitance alone can induce a faster change in signal.
Ultimately, the more the film is degraded, the more Cs and Rs are prominent in their
effect. In Appendix B, a COMSOL simulation of the equivalent circuit model is

presented, which further highlights the feasibility for capacitive sensing.
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2.5.3 Sensor Characterization with Varying Film Thickness

In determining the geometries for the next iteration of sensors used in
measuring film degradation in response to enzymatic activity, | developed an optical
mask, depicted in Figure 6-2 of Appendix A.2, with varying widths and spacings of the
IDE electrodes. This was critical for understanding the impact of different film
thicknesses on the resulting capacitance and how sensor performance could be
optimized with different geometries. Each die on the mask also consisted of four
sensors for both (a) higher throughput sensing of single targets or (b) sensing of
multiple targets with each sensor output acquired through different multiplexer (MUX)
inputs. This will be discussed further in Chapter 3.

Fabrication of the sensors was conducted via drop-casting as described in
Section 2.2.1. This was because | was also interested in seeing how the film profile and
thickness consistency would change when achieved at the individual die level versus
the complete wafer level, as the latter had produced significant variability in the
coverage of the film over the wafer, resulting in differing film thicknesses for devices
at the center compared to those at the outer wafer perimeter. Additionally, | wanted to
establish the expected film thickness when reusing the sensors with newly deposited
films. After dicing, the resulting 4-sensor devices, where dicing tape remained over the
contact pads as a mask, placed on the spin coater, 200 uL gelatin solution (5 %w/v in
DIH,0) was loaded on top with pipette, and the spinner was set to spin for 30 seconds
at varying spin speeds. After spinning, the sensors were cooled overnight in ambient,

crosslinked, and measured with a profilometer similar to those in Section 2.2.1.
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Figure 2-14a depicts the resulting film thicknesses when sensors were spin-
coated with 2 mL gelatin solution at 400, 600, and 800 RPM, as well as comparing
them before and after rinsing with DIH.O and drying. There is an evident decrease in
thickness with increasing spin speeds which follows the typical trends found in spin
coating recipes, though it must be noted that these are all both (a) thicker than total
wafer spinning at 400 RPM (400-700 nm) and (b) thinner than drop-casting alone (60-
90 um), as described in Section 2.2.1. A closer look, however, using the top view sensor
image in Figure 2-14b, indicates that there is still lateral thickness variability in Figure

2-14c, where | observed that the films remain thicker for the two central sensors (b &
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c) but are thinner for the outer sensors (a & d), likely due to surface tension of the liquid
to the wafer. Fortunately, this variability does appear to decrease with increasing spin
speed, as evident primarily with the 800 RPM spun sensors after rinsing, indicating a
possible better drying efficiency.

The sensors were then analyzed for their series capacitance (Cs) and resistance
(Rs) using an LCR meter (Agilent E4980A) controlled with LabVIEW. The values were
calculated using the circuit model depicted in Figure 2-15a. First, depicted in Figure
2-15, | compared how each response changed both in the presence and absence of
gelatin films, the latter of which were those spun at 800 RPM and after rinsing. Here, I
first noticed that Cs and Rs increases and decreases, respectively, with decreasing finger
spacing. This is expected through calculating Cs with equation (7) — using conditions
Cs = Cau When there is no film (Csno film), and Cs = Cai when there is a film (Cs-iim) —
where Cay  d (finger distance) and was calculated using, &,=1.005 for air, and A =
4.4x10°% m? (interfacing area, constant over different dimensions used in this work).
For Rs, however, there is no reported dependence on the film thickness, and the trend |
observed between the "Film” and “No Film” conditions did not aid clarity to the
relationship. However, the measured Csno fim Varied compared to Cay, Which when
taking the ratio of the measured value over the calculated value was referred to as an
offset factor that is likely an effect of parasitic capacitances. Using the resulting Cs-fiim,
| calculate the dielectric constant of the gelatin film (gg4,,;) using equation (8), as A and
&, remain constant:

_ gairCs—film
Eget = ®)

s—nofilm
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This yielded an g4, of 1.23+0.06, which acts as a relatively efficient insulator (likely
considering it had little to no moisture) and | could therefore use — along with their
respective film thicknesses — to measure each respective Cmod, USIiNg equation (6),
verifying there was a dependence of capacitance on the film thickness. | then used these
factors to calculate the Cq using equation (5). These results are summarized in Table

2-2.
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Figure 2-15 (a) Series equivalent circuit mode of LCR meter. (b-c) Electrical (capacitive and resistive,
respectively) analysis of sensors across varying electrode spacings and comparing between the presence
and absence of a film. Error bars depict standard deviation (n=3).
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Table 2-2 Parameters used for capacitance analysis of gelatin films.

Cs - No Film
. . Cau (pF)
Width/Spacing (pF) Offset Factor
(Calculated)
(um) (Measured)
75 0.587 1.653+0.35 2.8
50 0.779 2.073+0.27 2.7
25 1.56 2.8+0.77 1.8
Film Thickness Cs—Film (pF) g4 Cwmop (pF) CoL (pF)
(um) (Measured) (Calculated) (Calculated) (Calculated)
1.27+0.71 1.9940.1 1.205 36.93 1.582
1.15+0.81 2.4510.06 1.182 40.04 1.971
1.04+0.8 3.62+0.1 1.294 48.43 2.650
Mean 1.23+0.06

Further analysis, displayed in Figure 2-16, was done to observe the effect of
sensor spacing on sensitivity to the change in thickness. Regression analysis was
performed with different thicknesses measured, and | found, using the slope from each
linear fit trend, that the capacitance increased with increasing thickness more
significantly when the sensor finger spacing decreased, indicated by the depicted
formulas. | also measured resistance, which was also affected by the film thickness, but
in the opposite direction — i.e. the sensitivity decreased with reduced IDE spacing —
while the resistance overall would decrease as the film thickness increased. However,
regression on these slopes indicated that this change in sensitivity for varying finger
spacing was also greater for capacitance (slope=1.0x103) than resistance
(slope=8.0x10), indicating that the response would be more sensitive by extracting

sensor capacitance.
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Figure 2-16 Regression analysis of different gelatin film thicknesses and their impacts on sensor (a)
capacitance and (b) resistance across 25, 50, and 75 um electrode spacings.
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While these results provide some insight as to the utility of measuring the
electrical properties of these gelatin films, there are various limitations as to the extent
of this utility. For example, because the films were dried hydrogels, the responses will
vary significantly depending on their hydration level and respective conductivity when
high ion or electrolyte concentrations in the surrounding media diffuse into the films;
the former is limited with higher cross-linking, thus preventing it as a major concern,
though a correction from a humidity measurement may also improve accuracy. This
may impact film thickness as well, however sensitivity of these particular sensors was
only tested within a select range of film thicknesses, preventing us from ascertaining
to what extent the sensitivity changes at lower and higher thickness ranges, especially
when thinner than the width of the electrode fingers. Additionally, it would be
beneficial to test these responses when there was additional media, such as buffer,
present above the films, which may affect the resulting double layer capacitance and
solution resistance. Finally, even though I presented in Section 2.4 that the hydrolysis
reaction between trypsin and gelatin affects the thickness — as well as the mass — of the
film, not all reactant-substrate interactions manifest in such surface effects as opposed
to the bulk or at more isolated regions. This will be addressed more in chapter 4.

In this section, | described efforts to relate film thickness to electrical properties
using literature-based mathematical and equivalent circuit models, as well as perform
basic computational modeling to establish relationships between film thickness to
sensor capacitance. | further developed strategies for deposition of gelatin films onto
microfabricated IDE electrodes, where sensor characterization with different electrode

geometries is used to relate the resulting film thicknesses to intrinsic electrical
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properties of the films — i.e. capacitance and resistance. This will be used toward
determining parameter requirements in designing a microelectronics-based measuring

system for film-based biosensing.

2.6 Conclusions

The work in this chapter demonstrated an impedance-based sensing strategy for
measuring film-degradation using gelatin as a substrate for pancreatic trypsin. While
sensor fabrication proved relatively straightforward, the information obtained offered
broad insight to enzymatic interactions that occur between the film and various species
in the media. | observed a linear relation for the rate of change in impedance over time
by measuring the degradation rate of gelatin films by trypsin, and that nonspecific
enzymes diminish this effect. The changes in impedance, as well as other electrical
properties as determined in Section 2.5, resulting from changes in film morphology and
thickness, are likely to translate to similar film and enzyme-targeting combinations.

Decomposing the impedance properties into its fundamental components
provides various implications for system design and development into a capsule-based
microsystem. In isolating capacitive and resistive elements of the film response to
biochemical reactions, | evaluated their respective efficacies to determine optimal
choices in the target system metric for assessing the local presence of enzymes.
Minimizing system elements to the necessary components is critical when developing
a microelectronics system, aiding in subsequent reduction in form factor to scales
relevant for different domains, such as the human body. Potential strategies — i.e. a

capacitive sensing microelectronic system — that could be implemented when
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measuring biomaterial film reactions to biomolecular targets in complex environments

such as pancreatic secretions in vivo will be discussed further in the following chapters.
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3. Chapter 3: Packaging and System Miniaturization for
Gastrointestinal Navigation

3.1 Capsules and Gastrointestinal Sampling

As discussed in Section 2.1, various techniques are used for measuring Gl
enzyme content. However, they generally require multiple steps such as sample
preparation and multiple rinsing cycles, preventing them from use for in situ sensing
[158]-[161]. More importantly, samples must first be extracted using other tools and
processed externally. Duodenal contents, for example, are traditionally extracted via
endoscopic aspiration then analyzed through assay Kits, while various sensing protocols
for more specific analytes require separation techniques such as centrifugation or
filtration [1], [47], [162]. For more direct sampling of Gl fluidic contents, protocols
vary between merely collecting stool contents to endoscopic aspiration, depending on
the target [163], [164].

To transition to in situ biosensing for the benefit of real time data acquisition
and procedural simplification as described in Chapter 1, strategies must be
implemented that can either (1) reduce the number of steps involved or (2) incorporate
them into the sensing system for rapid detection upon sampling. Toward this end,
capsule-based integrated devices have recently been gaining traction as vehicles for
sampling through the gastrointestinal (Gl) tract that have the potential to achieve these
tasks and overcome various limitations in current medical techniques, such as location
restrictions or insufficient sensitivity measures [165], [166]. To become a viable
medical solution for its respective function, capsules in the form of autonomous

diagnostic systems must be able to navigate and function within the GI tract’s
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physiological environment, which is often chaotic and inhibitive to systems requiring
control over the features affecting the sensing interface, which includes but is not
limited to fouling or non-specific interactions [99], [100], [103], [167]-[170]. With the
wide range of potential applications, capsules are becoming more ubiquitous in
academic settings, and a few are experiencing success in industry aiding practitioners
in the clinical field [171]-[173]. As mentioned previously, one of the most successful
commercially available examples of capsule-based integrated devices is the capsule
endoscope, such as the PillCam (Medtronic). It was initially introduced as a solution to
extend the limited range of endoscopic procedures in the Gl tract such as a colonoscopy
or esophagogastroduodenoscopy [10], [174], [175]. The primary benefit of this
technology over traditional endoscopy, other than that it does not require anesthesia or
as much involvement from the clinician, is its enhanced ability to access difficult-to-
reach Gl regions. Overall, these detection technologies aim to understand the state of
the GI environment for identifying pathological conditions or obtaining previously
inaccessible information in a noninvasive approach.

Gl fluids are used in diagnostics for isolating biomarkers related to specific Gl
pathologies, and targeting specific regions for sampling is critical for associating the
biomarker with its source. Additional examples that have yet to mature to clinical
implementation require specific sensors that often include complex surface
modifications for binding or reacting with a target species, based on the biomarker of
interest. One such device measures gas concentrations in the gut, which optical images
cannot easily distinguish [100]. Though electrochemical gas sensors have been around

since the 19th century, the novelty lies primarily with the integration of this sensor into
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an ingestible system, thereby offering clinical potential that did not previously exist
[101]. Another device uses fluorescence imaging to determine the occurrence of Gl
bleeding [99]. This device serves as another alternative to traditional endoscope
procedures for real-time monitoring, with more specificity than using capsule
endoscopy as discussed above. Additional examples warrant further discussion over
the impact of capsule-based biomedical devices, and a prevalent theme is the
integration of low-power electronics and relevant sensors within a compact ingestible
package [11], [103], [168]-[170], [172].

The most important feature of capsule-based technologies is their departure
from benchtop analytical systems toward miniaturization into an in vivo sensing
platform. For example, while traditional endoscopy possesses more functions than
capsule endoscopy, the latter isolates the task of image capture and transmission and
delegates the required subtasks to various modules and components within the capsule

package. The basic modules involved are depicted in Figure 3-1 below [176].

[ 1 !l 3 1 —-:'---n- 4 —— 5 7

Figure 3-1 Modules contained within endoscopy capsule: (1) Optical Dome, (2) LED, (3) Short-focus lens,
(4) CMOS image sensor, (5) RF model, (6) MCU, and (7) Power model [176].

The basic components required for most in vivo real-time sensing with wireless

signal transmission include: a sensor, microcontroller, signal transceiver, power
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supply, and a capsule-like package that can be swallowed [177]. However, for
achieving alternative tasks, such as sensing, at the required size scale, energy remains
a significant limiting factor that demands controlled allocation of power to as few
system modules as possible for minimal time durations. Furthermore, complex tracking
systems are often required to monitor whether or not the sensor measurements are
occurring in the appropriate region [178]-[181]. These systems can include
cumbersome equipment that the patient must wear in the form of a belt-like sensor
array unit, and rely on magnetic or RF-based localization technologies that possess
significant power requirements [182], [183]. While knowing the location of the capsule
is necessary for certain functions where targeting requires more precision, such as
monitoring transit time at specific regions or isolating positions of tumors or bleeding,
the technologies described above still retain several other fundamental limitations. For
one system referred to as the MTS-1 (magnetic tracking system), intestinal and
abdominal movement can affect measurement accuracy, requiring simultaneous usage
of computer tomography, and therefore additional costly equipment, to obtain
anatomical data [178].

Though there are clear benefits to these anatomical tracking systems, they are
not always necessary for the application of interest. Other than capsule endoscopes,
they are rarely implemented in capsules designated for measuring specific biomarkers.
Because these biomarkers are generally secreted at specific locations in the GI tract,
we can leverage various features of these regions toward ensuring that the system can
target them. One such feature that varies consistently throughout the Gl tract is the pH,

as illustrated in Figure 3-2 [184], [185]. The pH balance is critical to healthy Gl
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function, as imbalances can be indicative of or lead to harmful conditions such as
inflammatory bowel disease (IBD) or irritable bowel syndrome (IBS), among others
[186]-[189]. The pH is also necessary for regulating enzyme and other digestive
functions, as most enzymes, such as those relevant to this work in Table 3-1, possess
optimal pH ranges [190], [191]. Using materials that respond directly to pH can aid as
a passive means of not only targeting the appropriate region and its respective fluid,
but ensuring the fluid has a pH within the range for optimal enzyme activity, such as

those discussed previously in this thesis.

Qesophagus
pH ~7.0

Stomach

pH 2 pH 1-2.5 (up to 5 when fed)

Proximal small intestine

H5 i
P Ascending colon pH 615-7.35

pH 5.26-6.72

Descending colon
pH 5.20-7.02

pH7

Distal small intenstine
pH 6.80-7.88

Figure 3-2 Human GI tract morphology with respective pH ranges. Reproduced with permission from
[184].

Table 3-1 Various GI enzymes and their pH for optimal activity [16].

Enzyme pH Optimum
Gastric Lipase 4.0-5.0
Pepsin 1.5-1.6
Pancreatic Lipase 8.0
Trypsin 7.8-8.7
Pancreatic Amylase 6.7-7.0
Urease 7.0
Maltase 6.1-6.8
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In this chapter, | elaborate on our development of a wireless electronics system
and its encapsulation in a capsule package for monitoring the ability to sample fluid at
various targeted GI regions. The electronics interface with similar sensors as those
developed in chapter 2, but that (a) require low power and (b) use surrounding pH to
approximate location. A 3-D printed custom package encapsulates capacitive sensors,
which are multiplexed and interfaced via a capacitive-voltage converter (CVC) with a
Bluetooth system-in-package (SiP) that can pair with a mobile device via Bluetooth
Low Energy (BLE). The capsule design possesses gratings that are plugged with
different polymers, which dissolve under various biochemical conditions to allow for
selective fluid entry into a sensing chamber. Once the environmental condition (pH in
this study) is met, the dissolution of the polymer in the grating is detected by the
capacitive sensors due to fluid entry changing the dielectric property of the chamber.

The polymers tested were chosen to demonstrate potential for sampling in a
variety of regions in the Gl tract based on pH, with an emphasis on sampling pancreatic
secretions as depicted in Figure 3-3. The transition in pH at the duodenum from acidic
to neutral conditions due to reactions of gastric juices with pancreatic bicarbonate,
which occurs over a time period of ~30-60 minutes, offers a distinct event and time
frame that is used in our design to target and sample pancreatic secretions. The gratings
are filled with various formulations of pH-sensitive copolymers composed of acrylic
and methacrylic acid that are currently used in the pharmaceutical industry for drug
delivery to specific Gl regions [192]-[194]. Different coating thicknesses are tested to

evaluate control over dissolution at varying time scales, as well as combinations, or

69



layers, of coatings for more complex sequences. Here, | discuss the design of the system
packaging, electronics, and their miniaturization.

Dr. Luke Beardslee contributed to the circuit and PCB design for the electronics
system, as well as some of the initial capsule concepts. Justin Stine contributed to
electronics design, programming, and troubleshooting. Rajendra Mayavan Sathyam
contributed to microcontroller programming and development of the android

application for signal acquisition. This work was published in contribution to [195].

pH-soluble | Esophagus
coated capsule

Coating dissolves
with specific pH

Figure 3-3 Depiction of system outlook and application (Image credits: National Cancer Institute).
Polymer coatings are intended to dissolve at either the stomach (pH 1.5-3) or the duodenum (pH 7-8.5).
At the duodenum, gastric acid-neutralizing bicarbonate is secreted from the pancreas via the sphincter
of Oddi.

3.2 System Description

3.2.1 Sensors and External System Electronics

Electrodes consisting of four sensors with a footprint of 3 cm x 1 cm (Appendix

A.2) were obtained through a standard “lift-off” process as described in Section 2.2.1.
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The resulting interdigitated electrodes (IDEs), a total of 72 pairs, were 50 um wide with
50 um spacing and 2 mm long. IDE devices were then diced using a standard dicing
saw (Microautomation, Centreville, VA).

The electronics, including various off-the-shelf integrated circuits (IC), used to
operate the capsule are summarized in Figure 3-4. In our configuration, four identical
capacitive transducers are connected with a multiplexer as inputs (MUX IC, DG4052,
Analog Microelectronics, Mainz, Germany), each of which is measured using a CVC
IC (CAV444, Analog Microelectronics). The voltage output is connected to the analog-
to-digital converter (ADC), a part of the microcontroller unit (MCU, BGM121, Silicon
Labs, Austin, TX), which transmits the signal either serially to a computer via UART
or wirelessly to a mobile device via BLE, respectively. General-purpose input/output
(GPIO) pins from the MCU control the MUX to determine which sensor connects to
the CVC. BLE is used as the wireless signal transmission technology because of the
ease of interfacing with a smartphone, the availability of components that fit the needed
form factor, and the availability of low-power components with a sleep mode. The
rechargeable 14 mAh at 3.7 V lithium polymer battery (Powerstream, Orem, UT) was
the optimal choice for the design; it satisfies the constraint of a small form factor and
is able to source enough power for wireless transmission. Figure 3-5 presents the
calibration of the ADC output potential using capacitors with known values. In
addition, this figure displays data from the sensors being inserted into and removed
from buffer via UART and BLE, respectively, where the slight elevation in signal after

removal is due to residue buffer remaining on the sensor surface.
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Figure 3-4 System electronics overview. Circuit design includes a multiplexer (MUX) integrated circuit
(IC), a capacitance-voltage-converter (CVC) IC, a 1.5 MHz step-up DC-DC converter, and a BLE system-
in-package (SiP) micro-controller unit (MCU).
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Figure 3-5 (a) Circuit calibration with known capacitors across four multiplexed inputs. The resulting
system senses capacitive changes in the 0.8-220 pF dynamic range with a sensitivity of 3.2x10-* pF/mV
and operated using a 3.3 V source. (b) Data comparison between Bluetooth versus serial (UART)
communication in different experiments, where the capsule (open gratings) was measured in air, inserted
into buffer, then removed. Error bars depict standard deviation (n=4).

3.2.2 Capsule Package Design and Materials

Each capsule is designed in SolidWorks (Dassault Systemes, Vélizy-
Villacoublay, France) and 3-D printed from a biocompatible acrylic resin (MED610)
using an Objet30 Pro (Stratasys, Rehovot, Israel) to assess the feasibility and utility of
the capsule packaging and embedded gratings for sampling, as well as achieve the
desired form factor according to previously determined standards for capsule

endoscopy [10], [174]. The capsule designs and prints in Figure 3-6 are used for
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experiments using an external circuit layout, where only the sensors are inserted into
the capsule and the electronics remain external on a soldered protoboard (Adafruit,
New York, NY). Gratings consisting of a 3x3 array of 0.4 mm x 0.4 mm holes, which
function primarily as chamber inlets, were positioned over sensor regions for fluid
accessibility into a hollow space, or sensing chamber. A slot with 600 pm thickness
and 1.1 cm width was created to allow for sensor insertion while sensor contact pads
remained on the outside of the capsule. The sensor and slot interface was epoxied for
sealing, then the capsule was immersed for 1 second in highly viscous 14% Eudragit S
100 (Evonik, Essen, Germany), a methacrylic acid—methyl methacrylate copolymer
with 0.3% sodium laurylsulfate in methanol for dip-coating individual layers over up
to 5 successive cycles. No bubbles appeared, indicating the polymer solution was not
displacing air in the sensing chamber and therefore did not cause the capsule to fill and
contact the sensors. Cross-sectioned images were taken of the grating regions, two of
which (0 and 1 coating) are depicted in Figure 3-7a-b, and analyzed for thickness over

grating and non-grating regions in Figure 3-7c.

(@)

Figure 3-6 (a) CAD model of the capsule used with external circuit. (b) 3-D printed version with zoomed
up view of gratings. Scale bar =1 mm.
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Figure 3-7 Cross-sectional optical images of the sampling gratings (a) uncoated and (b) with 1 coating of
polymer, where yellow arrows indicate the grating locations and yellow boxes indicate the inlets. (c)
Characterization of polymer coating thickness vs. number of dipping steps from both non-grating and
grating regions over the 3-D-printed capsule surface. Error bars depict standard deviation (n=3). Scale
bar =1 mm.

3.2.3 System Miniaturization and Assembly

The circuit was embedded into a four-layer printed circuit board (PCB, 25 mm
x 10 mm x 2 mm) made of FR4 with a silver finish (Sunstone, Mulino, OR). The
PCB, assembled by Screaming Circuits (Canby, OR), is depicted in Figure 3-8a,
indicating the pins used to connect to the battery, the contact pads for connecting to
the sensors, and the pins for programming the MCU. The schematic of the assembled
capsule setup is depicted in Figure 3-8b. New sensors (Appendix A.3), with a smaller
footprint to fit between the PCB contact pads while maintaining the same capacitance

range, depicted in Figure 3-8c, were fabricated as described previously. The new
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sensor IDEs were 10 um wide and 1.5 mm length, while the new finger spacing of 10
um increased the sensitivity from 3.6 (for the 50 um spacing sensors) to 7.3 pF/mV.
These sensors were designed to be utilized with the biomaterial films that were
described in Section 2.4. Most experiments were performed with the PCB connected
to a power supply through wires, as the battery performance had not been optimized
at this point for experiments requiring long durations. The PCB and wires were
encapsulated in a conformal coating, consisting of acrylic copolymer (CAIG
Laboratories, Inc., Poway, CA) for circuit and electrical insulation, and inserted into a
modified 3-D printed capsule which directly interfaced the chamber inlets with the
sensors. A photograph of the assembled capsule is depicted in Figure 3-8d, while the
system specifications are listed in

Table 3-2.
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Figure 3-8 (a) PCB rendering with sensor die fixated between designated pads using epoxy. Contact was
made by curing conductive silver ink. (b) Schematic of the assembled capsule setup. (c) Calibration of
BLE MCU at the PCB level using standard known capacitors. (d) Photograph of assembled capsule. Scale

bar = 5 mm unless otherwise specified.

Table 3-2 System Specifications

3D-Printed Shell

Outer Diameter 12.7mm

Inner Diameter 11.5 mm

Length 35 mm

Inlet area 4 mm?

Sensors

Finger Width 5um

Finger Spacing 5um

Finger Length 750 um

Number of Fingers 80

Finger Thickness 200/20 Au/Crnm

Electronics

PCB Length

PCB Width

Sensor Capacitance Range
Sensor Capacitance Sensitivity
Operating Voltage

Current Consumption

Battery (Powerstream)
Wireless Communication

3.2.4 Experimental Procedures for pH Sequences

25.8 mm

10.4 mm

0.8-220 pF

7.3 pF/imV

Operating Voltage

Active: 5 mA

Deep Sleep: 2.5 pA
Li-Polymer/14 mAh/3.3 V
BLE 2.4 GHz

For the circuit layout external to the capsule, the sensor contact pads were

connected to the circuit while sandwiched between PCBs with soldered spring-loaded
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pins. The capacitance was then transmitted serially from the BGM121 wireless starter
kit (WSTK) via UART. All capsules were inserted into heated solutions (37°C) under
stirring conditions (250 RPM). A measurement sequence was defined to evaluate
polymer coating degradation at various pH states, according to a known pH dissolution
profile. Beginning with measurements in air for 5 min, the capsule was then inserted
into a solution with a negative control pH, the level of which depended on the polymer
plug used. The pH was then adjusted progressively to the positive control pH that was
expected to cause dissolution. Solutions beginning with acidic pH consisted of 0.1 M
acetic acid (pH 2.9), while solutions beginning with neutral pH were 0.1 M phosphate
buffer (pH 7.6). These pH levels were chosen to reflect the pH range of the target
regions of the Gl tract, specifically the stomach and small intestine for acidic and
neutral secretions, respectively [196], [197]. Progressive pH adjustments were
performed every 30 min for acid- and neutral-solutions via droplets of 1 M phosphoric
acid and 1 M sodium hydroxide, respectively, measured using a standard pH meter
(Oyster-10, Extech Industries, Nashua, NH). The coating procedure discussed in
Section 3.2.2 was repeated, three coatings each, for Eudragit formulations L 100 and E
PO, intended to dissolve at > pH 6 and < pH 5, respectively. The pH progression for
their respective experiments were 2.9 to 7.6 and 7.6 to 2.9 in discrete increments of
~1.0 to control for the sensor responses while beginning in non-soluble pH conditions
designed to inhibit dissolution. The procedure was repeated with 3 coatings of L 100,
followed by 3 coatings of E PO (depicted in the coating rendering in Figure 3-10d),

and tested with a pH sequence of 7.6 to 2.9 to 7.6. Once the positive control pH was
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reached, the capsule was removed from solution for 10 min and signal transmission
was terminated.

The miniaturized system of the capsule with inserted PCB was coated with three
coatings of E PO solution, then immersed into both pH 7.6 and pH 2.9 solutions while
recording capacitance over time. The recorded capacitance was obtained via BLE by
pairing with an Android phone, initiated via a modified application from the
manufacturer (Silicon Labs). The data was stored onto the mobile device as a text file
and analyzed using a desktop PC. Photographs were taken at the 0, 30-minute, and 1
hour time points during immersion to record progress in coating dissolution. All
polymer solutions were 30%w/v in methanol and dyed for enhanced visualization.

All data was plotted using a custom MATLAB (MathWorks) graphical user
interface (GUI). For the WSTK obtained data, the signals were recorded into a text file
using RealTerm. For the PCB layout, the recorded capacitance was obtained via BLE

by pairing with an Android phone, as described previously.

3.3 Experimental Results

3.3.1 Sensor Responses

The sensor responses, both in voltage at the ADC and the corresponding
capacitance, for capsules with varying numbers of coatings are depicted in Figure 3-9.
For O coatings, the point at which the capsule was inserted into buffer is indicated by
the sharp increase in capacitance at around 5 minutes due to immediate entry of buffer,
causing an instant change in the medium dielectric constant at the sensor surface. The

data for 1 coating was omitted due to the lack of sealing of the gratings, producing a
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similar result as that of the 0-coating sequence. With an increase in the number of
coating layers, the rate of the capacitance change is reduced significantly, recorded at
approximately 16.0, 5.6, and 1.1 pF/min for 0, 2, and 3 coatings, respectively. The
system with 4 coatings did not open within the 140-minute duration, though some drift
in capacitance due to a potential increase in humidity was seen. As expected, additional
dip coatings corresponded to an increase in the fluid entry time, allowing us to tailor
the packaging to different time scales based on coating thickness from corresponding

measurements in Figure 3-7c.
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Figure 3-9 Sensor responses (inserted into buffer at 5 min) of capsules with different numbers of S 100
coatings (0, 2, 3, and 4, respectively) with increasing pH using titers of 1 M NaOH. Error bars depict
standard deviation (n=4). Chamber filling is characterized by a capacitance change of ~50 pF from the
initial capacitance in air. For each formulation, it was determined that 3 coatings were optimal for the
w/v% used.

3.3.2 Coating Variety and Combinations
After varying the coating thickness, | tested polymer formulations that would
dissolve at different pH ranges. Real-time capacitance measurements for the pH

sequences of the L 100 and E PO coated capsules (3 dip-coatings each) are depicted in
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Figure 3-10a-b, respectively, with the latter pH in which the coatings were intended to
dissolve enough to achieve sampling; the distinct drop in pH toward the end of each
sequence denotes when the capsule was removed from the sample. The resulting
capacitance indicated that sampling occurred in the appropriate ranges (neutral for L
100 and acidic for E PO), implying both the viability of these materials as coatings and
their potential for targeting different GI regions. To allow for sampling in a more
complex sequence such as that expected between the mouth and the small intestine
(neutral — acidic — neutral pH, respectively), | layered 3 coatings each of L 100 and E
PO sequentially over the capsule surface, depicted in Figure 3-10c. The resulting
measurements with the sequence used, consisting of pH 7 to 3 to 7, are displayed in
Figure 3-10d, where the increase in capacitance to saturation occurs at the return to
neutral pH. This indicates that the E PO coating was able to protect the L 100 coating
while transitioning to pH 3, while the L 100 coating ensured the gratings were sealed
until the system returned to neutral pH.

It is important to note that the slope between the baseline capacitance and the
saturated capacitance varied with polymer type. This difference in timing was most
likely affected by variations in each polymer’s dissolution rate. Alternatively, it is
possible that it was also affected by their respective apparent viscosity at the solution
concentration used (L 100: 60-120 mPa-s, S 100: 50-200 mPa-s, E PO: 3-6 mPa-s,
according to the manufacturer), which varies the amount of plug infill during the initial
coating and polymer remaining in subsequent steps. This would also impact the rate of

solvent dissipation, specifically the methanol to air, for each coating. No observable
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differences in coating appearance were seen during the coating process with each

interval between coatings.
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Figure 3-10 Sensor responses inserted into capsules with different types of coatings (3 dip-coatings each)
compared to uncoated controls: (a) L 100, (b) E PO, and (c) combined coatings, where E PO is outer-most
and L 100 is be-tween the 3-D-printed capsule and the E PO layers. Error bars depict standard deviation
(n=4). (d) Capsule rendering for displaying coating conditions for each sequence.
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3.3.3 Assembled Capsule Coating and Sensor Responses

Assembled capsules were tested to ensure functionality of the fully integrated
system. The insulated PCB with the sensor connected was inserted into neutral buffer,
before insertion into the capsule, resulting in a spike and saturation in capacitance
similar to the previous immersion experiments (data not shown). The current was
monitored throughout to ensure the insulation of the board components was leak proof.
The system was then inserted into the capsule and retested, producing the real-time
capacitance readout (data not shown). The capacitance measurements produced from
the polymer coated capsule in both neutral and acidic buffer are depicted in Figure
3-11. Here, | observed that the sensors continued to measure the same capacitance from
beginning to end for the neutral buffer, indicating that there was a lack of buffer inflow
because the plug remained intact. Conversely, for the acidic buffer, a spike in
capacitance is measured at about 23-27 minutes for each capsule, about 18-22 minutes
after insertion into the solution. Interestingly, I observed that the change in capacitance
is only ~20 pF compared to the 50 pF shift for the external electronics, which | found
was due to the presence of additional parasitic capacitances introduced during the
assembly process. However, there remains a distinct signal increase in the acidic pH
compared to the neutral pH upon dissolution of the polymer coating.

For additional qualitative validation, the photographs in Figure 3-12 depict
little to no change in the capsule coating throughout the neutral buffer sequence,
whereas the coating is mostly dissolved — both in the gratings the non-grating regions
of the capsule surface — as the experiment with the acidic buffer progressed. This result

is consistent with the recorded capacitance measurements, indicating a specific time
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point at which the buffer contacted the sensor. Based on the results in Section 3.3.1 and
3.3.2, I could tailor this fluid intake for different timing windows by varying coating

thicknesses, as well as coating materials.

80 T T T T T
—t-pH3
ol —t-eH7 |
™ I Sharp AC from | .
= L sampling S~
s enl 0 T
¢ 60 _ e
- Insert into buffer I Minimal AC, capsule |
= 1 i
S 59 L _remains sealed i p
Q.
3]
(3
40
30 I I L L . .
0 5 10 15 20 25
Time (min)

Figure 3-11 Real-time representative trials of capacitance measurements obtained via BLE from the 3x
coated capsule immersed in control (neutral, pH 7) (red) and specific target (blue) pH (acidic, pH 3). The

rapid increase in capacitance represents buffer inflow and contact with the sensors, due to coating
dissolution. (n=2).
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Figure 3-12 Progression of polymer coating throughout (a) control and (b) pH-based dissolution tests.

Beginning, 30 minutes, and 1 hour immersion periods are from the left, middle, and right, respectively.
Scale bar =3 mm.
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In this section, | described efforts to characterize the capsule coatings toward
targeted fluid sampling in pH-specific regions. This was performed using our
microelectronics system in a capsule platform, and was directed toward understanding
the time scales achievable with different coatings thicknesses as well as different
coating varieties through different pH sequences, i.e. from acidic to neutral, neutral to
acidic, or a combination of neutral-acidic-neutral. This will be used toward sensing
more specific molecules of interest, such as those present in the duodenum, while at

target regions as described in chapter 4.

3.4 Mechanical Testing

An additional feature considered for evaluating packaging efficacy was
determining failure points for mechanical fracture. While the forces present during
human peristalsis are relatively low, it is still important to perform some basic tests on
the capsule to ensure it can withstand them [117], [118]. These forces vary significantly
in the literature regardless of the GI region, ranging from 0.2 N in the duodenum to a
high of 20.5 N during gastric emptying [198]-[200]. However, these forces can vary
depending on the structure of the probe, and one work presents these forces through
the scope of a magnetic pill, reporting significantly lower values than with this type of
probe [201]. While the tensile strength of the material | used — i.e. the MED610, 50-60
MPa — suggests it can withstand these forces, the structural integrity can vary based on
features such as the layer thickness and number of layers used. Further, the capsule’s
structure is inherently non-symmetrical, with the longitudinal length at 30 mm and axial
length at 11 mm, thereby altering the contact surface area with the tissue and therefore

the force distribution throughout the capsule body.
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To produce a basic evaluation of the force required to fracture the assembled
capsule, a load frame was set up to apply force by compressing the capsule on either
side from multiple axes. For each test, the 3D printed capsule bottom and top
components were bonded together along the perimeter using epoxy (Devcon, Danvers,
MA), then allowed to set over 24-hour periods to ensure complete curing. A diagram

of the axes tested can be seen in Figure 3-13a below.
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Figure 3-13 (a) Diagram illustrating the regions along each axis where pressure was applied along the
load frame. The colors are used for reference in (b) the applied force profiles for each setting. The failure
point for each is indicated with each black circle. (c-d) Representative photographs of the capsule package
upon reaching failure more for “vertical” and “on side” setups, respectively. (n=1 for each condition).

Figure 3-13b depicts each force profile generated with an Imada model MX 500

load frame with a Z2H-440 2 kN load cell that has a load resolution of 0.1 kg
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(Northbrook, IL), performing flexural tests with assistance from Mr. Nelson Quispe.
As indicated with each circle, the failure points for each condition corresponding to the
applied points in (a) were ~1189, 1681, 1040, and 301 N for the “regular”, “vertical”,
“on side”, and “upside down” positions, respectively, each of which far exceed the
ranges anticipated during peristalsis. Figure 3-13c-d shows representative photographs
of the failure modes for some of the setups, in which I observed failure points along
the edges where the capsule surface had been epoxied. This was critical to understand
asymmetries in the capsule assembly, which can ideally be improved through more
robust and precise alignment procedures.

In this section, | determined potential failure modes for the capsule structure
when stress is applied from different axes. While the failure force for each
configuration exceeds expected values from peristalsis by, at the very least, one order
of magnitude, the package rigidity could potentially be modified through more
consistent applications of epoxy or other industrial sealants along the edges, and may
even increase with the addition of the polymer coatings investigated earlier in this
chapter.

3.5 Conclusions

In this chapter, | presented our investigation and characterization of packaging
materials using a wireless microsystem capable of targeted fluid sampling based on
pH-selective dissolution of polymer coatings. Due to the interface with the phone app
and usage of off-the-shelf components for the circuit, this system enables a user-
friendly and cost-effective means of real-time data acquisition for Gl fluid sampling

dependent on targeted physiological characteristics. While further testing is critical to
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understand the in vivo efficacy of the wireless electronics and signal acquisition, the
system enables facile real-time evaluation of applied stimuli, which in this work
consisted of dynamic pH profiles and their impact on various pH-targeting coatings.

Various limitations were noted during optimization and analysis. The
conditions applied to test the coatings consisted of transient pH-sequences, whereas it
is critical to test the response of each set of coatings, likely for those with thicknesses
produced from 3-4 dip-coatings, over time at each distinct pH (3-7) to determine their
respective abilities to maintain structural integrity. From a mechanical perspective,
future capsule structures will likely be tailored by using fluid flow mechanical
simulations to design enhanced inlet geometries that would enable more rapid sampling
upon coating dissolution. The plug infill process could be improved to become more
precise, accounting for viscosity of the polymer solution to improve uniformity across
multiple coatings while continuing to maintain an effective seal. Furthermore, the
slopes used to determine sampling rate may be affected by the presence of air bubbles
in the sensing chamber, delaying the ability of the buffer solution to contact the sensor
surface and thus reducing the accuracy of our assumed sampling rate.

Our future work consists of using additional coating and plug materials that
would react with more specific analytes present in Gl fluids, such as peptide- or
polysaccharide-based coatings which dissolve in response to digestive enzymes from
pancreatic secretions. This platform will be adapted to have multiple sampling and
sensing chambers, individually coated with a variety of biomarker-specific materials
toward multiplexed and specific biomolecular identification and therefore enhanced

utility and customization for diagnosing different Gl pathologies.
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4. Chapter 4: Biochemical Capacitive Sensing with
Triglyceride Films and Module Integration into Capsule
System

4.1 Capsule-Based System Integration

In revisiting Table 1.1 and Table 3-1, various enzymes that play important roles
to Gl health are only present in specific regions, which can be targeted based on
environmental pH. Devices designed to sense the enzyme in its target environment
must therefore consider how best to isolate its signals relative to other potential stimuli.
These stimuli can be primarily biochemical, such as the presence of other enzymes,
ions, or different types of biomolecules, or physical, such as those from peristalsis or
general body movement.

The capsule systems discussed previously utilize a variety of technologies for
isolating their target signals to achieve specificity. The gas-sensing capsule, for
example, utilizes gas-permeable membranes of graphene nanocomposites that are
hydrophobic, aiding in phase separation of gas from liquid [12], [13], [100], [202]. The
rest of the capsule package, i.e. everywhere without the membrane, is made of a
polyethylene shell that remains inert and protects the internal system from the Gl
environment. Meanwhile, one of the blood-detecting capsules is inherently specific due
to genetically engineered E. coli that become luminescent in the presence of
extracellular heme [102]. These devices as well as capsule endoscopes, however, do
not have the challenge of performing functions at specific Gl regions, as they are
intended to function throughout the entirety of the GI tract. This often yields higher
power requirements, which can lead to battery exhaustion if the operation time exceeds

its limits, such as during capsule retention, therefore preventing procedural completion
89



[16]. When targeting markers that are only accessible in specific regions, the capsule
does not need to function in irrelevant regions. Therefore, ensuring the device is only
operating when certain environmental conditions are met, i.e. reducing the operation
interval, can aid simultaneously in minimizing power consumption and nonspecific
interference.

Chapter 3 of this dissertation highlighted the portion of this work involves
adapting a capacitive sensing system to know when the pH of the local fluid reached a
certain level within the context of a capsule-package. Because the focus application of
this dissertation is detecting pancreatic enzymes in the Gl tract, system operation is
confined to targeting pancreatic secretions after passing through the stomach, which
possesses a pH of 1-2.5 and rises in the duodenum and small intestine to neutral levels
according to Figure 3-2. In this chapter, | discuss our efforts to adapt our system to
specifically sample secretions mimicking duodenal contents and subsequently measure
pancreatic lipase and the impact of additional biomolecules that would be present. The
system is low-cost, biocompatible, and easily interfaces with a mobile phone for
wirelessly collecting data via BLE. The system offers promise for further development
of ingestible diagnostic systems that would benefit from novel integration and

packaging strategies for measuring biomarkers in Gl secretions.

4.2 Pancreatic Lipase Sensing Strategies

Pancreatic lipase (PL), as discussed throughout this work, is an essential
hydrolytic enzyme for digestion and absorption of consumed triglycerides. Though
other digestive lipases, such as gastric lipase (GL), also provide this capability, PL has

a much higher specific activity — 10,000 uM of free fatty acids (FFAs) compared to
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1000 uM for PL and GL, respectively — thereby contributing more potency and nutrient
release [16]. Table 1-1 describes the various pathologies in which it becomes
compromised, such as pancreatitis (both acute and chronic), adenocarcinoma, and
general pancreatic insufficiency (umbrella label for reduction in pancreatic digestive
enzyme activity), but may also occur in those suffering from cystic fibrosis or celiac
disease [1], [2], [65], [82], [203]-{205].

Traditional means of PL evaluation are achieved most commonly using blood
samples, though they can occasionally be tested in stool samples as well [206], [207].
Alternatively, PL can be measured directly from pancreatic secretions, collected
through methods such as direct pancreas function testing (PFT) or endoscopic PFT.
The prior utilizes an oroduodenal tube for access, then pancreatic stimulation via
injection of hormones secretin or cholecystokinin (CCK). Unfortunately, this process
is not standardized and the range is dependent on the center in which it is performed
[208], [209]. Additionally, while exocrine insufficiency is more likely to become
apparent during late stages of conditions like PA, it often contributes to malnutrition
that can lead to a poorer prognosis even with surgery [210]. This implies, and has been
shown, that treatments for exocrine insufficiency, i.e. pancreatic enzyme replacement
therapy, can improve outcomes for PA patients [211]. Improving methods for
monitoring exocrine insufficiency are therefore likely to aid in this process.

Blood tests for lipase begin with centrifugation to extract the serum, then tested
through a variety of methods such as colorimetric assay (570 nm wavelength absorption
proportional to enzymatic activity) or titrimetric (pH of the solution indicates the extent

of reaction). Pancreatic fluid samples, on the other hand, are only used to analyze
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electrolyte concentrations due to accuracy limitations for enzyme measurements. These
concentrations are determined using clinical chemistry autoanalyzers, which generally
rely on ion-selective electrodes and measured voltage differences with varying
concentrations of ions [209], [212], [213]. As a result, blood tests are chosen as the
gold standards for lipase analysis, though are only useful when the condition severity
requires stronger treatment.

Novel methods for lipase detection have been emerging to improve upon
current standards through features such as increasing accessibility and functioning with
different sample types by removing required separation steps or hardware [214]. One
sensor based on surface acoustic waves (SAW) monitored the frequency shift based on
a change in solution conductance proportional to the lipase concentration. The solution
conductance changed due to release of fatty acid from a triolein substrate [215].
Another sensor used screen-printed electrodes with immobilized Prussian Blue — which
reacts with H2O> resulting from glycerol, a hydrolytic byproduct of triglycerides and
lipase, and NAD" after reacting with NADH oxidase — for measuring the lipase
concentration via amperometry [216]. However, these processes are relatively indirect
and require either multiple reagents or highly specific conditions, likely limiting their
ability to function as intended if immersed into GI secretions.

Mirsky et al., however, describe an alternative scheme using short-chain and
long-chain phospholipid substrates over gold capacitor electrodes to measure
hydrolysis from phospholipase activity. The hydrolysis causes the substrate to become
water soluble, thereby desorbing from the electrode surface into aqueous phase and

increasing the electrode capacitance [217]. This strategy measures a more direct result
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of the lipase activity, which may translate better to in situ environments. Furthermore,
the strategy is readily adaptable to our microelectronics system developed in chapter 3
of this thesis.

However, the human duodenum is a host to not only pancreatic enzymes but
incoming contents from the bile duct, specifically bile acids (BA). BAs are synthesized
from cholesterol by hepatocytes; they are shown to be elevated in Gl secretions during
BA malabsorption and can be further related to conditions such as irritable bowel
syndrome-associated diarrhea and colorectal cancer [218]-[220]. Because of their
amphipathic nature, BAs such as cholic and deoxycholic acid act as natural detergents
that emulsify triglycerides to form micelles through intercalation, aiding their digestion
by PL into absorbable monoglycerides and fatty acids [221].Below, | describe our
efforts to not only measure pancreatic lipase activity based on its ability to cause a
triglyceride substrate to dissolve, but to characterize our system by testing our film with

BAs to determine potential nonspecific impacts and how it may affect sensing of PL.

4.3 System Setup

4.3.1 Film Deposition

The sensing mechanism is based on the enzymatic and physicochemical
reactions presented in Figure 4-1, which features (a) the hydrolysis of triglyceride ester
linkages by PL and (b) the emulsification of triglyceride globules by BAs. Stearin was
used as a model triglyceride due to its high melting temperature range (54-72.5°C) to
remain stable at physiological temperature (37-39°C). The triglyceride used consist of

a mixture of stearin and glycerol (SG), where several different ratios were tested. The
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combinations tested include stearin, 2:1, 1:1, and 1:2 of stearin:glycerol after allowing
to melt in a 100°C water bath prior to deposition. Multiple strategies for film deposition
onto the sensors were tested, as depicted in Figure 4-2. The films used for testing with
Gl species were deposited via dip-coating of the sensor-PCB assemblies (SPAsS,
discussed in Section 3.2.3), depicted in Figure 4-2b. The SPAs were pre-heated for 5
minutes to above substrate melting temperature (~100°C), then immersed and
subsequently removed at ~10 mm/s. The films were air cooled at ambient forming SG-
coated SPAs (SG-SPAs), and resulting thicknesses were measured using calipers.

The SG-SPAs were inserted into the capsule via the assembly process in Figure
4-3, and the capsules were subsequently dip-coated into in pH-sensitive copolymer
solution, depicted in Figure 4-2c. The copolymer solution utilized for this study was
30% Eudragit L100 in methanol, producing coatings 783+£60um thick using a

previously described coating process[195].
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Figure 4-1 (a) Lipase-induced hydrolytic digestion of stearin into glycerol and three stearic acid
molecules. (b) Bile salt-induced emulsification of triglyceride globules into micelles.
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Figure 4-2 Deposition strategies for obtaining TG films over sensors: (a) drop-casting and (b) dip-coating
of molten TG solution while the substrates were either left at ambient or pre-heated to TG melting
temperature for 5 minutes. (c) Dip-coating of assembled capsules into dyed pH-sensitive copolymer
solutions to form Gl-targeting coatings, repeated for sequential coatings.
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glue, solder contacts.
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capsule shell, insert TG-
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3. Encapsulate PCB 7. Apply silicone sealant to
and solder contacts emply non-grating region

with conformal coating of top capsule shell, apply
(not sensor surface, epoxy to edges that would
Vpp of GND pins), cure make contact with bottom
overnight. capsule shell.

4. Dip-coat sensor side 8. Fit capsule top to

of SPA into TG meet capsule bottom,

solution, cool at allow to cure for 1 hour,

ambient. then proceed fto dip
coating in  Eudragit
L100.

Figure 4-3 Assembly process for platform. Steps 1-4 used for sensor characterization of TG-SPAs with
connection of VDD and GND to external power supply, while Steps 5-8 are used for testing complete
capsule. At Step 5, after connection to Lithium polymer battery. Deep Sleep mode is entered for a 3-hour
time period via transmitted signal to allow for curing of adhesion and coating materials at respective
steps. After Step 8, capsule electronics enter Active mode to enable capacitance measurements and signal
transmission to mobile phone.
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4.3.2 Sensing Characterization

SG-SPA characterization was performed while powered by an Agilent E3631A
DC power supply (Santa Clara, CA). For the SG-SPAs prepared in Section 4.3.1, each
experiment was initiated with baseline measurements while the device was suspended
in air. After 5 minutes, the devices were lowered into a 50 mL beaker containing
solutions of either negative control — i.e. buffer only — then subsequent test conditions,
described below. All buffer solutions consisted of 40 mL of 0.1 M phosphate buffered
saline (PBS) on a hot plate set to 300 RPM stir via magnetic stir bar to equilibrate the

solution and temperature at 39°C. All solutions were prepared using deionized water
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from E-pure Ultrapure Water Purification Systems (DIH.O; resistivity=18.0 Q-cm;
Thermo Scientific, Waltham, MA).

The sensor capacitance response was determined for each analyte in an
environment that simulated fluids present in the duodenum. SG-SPAs were immersed
in pH 7.3 buffer containing varying concentrations of either porcine PL or a BA mixture
of sodium cholate and sodium deoxycholate (Sigma Aldrich, St. Louis, MO). PL was
tested at 1 mM, 100 uM, and 10 uM concentrations, while BA was tested across 7, 0.7,
and 0.07 %w/v. To measure potential impact of nonspecific enzymes, porcine
pancreatic trypsin (Sigma) was also tested alone at 100 uM, a concentration that
exceeds maximum expected outputs by >250 % [222]. Each solution was incubated for
30 minutes at 39°C prior to insertion into a beaker for testing the SG-SPASs to ensure

complete solubility.

4.3.3 SEM Analysis for Film Morphology

Pre-heated sensor die were inserted into molten 2:1 SG solution prepared as
described in Section 4.3.1. The sensors were then cooled at ambient (23°C) for 24
hours, then incubated in glass petri dishes containing PBS (0.1 M) alone or with either
100 uM PL, 0.7 %w/v BA or 100 uM trypsin, respectively. Each solution was
maintained at 39°C under 300 rpm stir. Sensors were removed from solution after either
30- or 60-minutes, rinsed with DIH20O, dried for 24 hours, then prepared in a carbon
coater to deposit coatings of conductive carbon (MED 010 Balzers Union Carbon
Coater, Balzers Union, Liechtenstein). The samples were then viewed under a Hitachi

S-3400 scanning electron microscope (SEM).
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4.3.4 pH-Dependent Sampling and Sensing

Following a similar procedure as in Section 4.3.2, measurements were initiated
while suspending the coated capsule in air and powered by a Li-polymer battery
(Powerstream, West Orem, Utah). The capsules were then sequentially inserted for a
duration of 25 min into several solutions, which mimicked the pH transition between
the stomach (acidic) and duodenum (neutral), as depicted in Figure 4-4. The solutions
consisted of the following conditions: (i) 0.1 M acetic acid (pH 3), (ii) PBS (pH 7.3),
and (iii) 1 mM PL in PBS (pH 7.3). This sequence was chosen to reflect the capsule
transit throughout the GI tract with the subsequent presence of a specific biomarker

residing in the Sl, in this case PL.

Stomach
pH 1-3

Liver

Duodenum Pancreas

pH 5-7

Small Intestine

Acidic Neutral 1 mM Lipase
(Stomach) (Duodenum) in Neutral

(@) (b)
Figure 4-4 (a) Schematic depicting normal GI pH progression along with adjacent organs. (b)
Experimental setup for complete capsule characterization.

4.4 Results and Discussion

This work presents a sensing strategy using triglyceride films to detect duodenal
contents, such as lipase and bile acids, in a wireless capacitive-sensing platform. The
sensors were designed to measure the capacitive response when fluid enters the sensing
chamber. Under biological stimuli from species in the environment, the substrate films

deposited over the sensors would undergo reactions, such as hydrolysis or
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emulsification, that alter their dielectric property. Gradually, the dissolution of the film
substrate exposes the electrode fingers to the infiltrating fluid, causing an increase in
capacitance. The sensor capacitance was measured for SG-SPAs and coated capsules
inserted into various solutions containing biochemical stimuli that would induce
changes in capacitance over different lengths of time when compared to non-specific
controls or buffer alone.

Stearin was the material chosen as our model triglyceride, as described in B.
Triglycerides, in general, are significant to traditional human diets, and its digestion is
enabled due to emulsion and subsequent hydrolysis by BAs and PL, respectively. Due
to its rigidity and low water solubility — an effect of having longer chain fatty acids —
unmodified stearin is an inefficient substrate for hydrolysis. Other triglycerides such as
oleic acid — a shorter chain fatty acid found in olive oil — are used as standard substrate
for lipase assays; however, these substrates are incompatible with our system function
in the small intestine due to having a melting point below physiological temperature
[223]. Previous reports modify stearin as a substrate using suspensions with glycerol
by enhancing the quality of the interface it would have with lipase [224]-[226]. Lipase
activity on triglycerides is generally dependent on the surface area, which increases
significantly with rougher surfaces or when emulsified into micelles by BAs. While
crystalline stearin films are naturally hydrophobic, glycerol is hydrophilic due to polar
—OH groups, enhancing the interface between the species in solution and the film

substrate, as well as a stable film deposition and adhesion over the sensor surfaces.
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Because the platform has demonstrated utility for monitoring changes in sensor
capacitance (C), | could characterize dielectric properties of the films through
estimation by Equation (9):

_ 2grgplwn grg0A )

- d
This is similar to equation (7) back in Chapter 2, where it uses g (vacuum

permittivity), er (dielectric constant), | (finger length), w (finger width), n (hnumbers of
electrode fingers), and d (distance of separation), where 2lwn can be simplified to A
(total area of both electrodes). Therefore, changes in the dielectric properties of the
films are proportional to measured capacitance (C), and indicate the extent of
hydrolysis or emulsification of the substrate over the sensor. To account for changes in
baseline capacitance between experiments, | presented sensor response as the percent

change in capacitance (%AC), which is calculated with equation (10):

%AC = (C"C;lcl> «100 (10)

When no film is present — i.e. one of our negative controls — and the sensor is
inserted into PBS, the mean %AC is 39.5+1.4, likely a resulting effect of increase in
dielectric constant combined with ionic reactions with the SiO> films, which can be
mitigated in the future through more inert films [227]. As expected, insertion into
molten and cooled SG solutions produced negligible %AC, indicating that changes in
capacitance are limited to (1) when the SG material is influenced by an environmental
condition — such as the applied solutions and constituent analytes described in C —and
(2) due to downstream effects on the SiO> films once the insulating integrity of the SG

films becomes compromised, though this latter condition is not studied further here.
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| first tested the effect of different deposition strategies of the SG solutions onto
our sensors, depicted in Figure 4-5. Drop-casting and dip-coating of molten SG
solution, while the substrates were either left at ambient or pre-heated for 5 minutes to
SG melting temperature, were compared. Substrate temperature was considered a
significant factor due to its effect on surface tension, and therefore wetting of the
solution [228]. In the case of drop-casting, three phases (i.e. solid, liquid, gas) are
present at the sensor surface during the entirety of the process, thus surface tension
becomes a more dominant factor for wetting, and therefore coating, the sensors.
Wetting through dip-coating, however, causes most of the sensor surface (except for
the edges) to be exposed to only two phases with the ability for a complete wetting and
sealing layer, reducing the dependency on surface tension. Additionally, the order of
the wetting transition has a direct impact on the adsorbed film thickness, such that the
greater the discontinuity in the interfacial energy between phases, the greater the
thickness. This discontinuity is reflected by the difference in temperature between the
substrate and film, which | observed through thinner films produced when the
substrates are pre-heated. Additionally, the SiO2 films on the sensor surfaces are
generally hydrophilic, with surface energies of ~73.8 mJ/m? compared to most
triglycerides, which maintain surface energies ranging from 25-30 mJ/m?; this
increases with temperature as well, producing further discontinuity and, therefore,
wetting angle [229], [230]. Adhesion between the SiO2 and SG layers is primarily based
on van der Waals interactions; however, | found that the drop-casted films were not
stable, and failed to prevent buffer from interacting with the sensors (data not shown)

[231]. After comparing the efficacy of the film deposition methods, SG-SPAs were
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tested using films produced through pre-heating the substrate to 100°C and dip-coating,
which yielded an average film thickness of 210+60.3 um. The total sensor area was
0.06 mm?, indicating each film volume over the sensors to be 1.25x10° cm?®. In
comparing the sensor response for different SG film compositions (see C), | found the
2:1 SG ratio films to be most stable when in buffer alone (Figure 4-6), hence their
implementation in the following sensor characterization experiments. From the 2:1 SG
ratio, | could calculate the volume of stearin contained within the film to be 0.84x10°°
cm?®, and with a density of 0.862 g/cm?, the stearin mass was found to be 0.724x107 g,

or 8.12x10°° mol (molecular weight of stearin:891.5 g/mol).
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Figure 4-5 Resulting thicknesses in films with each deposition strategy and initial SPA temperature. Error
bars depict standard deviation (n=3).
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Figure 4-6 Representative sensor response testing after insertion of TG-SPAs into buffer solution (0.1 M
PBS) when TG film composed of either pure stearin or stearin:glycerol (S:G) ratios of 2:1, 1:1, or 1:2. Film
most stable, i.e. least response over time, with the 2:1 5:G ratio compared to other compositions. (n=2).

The standard concentration of PL expected in healthy unstimulated duodenal
fluid ranges from 1-10 uM [232]. Conversely, average duodenal secretions contain 0.7
%w/v BA, which reflects the median concentration tested in this work [233]. Because
PL is dependent on BAs for improving the enzyme-substrate interface with
triglycerides, it was necessary to determine the individual effect of both species on the
dielectric properties of the film, which can range from characteristics such as ratio of
stearic acid to glycerol via hydrolysis, stearin to glycerol through emulsion separation,
or even overall SG film to solution contact with the sensor surface. Figure 4-7 presents
the capacitive response (%AC) of the SG-SPA over time upon immediate insertion into
the solution at t=0 minutes, where the concentration of the biological stimuli was varied
for PL (0.01-1 mM) and BAs (0.07-7 %w/v), as well as pancreatic trypsin (100 uM) to
measure potential nonspecific interactions. However, it must be noted that these are
representative trials and more runs are required to determine film robustness and

reliability to different concentrations of lipase. Each sequence begins directly following
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insertion of the SG-SPA into the test solution. Measurements were compared to a
buffer-only solution (7.3 pH, PBS) as a negative control. The capacitance responses of
films to both PL and BAs produced trends that altered proportionally to the
concentration of the analytes present. The measurement was conducted over the course
of 40 minutes, consistent with the expected transit time of most contents passing
through the duodenum, though longer time scales have been reported [234].
Additionally, nonspecific activity testing with extracted duodenal secretions and its
regular contents will be necessary for increasing confidence in sensor specificity,
though stearin appears to be a resilient insulator to negative controls. To modify the
system for response to lower concentrations, it is likely that parameters such as
concentration of substrate at the sensor surface or film thickness will need to be reduced
such that the dielectric properties of the film can change faster. This is consistent with
our findings where films exceeding 200 um thickness produced no significant change
in capacitance compared to buffer alone (data not shown), indicating that increasing
film thickness may reduce reactivity or penetration of the enzyme. Reducing the film
thickness would be feasible through closer matching of the surface energies, such as
through temperature or surface tension, between the SPAs and SG solution before dip-
coating, as well as dissolving the triglyceride in nonpolar solvents such as ethers,

hexane, or chloroform in lower concentrations [78], [235]
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Figure 4-7 Sensing in the presence of different biochemical species at varying concentrations. (a) PL, (b)
BAs, and (c) pancreatic trypsin.

After measuring the capacitive response to each concentration, | used the slopes

of the capacitive response for the first 30 minutes of sampling (%AC/AT) as a metric
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to fit the sensitivity. While we cannot model the data without more trial runs in future
works, this provides insight as to the kinetic efficacy of each analyte to the substrate,
which may change due to the difference in reactive mechanism for each analyte, i.e.
hydrolysis and emulsification for PL and BAs, respectively. For example, hydrolysis
via PL produces glycerol and stearic acid, each of which impact the capacitance of the
sensor interface at both the SG and SiO- films differently. Alternatively, emulsification
does not alter the material chemical composition, merely the particle size and therefore
phase properties of the film, allowing enhanced exposure of the SiO; films and
subsequently electrode surface to constituents in the environmental fluid, even those
such as divalent cations [236]. These results produce insight as to the existence of
potential differences in the dielectric impact between hydrolytic and emulsion Kinetics,
though further investigation is required to yield specific electrochemical effects of Gl
analytes on these individual materials.

Morphological differences comparing the impact of each species on the SG
films were viewed under SEM (110x magnification), after deposition of a carbon
coating for conductivity. The films had been incubated under stir condition to each
solution, and removed at two time points, 30 minutes and 60 minutes, as shown in
Figure 4-8. The 30-minute time point was used to correspond the film morphology to
the endpoints of the %AC/AT values used earlier, while the 60-minute time point was
used to determine if any significant changes in the film morphology occurred beyond
the used duration. Here, | observed little difference between the samples exposed to
either PBS or trypsin, whereas the surfaces for PL and BA indicate significant

qualitative changes in roughness and crystallization, respectively. For the PL-exposed
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sample, the surface appears significantly smoother, likely an effect of the hydrolytic
interface occurring between PL and the stearin that reduces surface roughness, and
therefore interfacial surface area, until eventual saturation. The BA-exposed sample,
however, presents the formation of an increasingly fragmented stearin surface, offering
insight as to how hydrolysis and emulsification manifest differently on the substrate.
Based on the capacitive changes observed in Figure 4-7, these structural changes may
be direct indicators for changes in either dielectric properties of the film material or,
through emulsification-induced fragmentation, surface area of the underlying
electrodes to the high-dielectric behavior of the buffer. The lack of significant change
between the 30- and 60-minute time points also imply that the durations used are

enough to correspond signal saturation to the morphological state.
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Figure 4-8 Representative SEM images for characterization of SG films after exposure to various solutions
at 30- and 60-minute time intervals. (n=3).
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Finally, | tested the ability to measure PL within the capsule to simulate
detection in the duodenum environment. Figure 4-9 presents the result of testing the
coated capsule containing the SG-SPAs for performing pH-targeted sampling. The
respective conditions are labeled as acid, neutral, and lipase, where the capsule was
inserted into a pH 3 solution (0.1 M acetic acid) to represent acidic contents for the
stomach, pH 7.3 solution (0.1 M PBS) for the duodenum, and addition of PL (1 mM
PL in 0.1 M PBS) as a target analyte, respectively. Here, the sensor responses are
overlaid for more direct sequence comparison, and presented in capacitance rather than
%AC to show how they compare from beginning to end of each condition. Upon
insertion into the acid condition, | observed negative drift from ~129.5+0.772 pF,
eventually saturating at 115.2+0.759 pF, though no inflow of solution into the capsule
was evident through visual inspection and the color of the buffer solution remained
clear as indicated in Figure 4-9b-1 [195]. After ~19 minutes of incubation in the neutral
condition (0.1 M PBS), a distinct increase in capacitance to 146.1 pF was observed,
before reaching saturation at 127.9+£0.433 pF. Additionally, the color of the solution
gained a red hue reflective of the Eudragit L100 coating color, as seen in Figure 4-9b-
ii, indicating sample entry. Once the capsule was inserted into the lipase condition, |
observed an immediate effect similar to the capacitance sequences observed in Figure
4-7a, where there is a rapid increase in capacitance over ~14 minutes to reach
216.0+£0.602 pF, or 66.8% increase from the beginning, with some signal fluctuation
and decrease as well until it levels around 158.5+0.913 pF, or a 22.4% increase. Due

to the opacity of the PL solution, | did not discern any distinguishable features until
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capsule removal, where there is a noticeable region in the Eudragit L100 coating where

the fluid could enter the capsule sensing chamber, shown in Figure 4-9b-iv.
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Figure 4-9 (a) Combined pH sampling and enzyme sensing in integrated capsule. Measurements were
initiated after immersion into acidic solution for 25 minutes (blue), after which the capsules were
removed and immersed into a neutral solution (red), where a spike was observed around 19 minutes,
indicated by the circle. Finally, the capsule was removed and immersed into a solution containing 1 mM
lipase (black), where a distinct increase in capacitance is observed, indicated by the arrow. (b)
Photographs taken of the capsule at the end of each respective sequence, designated by the label color: b-
i acid condition, b-ii: neutral condition, b-iii: lipase condition, and b-iv lipase condition after removal
from the solution. (n=1).
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| then calculated the slope from the first 30 minutes of the lipase condition to
yield 0.198 pF/min. Comparing the linear fits of the slopes show changes with
concentration of PL. This slope is expected when the concentration is ~160 uM, even
though the applied concentration was 1 mM. This is calculated as a 6.25-fold loss in
sensor response, indicating loss in SG-SPA response to the analyte when packaged
within the capsule rather than when tested without it; this is not surprising, though,
considering the differences in fluid dynamics and flow profile of the analyte in the
sensing chamber as opposed to when the SG-SPA is surrounded by the fluid in the
beaker. However, this emphasizes the need to enhance the exposure of the SG-coated
sensors to the surrounding environment, which can be implemented by reducing the
thickness of the 3D-printed shell at the inlets or by embedding the sensors directly onto
the outermost packaging of the capsule. Ultimately, this experiment demonstrated the
sequential ability of the capsule package to remain intact in a potential gastric
environment, dissolve from duodenal fluids and allow detection of PL in the same
environment. Based on the results presented in Figure 4-7, it is likely this similar
strategy can be leveraged to detect BAs in target pH environments as well, as well as
for measuring PL or BA related pathologies such as those discussed above.

In this section, | described our efforts to develop various triglyceride film
deposition protocols, including the impact of composition and method on stability, and
the subsequent integration into the capsule system and pH-soluble coatings discussed
in chapter 3. Further, we gained an understanding of how the sensing response can be
applied to both hydrolytic and emulsification reactions, which possess utility for

detection of a broader range of targets than initially intended. While further efforts
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should be established in enhance specificity to individual reactions at a time, this
maintains significant advancements to the potential impact of capsule-embedded

sensing technologies.

4.5 Conclusion

This work presents a proof-of-concept demonstration of triglyceride-based
coatings for monitoring duodenal analytes in an integrated capsule system. The system
can measure and wirelessly transmit changes in capacitance due to both film hydrolysis
and emulsification reactions as a result of exposure to PL and BAs, respectively. For
PL, | measured signals for 10 uM-1 mM concentrations, whereas for BAs | could
distinguish between 0.07, 0.7, and 7 w/v% concentrations, each of which are within
physiologically relevant ranges for healthy and abnormal levels. For each
concentration, | used the observed slope produced from the first 30 minutes, which is
well within the average duration range for material traveling through the human
duodenum, to relate the signal to its respective concentration [234]. Furthermore, |
characterized morphological differences in triglyceride-based films after exposure to
various duodenal contents, giving insight as to the physical manifestation of hydrolytic
versus emulsification reaction mechanism. Finally, I demonstrated the ability to detect
PL after subsequent targeting at a pH-specific environment, and found that the design
of the sensing chamber and the respective inlets could be thinned to prevent reduction
in the reactive interface between the sensor surface and environmental contents.

There are several limitations to our methods for signal analysis and the platform
in general. For example, parametric analyses of slopes over different time intervals may

allow for distinguishing between each film response over time, thus producing more
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sensitive or optimal fitting equations to match the concentration with the %AC/AT. The
sensor responses are also likely to increase sensitivity if the insulating films can be
deposited with reduced thicknesses; this would change the amount of substrate and
therefore amount of reaction that needs to occur to increase the rate of change in
dielectric mismatch between the film and environmental solution, potential altering
resulting concentration range for other GI regions where it may be relevant. Next, each
species was tested in isolation, and their simultaneous presence has been shown to
reduce efficacy due to non-specific film interactions depending on the material
used[144]. Therefore, it is critical that future work will focus on characterizing and
optimizing the sensor performance over a wider concentration range, adding more non-
specific species to determine further reaction specificity, and incorporate additional
food-based materials, such as gelatin — substrates for monitoring other types of
pancreatic enzymes [144]. Additionally, different capsule coating materials could be
used toward measuring these species in different GI environments — based on their pH
— as well as enhance the exposure of the substrate to materials in the external
environment. Finally, the sensor response can be utilized to trigger the release of on-
board actuation mechanisms or drug payloads for feedback-enhanced control over
targeted therapies. Ultimately, this platform provides opportunities for sensing
hydrolytic and emulsification reactions, such as through other enzymes or biologicals
similar to the species discussed in this work, along with an innovative packaging

strategy toward passive Gl targeting in minimally invasive and ingestible diagnostics.
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5. Chapter 5: Concluding Remarks

Highlights

e Electrical characterization of film-based sensing strategy for bioelectronic

interfacing

o

o

o

Distinguished impedimetric and geometric trends produced from
specific and nonspecific film interactions

Corresponded impedance trends with enzyme concentration
Tailorable for a variety of films for different reactant-substrate
interactions

Characterized for different sensor geometries

Determined potential signal metrics for integrated sensing systems

e Development of coating-based packaging strategy to enable gastrointestinal

targeting of microsystem platforms

o

o

o

Targeting demonstrated for environments with different pH range
Suggestive for targeting gastrointestinal regions such as the duodenum
and stomach

Adaptable for multi-layered coatings toward dissolution after
sequential pH ranges

Demonstrated resilience to expected gastrointestinal mechanical forces

e Demonstration of microelectronics sensing system for detecting duodenal

targets with triglyceride films

©)

Various deposition strategies for triglyceride materials

114



= Evaluated with dependency on sensor substrate and material
composition
o Characterized morphological changes occurring at the microscale in
response to hydrolytic vs emulsification reactions
= Sensor response similarities between pancreatic lipase and bile
acids
o Reduced response for nonspecific enzymes
e Integration of sensing system within capsule package demonstrates feasibility
for pH-specific environmental targeting and subsequent sensing
o Distinguished between sampling signal and specific marker signal

o Developed assembly and validation protocols for device function

5.1 Summary

This study presents the design and characterization of various critical elements,
summarized in Table 5-1, required in integrating sensing and targeting strategies into a
capsule platform for evaluating Gl health. This work explored a capacitive-based
sensing and detection method relying on the reaction of deposited biomaterial films
with specific biomolecules, specifically pancreatic trypsin, lipase, and bile acids, within
the context of a capsule-sized microelectronics system capable of wireless, real-time
monitoring. The first experimental chapter, i.e. chapter 2, described the development
of a proof-of-concept method that measured impedance of these films and isolated
specific relevant electrical elements that could be used to design a microelectronics
system with capsule-sized form factor, and investigated various deposition strategies

for integration with traditional microelectromechanical system (MEMS)-based
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fabrication processes. Chapter 3 then presents our passive approach to targeting
specific Gl fluids based on their pH profile. This was achieved using coatings —
consisting of copolymers utilized in the pharmaceutical industry for targeted drug
delivery functions — that were repurposed for protecting our sensor surfaces in
nonspecific pH environments and dissolving, thereby exposing the surfaces, at the
regions of interest. Specifically, | tested the ability to sample in acidic (pH < 3) and
neutral/basic (pH > 7) environments, and used a novel microelectronics capacitive
sensing platform, coupled with wireless capabilities for interfacing with a mobile app,
to characterize the sensor response when the coatings were implemented over 3D-
printed capsule structures used for housing the sensors. Finally, in chapter 4, |
demonstrated the platform for measuring triglyceride films and their responses to
various duodenal contents such as pancreatic lipase and bile acids, as well as its
integration within the coated capsule package described in chapter 3. Figure 5-1
illustrates the prospective data flow from the capsule device, where wireless data
extraction enables external access to the status of the potential concentration of the
biomolecule of interest at the target region to the patient’s physician, offering insight

as to critical information about their health that would aid prognosis.
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Table 5-1 Summary of system parameters for the capsule device with reference to their respective
chapters for more detail.

Module Characteristic Metrics Chapter

Packaging (Outer) Eudragit (Dip-coating) | 35 mm x 12.7 mm 3
MED610 (3D-Printing)

Packaging (Inner) Conformal Coating 33.8mmx 11.5mm 3,4
Silicone Sealant
Epoxy

Sensing Method Capacitance 0.8-220 pF 34

7.3 pF/imV

Sensing Trypsin (Sensor Only) | Gelatin/Glutaraldehyde | 2,4

Targets/Substrates Lipase/Bile Acids Stearin/Glycerol
(SPA/Capsule)

Wireless Comm. Bluetooth LE 2.4 GHz 3,4

Power Source Li-Polymer 14 mAh/3.3V 3,4

+ 000000
! Y Products VOOTOT
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Figure 5-1 Depiction of application. The capsule is protection in environmental pH reflecting that of the
stomach until reaching the small intestine via pH-sensitive polymer coating. Upon dissolution, the fluid
is sampled via embedded gratings, and pancreatic lipase reacts with triglyceride coatings to increase the
capacitance of the sensors. This is transmitted to a phone wirelessly, and the data can be shared with
medical practitioners.
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In chapter 2, | first studied gelatin films, specifically methods for their
deposition and crosslinking for physiological stability and their overall integration with
microfabricated impedance sensors for responding to various pancreatic enzymes.
Using IDE sensor designs initially intended for measuring biofilm growth, | was
interested in observing their utility for measuring biomaterial film processes that
involved their reduction instead [142]. After preliminary results involving impedance
trends — such as those over spectra from 10 Hz-1 MHz at specific frequencies and
through Nyquist analyses — specific to our target enzyme, i.e. pancreatic trypsin, I
compared them to trends produced when either the film was absent and/or in the
presence of nonspecific enzymes (lipase and amylase). This yielded observable
distinctions, such as those seen in Figure 5-2, between them that I then used to optimize
sensor design parameters, which involved characterization of various process
parameters and resulting films that could be produced with different spin speeds and
device geometries while determining feasible sensor parameters that could enhance
sensitivity. Impedance results were also decomposed into real and imaginary elements,
enabling our transition to measuring capacitance with a subsequently developed

capacitive-sensing and wireless electronics platform.

g Post-Buffer P
Pre-Experiment Post-Trypsin

No
Gelatin

Figure 5-2 (Left) Schematic and (right) optical images of sensors with deposited film. The optical images
indicate distinct removal of film after trypsin response compared to buffer alone, where the film remains
relatively intact.
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Chapter 3 consists of using the platform, after thorough assembly and
calibration processes, to evaluate a novel packaging strategy with a capsule form factor
to enable passive targeting of the capsule into simulated target Gl regions based on
their pH. Various capsule geometries were designed and considered for testing, each
with some feature that overcame one of the prior iteration’s flaws; each design required
at least inlets that allow inflow of environmental fluid into a chamber containing the
sensors. Eudragit E PO, S100, and L100 polymer coatings were tested for targeting
simulated fluids for the stomach, duodenum, and ileum, respectively, with an emphasis
on coating thickness and measuring the time of dissolution and subsequent filling of
the sensing chamber. The platform was transitioned into a microelectronics system,
depicted in Figure 5-3, with a small form factor for subsequent integration into a
capsule system, after which additional assembly testing led to its validation as an
independent system, powered with a Li-polymer battery and controlled through
commands from a mobile app. As described in chapter 3, the primary utility of the
system is not just through its potential for in vivo use, but for enabling user-friendly
and real-time measurement acquisition through different applied stimuli and their

impacts on various system characteristics.

Voltage
Regulators

FRAM CN Converter

(a)
Figure 5-3 (a) Top and (b) bottom views of sensor-connected PCB, and (c) photograph of assembled
capsule. Scale bar=5 mm.

Based on the fundamental approaches we developed using capacitance as a

metric for measuring biomaterial film reactions with specific and nonspecific targets, |
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further adapted the sensors used in the microelectronics system, or SPA, to measure
triglyceride film reactions in chapter 4. Stearin films were deposited in molten phase
and with glycerol as a solution modifier and subsequent cooling using multiple
approaches, with dip-coating producing the most stable to the implemented
physiologically simulating environments. The amorphous films were characterized,
offering signal profiles that also suggested dependencies on film qualities, and
observed to affect electrical properties of the sensor surface by measuring capacitance
and morphology, with the SG-SPAs and via SEM, respectively. These features were
analyzed in response to hydrolytic reactions from pancreatic lipase as well as
emulsification from bile acids. The capacitance response over time was found to vary
with concentration, and while this implies that neither signal can be isolated if both are
simultaneously present, this also reduces limitations as to the types of reactions that
can be measured with the platform. Furthermore, the SG-SPAs were then assembled
within the Eudragit coated capsules, which were observed to protect the sensors in
acidic conditions until the environment reached neutral conditions. Upon sampling,
application of PL into the solution produced more significant changes in capacitance,

reflecting the ability to perform pH-targeted sensing with the encapsulated SG-SPAs.

5.2 Future Outlook

The work presented in this dissertation has led to the emergence of new
directions that can be pursued for either enhancing characterization methods for capsule

devices or additional features for more complex functionalities.
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5.2.1 Gastrointestinal-Simulating Biochemical and Biomechanical Conditions

Predicting capsule function in vivo through benchtop experimentation relies
significantly on how well the testing platform mimics the target environment. The
capsule geometry has been most utilized because it is already implemented in
pharmaceuticals for daily use, but can be implied that it limits disruption to most Gl
functions. Most benchtop tests, such as those performed in this dissertation, consist of
beaker-level testing and isolated or low complexity solution compositions until they
are implemented in animal models for the next phase of device characterizations,
specifically porcine due to its distinct fundamental similarities to humans in terms of
anatomy, physiology, and nutrition, among others [237]. However, more complex
functions desired in later capsule designs may produce more risk to the GI environment
of the animal, while there also may not be enough comparison between them and
humans to imply downstream clinical success. This leads to costly experimentation
requirements that can be remediated through lower-cost testing setups to provide more
relevant results and expectations.

A primary feature of the Gl tract that can alter device function is the state of its
biochemical composition over time, especially considering its variability upon
stimulation through either intravenous administration or oral ingestion. A few
examples, as discussed in chapter 1 of this thesis, of how the output can change is
through tests such as the secretin-CCK and Lundh tests, where injected hormones or a
carefully devised meal can stimulate increased pancreatic secretion output for higher
sampling rates and enzyme concentrations in the duodenum [55], [126]. While such

simulants only account for changes in pancreatic output, it is critical to evaluating
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device function that the device be tested in the presence of other Gl secretions, such as
those present in the gastric environment. To compensate for this variability, some
procedures implement methods of establishing control over Gl content, which can be
observed in the preparation for capsule or normal endoscopic procedures. Here, the
patient is instructed to fast overnight, cleanse with polyethylene glycol (PEG) solutions,
or drinking clear solutions such as water to ensure visualization remains unimpeded
[238].

For the device presented in this dissertation, it is likely that future developments
will require the establishment of similar preparations while assessing how different
stimulants can affect device efficacy. This efficacy, however, must be evaluated from
multiple perspectives. Most relevant to the characterizations performed in this work,
however, are the impact of such preparations on (a) sensing and (b) packaging or
targeting efficacies. For in vitro characterizations, fluids should be altered periodically
through various conditions — such as aliquots of enzymes presented in Table 1-1,
various local PEG concentrations, or different pH levels for example — and how the
system responds. For (a), it must be understood how film-coated sensors react both
through resulting capacitive signals, as well as potential morphological changes,
including the impact on film mass and thickness. For (b), sensors without films must
be tested with these fluids, when integrated into capsules coated with the Eudragit
formulations described in Chapter 3, to determine how the timing of coating dissolution
can behave. Ultimately, both sensing and Gl-targeting functions should be tested when
film-coated sensors are integrated within coated capsules, and capacitance signals

should be monitored when each stimulus is applied in real-time.
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From a mechanical perspective, models for replicating the forces — such as
traction, contact, and peristaltic wave propagation — produced in GI peristalsis have
been designed for capsule devices [239]. Much work has been done on understanding
the mechanics of various regions of GI propulsion, with robotic capsule devices aiding
in this evaluation by providing metrics for their own motility [240], [241]. For this
dissertation, simulating intestinal propulsion would aid significantly in evaluating the
integrity of the capsule coatings, enabling us to implement further design changes that
could affect their respective efficacies, especially in both specific and nonspecific pH
environments.

Figure 5-4 presents a concept developed by Prateek Sayyarapaju and I,
consisting of 3D-printed components for intestinal peristalsis simulation. The advent
of 3D-printing has enabled facile fabrication of numerous components types, varying
in characteristics such as rigidity, opacity, and biocompatibility, such that we can vary
the material for each component to serve best for its respective purpose. The system
consists of a tissue-mimicking tube, which is designated to hold the capsule in a portion
that is squeezed on both sides around the capsule edges to limit its motion. This
squeezing is achieved with peristaltic rings, which are interchangeable to modify the
change in diameter that occurs with muscle contractions. The tube is fastened on both
sides to a chain looped around a motor-interfacing gear, which can be programmed for
different speeds. Different programming can aid in mimicking different peristaltic
motility conditions, while the lumen of the tube can be modified with excised tissue
samples. Furthermore, the tube contains fluidic inlets on either side (one of which can

function as an outlet), allowing for the implementation of different fluid profiles
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described previously in this section. The use cases of such a system are for testing of
features such as (a) sensor noise due to peristalsis, (b) capsule mechanical integrity,
and (c) the supplemental effect of Gl-simulating fluids on capsule integrity and
sampling. While the system is limited regarding printable materials and motor
robustness, there is potential to isolate relevant peristalsis conditions that can aid

predicting the efficacy of targeting or sensing functions of the capsule.
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Figure 5-4 Peristalsis simulator, consisting mostly of 3D printed components.

5.2.2 Anchoring Capsules

Because content transit through the GI tract is generally a temporary process,
most capsule devices are designed for metric measurement as single time points along
specific locations of the canal trajectory. However, some conditions would benefit
more from continuous monitoring of a metric at the same location over extended time
periods, such as ulcer progression in the stomach or inflammation in the colon [242]-
[244]. System implantation or retention is a function required for several devices
intended for long-term residence in the Gl tract, though it can be challenging to embed

such functions into a capsule without clinical interventions such as surgery [245].

124



One of the challenges with adhesion in the Gl tract is due to surface variation.
For example, structures such as villi and microvilli, such as those depicted in Figure
5-5a, are present along the lumen, which are critical for increasing intestinal surface
area and therefore nutrient absorption into underlying blood vessels [246], [247]. After
investigating various fabrication processes, one of my mentees, Aditya Nilacantan, had
3D-printed example villi surfaces for potential testing with capsule-based anchoring
structures. Some work has been done on capsule-based adhesion mechanisms to the Gl
mucosa (Figure 5-5¢), though we have also designed various microhooks, bioinspired
by microneedles from common Gl parasites, that we have also 3D-printed for facile
integration with our capsule shells (Figure 5-5d) [231], [248]. Though the depicted
concept would require appropriate spatial and mass distribution of electronic
components, the microhooks could enable a passive approach to anchor the capsule to
the mucosa for measuring a metric in the same location for multiple instances. We
further envision, due to the ability to simultaneously and wirelessly transmit signals to
our microelectronics platform, the active triggering of anchor actuation upon external
command. Such advancements would be critical to establishing further levels of control
to the system while in vivo, thereby expanding the time scales for measuring specific

analytes of interest at target locations in the Gl tract.
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Figure 5-5 SEM imaging of (a) porcine (reproduced with permission from [246]) and (b) 3D-printed villi
with an EnvisionTEC Perfactory 4. (c) Implantation capsule robot (reproduced with permission from
[249]). (d) 3D-printed anchoring concept for passive capsule implantation; left inset: head of Taenia
Solium Scolex (reproduced with permission from [248]), right inset: close-up of microhook mimic.

5.2.3 Feedback-Triggered Therapeutic Release

A primary purpose of biosensors in the clinical setting is to understand the state of a
physiological metric and determine whether intervention is necessary to revert an
unhealthy or pathological condition back to homeostasis for said metric. For example,
patients with diabetes, after learning through a blood glucose sensor that they have
high blood sugar, understand that they require insulin [250]. Figure 5-6 depicts the
organs in or closely related to the Gl tract, and lists various associated conditions that

ingestible capsules could aid through feedback-triggered therapeutics [251].

126



Esophagus
Function: peristalsis, food
transport to stomach
Conditions
GERD
Esophageal Cancer
Barret's Esophagus
Spasms/Dilation/Achalasia

Small Intestine
Function: digestion and
absorption
Conditions
Coeliac Disease
Crohn’s Disease
Motility Disorders

Stomach

Function: digestion for chyme
production, food transport to
intestines

Large Intestine/Colon
Function: water/electrolyte
balance

Conditions

Conditions Adjacent Organs
Gastriti Colon Cancer
Ulacse:;/llsnf tions * Heart *  Gallbladder Inflammatory Bowel Disease
Cancer ectio « Liver * Kidneys Diverticulitis/osis
Gastroparesis « Pancreas -+ Bladder Irritable Bowel Syndrome

Figure 5-6 Physiology of GI affected regions, reflecting potentially relevant information accessible by
capsule devices.

The same would be said for the detected analytes from the work in this
dissertation, i.e. low levels of pancreatic trypsin or lipase resulting from conditions
such as pancreatitis, pancreatic cancer, or cystic fibrosis would prompt a dose or
supplement of these enzymes from an external source [1], [4], [150]. Because the
platform is programmable, it is well within the system limits to use the acquired
information to trigger another system to release enzyme supplements. This would
require various conditions to be satisfied: (1) the information would need to be
processed appropriately such that an algorithm for interpreting the film response would
indicate an enzyme efficiency, and (2) the platform would need to be modified to allow
control over a mechanism, using either the previous algorithm or patient-enabled from
a button on the mobile app, for either actuating a drug-release switch or dissolving a

reservoir-enclosing membrane [231].
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5.3 Conclusion

The Gl tract is a complex environment that, while relatively well understood,
continues to demonstrate itself as a hub for unknown physiological interactions that
demand interrogation. Ingestible devices require a small form factor to reduce potential
downstream risk to patient health, which, combined with the current state of
microelectronics components and a lack of control inherent to content consumption,
remain significant limitations to the range of achievable device functions. This
dissertation addresses fabrication and integration strategies in embedding novel capsule
functions by designing systems for (a) interfacing various biochemical reactions with
electronic sensing modalities through biomaterial films and (b) targeted sampling of
Gl-simulating environments and their contents using pH-soluble coatings materials as
system packaging. Disassociating electrical signal and system elements from
interfacing with biomaterial reactions led to a platform design that, while useful for a
variety of capacitive and/or film-based sensing challenges, was demonstrated here for
detecting pancreatic enzyme activity and characterizing packaging integrity within the
context of an integrated capsule.

The discussed designs, fabrication processes, and resulting assembled devices
represent significant technological advances to bioelectronics interfacing and the field
of ingestible technologies. The final capsule sets a precedent for Gl targeting
microsensors and the types of biomolecular species that can be detected,
revolutionizing the capabilities of such devices for aiding healthcare paradigms from
new perspectives and in low risk settings. The device and materials are relatively low

cost, with facile interfacing with users (i.e. patients or clinicians) toward establishing
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new goals in personalized medicine. The capsule serves additionally as a research tool,
enabling the elucidation of how target physiological metrics, such as enzymes or bile
acids, respond in situ to different stimuli and during varying conditions. Ultimately, the
strategies implemented with this capsule platform for targeting sampling and sensing
in GI environments facilitate future development in non-invasive Gl diagnostics, both
in academia regarding the manner in which molecular trends are observed during
different pathologies, as well as clinically due to a reduction in the clinical interface

required to obtain medically-relevant information.
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6. Appendices

6.1 Appendix A: Masks Used

A.1 Microfluidic Impedance Sensing

mn_____ B

5 mm

800 pm

Figure 6-1 IDE sensors used in chapter 2. Finger width: 2 um, finger spacing: 4 um, finger length: 1 mm,
number of fingers per electrode: 65.
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A.2 First Capsule Mask for Capacitive Sensing

MSALAUMD
Gianis IDE
2rn

Figure 6-2 IDE sensor patterns used in chapter 3 to measure integrity of the packaging coatings. (a)
Complete photomask with 10 die for each 4x1 sensor die, each with different finger geometries: 25, 50,
and 75 um width and spacing and 44, 22, and 14 fingers per electrode, respectively. Finger length: 2 mm.
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A.3 Sensors used for SPA
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Figure 6-3 IDE sensor patterns used in chapters 3 and 4 for SPAs. Mask Design: 124 Sensor Output, 62
each of long (length=3 mm) /short (1.5 mm) versions. Number of fingers per electrodes = 40.
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6.2 Appendix B: COMSOL Simulation and Results

To reduce computational processing requirements, | reduced the sensor to a
two-finger unit rather than 146 fingers, used earlier in this chapter. One finger is
denoted as working electrode while the other is the ground, and the material properties
and dimensions used are listed in Table 6-1. A cross-sectioned diagram of our model
and the conditions | used are depicted below in a, electrodes are simulated with either
no film, a 0.5 um thick (to represent partially digested), and 1 um thick (to represent
undigested) films. For comparison, the capacitance of the sensors was measured using
LCR meter (Agilent E4980A) controlled with LabVIEW. Measurements were carried
out sequentially in air, in phosphate buffer (PB; pH 7.5), and finally in 1 mg/mL bovine
pancreatic trypsin in PB at 37°C (physiological temperature) under constant stirring.
Sensors tested were either coated in gelatin or uncoated. AC signals were swept from
100 kHz to 1 MHz at 50 mV in every 90 seconds. | observed films before and after
each experiment and compared extracted parallel capacitance experimental results to
COMSOL Multiphysics simulation results. Direct DC capacitance responses were
calculated for films with a 100 um average thickness or 0 um (no film) surrounded by
either buffer or air. Simulation capacitance was obtained for only two fingers in the
sensor, but was scaled up accordingly for IDEs [252].

Table 6-1 Parameters used for the COMSOL simulation.

Material Glass Gelatin (film) Pbs Gold (electrodes)
(substrate) (buffer)

Conductivity (s/m)  1.0e-14 7.0e-5 1.52 44.2e6

Dimension Immx6pum Immx6um 1 mm x 6 1mmx1pumx200nm

(width x depth x x0.4pum x 1-0.5 ym pm x 10 ym  (x2) (4 ym spacing)

height)
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Figure 6-4 (b) demonstrates a comparison of capacitance signals for both
experimental and simulation results. As indicated by the y-axes, the capacitance
magnitudes from the experiment are slightly offset from the simulation results, though
the trends are similar. The decrease in capacitance for the film-coated sensors from air
to buffer are interesting but not unexpected, as it likely reflects charge dissipation from
the film, which is at the surface of the electrode, to the buffer due to its electrical
conductivity (air: 5.5E-15 S/M compared to PBS: 1.52 S/M). The step change in
capacitance due to buffer contact to the electrodes is precedented however, and
indicates the potential for monitoring capacitance alone to measure film digestion
rather than total impedance. This result becomes reflected further in the next few

chapters, both for monitoring film digestion and sampling of environmental buffer.
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Figure 6-4 (a) Cross-section of simulation model (top to bottom: medium, film, sensor, wafer), (b) mean
capacitance from experimental degradation of film over IDE sensor (left y-axis) and simulation (right y-
axis) results. Between electrode fingers, electric field intensity increases significantly in the presence of
gelatin. Electric field height decreases significantly, the magnitude remains the same, and lateral electric
field distribution is altered.

6.4 Appendix C: MATLAB Analysis Code and GUI

This MATLAB code automatically initializes a GUI, depicted in Figure 6-5,
that enables input of up to four data sequences over time, with customization over time
and percent change in capacitance (x- and y-axes, respectively) ranges, applied
smoothing filters, and legend labels. The sequences used must be in a .csv file format

with data arrangement such as that depicted in Figure 6-6.
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function varargout = multi data sequences 5 31 19(varargin)
% MULTI DATA SEQUENCES 5 31 19 MATLAB code for
multi data sequences 5 31 19.fig

% MULTI DATA SEQUENCES 5 31 19, by itself, creates a new
MULTI DATA SEQUENCES 5 31 19 or raises the existing
% singleton*.

o\

o\

H = MULTI DATA SEQUENCES 5 31 19 returns the handle to a new
MULTI DATA SEQUENCES 5 31 19 or the handle to
the existing singleton*.

o° oo

o

°

MULTI DATA SEQUENCES 5 31 19('CALLBACK',hObject,eventData,handles, ..
.) calls the local

% function named CALLBACK in MULTI DATA SEQUENCES 5 31 19.M
with the given input arguments.

o

% MULTI DATA SEQUENCES 5 31 19('Property', 'Value',...) creates
a new MULTI DATA SEQUENCES 5 31 19 or raises the

% existing singleton*. Starting from the left, property value
pairs are

% applied to the GUI before

multi data sequences 5 31 19 OpeningFcn gets called. An

% unrecognized property name or invalid value makes property
application

% stop. All inputs are passed to

multi data sequences 5 31 19 OpeningFcn via varargin.

oe

oe

*See GUI Options on GUIDE's Tools menu. Choose "GUI allows
only one
instance to run (singleton)".

o° oo

oe

See also: GUIDE, GUIDATA, GUIHANDLES

\o

3 Edit the above text to modify the response to help
multi data sequences 5 31 19

% Last Modified by GUIDE v2.5 05-Jun-2019 15:50:08

% Begin initialization code - DO NOT EDIT

gui Singleton = 1;

gui State = struct('gui Name', mfilename,
'gui Singleton', gui Singleton,
'gui OpeningFcn',

@multi data sequences 5 31 19 OpeningFcn,
'gui OutputFecn',

@multi data sequences 5 31 19 OutputFcn,
'gui LayoutFcn', 1,
'gui Callback', (1

if nargin && ischar (varargin{l})

gui State.gui Callback = str2func(varargin{l});
end

if nargout
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[varargout{l:nargout}] = gui mainfcn(gui State, varargin{:});
else

gul mainfcn(gui State, varargin{:});
end
% End initialization code - DO NOT EDIT

o)

% —--— Executes just before multi data sequences 5 31 19 is made
visible.

function multi data sequences 5 31 19 OpeningFcn (hObject, eventdata,
handles, varargin)

handles.output = hObject;
guidata (hObject, handles);

[

% ——-- Outputs from this function are returned to the command line.
function varargout = multi data sequences 5 31 19 OutputFcn (hObject,
eventdata, handles)

varargout{l} = handles.output;

oe
oe

Set Value Objects for Plots

% Filter Setting %

function editl Callback (hObject, eventdata, handles)

o)

% —--—- Executes during object creation, after setting all properties.
function editl CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, "BackgroundColor', 'white');
end

[

% —-—- Executes on button press in pushbutton9.

function pushbutton9 Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

sl = get (handles.editl, 'String');
handles.filter=str2double (sl);

guidata (hObject, handles);

o\
o\°

End Time 1 Setting

function edit5 Callback (hObject, eventdata, handles)

o)

% —--—- Executes during object creation, after setting all properties.
function edit5 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, '"BackgroundColor', 'white');
end
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[

% —--- Executes on button press in pushbuttonll.

function pushbuttonll Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

etl = get (handles.editb, 'String'");
endtimel=str2double (etl) ;

guidata (hObject, handles);

axes (handles.axesl) ;

x1lim ([0 endtimel])

o\
oo

End Time 2 Setting

function edit6 Callback (hObject, eventdata, handles)

% —--- Executes during object creation, after setting all properties.
function edité6 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end

% —--- Executes on button press in pushbuttonl2.

function pushbuttonl2 Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

et2 = get(handles.edit6, 'String');
endtime2=str2double (et2);

guidata (hObject, handles);

axes (handles.axes?) ;

x1im ([0 endtime2])

o\°
o\°

End Time 3 Setting

function edit7 Callback (hObject, eventdata, handles)

[

% —--—- Executes during object creation, after setting all properties.
function edit7 CreateFcn (hObject, eventdata, handles)

if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end

[

% —--- Executes on button press in pushbuttonl3.

function pushbuttonl3 Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

et3 = get (handles.edit7, 'String');
endtime3=str2double (et3) ;

guidata (hObject, handles);

axes (handles.axes3);

x1lim ([0 endtime3])
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o
o

End Time 4 Setting

function edit8 Callback (hObject, eventdata, handles)

[

% —--- Executes during object creation, after setting all properties.
function edit8 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, "BackgroundColor', 'white');
end

[

% —--—- Executes on button press in pushbuttonlié.

function pushbuttonl4 Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

et4d = get (handles.edit8, 'String');
endtimed=str2double (et4) ;

guidata (hObject, handles);

axes (handles.axesd) ;

x1im ([0 endtimed])

oe
oe

PLOTTING DATA

[

% —--- Executes on button press in pushbuttonl.
function pushbuttonl Callback (hObject, eventdata, handles)

global filenamel
global pathname
global currentfolder

[filenamel, pathname] = uigetfile({'C:\George\Capsule
Experiments\BLE\Calibration\*.csv'})

currentfolder = fullfile(pathname, filenamel);

if isequal (filenamel,0) || isequal (pathname,0)
return

end

fileID = fopen(fullfile(pathname, filenamel));

temp = fscanf (filelID, '%d', [8 Inf]);
handles.fileData = temp';
guidata (hObject, handles);

o\°

Plot 1 Stuff

o\

o\°

% below this, actual time
$path=('C:\George\") ;
path=pathname;
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file path=strcat (path, filenamel);
class(file path);
Time = GetFileTime (file path);
Time l=structZcell (Time);
finish=Time 1(3);
start=strsplit (filenamel, ")
start_date=str2double(start(5)),
(6));
7))

$start hour=str2double (start
$start min=str2double (start(
global namel

tablel = readtable(filenamel) ;
sensorl=table2array (tablel (:,2));

end date=start date;
end totaltime=tableZarray(tablel(:,1));

timexl=cellZmat (end totaltime(1l,1));
start time=strsplit(timexl,":");
start hour=str2double (start time (1)

start min=str2double (start time(2));

timex=cellZmat (end totaltlme(length(end totaltime), 1)) ;
end time=strsplit (timex,":");

end hour=str2double (end time(1l));

end min=str2double (end time(2))

) 4

cap_val 1=[1];
for j=l:length(sensorl)
volt val 1(j,:) = 1/((4095/3.3)/(sensorl(j)))-0. 05
Scap val 1(3,: ) = ((volt val 1(j,:)-volt val 1(1))/0.0031);
cap val 1(j,:) = ((volt val 1(3j,:)-2. 5325)/0.0031);
delta cap 1(j,:) = abs(cap_ val l(j,.)
cap_val_l(l,:))*lOO/abs(cap_val_l( 1))

end
total cap val l=cap val 1;
total delta cap val l=delta cap 1;

% Setting up time %
N= length (sensorl);

Total time = (end date - start date) * 24 * 60 * 60 + (end hour -
start hour)* 60 * 60 + (end min - start min) * 60; % Calculate

total time in seconds
Time step = Total time/(N-1); % average step time in seconds between
two consecutive runs

Time s = 0: Time step: Total time; % create an array called time
Time m = Timeis/(60); % row array of time in hours

m=1;

% plot 1 stuff %

filter = handles.filter;

axes (handles.axesl) ;

handles.hl=plot (handles.axesl,Time m(m:length(total delta cap val 1)
) ,smooth (total delta cap val 1(l:length(total delta cap val 1)),filt
r), "ko-
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, 'MarkerSize',5, '"MarkerIndices',1:75:1ength(total delta cap val 1))

hold on

mean (total delta cap val 1(8:24))

std(total delta cap val 1(8:24))

total delta cap val l=total delta cap val 1.'

$p=polyfit (Time m(1:2000),total delta cap val 1(1:2000),1); %for
%publications, 2000 points = 33 min

etl = get (handles.editb, 'String');

endtimel=str2double (etl) ;

endtimelp=endtimel*60;

p=polyfit (Time m(l:endtimelp), total delta cap val 1l(l:endtimelp),1);
xp = linspace (0,endtimel) ;

yp = polyval (p,xp) ;

plot (handles.axesl,xp,yp+2, 'k-"', 'LineWidth',2) %display when want
$trendline

hold on

xlabel ('Time (min
ylabel ("\DeltaC (
Sylim ([0 1507)
$x1im ([0 607)

set (gca, 'fontsize',12, 'FontWeight', 'bold"', 'box', 'off")
ax = gca;

o)

% Place equation in upper left of graph.

)', 'FontSize',12, 'FontWeight', 'bold")
%)', 'FontSize',12, 'FontWeight', 'bold")

x1 = xlim;
vyl = ylim;
xt = 0.05 * (x1(2 ) 1(1)) + x1(1);
yt = 0.90 * (y1(2 1(1)) + yl(1);
caption = sprlntf( y = %f * x + %

£', p(1), p(2));
text (handles.axesl,xt, yt, caption, 'FontSize', 10, 'Color', 'k'");

$%display when wanting equation

[filepath,namel,ext] = fileparts(filenamel);
set (handles.text2, 'String', namel);

set (gcf, 'PaperPositionMode', "auto")

print ([num2str (namel) ], '-dtiffn', '-r0")

o)

% group plot stuff %

axes (handles.axes4) ;

handles.hl=plot (handles.axes4,Time m(m:length(total delta cap val 1)
) ,smooth (total delta cap val 1(l:length(total delta cap val 1)),filt
r), 'ko-

', 'MarkerSize',5, '"MarkerIndices',1:75:1length(total delta cap val 1))

hold on

xlabel ('Time (min
ylabel ("\DeltaC (
Sylim ([0 1007)
$x1im ([0 6017)

set (gca, 'fontsize',12, 'FontWeight', 'bold"', '"box"', 'off")
X = gca;

)', 'FontSize',12,'FontWeight', 'bold")
%)', 'FontSize',12, 'FontWeight', 'bold")

o° Q

END DATA 1

oe
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o)

% —--—- Executes on button press in pushbutton2.
function pushbutton2 Callback (hObject, eventdata, handles)

global filename?2
global pathname?2
global currentfolder?2

[filename2, pathname2] = uigetfile({'C:\George\Capsule
Experiments\BLE\Calibration\*.csv'})

currentfolder?2 = fullfile(pathname2, filename?2);

if isequal(filename2,0) || isequal (pathname?2,0)
return

end

fileID = fopen(fullfile(pathname2, filename2));

temp = fscanf (fileID, '3d', [8 Inf]);
handles.fileData = temp';
guidata (hObject, handles);

Plot 2 Stuff

o\°

% below this, actual time

$path=('C:\George\"') ;

path=pathname?2;

file path=strcat (path,filename2);

class(file path);

Time = GetFileTime (file path);

Time l=struct2cell(Time);

finish=Time 1(3);

start=strsplit (filename2,"-");

start date=str2double (start (5));
(6));
7))

$start hour=str2double (start
$start min=str2double (start (
global name?2

tablel = readtable(filename?) ;
sensorl=tableZarray(tablel (:,2));

end date=start date;
end totaltime=table2array(tablel(:,1));

timexl=cell2mat (end totaltime(1l,1));

start time=strsplit (timexl,":");

start hour=str2double (start time(l));

start min=str2double (start time(2));
timex=cellZmat (end totaltime (length(end totaltime),1));
end time=strsplit (timex,":");

end hour=str2double (end time (1))

end min=str2double (end time(2));

cap val 1=[];
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for j=l:length (sensorl)
volt val 1(j,:) = 1/((4095/3.3)/(sensorl(]j)))-0. O5
$cap val 1(j,:) = ((volt val 1(j,:)-volt val 1(1))/0.0031);
cap val 1(j,:) = ((volt val 1(j,:)-2.5325) /0.0031);
delta cap 1(j,:) = abs(cap_ val l(j,.)

cap val 1(1,:))*100/abs(cap val 1(1,:));

end

total cap val l=cap val 1;
total delta cap val l=delta cap 1;

% Setting up time %
N= length (sensorl);

Total time = (end date - start date) * 24 * 60 * 60 + (end hour -
start hour)* 60 * 60 + (end min - start min) * 60; % Calculate

total time in seconds
Time step = Total time/(N-1); % average step time in seconds between
two consecutive runs

Time s = 0: Time step: Total time; % create an array called time
Time m = Time s/ (60); % row array of time in hours

m=1;

% plot 2 stuff %

filter = handles.filter;

axes (handles.axes?2);

handles.h2=plot (handles.axes2,Time m(m:length(total delta cap val 1)
) ,smooth (total delta cap val 1(l:length(total delta cap val 1)), filt
r), 'kd-

', 'MarkerSize',5, 'MarkerIndices',1:75:1length(total delta cap val 1))

hold on

total delta cap val l=total delta cap val 1.'

sp=polyfit (Time m(1:2000),total delta cap val 1(1:2000),1); %for
%publications, 2000 points = 33 min

etl = get(handles.edit6, 'String');

endtimel=str2double (etl) ;

endtimelp=endtimel*60;

p=polyfit (Time m(l:endtimelp), total delta cap val 1l(l:endtimelp),1);
xp = linspace(0,endtimel) ;

yp = polyval (p,xp);

plot (handles.axes2,xp,yp+2, "k=-"', 'LineWidth', 2)

hold on

xlabel ('Time (min
ylabel ("\DeltaC (
Sylim ([0 1507)
$x1im ([0 6017)

set (gca, 'fontsize',12, 'FontWeight', 'bold"', "box"', 'off")
ax = gca;

[

% Place equation in upper left of graph.

)', 'FontSize',12, 'FontWeight', 'bold")
%)', 'FontSize',12, 'FontWeight', 'bold")

x1l = xlim;

yl = ylim;

xt = 0.05 * (x1(2)-x1(1)) + x1(1);

yt = 0.90 * (y1(2)-yl(1)) + yl(1);

caption = sprintf('y = $f * x + $f', p(l), p(2));

text (handles.axes2,xt, yt, caption, 'FontSize', 10, 'Color', 'k'");
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[filepath,name2,ext] = fileparts(filename?);
set (handles.text3, 'String', name2);

set (gcf, 'PaperPositionMode', 'auto')

print ([num2str (name2)],'-dtiffn','-r0")

axes (handles.axesi4) ;

handles.h2=plot (handles.axes4,Time m(m:length(total delta cap val 1)
) ,smooth (total delta cap val 1(l:length(total delta cap val 1)), filt
er), 'kd-

', 'MarkerSize',5, '"MarkerIndices',1:75:1length(total delta cap val 1))

hold on

xlabel ('Time (min
ylabel ("\DeltaC (
Sylim ([0 1007)
$x1im ([0 607)

set (gca, 'fontsize',12, 'FontWeight', 'bold', '"box"', 'off")

)', 'FontSize',12, 'FontWeight', 'bold")
%)', 'FontSize',12, 'FontWeight', 'bold")

ax = gca;
% END DATA 2 %
% —--- Executes on button press in pushbutton3.

function pushbutton3 Callback (hObject, eventdata, handles)

global filename3
global pathname3
global currentfolder

[filename3, pathname3] = uigetfile({'C:\George\Capsule
Experiments\BLE\Calibration\*.csv'})
currentfolder = fullfile (pathname3, filename3);
if isequal (filename3,0) || isequal (pathname3, 0)
return
end

fileID = fopen(fullfile(pathname3, filename3));

temp = fscanf (filelID, '%d', [8 Infl]);
handles.fileData = temp';
guidata (hObject, handles);

o\°

Plot 3 Stuff

o\°

oe

% below this, actual time
$path=('C:\George\"') ;

path=pathname3;

file path=strcat (path,filename3);
class(file path);

Time = GetFileTime (file path);

Time l=struct2cell(Time);

finish=Time 1(3);

start=strsplit (filename3,"-");

start date=str2double (start (5));
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$start hour=strZdouble(start(6));
$start min=str2double (start(7));
global name3

tablel = readtable(filename3l);
sensorl=tableZarray (tablel (:,2));

end date=start date;
end totaltime=tableZarray(tablel(:,1));

timexl=cellZmat (end totaltime(1l,1));
start time=strsplit (timexl,":");
start hour=str2double (start time (1)

start min=str2double (start time(2));

timex=cell2mat (end totaltlme(length(end totaltime), 1))
end time=strsplit (timex,":");

end hour=str2double (end time (1)) ;

end min=str2double (end time(2)) ;

)I

cap val 1=[];

for j=1l:1length(sensorl)
volt val 1(j,:) = 1/((4095/3.3)/(sensorl(j)))-0.05;
$cap_val 1(j,:) = ((volt val 1(j,:)-volt val_l(l))/0.003l);
(

cap val 1(j,:) = ((volt val 1(j,:)-2.5325)/0.0031);
delta cap 1(j,:) = abs(cap val l(j
cap_val_l(l,:))*lOO/abs(cap_val_l( :)
end
total cap val l=cap val 1;
total delta cap val l=delta cap 1;

ri) -
)l

% Setting up time %
N= length (sensorl);

Total time = (end date - start date) * 24 * 60 * 60 + (end hour -
start hour)* 60 * 60 + (end min - start min) * 60; % Calculate
total time in seconds

Time step = Total time/(N-1); % average step time in seconds between
two consecutive runs

Time s = 0: Time step: Total time; % create an array called time
Time m = Time s/ (60); % row array of time in hours

m=1;

% plot 3 stuff %

filter = handles.filter;

axes (handles.axes3) ;

handles.h3=plot (handles.axes3,Time m(m:length(total delta cap val 1)
) ,smooth (total delta cap val 1(l:length(total delta cap val 1)),filt
r) , Tk*—

', 'MarkerSize',5, '"MarkerIndices',1:75:1length(total delta cap val 1))

hold on

total delta cap val l=total delta cap val 1.

Sp= polyflt(Tlme m(1:2000), totalideltaicapivalil(l:ZOOO),l); Sfor
%publications, 2000 points = 33 min

etl = get (handles.edit7, 'String'");

endtimel=str2double (etl) ;

endtimelp=endtimel*60;
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p=polyfit (Time m(l:endtimelp), total delta cap val 1l(l:endtimelp),1);
xp = linspace(0,endtimel) ;

yp = polyval (p,xp) ;

plot (handles.axes3, xp,yp+2, 'k=-"', 'LineWidth', 2)

hold on

xlabel ('Time (min)', 'FontSize',12, 'FontWeight', 'bold’")
ylabel ('"\DeltaC (%)', 'FontSize',12,'FontWeight', 'bold"')
Sylim ([0 507)

$x1im ([0 ©607)

set (gca, 'fontsize',12, 'FontWeight', 'bold"', 'box', 'off")
ax = gca;

% Place equation in upper left of graph.

x1l = xlim;

yl = ylim;

xt = 0.05 * (x1(2)-x1(1)) + x1(1):

yt = 0.90 * (yl1(2)-yl(1)) + yl(1);

caption = sprintf('y = $f * x + Sf', p(l), p(2));

text (handles.axes3,xt, yt, caption, 'FontSize', 10, 'Color', 'k');

[filepath,name3,ext] = fileparts(filename3);
set (handles.text4, 'String', name3);

set (gcf, 'PaperPositionMode', "auto")

print ([num2str (name3) ], '-dtiffn','-r0")

axes (handles.axes4) ;

handles.h3=plot (handles.axes4,Time m(m:length(total delta cap val 1)
) ,smooth (total delta cap val 1(l:length(total delta cap val 1)), filt
er), 'k*-

', 'MarkerSize',5, 'MarkerIndices',1:75:1length(total delta cap val 1))

hold on

xlabel ('Time (min
ylabel ("\DeltaC (
Sylim ([0 1507)
$x1im ([0 607)

set (gca, 'fontsize',12, 'FontWeight', 'bold', 'box"', 'off")
ax = gca;

)', 'FontSize',12,'FontWeight', 'bold")
%)"', 'FontSize',12, 'FontWeight', 'bold")

o\°

END DATA 3

o\°

[

% —-—- Executes on button press in pushbuttoni4.

function pushbutton4 Callback (hObject, eventdata, handles)
cla (handles.axesl, "reset');

fclose('all'");

o)

% —--—- Executes on button press in pushbutton5.

function pushbutton5 Callback (hObject, eventdata, handles)
cla (handles.axes2, 'reset');

fclose('all');

% —--- Executes on button press in pushbuttoné6.

function pushbutton6 Callback (hObject, eventdata, handles)
cla(handles.axes3, 'reset');

fclose('all'");
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[

% —--—- Executes on button press in pushbutton7.

function pushbutton7 Callback (hObject, eventdata, handles)
cla (handles.axes4, 'reset');

fclose('all');

function edit2 Callback (hObject, eventdata, handles)

o)

% —--- Executes during object creation, after setting all properties.
function edit2 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, "BackgroundColor', 'white');
end

function edit3 Callback (hObject, eventdata, handles)

[

% —--- Executes during object creation, after setting all properties.
function edit3 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, "BackgroundColor', 'white');
end

function edit4 Callback (hObject, eventdata, handles)

o)

% —--—- Executes during object creation, after setting all properties.
function edit4 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end

o)

% —--- Executes on button press in pushbuttonlO.
function pushbuttonlO Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

11 = get (handles.edit2, 'String');
12 = get (handles.edit3, 'String');
13 = get (handles.edit4, 'String');
guidata (hObject, handles);

axes (handles.axes4) ;
legend (11,12, 13, 'Location', "'northwest')
legend boxoff

function edit8 Callback (hObject, eventdata, handles)

[

% —--—- Executes during object creation, after setting all properties.
function edit8 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
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o)

% —--—- Executes on button press in pushbuttonlb5.

function pushbuttonl5 Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

myl = get (handles.edit9, 'String');

maxyl=str2double (myl) ;

guidata (hObject, handles);

axes (handles.axes4);

ylim ([0 maxyl])

o

Additional Plot Stuff

o)

% —--—- Executes on button press in pushbuttonlé6.
function pushbuttonl6 Callback (hObject, eventdata, handles)

global filenamel
global pathname
global currentfolder

[filenamel, pathname] = uigetfile({'C:\George\Capsule
Experiments\BLE\Calibration\*.csv'})

currentfolder = fullfile(pathname, filenamel);

if isequal (filenamel,0) || isequal (pathname,0)
return

end

fileID = fopen(fullfile(pathname, filenamel));

temp = fscanf (fileID, '3d', [8 Inf]);
handles.fileData = temp';
guidata (hObject, handles);

o\°

Additional Plot Stuff

o

o\°

% below this, actual time
$path=('C:\George\"') ;
path=pathname;

file path=strcat (path,filenamel) ;
class(file path);

Time = GetFileTime (file path);

Time l=struct2cell(Time);
finish=Time 1(3);

start=strsplit (filenamel,"-");
start date=str2double (start (5));
start hour=str2double (start (6));
start min=str2double (start (7))
global namel

’

tablel = readtable(filenamel);
sensorl=tableZarray(tablel (:,2));

end date=start date;
end totaltime=tableZarray(tablel(:,1));
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timex=cellZ2mat (end totaltime (length(end totaltime),1l));
end time=strsplit (timex,":");

end hour=str2double (end time (1)) ;
end min=str2double (end time(2))

cap val 1=[];

for j=l:length(sensorl)
volt val 1(j,:) = 1/((4095/3.3)/(sensorl(j)))-0.05;
$cap_val 1(j,:) = ((volt val 1(j,:)-volt val 1(1 ))/0.0031) ;
cap val 1(j,:) = ((volt val 1(j,:)-2.5325)/0.0031);
delta cap 1(j,:) = abs(cap_ val l(j,.)

cap val 1(1,:))*100/abs(cap val 1(1,:));

end

total cap val l=cap val 1;
total delta cap val l=delta cap 1;

% Setting up time %

N= length (sensorl);

Total time = (end date - start date) * 24 * 60 * 60 + (end hour -
start hour)* 60 * 60 + (end min - start min) * 60; % Calculate
total time in seconds

Time step = Total time/(N-1); % average step time in seconds between
two consecutive runs

Time s = 0: Time step: Total time; % create an array called time
Time m = Time s/ (60); % row array of time in hours

m=1;

[filepath,namel,ext] = fileparts(filenamel);

set (handles.text6, 'String', namel);
set (gcf, 'PaperPositionMode', "auto")
print ([num2str (namel) ], '-dtiffn', '-r0")

o)

% group plot stuff
filter = handles.filter;

axes (handles.axes4) ;

handles.h4=plot (handles.axes4,Time m(m:length(total delta cap val 1)
) ,smooth (total delta cap val 1(l:length(total delta cap val 1)),filt
r), 'k--

', 'MarkerSize',5, 'MarkerIndices',1:75:1length(total delta cap val 1))

o\°

hold on

xlabel ('Time (min
ylabel ("\DeltaC (
Sylim ([0 1007)
$x1im ([0 ©607])

set (gca, 'fontsize',12, 'FontWeight', 'bold"', 'box"', 'off")

ax = gca;

% END Additional Data %

)', 'FontSize',12,'FontWeight', 'bold")
%)', 'FontSize',12, 'FontWeight', 'bold")

function editl0_Callback (hObject, eventdata, handles)

[

% —--—- Executes during object creation, after setting all properties.
function editl0 CreateFcn (hObject, eventdata, handles)
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if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end

[

% —--—- Executes on button press in pushbuttonl8.
function pushbuttonl8 Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

11 get (handles.edit2, 'String'");
12 = get (handles.edit3, 'String');
13 get (handles.edit4, 'String');
14 = get (handles.editl0, 'String');
guidata (hObject, handles);

axes (handles.axesi4) ;
legend (11,12, 13, 14, 'Location', 'northwest')
legend boxoff

[

% —--- Executes on button press in pushbuttonl9.

function pushbuttonl9 Callback (hObject, eventdata, handles)
handles = guidata (hObject) ;

guidata (hObject, handles);

hl = get (handles.hl);

h2 = get (handles.h2);
h3 get (handles.h3);
h4 = get (handles.h4)
refreshdata (hl);
refreshdata (h2) ;
refreshdata (h3) ;
refreshdata (h4)

’

’
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Figure 6-5 MATLAB GUI. Up to four data sequences can be plotted, three of which can be plotted
individually on the right while all are overlaid in the plot on the bottom left. Features that can be modified
directly in the GUI are smoothing filters, axes limits, and legend labels.

Recorded Sensor 1 Sensor 2-4 Data (if used)

Time Data / \

A B C D E
09:42:20-0400 3411
09:42:21-0400 3408
09:42:22-0400 3418
09:42:23-0400 3416
09:42:24-0400 3407
09:42:25-0400 3408
09:42:26-0400 3407
09:42:27-0400 3408

@~ O kW=

Figure 6-6 Depiction of data format in .csv file. This format is currently programmed into the app, while
the algorithms to process the capacitance data are embedded in the MATLAB code above.
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