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Norninvasive microsystems are emerging as a means to address diagnostics

challenges in healthcare due to the potential to retrieve informatibe saburce and
in a personalized approachhe gastrointestinal (Gl) 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 {ssueed 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 developmentfidrebased capative sensing strategy
and subsequent integration into a capfalsedmnicrosystem that is designed to travel
through the GI tract upon ingestion untilp@sses through the stomach, where it is
designed to measure model analytes in duodeealetions. Swgequently, the
measurements are processed into signals for wireless transmission, enabling external

analysis for potentiatlinical utility.



To achieve a system that can be safely ingested by patients, design features must
be implemented that follow premisly established standards in device requirements
such aggeometry and biocompatibilityn this work,| aidedin the design, integration,
and characterization afcapsuleembeddedensing system using commerciakthfé
shelf components that interfacapacitive transducefsange: 0.820 pF; sensitivity:
7.3x10% with a smart phone via Bluetoottow Energy (2.4 GHz)The transducers
are designed to measure the change in dielectric constant of interfacing media, which
transitions when specific envirormmtal (pH) characteristics are met. The system,
including the power supply, are manufactured on a printed circuit board and packaged
within a 3D-printed capsule structuf@3 mm x35 mm)thatmaintainsdimensions 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 organsanc 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 othéremployed such coatings for
protecting our system until targeting the pH, dherefore Gl region, of interefbr
sampling Once dissolved, microfluidic inlets allow access for the media to interface
with the sensord. studial coatings that respond to both acigigpH 3) and neutral
conditions(>pH 6), as well as pH sequences Wigrarchical coatingBecause the
target analytes react with naturally occurring substrdtaayestigate labelfree
sensing of model enzymes such as pancreatic trypsia @0 ¢ M) and -1i pase (

mM), as well as bile salts (0.67%w/v) as a modelneulsifier, using films composed



of biomaterials, including gelatin and steariro integrate these materials with the
desired microsystenhjnvestigaté various film deposition and modification strategies.
Studies performed witbur platform suggest theotential forthe ability to sample the
target fluid, as well as sense thmalyteof interest in different concentrations by
comparing the rate of capacitance change upon fluid entry compared to uncoated
controls. Using this systenh,characterizé its poential for utility as a norinvasive

platform for targetingnultiple Gl regionsand detecting sensaompatible biomarkers
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l1.Chaptlenrt rlooducti on

1.1 Background and Motivation

The gastrointestinal (Gl) 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 @ontinuously 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 sevgri

One example of a physiological process that can require monitoend is a
major focus of this dissertatidnis exocrine pancreatic functiorwhichis critical to
mai nt ai ni ng o0 neadthe veny teasthut is atenacompromidechid e
variety of pancreatic pathologies, including pancreatitis, pancreatic adenocarcinoma
(PA), and cystic fibrosi§l]i [3]. While various aspects of humahysiologyand the
procedures involved arwell understood by physicians and medical researchers
current diagnostic tools reliant on biomarkérsobjective medical indicators of a
physiological staté 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 diminisHé{l [5]. Thoughbiomarkersvary 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 remainnaajor @tegory of bmarkers[6]. There are

further subclasses ehzymesequired for foodligestionand nutrient absorptian the
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Gl tract: proteases (trypsin, chymotrypsin, and elastase), lipésespsin) and
amylasegU-amylase) These enayes ae secreted in either active forms or precursors
(zymogens)by the pancreas in a bicarbonate solytion buffer, that enters the
gastrointestinal (Gl) tradt into the duodenurii by way of the pancreatic duff].
Additional markers such asarcinoembryonic antigen (CEA), carbohydrate antigen
(CA) 199, or specific microRNAs have been found pesin these secretions that
correlate with early stages of 8|, [9].

Recently, there has bearsurge in advancedicrosystem development driving
innovation for ingestible sensorsapable ofreplacingor aiding invasive clinical
methods[10]i[12]. Such devicesare designed taeveal new information about
physiological responses to n@us stimuli (discussed in detail in Section 1.3.4),
depending on the sensor types and the materials used to modify1tBletdowever,
none have been used to measure enzyme activity, which can be invaluable to expanding
their wutility. Mor eover, consistent with M
to point where circti footprints can coseffectively be fabricated in reduced sizes
while increasing complexitjl4]. The primary challenge remains htmeverage this
for interfacing with biomaterials such thae 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 nathee @F tract,
especially for integrating the microelectronics into the ingestible, autonomous devices
that must navigate through[it5].

Distribution of specific tdss, 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 3@rinting, including stereolithography, photopolymer
jetting, lasersintering, and fused deposition modeling (FDM), among ot[iEf
Furthermore, features such as biocompatibifind biodegradability have become
common and almost essential themes in many bioelectronics devices for providing safe
interfaces with other biologics and embedding sustainability, respecfi@iyf21].

This doctoral research aims twvercome these challenges and demonstrate the
development of a wireless integrated capsule microsystem for navigating the Gl tract,
sampling pacreatic secretions, amdonitoling enzyme activityin situ for indicating
pathological conditiond. 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 workl leverage 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) insulatingsmmsors until degrading in
response to catalytic pancreatic enzymes. Specifidallyegratel these features into
an ingestible capsule designed for ingestion and autonomously navigating through the
Gl tract via natural peristaltic forces for samplinghg@atic secretions, measuring
pancreatic enzyme activity, and wirelessly transmitting the data via smartphone
interface for external analysisenvision using this platform as a system for not only
targeting specific regions in the Gl tract by utilizegariety 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 tiondi Such a platform would
minimize efforts and intermediaries betweel
pathology, with the potential for aiding in differential diagnostics. Toward enabling

this research, three primary objectives were invastiy biomateriabased 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.

1.2.1Investigation oBiomaterial FilmBasedElectrical Transduction Systems for

Measuring Enzymatic Activity

This work begins withthe investigation ofthin films madefrom biomaterial
substrates that respond preferentially to headthted enzymes of interes. this part
of thethesis | developed a variety of deposition parameters for obtaining thin films of
gelatin and their subsequent crosslinking over both wafet individual senseevel
substratesThe protocols developed here dhe first timeof not only depositing
glutaraldehydecrosslinked gelatin - films over impedance sensors and the
characterization of the impact of different spmating parameters on their resulting
thicknesses, but determiningnd confirmingthe change in various impedaac
elements, including resistance and capacitance, with respect to these varying
thicknesses. Furthermore, we established relationships between the rate at which these
film thicknessesand ultimately impedancehange in response to local concentrations
of a pancreatidrypsin (Leg/mL 1 1 mg/mL) The impact of tese methods and

characterizations is that they enable further work on integrating similar films, i.e. those
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from either gelatirbased hydrogels or other biomaterials, with traditional MEMS
technol@y andutilizing them for more advanced developments in enzyme detection

through impedance sensing.

1.2.2Investigation 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 targef2®ji [24]. This aim resulted in the
development of a microelectronics sensing platform lthadrags these polymers as
coatings incombination with a biocompatible 3printed capsule structure as a hybrid
package to protect internal system elemémtsh nonspecific environmental stimuli.
The platform was designed using-tiie-shelf components tacquirechanges in sensor
capacitancéor downstream utility in measuring changediomaterialfilm thickness
from enzyme reactions as described in AinThis capacitance measurement is then
transmitted wirelessly using Bluetooth Low Energy (BLE) for+teak measurement
control, realizedhrough the use of a facile user interface via an Android Eping
similar methods used for coating therapeutic capsules in drug delivery applications, |
adaped a dip-coating protocol for layering the psensitivity polymers over our 3D
printed capsuleswhich allow a sensesample 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.) requireaif autonomous operation of the deviddese processes
serve to promotéhe targeting capabilities dfiture ingestble devices whileffering

insight as to interfacing MEMS sensor signals with users such as patients or clinicians.
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1.2.3Development ofngestible 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
duadenum and its subsequent integration into da@jeting capsule system that can
sample simulated fluid in the duodenWiie leverage deposition methods such as dip
coating and drojfeasting 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 capacitanegensing 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 lipasbkilend
acids, respectivelycompared 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 tomaintain reactive films over the sensor surfaces for
subsequent testing in the pddluble polymeicoated capsules, establishing various
required considerations and validating the feasibility oftptdeted sampling and
sensingThe successful development of this device will enable further advances in both
nowvel 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 msented work. First, | 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 Gl diagnostic tools with
an emphasion pancreatic health. | 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 evaluatedintroducing the rationale for various design choices made during this

work.

1.3.1ElectricalBiosensors

In general, biosensors are devices that convert the presence of biological
molecules or activity into an observable sigfiab]i[27]. Biosensors are often
designated to measuring biomarkers, which, in a clinical setting, are indicators for
nomal or pathological function of physiological processagure 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 biosen3drsir
performance can be defined through the following criteria: sensitivity, working and
linear concenttgon ranges, detection limits, selectivity, reliability, response time
(steadystate or transient), sample throughput, reproducibility, stability, and lifetime

[28].
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Elea ri cal or el ectrochemical Dbiosensors

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 mechanismsan be easily miniaturized for subsequietégraton with

most microelectronic systemmare low cost to produce and, dependinghe structure

can be fashioned to be mechanically rob@idtitionally, whileinnovations 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 system$he signals are frequently measuesdeither impedimetrior
conductometric (interdigitated, metal electrogdg®tentiometriqion-selective, glass,

gas, or metal electrodesamperometric(metal, carbon, or chemically modified
electrodes) or field-effect transistor (FET, ion or enzymersative), and induce an
increase or decrease in signal with respect to a change in surface characteristic from a

bio-functionalized sensor materi@8]. The medium of applied excitation is desired to
8
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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 platitherpath of
travel.

One primary challenge of these sensors is determining the appropriate method
for interfacing the material of the transdudettypically an electrodeé with the
biological materials. The latter can include proteins, carbohydratéds, lipucleic
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 betweeseghrd
glucose oxidase, the latter of which is the material bound to the sensor surface. The
reaction, based on reductioidation, 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 equati@

~ o~ YY IO 1)

© 9 8%KA
Here,E is the cell potentialE® the standard potential of a speci@she universal gas
constant ( 8 ntBelndmbérof(electrdn®tthetemperature, and (Ox) and
(Red) the relative activities of the oxidizeddareduced analytes at equilibrig3g].
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 other$25]. These systems require two or three elecsoBeth require (1) a



working electrode for responding to the target analyte and (@uaterelectrode to
balance the reactiomhreeelectrode systems possess an additiefatenceslectrode
to maintain a constant potential independent of the solptioperties.

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 secondeatesuisstg the
glucose sensor as an example, glucose oxidase is required to generate the electron via
catalytic reaction. In other scenarios, mediatimes implementedhat react with the
electrode, such as ferrocyanide or ferrocene derivatives, that aerfering with
other reactants in the solution and possess lower potential requird@@ntBoth
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 i@ 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 sesor. Another method toward this end is thidization 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 thaan reach 0.22m, which is permeable to fluid flow to
underlying sensors while maintaining protegtaining propertie§34]. Further, lipid
bilayer membranes have been utilized for mimicking physiological cond{&isin

addition to adding further fabrication and design steps, however, such mendmanes
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often at risk of fouling or pore saturation, thereby requiring solutions for mitigation
such as treatments that increase hydropholi@&jy

In contexts wherano redoxspecies are involved amthanges 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 categd into Faradaic and ndfaradaic
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 Ershtgrivelent circuit, as well as
reaction rates through sequential spe¢®4, [38]. The model for Faradaic EIS is

displayed inFigure1-2, while the resulting equation is as follows:

(a) il
Ca

()
?—L |

Figure 1-2 Randles-Ershler equivalent circuit model s for (a) Faradaic and (b) nonFaradaic 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 impedances &d Rt (shown inFigurel-2 as Ry) are the solution
and chage transfer resistance, respectivelyj<dhe doubldayer capacitance andis
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the frequency. ¢« in the figure represents the Warburg impedance, which is the result
of ion diffusion from the solution to the electrode surface. The equiatgorifies the
total impedanceast wo di sti nct part s: Z6 and Z66, w t
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 element$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

As discussed earlier in this section, electrical and electrocheb@sal
measurement systems are well suited for integration with microelectronics systems,
which makes them applicable for pewitcare andas demonstrated throughout this
thesis, capsulbased system3.here are many that are already used for measuring a
variety of biomarkers, including pathogens and toxins, in the clinical setting, though
major limitation of EIS is generally the lack aflelling 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 target#\ general schematic of how thersors are arranged is depicted
below, while more information on specific impedarzased biosensorand their

respective performancesan bereviewed in other workgt1], [42].
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interdigitated electrodes in plane. Reproduced with permission from [28]

1.3.2Exocrine Pancreatic Health and Diagnostics

Exocrine Endocrine
Acinar and duct tissue Islets of Langerhans

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

This section will describe the clinical topic of interest in designing our
biosensorsThe human pancreafiustrated inFigurel-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 ia gland comprised of an endocrine and exocsystem, the
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latter of which is primarily responsible for secretion of digestive enzymes and sodium
bicarbonateinto the duodenum, via the sphincter of Odftir macromolecular
fragmentation and gastric acid neutralization, respectively. The most common
pahologies 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 presentim cyst
fibrosis, a primarily endocrine affected patholdgy, [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 pancreattancer 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 condjtdh [45].

Current diagnostic strategies for &ating 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 tisshiopsy for molecular and genetiesting
Imaging tools are gold standards for verifying the presence of a tumor or neoplasm
(tumor precursor), or even enlargement or inflammafién [46], [47]. Specific
strategies include abdominal computed tomography (CT), endoscopic ultrasound
(EUS), magnet resonance cholangiopancreatography (MRCP), magnetic resonance
imaging (MRI), endoscopic retrograde cholangiopancreatography (ERCP), or positron
emission tomography (PET37]i [49]. The primary challenge with these strategies for

cancer, unfortunately, is thdack of efficacy in earlystage detection, considering the
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images a@ analyzed and diagnosed by physician ability. EUS is often used to guide
biopsy through fineneedle aspiration (EUBNA), thereby offering further molecular
information but still suffering from high invasiveness. ERCP, while useful for
collecting sampledor cytological analysis, can occasionally induce pancreatitis,
bleeding, and cholangit{$0]. Computeraided approaches with EUS are also being
developed to improve diagnosis ratasgd while they have increased performance rates
there remains room for improvemeffsl]. Pancreatitis, alterniaely, 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 pinefdf The primary
blood marker that is a gold standard for identifying the presence of cancer is
carbohydrate antigen 1®(CA 199), though it is not specific to pancreatic cancer and
has limited sensitivity for smaller tuma7], [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 treatmevetlladnfortunately,
these are very difficult to isolate and identify, which only becomes more challenging
in the early stagg®4].

Pancreatic juices have been investigated as a source of diagnostic information
[8], [47], [49], [55]i [57]. Duodenahspirates 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
spontaneousutolysis, especially foDNA or RNA markerq58]i [60]. The region of

secretion in the duodenum is targeteshgsesophagogastroduodenoscopy (EGD),
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endoscopic retrograde pancreatography (ERP), or endoscopic nasopancreatic drainage
(ENPD)[57], [61]. Further, genetic and protein analysis has weltharkers such as
K-Ras, Smad4, Ki6, PKD, telomerase activity, DNA methylation, CA-29 or

mi cr oRNAG6s in the juice for cancer, some
from pancreatitig8], [53], [57], [62] Various analyses have shown differences in
digestive enzyme activity from the secretida$, [63]i[65]. Figure 1-5 illustrates
gualitative trends in enzyme output, impacted by various pathologies, as this will be
emphasized more throughout this wofBverall, however, sample extraction and
analysis can be cumbersome while ultimately losing molecular integrity, thereby
driving the need foin situ measurements for a combination of several biomarkers
discussed above that can be achieved toitths that requirdess humarnntervention

such asingestible capsule technologWith tools that can achieve measurements

sity, there is greater potential to detect biomarkers at an earlier pathologicalostage
prevent transitelated sample degradatiamhile allowing a higher throughput of non
invasive and likely less costlyrocedureswith less involvement from clinicaand
laboratorypersonnel Furthermore,in situ sensing offers the ability for retime

analysis upon data acquisition, enabling a more rapid response for informed decision

making.This will be elaborated more in chapt&es.
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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].

1.3.3Pancreati&nzyne Activity and Other Gastrointestinal Fluid Contents

Detecting thepresence 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 piimized 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 responsibter hydrolysiswith the target enzyme. Trypsin, for example,
cleaves peptide chains on the carboxyl esfdsmino acid residues lysine and arge
unless proline is preserj66], [67]. The mechanism is illustrated iRigure 1-6.
Substrates used in standardized or reposteshys are i(NBenzoytL-arginine ethyl
ester (BAEE)[68] and ptoluenesulfonyl-L-arginine methyl este(TAME) [69].
Alternatively, sensors have used pbllysine, cytochrome c, or tin [70]i [73].
Pancreatic lipase, howevaleaves triglycerides at esterrfas 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 interfacg74]. Substragés 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 dehgermase/NADH oxidase. Pancrealic
amylase cleaves at alpbands oflarge polysaccharide chains to produce marma

disaccharides glucose and maltose, respect[vVélyT herefore, glycogn or starch in
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various forms such as amylose or amylopectin are used as substrates in assays or in
biosensors for determining amylase actiwtich can potentially enable the detection

of amylase using prexisting redox sensors using such matefiéd$, [76].

The resulting hydrolytic events induce structural changes that can be sensed
with a variety of transductiomethods, such as electrochemical, piezoelectric, optical,
thermoelectrical, or photosensitive, among otljér§. 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 nanopatrticles
or chemical crostinks to enhance sensitivity or decrease -spgacific 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 orthe material. For example, a pH sensor exists that uses a hydregel co
polymer film deposited over interdigitatec
content changes depending on the presence of acids or bases, resulting-in a pH
dependent level of hydgel swelling and ultimately measured by the change in
electrode surface conductivify9]. 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 ofeirest[80]. On that note, immaterials
based films can act as enzysecific degradable substratesichl leverage when

deposited over our $79]9[13f[76d §/8] Bergqusedhe Gli ve sen
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tract is a host to numerous hydrolytizgmes, many of which are summarizedable

1-1, monitoring themn situwould 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 associatedhealth conditions.

Source Enzyme Substrate Conditions
Stomach | Pepsin Proteins Carcinoma, pernicious anemia,
postoperativepeptic and
duodenallcers[81]
Lipase Triglycerides Pancreatic dysfunction, cystic
fibrosis[81]
Pancreas| Amylase Starch Pancreatitis (Acute/Chnic),
Lipase Triglycerides Adenocarcinoma, Pancreatic
Proteases (Trypsin| Peptides insufficiency[1], [2], [65], [82]
Chymotrypsin)
Elastase Elastin
Nucleases Nucleic Acids
Phospholipse Phospholids Adenocarcinom§83]i [85]
Carboxypeptidase | Protein terminal
amino acid
Small Enterokinase Trypsinogen, Mucosal villous atrophy,
Intestine Chymotrypsinogen| Hypoproteinemia, Pancreatic
Insufficiency, Carcinom{B86],
[87]
Maltase Maltose Mucosal villous atrophy,
Coel i acd&),[88], s e
Lactase Lactose Lactose Intolerangdntestinal
hypermotility, Diarrhea,
Inflammatory bowel diseag89],
Sucrase Sucrose

[90], Sprue[91]

The above enzymes, it is worth noting, are those present in higher
concentrations in the Gl environment and critical to homeostatic physiological
function. As mentioned in the previous section, other enzymes have been isolated from
pancreatic secretionsahbecome 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 f@&h<pecifically,

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 pancre§fify [93]. MMP-9
explicitly hydrolyzes peptide sequences with -RrX-Hy-(Ser/Thr) motifs at P
through B positiors, so it is possible to desidnydrolytic substrates that would react
similarly to the aforementioned materif®8]. One example has been demonstrated by
Biela et al., where the peptide has been usedrdsslink Dextran films, and the
degradation was monitored via E|]®4]. Their hydrogel fabrication process, which
could be utilized for other peptideydrogelcrosslinking mechanisms, is illustrated in
Figure 1-7 below. While the process for forming peptigdeosslinked hydrogels has
been previously demonstrated, the above work showcasescasesavith a clinical
target Using EIS or other electronicerssing methods like those discussed in Section
1.3.1, such filmbased 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 fro m [95].
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1.3.4Integratedn situ Capsule Technology

This section introduces the systérased solution that is pursued in this
dissertation. Integrated systems embedded with automated micend
nanotechnologies are gaining momentum as revolutionary methods in biomedical
applicationdor 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 purpes

Several such devicesdepicted in Figure 1-8, are continuously under
development for vastly different applications, and are ubiquitous both in industrial and
academic attings. One of the most successful commercially available examples is the
capsule endoscope, such as the PillCarivibgitronic introduced as an alternative to
endoscopic procedures in the Gl tract such as a colonoscdp@®i10]. Capsule
endoscopes are essentially 4silaped 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 ofditeg polyps, or tumors&Vhile there is also
an associated nenivial risk of bowel obstructionhie 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 mudtygician involvemenfo6].
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Figure 1-8 Examples of integrated capsule systems. From left to right: PillCam COLON 2, Gl gas sensor,
and Gl 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, CQ, Hz, and CH are measured with electrochemical sensors at
various sampling sites through the stomach, small intestine, cecum, and colon, and are
measured in response to conidll 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 syqtH]. This
becomes compounded by evidence suggesting gas composition throughout the Gl 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 sergehdoce
traditionalendoscope procedures for rgiahe monitoring, and is also more specific
than using capsule endoscopy as discussed above.

Though there are additional similar devices that warrant discusgpoavalent

theme is the integration of multiple modul@®e malules included oftenonsist of a
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sensor, microcontroller, signal transceiver, power suaptymanagement electronics
and a capsuleke package, enabling the development of devices capable of targeted,
reattime sensing with wireless signal transmissi@rbrief list of recent statef-the-

art capsule devices are presentet@iablel1-2.

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

bleeding monitor.

Product/ TrarsducefTarget| Communication Power Manufacturer/
Application Reference
Gas Sensing | Electrochemicdl | 433 MHz Silver Oxide | [12], [13],

CO, Oy, Hz, CHy [100]
PillCam/ Optical 434 MHZ Lithium lon | Medtronic/
MiroCam/ 430 MHz/ IntroMedic
Endocapsule 434 MHz Co./
Olympus
Gl Bleeding Photodetectors/ | 2.4 (Hz (Zigbee) | Lithium [99]
Fluorescein polymer
Gl Bleeding Photodetectors/ | 433 MHz Lithium [102]
Bacterial light Manganese
Gl Electrochemical | 433 MHz Lithium [103]
Electrochemica 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-emplma nature fo
integrated capsule system development. Though the most consistent feature is the ISM
band of radiofrequency (RF) communication for wireless signal transm{gsd4 34
MHZz), the transducers and applications vary significantly and each require their own
signatconversion 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 Witble 1-2 is that the optical capsules are the

only ones listed with manufacturers. Though there are additional capsules on thte marke
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 identifyntiss
appropriate option to ensure thegystem electronics can maintain individual modular
functions.First and foremost,diteries must operate over the time intervals required,
which is often throughout the entirety of the Gl tractican average at 34 hours with
a range of &7 hourqg105]. This is generally easieoff systems designated to operate
for shorter time durations, i.e. whéotalized to specific organs or organ transitions.
However, this is critically dependent on the electronics of the system for achieving its
respective function. Each option Trable 1-2 is adequate for the devices presented,
while there is likely room for optimization through considerations such as data
compressioffof the transmitted signal) or powsavirg algorithmghat alter the power
modes of each modyléor example, some IC components can operate between modes
such as fAActivedo or fADeep Sleepo (specific
which correspond to current consumption when wirelesstifure are triggered or
delayed, respectivelyn capsule endoscopy, for example, power consumption of the
signal transmitters has evolved with each iteratranging between-2 mW, and is
detailed further in other workend for other types of ingestibieviceg106]i [108].

One of themost important featuseof these devies 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.etiskae, fluids, etc., and for

the internal components. The former is dictated by the stapensionmaterials, and
sealing capability of the device shell. The shape is almost always a capsule, where the
length in one axis is longer than the lengthha bther, or the width, and the ends of

the shell on the longer axis are roundl&@d]. 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 tridri€i. 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, olie co
use geometric innovation such as a greater surface area at theanamanoscal¢o
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 furtheonsideratiorio ingestible capsule desifhlO]i [114].

In terms of materials, the most common requirement is bioconijgtib
Though biocompatibility can still entail a wide range of properties, the most popular
use in this context is for the material to be #@steas a fAsur face devi ce
breached or compromised surfaces for prolo
Drug Administration (FDAJmModified ISO10993[115]. This would entail testinguch

as cytotoxicity, sensitization, irritation or intracutaneous reactivity, acute systemic
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toxicity, materialmediated pyrogenicity, subacute/subchronic toxicity, and
implantation, as outlined in Table A.1: Biocompatibility Evaluation Endpqiti$§].

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 from1 (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 natact with such pH levels. This is compounded by numerous
other species in Gl 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 itlhstand mechanical forces occurring during
peristalsis, which can vary depending on the region of the GI tract. In the small
intestine, the primary forces acting on devices in transit are traction force, contact force,
and peristaltic waveld 17], [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; thesees were also investigated
using pills with embedded pressure sensor afteyg], [120] For the above capsules,
cladding and sealq 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 materidl102], and the capsule for Gl 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 resisance to gastric acidd.22], [123] Chapter3 will revisit the concept of
capsule packaging, including the materiblgtilized for enhanced utility for both

protecting our systerand targeting our Gl region of interest.

1.4 Structure of Dissertation

Chapterl 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 foe downstream development of a platform
adaptable to a variety of healthcare diagnostics. Chaplelves into the intricacies of
impedance sensing and its ugilifor garnering detailed information on surface
interacting hydrolytic reaction mechanisms. ChapBtaresents our packagifgcused
approach in hybridizing 3fprinting and pharmaceutical polymer coatings into a
cohesive manufacturing strategy. Chapteliscusses the challenges associated with
assembling, testing, and validadiour system, while demonstrating its versatility for
sensing multiple duodenal biomarkers. Finally, Chapgermmarizes the contributions

of the work while introdaing various directions for expanding device utility.
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2.ChaptEdrec2t:ri cal Hamarsaatcitd oTr yoj
Activity

2.1 Pancreatic Enzyme Sensing

As discussed iTable1-1, Gl enzymes can be categorized by their region of
origin, substrate, and associated pathologies. Their quantification is traditionally
performed through assayiscluding various forms aénzyne-linked immunosorbent
assays (ELISA)with a range of methodologies including colorimetric, radioimmuno,
andimmunochemiluminometric. What remains consistent among each of them is the
requirement of transducers to convert the biological signal, i.e. tlayme
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 biomaskistrate interfaceyhile achieving
inherently more simplicity than those discussed alpb®4]. Such direct measurements
can be useful not only for detecting the biomarker of interest, but determining
gualitative ormechanistic details on how the sensor materials behave in response to
their activity; this can aid further in improving sensor designs or optimizing materials.
Here,|l 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 fun&@emcreatic trypsinn
particular,is a protease essential to a functionigledtive 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 becomessated upon hydrolysis by
enterokinase on the lumensurf§ee L i p a-anglasa arelambhg the other major
enzymes that are activated in the duodenum. These enzymes enter the duodenum in a
basic solution withtte 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 beenompromised in some wd¥], [125], [126]
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Figure 2-1 Schematic of collagen denaturation into gelatin. Reproduced with permission from [127].

Recenttechniques for sensirtgypsin involveanalyzingsubstrate degradation
in response to enzymolysidescribed in Section 1.3.3rypsin hydrolyzes specific
peptide bonds present on substrates widmino acids lysine and arginine. The
substratesncludecytochrome cgelatin, albumin or pol-lysine, while transduction
methods are equally variable, using eitbptical fluorescence, ionic conductance, or

resistance[71], [73], [128][130]. Because of its versatility for processing and
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modification, including over other electte systems, gelatin was investigated as a
model substrate for this wofk31], [132] Gelatin is a hydrolytic product of collagen,
and the 10%20% of most final gelatin formeonsist of theamino acidsmentioned
above [133]. Gelatin is also biocompatible, and therefore an attractive substrate
materialfor trypsin As a hydrogel that begins as a low viscosity liquiten heategdt

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 stdtee process for which is depictedrigure

2-1.

One such structure is a thin filnepmpatiblefor variousimpedimetric or
amperometricensors made from standard monolithic fabricafldrin film structures
have been achievedhrough @position of hydrogel, while in the sol statgsing
strategies such as spionating, dropcasting, dipcoating, etc.[134]. Furthermore,
crosslinking is utilized often to enhance the stability of the material, and is limited by
the reactive functional [§36]oQlumsldehyde, forhe st r u
example, has been used to allow for gelatin films to maintain structural integrity at
higher temperaturek i.e. the physiological temperatures present throughout the Gl
trad (37-39°C) 1 to ensure the film remains stable, though high concentrations can
induce toxic effects on cel[436], [137]

It is important here to introduce several distinctions between the sensors
intended for the system in this thesis, ire.vivo in the Gl tract, and how ost
biochemical sensors for biomedical applicatiopgrate. Firstlyin vitro systems are
oftennot concerned with toxicity as they are often utilireditro, where the samples

are either in buffer or fluids that have beemoved from theellular contactThis
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does not apply to thei sensing strategiéisatare designed to operatevivo, as there
are significant risks associated when implementing foreign objects in the physiological
environmentlue to the potential for an immune response with the complex biochemical
heterogeneity138]. This introduces another distinction, which is timavivo sensing
has limited capabilities regarding sample pretreatment without aulit®ystem
modules, and thus the sensor is subject to interact with each méléutileding those
that are not of interest and therefore nonspektificesent in the fluid. Therefore han
targeting trypsin, which, as discussed above, originates neduddenumit 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 hydrolysisi except for chymotrypsin, as discussed in Section 1i3@her
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 artarger 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 focusedin this work on testing several species that fit into the latter
category.

In this chapter| discuss our efforts for developirg sensing strategy for

measuring trypsin activity in solutions containing several types of interfering enzymes
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characteristicof duodenal fluid. Crosslinked gelatin films were formed over
interdigitated finger electrode (IDE) sensors, which were fabricated similarly to those
described previouslj140]i [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 fam 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 Dhomas Winkler contributed respectively to
initial data extractionAppendix C of[143]) and analysis of impedance resulibis

work was published in contribution {@44].

2.2 System Dagn and Experimental Setup

2.2.1IDE Sensor Fabrication and Film Deposition

A simplified schematic of the sensor fabrication process is depicteidjume
2-2a. A pair ofsensor electrodes per device (Appendix Ache sensawith substrate
polymercoating and one for negative contfotprint 3 cm x 1 cr), wasobtained
using astandargbhotolithography process for NRIBS0OPY photoresigFuturrex, Inc.,
Franklin, NJ)over 100 mmpyrex wafersThis involved a Eminute dehydration period,
spin-coating at 3000 RPM for 30 secondsl50 C soft bake for 1 minute, exposure to
365 nm UV 190 mJ/cAra 100C hard bake for 1 minute, development in RD6 for 10

12 seconds, then rimg in DI water.Cr/Au (20nm/200 nm) was deposited viakleam
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evaporatiofAngstrom Engineering, Ontario, Canada)lowed by liftoff with acetone
for 5 minutesTheesul ting | DE finger s, a total of
spaci ng anletgthSas shows iMrigure2-2b.

Next, a 75 em thick polyvinyl chloride
Corp, Moorpark, CA, USA) was applied to the wafer surface, antbrpa were
manually cut over one sensor per dedsea mask for the gelatin filnGelatin type B
solution(from bovine skinSigma Aldrich, St. Louis, MO, USA) was added to 50 °C
deionized (DI) water while stirring until complete dissolution to a fmébw/v. 200
eL gel ati n saoated titi4d@ mpmiioa3d s aver the sensors, then cooled
overnightinto a gel stat®ver the test sensor. All gelatin films were crosslinked after
overnight cooling with 0.5% glutaraldehyde solution in DI water atréemperature
for at least 4 hours to improve thermal stability. After PVC removal from the IDE
patterned wafer, gelatin film thicknesses were charactemzguofiled,with acontact
profilometer (Veeco, DektaR stylus, Plainview, NY, USANhich wergfoundranging
between400' 700 nm. IDE devices were then diced using a standard dicing saw

(Microautomation, Centreville, VA, USAJinsed with DI water, and dried overnight

- 1. Patterning gold IDEs using liftoff
IW’ 2. Overlay patterned PVC film

- 11l
3. Spin-coat gelatin, crosslink with ‘ I ! i\
glutaraldehyde, remove tape | | "H | | I
50um | | i | i

.\'! HI
i |
(@) [Oxide | [Gelatin] (b) 4 b bl ‘Ewu

Figure 2-2 (a) Schematicof sensor fabrication. Step 1 entailed photolithography and E-beam deposition
Ol w" Uy Uwl OUwl YOOr!I YYOOOwWUI 1 Owobi UOI I wpPUT weEET UOOT 8w 1 Ul
in buffer was spin-coated at 400 rpm for 30 sec, cooled overnight, then cosslinked with 0.5%

glutaraldehyde solution to improve thermal stability. After PVC removal, gelatin was measured using a
contact profilometer at thicknesses of 306700 nm. (b) Microscopic image of the resulting sensors.
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2.2.2 Enzyme Solution Preparation

Trypsin from bovi ne-L-arginme ethyl@ster (niB/Mm§ 0 0
solid, 28mBl &Da)( 010 54 kDa)ardiipgse §Type il, 0P 5 1
500 units/mg protein, 48 kDa) from porcine pancreas, as well as phos$pififzied
saline (PBSxapsules 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
| i pas eamyasedweUprepared at 1 mg/mL each. Heterogeneous solutions

consisted of 1 mg/mL of each enzyme.

2.2.3Impedance Sensing

To test the sensors with continuous enzymes, a fluidic chamber was designed,
depicted inFigure2-3, that enabled electrical connections with the sensor contact pads.
Diced IDE sensorswere inserted into a custom twpiece 3D printed chambers
containing an inlet and outldor respective solution entry and renabvrom the
chamber via continuous flowThe parts were designed in SolidWorks (Dassault
Systemes, Vélizyillacoublay, France) an8D printed from MED610 with an Objet30
Pro (Stratasys, Eden Prairie, MN, USA). Fluid was injected with syringe pumps at 20
eL/min through0.4/2.24 mm inner/outer diametygon tubing (ColeParmer, Vernon
Hills, IL, USA) into the chamber inlet, then exited through the outlet into a waste
beaker. Sensor response was recorded with each mediurthesignalsaturated at a
consant magnitude beginning with air, PBS (negative control), then PBS with
enzymes, described Section 2.2. The chamber was incubated at ~37 °Cdach

experiment to simulate physiological temperature. IDE contact pads were connected to
35
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a CHI 660D Eleabchemical workstation (CH Instruments, Bee Cave, TX, USA), one
pad connected to the working terminal and the other pad to shorted reference and
counter terminals. Th&equencywas swept from 10 Kz 1 MHz at an AC voltage
amplitude of 50 m\for two minutes per sensor. Sensor substrates were weighed with
aSartorius ME5 microbalancéSartorius, Goettingen, Germarayd profiled through

the process described in Sectior2.2, at three separate tinpmints: (1) before
deposition,(2) oncethe films were dehydrated, ari@) following experimentation to

correspondabsolutechangeof film massand thickness with the resulting changes in

impedance
PEEK Tubing
M2 Screws
Silicone Gasket
Sensor

1
2
( b) Reaction Chamber

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).

36



2.2.4 QCM SensingMethodology

As ameans oimeasuringactivity in real timebetween the enzymes discussed
above and the gelatin filmd, investigated mass sensing using quartz crystal
microbalance(QCM) (Inficon, East Syracuse, NY, USAFIuid was injected with
syringe pumps at 20 ¢ L/ mPamer} ihtoc th QGM t ygon
TeflonE 100 &L chamber inlet, then exited
Sensor response was recorded with each medium until signal saturation, beginning with
air, PBS (negative control), then PBS with enzymes, desciib8ection 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 pasfiled

descibed in Section 2.1.

2.2.5Image/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 maintairptheence of a control sensor. The resulting
films possessed thicknesses ranging froir®60  (/emco) Films were observed and
analyzed using an INM10Microscope (Leica, Wetzlar, Germany) and aB8480
Variable Pressure Scanning Electron Microscope (SEdjachi, 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 as variou

frequencies were plotted over time for each condition
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2.3 Resultsand Discussion

2.3.1 Film Structure and Morphology

Microscopic images of resulting IDE sensors, with and without-cpated
gelatin films before exposure to enzyme solutions, are displayeidjume 2-4a. The
gelatin films, depicted over the sensors on the left side of the image, were slightly
frayed at the edgeafter removal of the PVC tapépwever,this was not found to
directly affect sesor response as the edges weréher than a finger width distance
from the IDEs.Figure2-4bi d represent thdried sensomafter exposureto either PBS
(b), trypsin (c),or a combination of trypsin, lipase, and amylddg in PBS. After
surface profiling, it was evident that trypsin alone remdfiesnost gelatin from the
sensor surface, visualized Figure 2-4c, while each other condition leaves a residue
of film over the test sensor and more repecific adhesiof other enzymeto the
control surface, such as the mixtireated sensodepicted inFigure2-4d. Table2-1
describes theneanproportion of remaining film thicknesafter exposure to each
solution condition, calculated usimgyuation (3), wheret is the thickness at each

measuremergoint explained above

. 0 o}
0RIEG QEXRLG &0 QR ©
A value of 1 indicaté zerofilm loss and each thickness was achieved after signal

saturation and complete dryiofthe samplén anambient environment

38



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 (PhosphateBuffered 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 microscop8EM) images of the dropast films in various
condtions can be viewed ifrigure 2-5, where (ab) are sideview and(c-d) are top
down. InFigure2-5a, the dry, crosinked filmsresulted inan edge thickness of ~60
em. After exposure to trypsin for sever al
saturated, the sensor was rinsed with fMrand completely dried. The resulting edge
thickness depicted irFigure2-5b,was t hen measured at ~9 &gm,

of film as a result of hydrolysis from trypsin. Thetio of remainingto originalfilm
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thickness wa slightly less than 0.15, which is relatively consistent with the ratio of
film remaining with the sphtoated film fromTable2-1 (0.11). Furthermore, thelfn

is much smoother, and can be observed again from theewpn Figure2-5c.

—— AT

© (d)
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 thedrop-castfilm was exposed ta combination oéll 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 detgd inFigure2-5d, globules form in the film, some of which
can exceed 15 em in diameter. T-dpecific i s
enzymes in the gelatin matrixjotentially responsible for attenuag the trypsin
activity [145]i [147]. Further, the immobilization of the neapecific enzymes in the
gelatin may induce tighter bonds (i.e., aldimine wite #mylase) to form, possibly
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explaining the decrease in thickndgk8]. However, based ahe results imable2-1,

there is still less degradation with all three enzymes than what occurs with only amylase
or lipase, suggesting enzymatic craserference in the solutigprior to interactions
occuring 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 hesudé the

necessity for further experimentation in the fut{td9], [150]

2.3.2 Impedance Sensing of Trypsin

| characterized the impedance response of gelatin film degradation over IDE
sensors in response to various stimuli ifalricated impedance testing setup made
from 3D-printed components, PEEK tubing, and a potentiostat, discussed in Section
2.2.3. Impedance spectra were recorded after filnbibzation under PBS flow with
the 3D-printed setupin Figure 2-3. The absolute impedangecordedat 10 kHz
(indicated later in this chapter Figure 2-7b) reveal@ the highessensitivty to the
presence of trypsin during flow due to the largest changes that occurred relative to the
initial signal saturatiorf-igure2-6 presentsmpedance spect@mparing the effect of
different concentrations of trypsin, which show that 0.5 mg/mL trypsin reduced the
film gp@ate to 0.114 ¢/min, a significant drop compared to the 2.88kin rate of
the 1 mg/mL concentratiofhis indicates that thep @rate can potentially be used a
sensing parametem he cur ve o&Nor FiTlrnyopsessential ly r
impedance of PBS over the sensor since trypsin is not significantly polar and thus does
not alter the dielectric properte s of t he budFelr mowhepees€ons

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 coatedith a
gelatin film, to trypsin at 1 (both film and no film), 0.5 (film only) and 0 mg/mL in phosphate -buffered
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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 gel ati nod[d5l]riteis lkdlyj vel y ne
howeve, that equilibration with the PBS flow allowed salt ions to accumulate
compared to the neRBS exposed films (data not showttjereby increasing the ion
concentration in the gelatin matrix over the sensadiffusion

In Figure 2-7, | report a representative sequence of Bode plots at different
exposure times that convey changesimpedance with respect to theguivalent
electricalcircuit modelof the film, such ashe doubldayer 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,l observe over time, both the phase and impedance spectra of the coated

sensor approaahg those of the uncoated sensor, indicating a decrease ifttidmgh

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 #buffer.l also observe in Figure2-7b thatwith increasingrequencythe

phase approael90°, further evidence thagsistive elements become more negligible

comparedo capacitive elements in the circuit. Additionally, there is an increase in the

solutionresistance (B in the Nyquist plot, illustrated by the increasediameter of

the semicirclesKigure 2-7d) as trypsin continues to remove film from the sensor

surface. This iglifferent comparedo what is obse®d in uncoated sensorSigure
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2-7c¢), which further supports the likelihoaaf ion accumulation in the film. Our
observations indicate that each of these circuit elements, i.e. resistance and capacitance,
can be monitored to de=imine film degradation, which suggedthat! 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 investigationsato potential notspecific interactions to determine if they
affect either parameter, as well as determine which would be ideal for enhanced

sensitivity to the film reactions

2.3.3Impedance Response with Enzyme Mixture

After characterizinghe impact b6trypsin on the impedance of the flooated
sensorsl then observethe impact ofntroducing norspecific enzymes to the
solution In Figure2-8, | observel that the addition adbothamylaseand lipasd€1
mg/mL each}o trypsincaused a significant decrease in ratep@ measured at 6.77
x 104 kg /min compared t®.88 kg /min for the trypsin onlyFurther, when amylase
or lipase are alone in buffanthout trypsin | observe adecreasing impedance,
oppositeof the result founavith buffers includingrypsin. The origin of the increase
in impedanceluring the first hour fothe sensors exposed to lipase, as well as within
two hours for the amylasetjlsrequire 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 uncoad 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).

Uponanalyzing theNyquist plos of nonspecific enzyme impaah Figure2-9,
| observe additional trends, agaidifferent to those from trypsin, induced Hize
addition ofamylase and lipge. These trends include a decrease in the radius of the
semicircular region (representative of thg,Rhe latter of whicltan be represented by
equation(4):

) L«
Y 5 4)

where} is thesolution resistivityl electrode lengthA is theelectrode arefl52]. This
effect on theRs can be a result of the lack of fildegradation, or even increase in film
thicknesq153]. The semucircular region in the film responding to amylase or lipase is
much more definedndicating a larger doublayer 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 +specific enzymes do not significantly affect

the struture of the film in the absence a&fypsin (indicated fromFigure 2-5d).
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Alternatively, in the case of most nonspecific enzymes, residual glutaraldehyde
remaining in the film may haveanmglaseawed for
lipase, likely observed isection2.3.1 [145]i [147]. Upon measuring the film after
exposure to all three enzymésee the similar trend of increasing impedance as when
trypsin is abne, though at a much slower pategain obsernwathe phenomena of
decreasingRs in the Nyquist plot, similarly to what occurred with the amylase and
lipase alone. The reduction in degradation ciseussed abovmay be alleviated by
modifying the filmto prevent norspecific 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., polyl-lysine) [154]i [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 tkeauific
enzymes, is ponsible for inducingncrementsn impedance over thgelatincoated

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)amylaseor lipaseat 1 mg/mL concentratip or combinationgeach at
1 mg/mL)of trypsin amylaseand lipase. First, the mass response equilibrated under
air for approximately 20 min (nalisplayed, and further equilibrated under the initial
flow of PBS solution without enzymes for approximayetwo hours.Figure 2-10a
compares the response to different concentrations of trypsin in buffer. The average
gelatin degradation rates, calculated using the regiontethargest 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 indicateBigure 2-10b. For the single enzyme
mixtures inFigure2-10c, gelatin degradation rates were qu@di 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 m#ss total change imass is presentedith
most of the film having been removed from the substrate by the 1 mg/mL trypsin.
Additionally, values were recorded until the signal saturaesaturation time varied
depending on the amount of filmemoved from the substrate for eatfypsin
experiment. Though th&lope forall three enzymes iRigure2-10c combined appears
steeper than those for just trypsin anttier amylase or lipase individually, thiene
scale gives an indication that thate 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 frotme 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 (&) 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 providd empirical evidence as to the feasibility of using gelatin
films for measuring pancreatic trypsin through eleatrimpedance spectroscogy.
measurd various electrical properties of the films such as overall impedance, which is
thendecomposedsing Nyaqiist analysis and QCM to compare isolated trypsin versus

nonspecific enzyme results.

2.4 Film Reactionsto Varying Enzyme Concentrations

Because observed realime changes in electrical properties of the gelatin films
in response to pancreatic enzymad a potential dependence on physical properties
such as thicknesswanted to further evaluatenitations of how these films react. In
this section,| exposeé the films developed in the previous section to a wider
concentration range of pancreatic trnypsand observe potential tirszale
dependencies in the film thickness and mass response.

Gelatin films were deposited via drgpsting of 50&L of 1 %w/v gelatin in
DIH20 over preweighed 10mm x 10mm Pyrex chips, then refrigerated overnight and
crosslirked similar to the process described in Secti@i12.The mass and surface
profiles were then obtained for each fibnated chip (FC).

FCs were immersed in glass petri dishes containing solutions, under 200 RPM
stir via magnetic stir bar and 3B°C, comisting of 0.1 M PBS only or PBS with
varying concentrations of trypsin (1 mg/mL, 1€mL, 10eg/mL, and leg/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 theadiwith DIBO, blow-dried
with N2, then set aside to dry in ambient for 24 hours. FCs were theaighed and

re-profiled.
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Figure 2-11 illustrates the trends produced for both % change in mass and
thickness, using equatidB) and its conerted form when considering the change in
mass. Initial film masses and thicknesses were calculated at 0.572+0.01 mg and
6.80+0.44e m thick, respectively. The thickness for the dogst films are likely lower
than those from Section21 due to the volumused and the available surface area and
how they impacted potential spreading effettsbserve distinct changes in the rate
of mass and thickness decrease with increasing trypsin concentfédt@time points
choseronly yielded saturation levels ftine 100eg/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 usd these trends to calculate the rate of reaction over time with each
concentration, depicted Figure2-12below.The time frames used for 1, 10, 100, and
1000eg/mL wet, 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 satuation.
only dol observe that the changes in values occur in logarithmic trends, but that they
are almost equivalent to each other for both mass (mg/hr) and thickme&s) This
is critical in relating these metrics to enzyme concentration, which are quantified using

the depicted equations and their respecti¥edefficients 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 thicknessError bars depict

standard deviation (n=3).

In this section,l briefly describd our efforts to characterize the reaction
response of gelatin films to varying concentrations of pancreatic trypsialuate
the impact specifically on film mass and thickness, and enaliteuse 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 respodsmonstrated ifrigure2-6, | observd that
the capacitive and resistive elements of the equivalent circuit model of the IDEs both
change significantly as the gelatinnfilhydrolyzes from the trypsin. While the total
impedance shifted more significantly at lower frequencies (<100 kHz) reflecting more
capacitive effects compared to other frequency ranglsp noticed measurable shifts
at higher frequencies for resistivifeets (>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,l was interested in focusg on transitioning from impedance sensing
strategy to solely either a capacitiver resistivesensing strategy and determining
which would have more sensitivity to changes in film reactions.

Capacitive sensing possesses several benefits resistive sensingin
understanithg how thin films structuresover IDEsaffect either When a thin film is
deposited oto an electronic transducer, the douldger capacitancgCq), is affected
which can beexpressed as the sum of the constant capacitance framnaodified
electrode (G&u) and a surface modifier {{zd), depictedn Figure2-13andexpressed in
equation(5) [39]. Cmodis an indicator of binding to the electrode surface, dependent on
the relative permittivity ) and thickness of the film (t), and can be calculated by
equation(6), wherely is vacuum permittivity(8.85x10' F/m) and A is the electrode
area[153]. Equation(7), solving for Gy, is similar, only withfilm thickness replaced

by the distance between fingers (8%7].
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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 #34CTo 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 atbegsurface area for any
chargetransfer to occur. This would also affect the & the location, so the response
time would be equivalent. Howevern&iis affected by changes in the rest of the film
thickness whereassRdescribed irEquation(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 sensi@ace. While changes insR
were evident through the Nyquist plots from impedance measureraepiation(6)
indicate measuring the capacitance alone can inducestar fahange in signal.
Ultimately, he more the film is degraded, the moreaid R are prominent in their
effect. In Appendix B, a COMSOL simulation of the equivalent circuit model is

presented, which further highlights the feasibility for capacitiveiagn
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2.5.3 SensorCharacterization with Varying Film Thickness

In determining the geometries for the next iteration of sensors used in
measuring film degradation in response to enzymatic activitgyveloped an optical
mask, depicted irigure6-2 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 theesulting capacitance and how sensor performance could be
optimized with different geometriestEach 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 sensartput acquired through different multiplexer (MUX)
inputs. This will be discussed further in Chapter 3.

Fabrication of the sensors was conductél dropcastingas described in
Section 2.1. This was becausevasalso interested in seeing how the filnofile and
thicknessconsistency 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 thicknefsedevices
at the center compared to those at the outer wafer perimeter. Additionedigted to
establish the expected film thickness when reusing the sensors with newly deposited
films. After dicing, the resulting-4ensor devicesyhere dicing tapeamained over the
contact pads as a mask, placed on the spin coategl2§€latin solution (5 %w/v in
DIH20) 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 cocdéedigivt in ambient,

crosslinked, and measured with a profilometer similar to those in Secidn 2.
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Figure 2-14 (a) Resulting gelatin film thicknesses and different spin speeds, both pre- and post- rinsing
with DIH 20. (b) Top-level view of example sensor outline, with each sensor label. (c) Resulting film
thicknesses for each spin speed, broken down by sensort using labels from (b) ¢+ and rinsing. Error bars
depict standard deviation (n=3).

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 DJ& and dryng. 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 nm) and (bdhinner than drojeasting alone (60
90em), as described in SectiorR2.. A closer look, however, using the top view sensor
image inFigure2-14b, indicates that there is still lateral thickness variabilitiyigure

2-14c, wherel observd that the films remain thicker for the two central sensors (b &
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c) but ae 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, mglaati
possible better drying efficiency.

The sensors were then analyzed for their series capacité)i@n( resistance
(Rs) using arL.CR meter (Agilent E4980A) controlled with LabVIEWhe values were
calculated using the circuit model depicted-igure 2-15a. First, depicted irFigure
2-15, | compared how each response changed lmothe presence and absence of
gelatin films, the latter of which were those spun at 800 RPM and after rinsingl Here,
first noticed thatCs andRs increases and decreases, respectively, with decreasing finger
spacing. This is expected through calculg@: with equation(7) i using conditions
Cs = Cau When there is no filmGsno fim), andCs = Cqi when there is a filmGsim) 1
whereCay © d (finger distance) and was calculated using;1.005 for air, andh =
4.4x10° m? (interfacing area, constant over different dimensions used in this work).
ForRs, however, there is no reported dependence on the film thickness, and tHe trend
observd bet ween the "Filmo and fANo FiHemo <cond
relationship. However, the measur@gho fim varied compared t€au, 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 mg<Cdim,

| calculate the dielectric constant of the gelatin fitm () using equatioif8), asA and

- remain constant:

- S — (8)

57



This yielded an  of 1.23+0.06, which acts as a relatively efficient insulator (likely
considering it had little to no moisture) ahdould therefore usé along with their
respective film thicknegs1 to measure each respecti@aog Using equatior(6),
verifying there was a dependence of capacitance on the film thickttess used these

factors to calculate th€q using equatiorf5). These results are summarizedreble
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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.

Cs1 No Film
. . Cau (pF)
Width/Spacing (pF) Offset Factor
(Calculated)
(€m) (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 Csi Film (pF) - Cwmop (pF) CoL (pF)
(em) (Measured) (Calculated) (Calculated) (Calculated)
1.27+0.71 1.99+0.1 1.205 36.93 1.582
1.15+0.81 2.45%0.06 1.182 40.04 1.971
1.04+0.8 3.6240.1 1.294 48.43 2.650
Mean 1.23+0.06

Further analysis, displayed 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,ldadnd, using the slopieom each
linear fit trend, that the capacitance increased with increasing thickness more
significantly when the sensor finger spacing decreased, indicated by the depicted
formulas.| alsomeasurd resistance, which was also affected by the film thickrmss
in the opposite direction i.e. the sensitivity decreased with reduced IDE spacting
while the resistance overall would decrease as the film thickness increased. However,
regression on these slopes indicated that this change in sensitivity forgvéinger
spacing was also greater for capacitance (slope=13)xXBan 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 #n 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 ctikidywhen
high ion or electrolyte concentrations in the surrounding media diffuse into the films;
the former is limited with higher crodisking, thus preventing it as a major concern,
though a correction from a humidity measurement may also impreweaay. 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 thickaegss, 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 resultingble layercapaitance and
solutionresistance. Finally, even thougpresentdin Section 24 that the hydrolysis
reaction between trypsin and gelatin affects the thickihassvell as the ma$sof the
film, not all reactansubstrate interactions manifest in suctfae effects as opposed
to the bulk or at more isolated regions. This will be addressed more in chapter

In this section| described efforts to relate film thigess to electrical properties
using literaturebased mathematical and equivalent circuit models, as well as perform
basic computational modeling to establish relationships between film thickness to
sensor capacitanckefurther developd strategies for daeosition 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 filmg i.e. capacitance and resista. This will be used toward
determining parameter requirements in designing a microelectioasesi measuring

system for filmbased biosensing

2.6 Conclusions

Theworkin this chaptedemonstratgéan impedancéased sensing strategy for
measuring filmdegradation using gelatin as a substrate for pancreatic trypsin. While
sensor fabrication proved relatively straightforward, the information obtained offered
broad insight to enzymatic interactionatioccur between the film and various species
in the medial observedlinearrelationfor therate ofchange inmpedance over time
by measuring the degradation rate of gelatin films by trypsin, and that nonspecific
enzymes diminish this effect. The ciggs in impedances well as other electrical
properties as determined in Sectios, Pesulting from changes in film morphologpd
thicknessare likely to translate to similar film and enzwtaegeting combinations

Decomposing the impedance propertieo its fundamental components
provides various implications for system design and development into a cbpsate
microsystem. In isolating capacitive and resistive elements of the film response to
biochemical reactiond, evaluaté their respective @tacies to determine optimal
choices in the target system metric for assessing the local presence of enzymes.
Minimizing system elements to the necessary componegtgical when developing
a microelectronics systenaiding in subsequent reduction iarh factor to scales
relevant fordifferent domains, such as the human bdehtential strategies i.e. a

capacitive sensing microelectronic systémthat could be implemented when
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measuring biomaterial film reactions to biomolecular targets in complésoaments

such as pancreatic secretiamsivowill be discussed further in the following chapters.
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3.ChaptPearc k3aagnidn gSy st em Miomri at ur i z
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 fitu sensing
[158]i [161]. More importantly, samples must first be extracted usthgraools 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 suchnagugation 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 targe{163], [164]}

To transition tain situ biosensingor the benefit of real time data acquisition
and procedural simplification as described in Chaptersttategies must be
implemented that can either (1) reduce the numbsteps involved or (2) incorporate
them into the sensing systelior rapid detectiorupon sampling. Toward this end,
capsulebased integrated devices have recently been gaining traction as vehicles for
sampling through the gastrointestinal (Gl) trietthave the potential to achieve these
tasks anavercone variouslimitations in current medical technigyesich as location
restrictions or insufficient sensitivity measurgs®5], [166] To become a viable
medical solutionfor its respective functiongapsules in the form oc&utonomous

diagnostic systemmmust be able to navigate and function within the Gl @ract
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physiological environment, which is often chaotic amhibitive to systems requiring
control over the features affecting the sensing interface, which includes but is not
limited to fouling or norspecific interactionf99], [100], [103], [1671[170]. With the
wide range of potential applicationsapsulesare becoming more ubiquitous
academic settings, aradfew areexperiencingsuccess in industry aiding practitioners
in the clinical field[171]i [173]. As mentioned previously,n@ of the most successful
commercially available exampled capsulebased integrated devicesthe capsule
endoscope, such as the PillCavte(litronic).It wasinitially introduced as a solution to
extendthe limited rang®f endoscopic procedures in the Gl tract such as a colonoscopy
or esophagogastroduodenoscady], [174], [175] The primary benefit of this
technology overraditional endoscopy, other than that it does not require anesthesia or
as much involvement from the clinician, is its enhanced abiligctess difficulto-
reachGl regions. Overall, these detection technologies aim to understand the state of
the Gl enwwronmentfor identifying pathological conditions or obtaining previously
inaccessible informatioim a noninvasive approach

Gl fluids areused in diagnostics for isolating biomarkers related to specific Gl
pathologies, and targetirgpecificregionsfor samplingis critical for associating the
biomarker with its source. Additional examples that have yet to mature to clinical
implementation require specific sems that often include complexsurface
modificationsfor binding or reacting with a target spegibased on the biomarker of
interest. One such device measures gas concentrations in the gut, which optical images
cannot easily distinguigi00]. Though electrochemical gas sensors have aemamd

since the 19th century, the novelty lies primarily with the integration of this sensor into
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an ingestible system, thereby offeriolinical potential that did not previously exist
[101]. Another device uses fluorescence imaging to determine the occurrence of Gl
bleeding [99]. This devie serves as another alternative to traditional endoscope
procedures for redlme monitoring with more specifity than using capsule
endoscopy as discussed above. Additional examples warrant further discussion over
the impact of capsulbased biomedicablevices, and a prevalent theme is the
integration of lowpower electronics and relevant senseithin a compact ingestible
packagd11], [103], [168] [170], [172]

The most important feature of capsbligsed technologies is their departure
from benchtop analytical systems toward miniaturization intoinanivo sensing
platform. For example, while traditional endoscqmssesses 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 depict&igure3-1 below[176].

I' 1 ’{ | 3 ]—-:'---l- 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 mastivoreattime sensing with wireless

signal transmission include: a sensor, microcontroller, signal transceiver, power
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supply, and a capsul&ke package that can be swallow§ti77]. However, for
achievingalternativetasks, such as sensing, at the required size scale, eaprgyns

a significant limiting factor that demands controlled allocatiorp@iverto 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 regiofl78]i[181]. These systems can include
cumbersome equipment that the patient must wear in the form of-bkbedensor

array unit, and rely on magnetic or fRBsed localizatioechnologies that possess
significant power requiremeni$82], [183] While knowing the location of the capsule

is necessary for certain functions where targeting reguinore 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 MISmagnetictracking system), intestinal and
abdominal movement can affect measurement accuracy, requiring simultaneous usage
of computer tomography, and therefore additional costly equipment, to obtain
anatomical datfl78].

Though there are clear benefits to these anatomical tracking systems, they are
not alwaysnecessary 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 Gl 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 inFigure 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 ttmmslisuch as
inflammatory bowel disease (IBD) or irritable bowel syndrome (IBS), among others
[186]i[189]. The pH is also necessary for regulating enzyme and other digestive
functions, as most enzymes, such as those relevant to this wbakle3-1, possess
optimal pH rangefl90], [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 optiemalyme 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

(
PH5  Ascending colon ? pH 6.15-7.35

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 Gl tract morphology with respective pH ranges. Reproduced with permission from
[184].

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

Enzyme pH Optimum
Gastric Lipase 4.05.0
Pepsin 1516
Pancreatic Lipase 8.0
Trypsin 7.88.7
Pancreatic Amylase 6.7-7.0
Urease 7.0
Maltase 6.1-6.8
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In this chapter| elaborate on our developmentabfvirelesslectronics system
and its encapsulation in a capsule packagenonitoringthe ability to sample fluict
various targeted GI region3he electronics interface with similar sensors as those
developed in chapt&, butthat (g require low power and (b) use surroundptg to
approximate location. A-B printed custom package encapsulates capacitive sensors,
which are multiplexed and interfaced via a capacitivkage converter (CVC) with a
Bluetooth systerin-package (SiP) thiacan pair with a mobile device via Bluetooth
Low Energy (BLE). The capsule design possesses gratings that are plugged with
different polymerswhich dissole undervarious biochemical conditions to allow for
selective fluid entry into a sensing chambenc®the environmental condition (pH in
this study) is met, théissolution of thepolymerin the gratingis detected by the
capacitive sensodue tofluid entry changing the dielectric property of the chamber.

The polymers tested were chosen to demotespatential for sampling in a
variety of regions in the Gl tract based on pH, with an emphasis on sampling pancreatic
secretions as depictedkigure3-3. The transitionn 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 ~B0 minutes, offers a distinct eveautd time
framethat is used in our design to target and darppncreatic secretions. The gratings
are filled with various formulations of pkensitive copolymers composed of acrylic
and methacrylic acid that are currently used in the pharmaceutical industry for drug
delivery to specific Gl regiond 92]i [194]. Different coating thicknesses are tedted

evaluate control over dishition at varying time scaless well as combinationsr
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layersof coatings for more complex sequences. Hatiscuss the design of the system
packaging, electronics, and their miniaturization.

Dr. Luke Beardslee contributed to the circuit and PC&giefor 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 theroal

application for signal acquisitiothis work was published in contribution[tt95].

pH-soluble
coated capsule

Esophagus

Small intestine

) Large intestine

Coating dissolves
with specific pH ‘

Figure 3-3 Depiction of system outlook and application (Image credits: N ational Cancer Institute).
Polymer coatings are intended to dissolve at either the stomach (pH 1.53) 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

3.21 Sensors anétxternalSystem Electronics

Electrodes consisting of four sensongth a footprint of3 cm x 1 cnm{Appendix

A2)wer e obtai ned t hofofudg hagdescsiiesham Seetiond2.2.f.1 i f t
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Theesul ting interdigitated electrodes (I DEs
50 em spaci ongl|DE detlice2wem thenldideusing a standard dicing
saw (MicroautomationCentreville, VA.

The electronics, including various dfie-shelf integrated circuits (IC), used to
operate theapsule are summarizedkigure3-4. In our configuration, four identical
capacitive transducers are connected with a multiplexer as inputs (MUX IC, DG4052,
Analog MicroelectronicsMainz, Germany each of which is measured using a CVC
IC (CAV444, Analog Microeletronics). The voltage output is connected to the analog
to-digital converter (ADC), a part efiemicrocontroller unit (MCU, BGM121, Silicon
Labs Austin, TX), which transmits the signal either serially to a computer via UART
or wirelessly to a mobile dese via BLE, respectively. Genefpilirpose 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 smartphoties availability of components that fit the needed
form factor, and the availability of loywower components with a sleep mode. The
rechargeable 14 mAh at73V lithium polymer battery (Powerstrea®rem, UT) was
the optimal choice for the desigh satigiesthe constraint o& small form factor and
is able tosource enough power favireless transmissiorfzigure 3-5 presents the
calibration of the ADC output potential using capacitaish known values. In
addition, this figure displaydatafrom the sensorbeinginserted into and removed
from buffer via UART andBLE, respectively, where the slight elevation in sigafter

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 capacitancevoltage-converter (CVC) IC, a 1.5 MHz step-up DC-DC converter, and a BLE system
in-package (SiP) microcontroller 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 0-220 pF dynamic range with a sensitivity of 3.2x10-3 pF/mV

and operated using a 3.3 V source. (b) Data comparisonbetween 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).

3.22 Capsule Package Design and Materials

Each capsule is designed in SolidWorks (Dassault Systemélzy-
Villacoublay, Franckand 3D printed from a biocompatible acrylic resin (MED610)
usingan Objet30 Pro (StratasyRehovot, Israglto assess the feasibility and utility of
the capsule packaginrgnd embedded gratings for sampling, as wela@seve the
desired form factor according to previously determined standards for capsule

endoscopy[10], [174]. The capsle designs and prints iRigure 3-6 are used for
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experiments usingnexternal circuit layoytwhere only the sensors are inserted into

the capsule and the electronics remain external on a soldered protoboard (Adafruit,
New York, NY). Gratingsconsisting ofa 3x3 array 00.4 mm x 0.4 mm hot which
function primarily as chamber inletajere positioned over sensor regions for fluid
accessibility intoa hollow spaceor sensing chamber A sl ot with 600 &m
and 1.1 cm width was created to allow for sensor insertion while sensor quadact
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, Germafya methacrylic acidnethyl methacrylate copolymer

with 0.3% sodium laurylsulfate in methanol for dipating individual layers over up

to 5 successive cycles. No bubbles appeared, indicating the polymer solution was not
displacing air in theensing chambemd therefore did not cause the capsule tarfid

contact the sensors. Cresactioned images were taken of the grating regions, two of
which (0 andl coating) are depicted Figure3-7a-b, and analyzed fdhicknes over

grating aad nongrating regions ifrigure3-7c.

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.

3.23 System Miniaturization and Assembly

The circuit was embeddedto a fourlayer printed circuit board (PCB, 25 mm
x 10 mm x 2 mm) made of FR4 with a silver finish (Sunstdmealino, OR). The
PCB, assembled by Screaming Circuits (Canby, OR), is depickdure3-8a,
indicating the pins used to connect to the battery, @héact pads for connecting to
the sensors, and the pins for programming the MCU. The schematic of the assembled
capsule setup is depicted Figure3-8b. New sensorgAppendix A.3) with a smaller
footprint to fit between the PCB contact padsle maintaining the sanmapadtance

range, depicted iRigure3-8c, were fabricated as described previously. The new
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sensoiDEswerel 0 e m wi de a n, dhiledthemewrimger lspaaging @bh
€ mncreased the sensitivity froB16 (for the 50em spacing sensorg) 7.3 pF/mV
These sensors were designed to dzed with the biomaterial films that were
described in Section£2.Most experiments were performed with the PCB connected
to a power supply through wires, as the battery performaageot been optimized
at this point for experiments reqguig long durations. The PCB and wires were
encapsulated iaconformal coating, consisting of acrylic copolymer (CAIG
LaboratoriesInc., Poway, CAfor circuit and electrical insulatiomnd inserted into a
modified 3D printed capsulghich directly interfacedthe chamber inletsvith the
sensors. A photograph of the assegdldapsule is depicted kigure3-8d, while the
system specifications are listed in

Table3-2.
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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 Electronics

Outer Diameter 12.7mm PCB Length 25.8 mm

Inner Diameter 11.5mm PCB Width 10.4 mm

Length 35 mm Sensor Capacitance Range  0.8-220 pF

Inlet area 4 mn? Sensor Capacitance Sensitivi 7.3 pF/mV
Sensors Operating Voltage Operating Voltage
Finger Width 5em Current Consumption Active: 5 mA
Finger Spacing 5em Deep Sleep: 2.8A
Finger Length 750em Battery (Powerstream) Li-Polymer/14 mAh/3.3 V
Number of Fingers 80 Wireless Communication BLE 2.4 GHz
Finger Thickness 200/20 Au/Cmm

3.24 Experimental Procedures for pH Sequences
For the circuit layout external to the capsule, the sensor contact pads were

connected to the circuithile sandwiched between PC##th solderedspringloaded
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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 definedatoate
polymercoatingdegradation at various pH states, according to a known pH dissolution
profile. Beginning vith 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 cauggissolution. 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 rante tdrget
regions of the GI tret, specifically the stomach and small intestine for acidic and
neutral secretions, respective[{t96], [197] Progressive pH adjustments were
performed every 30 min for acidnd neutrabkolutions via droplets of 1 M phosphoric
acid and 1 M sodium hydroxide, respectively, measured using a standard pH meter
(Oyster10, Exech Industries Nashua, NH The coating procedure discussed in
Section3.2.2was 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 expenents were 2.9 to 7.6 and 7.6 to 2.9 in discrete increments of
~1.0 to control for the sensor responatdle beginningn nonsoluble pH conditions
designed to inhibit dissolutiohe procedure was repeated with 3 coatings of L 100,
followed by 3 coatigs of E PO (depiet in the coating rendering 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 capsueas 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 capdtance over time. The recorded capacitance was obtained via BLE by
pairing with an Android phone, initiated via a modified application from the
manufacture(Silicon Labs) The data was stored onto the mobile device as a text file
and analyzedisinga deskop PC. Photographs were taken at the @mBtute, and 1
hour time points during immersion t@cord progress in coating dissolution. All
polymer solutions were 30%w/v in methanol and dyed for enhanced visualization.

All data was plotted using a customAVILAB (MathWorks) graphical user
interface (GUI). For the WSTK obtained data, the signals were recorded intdikete
using RealTermFor the PCB layout, the recorded capacitance was obtained via BLE

by pairing with an Android phonas described previsly.

3.3 Experimental Results

3.3.1 Sensor Responses

The sensor responses, both in voltage at the ADCtlamadorresponding
capacitance, for capsuledth varying numbers of coatings are depicteigure3-9.
For O coatings, the point at which the capsule was inserted into buffer is indicated by
thesharp increase in capacitance at around itesrdue to immediate entry of buffer,
causing an instda change in the medium dielectric constainthe sensor surfacéhe

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-éating sequence. Witan increase inthe number of
coating layersthe rate of the capacitance change is reduced significantly, recorded at
approximately 16.0, 5.6, and 1.1 pF/min for O, 2, and 3 coatings, respectively. The
system with 4 coatings did not open within the-ididute duration, though some drift

in capacitace due t@ potential increase in humidityas seenAs 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 fraspmr ding

measuements irFigure3-7c.
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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 4respectively) with increasing pH using titers of 1 M NaOH . Error bars depict
standard deviation (n=4). Chamber filling is characterized by a capacitance ctange of ~50 pFfrom the
initial capacitance in air. For each formulation, it was determined that 3 co atings were optimal for the
w/iv% used.

3.32 Coating Variety and Combinations
After varying the coating thicknesktested polymer formulations that would
dissolve at different pH ranges. Raiahe capacitance measurements for the pH

sequences of the L Q@nd E PQoated capsules (3 dgmatings each) are depicted in
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Figure3-10a-b, respectively, with the latter pH in which the coatings were intended to
dissolve enough to achieve samplitige distinct drop in pH toward the end of each
sequence denotes when the capsuds removed from the sampl&he resulting
capacitance indicated that sampling occurreth@nappropriateanges (neutral for L

100 and acidic for E PO), implying both thiability of these materials a®atings and

their potentialfor targetng different Gl regions. To allow for sampling in a more
complex sequence such as that expected between the mouth and the small intestine
(neutrali acidici neutral pH, respectively),layered 3 coatings each of L 100 and E
PO sequentially over the cayde surfacedepicted inFigure 3-10c. The resulting
measurements with the sequence used, consisting of pi3 Totd@, 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 LOD coating ensured the gratings were sealed
until the system returned to neutral pH.

It is important to note that the slope betwéembaseline capacitan@dthe
saturated capacitance varied with polymer type. This difference in timing was most
likelyaf f ected by wvariations in each pol ymer 6.
possible that it was also affected by their respective apparent viscosity at the solution
concentration used (L 100: @20 mPas, S 100: 5200 mPas, E PO: 36 mPas,
accordirg to the manufacturer), which varies the amount of plug infill during the initial
coating and polymer remaining in subsequent steipiswould also impact the rate of

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

intervalbetween 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 outemost
and L 100 is between 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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3.33 Assembled Capsule Coating and Sensor Responses

Assembled capsules were tested to ensure functiowdlibe fully integrated
system. The insulated PCB with the sensor connecésihgerted into neudd buffer,
before insertion into the capsule, resulting in a spike and saturation in capacitance
similar to the previous immersion experimendat@ not shown). The current was
monitored throughout to ensure the insulation of the board components waslaiak
The system was then inserted into the capsule and retested, producing-timereal
capacitanceeadout(data not shown). The capacitance measurements produced from
the polymer coated capsule in both neutral and abiditer are depicted ifrigure
3-11. Here,l observed that the sensors continued to measure the same capacitance from
beginning to end for the neutral buffer, indicatihgtthere was a lack of buffanflow
becausethe plug remained intact. Conversely, for the acidic buffer, a spike in
capacitance is measured at abouRZ3ninutes for each capsule, aboutZPBminutes
after insertion into the solution. Interestindlpbserved that the change in aapance
is only ~20 pF compared to the 50 pF shift for the external electronics, Winichd
was due to the presence of additional parasitic capacitances introduced during the
assembly process. Howevénere remains distinct signalincreasen the aadic pH
compared to the neutral pH upon dissolution of the polymer coating.

For additional qualitative valation, the photographs iRigure 3-12 depict
little to no change in the capsule coating throughout the neutral buffer sequence,
whereas the coating is mostly dissolveloth in the gratings the nagrating regions
of the capsulewsfacei 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 arghks in Section 3.3.1 and

3.3.2 | could tailor this fluid intake for different timing windows by varying coating

thicknesses, as well as coating materials.
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Figure 3-11 Reaktime representative trials of capacitance measurements obtainedvia 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).

0 min 30 min 60 min

(b) =

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.
Scalebar =3 mm.
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In this section, | described efforts to characterize the capsule coatings toward
targeted fluid sampling in pldpecific 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 neutratidicneutral. This will be used towarkkensing
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 fomechanical 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 thieh7], [118]. These forces vary significantly
in the literature regardless of the Gl region, ranging from 0.2 N in the duodenum to a
high of 20.5 N during gastric emptyiri$98]i [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 matetiabedi i.e. the MED610, 5&0
MPai suggests it can withstand these forces, the staldhiegrity can vary based on
features such as the | ayer thickness and n
structure is inherently nesymmetrical, with the longitudinal length at 30 mm and axial
length at 11 mm, thereby altering the contactasr 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 Zdour periods to ensure complete curing. A diagram

of the axesdsted can be seenhigure3-13a 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

UxOOwUl EET POT wi EPOUUIT wOOUIT wi OUwW? Y (hElpoE dachzanditiont w? OOwWUDET » w

Figure3-13b depicts each force profile generated with an Imada model MX 500

load frame with a Z2HI40 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 wih each circle, the failure points for each condition corresponding to the
applied points in (a) were ~1189, 1681,
Aon si deo, and Aupside downo positions,
ranges antipated during peristalsigigure3-13c-d shows representative photographs

of the failure modes for some of the setups, in whiobserved failure points along

the edges where the capsule surface had been epdRisdvas critical to understand
asymmetries in the capsule assembly, which can ideally be improved through more
robust and precise alignment procedures.

In this section, | determé&d 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 Wld 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 thischaptey | presenedour investigation and characterization of packaging
materials using 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 offheshdf components for the circuit, this system enables a-user
friendly and coseffective mean®sf reattime data acquisitiofor Gl fluid sampling

dependent on targeted physiological characteridfidsle further testing is critical to
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understand thén vivo efficacy of the wireless electronics and signal acquisition, the
system enables facile ret#ine evaluation of applied stimuli, which in this work
consisted of dynamic pH profiles and their impact on variousgpgeting coatings.

Various limitations weg noted during optimization and analysi§he
conditions applied to test the coatings consisted of transiesegtiences, whereas it
is critical to test the response of each set of coatings, likely for those with thicknesses
produced from 31 dip-coatings over time at each distinct p3-7) to determine their
respective abilities to maintain structural integrisrom a mechanical perspective,
future capsule structures will likely be tailored by using fluid flow mechanical
simulations to design enhancedet geometries that would enable more rapid sampling
upon coating dissolution. The plug infill process could be improved to become more
precise, accounting for viscosity thife polymer solutiorto improveuniformity across
multiple coatings while continog to maintain an effective seal. Furthermore, the
slopes used to determisampling ratenay 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 thecuracy 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
polysacchariddased coating#hich dissolve in responge digestive enzymes from
pancreatic secretions. This platform will be adapgtedhavemultiple sampling and
sensing chambers, individually coated with a variety of biomasgecific materials
toward multiplexed and specifibiomolecular identification and therefore enhanced

utility and customizatiorfior diagnosinglifferent Gl pathologies.
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4.ChaptRirodh €mipaxli ti wet Bensi ng

TriglyceandeMddulms | ntegrat.i
System

4.1 CapsuleBased System tegration

In revisiting Table 1.1 an@lable3-1, various enzymes that play important roles
to Gl health are only present in specific regions, which catalgeted 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 presdrmtber 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 achieveegificity. The gassensing capsule, for
example, utilizes gagermeable membranes of graphene nanocomposites that are
hydrophobic, aiding in phase separation of gas from ligi@], [13], [100], [202] The
rest of the capsule package, i.e. everywhere without the membrane, is made of a
polyethylere shell that remains inert and protects the internal system from the Gl
environment. Meanwhile, one of the bleddtecting capsules is inherently specific due
to genetically engineered. coli that become luminescent in the presence of
extracellular hem§l02]. These devices as well as capsule endoscopes, however, do
not have the challenge of performing functionsspécific 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 retentioer#fiore preventing procedural completion
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[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.

Chapter3 of this dissertation highlighted the portion of this workdlves
adapting a capacitive sensing system to know when the pH of the local fluid reached a
certain level within the context of a capspleckage. Because the focus application of
this dissertation is detecting pancreatic enzymes in the Gl tract, syptation is
confined to targeting pancreatic secretions after passing through the stomach, which
possesses a pH of2l5 and rises in the duodenum and small intestine to neutral levels
according toFigure 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 WewdesentThe
system is lowcost, 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 integratind

packaging strategies for measuring biomarkers in Gl secretions.

4.2 Pancreatic Lipase Sensing Strategies

Pancreatic pase(PL), as discussed throughout this work, is an essential
hydrolytic enzyme for digestion and absorption of consumed trigde®rThough
other digestive lipases, suchgmstric lipas€GL), also pride this capabilityPL has

a much higher specific activify 10,000 uM of free fatty acids (FFAs) compared to
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1000 uM for PL and GL, respectivelythereby contributing more poteyiand nutrient
release[16]. Table 1-1 describes the various pathologies in which it becomes
compromised, such as pancreatitis (botit@and chronic), denocarcinomaand
general pncreatic ingfficiency (umbrella label for redun in pancreatic digestive
enzyme activity) but may also occur in those suffering from cystic fibrosis or celiac
diseasdl], [2], [65], [82], [203] [205].

Traditional means dPL evaluation are achieved most commonly using blood
samples, though they can occasionally be tested in stool samples E06klf207].
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 a 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, itroftentributes to malnutrition
that can lead to a poorer prognosis even with suj@égj. This mplies, and has been
shown, that treatments for exocrine insufficiency, i.e. pancreatic enzyme replacement
therapy, can improve outcomes for PA patiefd1]. Improving methods for
monitoring exocrine insufficiency are therefore likely to aid in this process.

Blood testdor lipasebegin withcentrifugation to extract the serum, then tested
through a variety of methods such as colorimetric assay (570 nm wavelength absorption
proportional to enzymatic activity) or titrimetrjpH of the solution indicates the extent

of reaction. Pancreatic flid 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 ionselective electdes and measured voltage differences with varying
concentrations of ionR09], [212], [213] As a result, bloodests arechosen as the

gold standards for lipase analysis, though are oséful when the condition severity
requires stronger treatment.

Novel methods for lipase detection have been emerging to improve upon
current standardfrough features such ereasing accessibility and functioning with
different sampldypes by removing required separation steps or hardj@add. One
sensor based on surface acoustic waves (SAW) monitored the frequency shift based on
a change in solution conductance proportional to the lipase concentrégosolution
conductance changed due to release of fatty acid from a triolein suljgttaje
Another sensor used screprinted dectrodes with immobilized Prussian Bluewhich
reacts with HO- resulting from glycergla hydrolytic byproduct of triglycerides and
lipase,and NAD" after reacting with NADH oxidasé for measuring the lipase
concentration via amperomefi316]. Howe\er, thesgrocesssare relatively indirect
andreaquire eithermultiple regents or highlyspecific conditionslikely limiting their
ability to function as intended if immersed into Gl secretions.

Mirsky et al, however,describean alternative schemssingshortchain 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 agueous phase and

increasinghe electrode capacitanfZl7]. This straégy measures a more direct result
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of the lipase activity, which may translate betteintgsitu environments. Furthermore,
the strategy is readily adaptable to our microelectronics system develagegbiard
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 (BXs are synthesized
from cholesterol by hepatocyteébpy are shown to be elevated in Gl secretions during
BA malabsorption and can be further related to conditions such as irritable bowel
syndromeassociated diarrhea and colorectal carj2dg]i[220]. Because of their
amphipathic nature, BAs such as cholic and deoxycholic acid act as natural detergents
that emulsify triglycerideto form micelles through intercalation, aiding their digestion
by PL into absorbable monoglycerides and fatty af®4].Below, | describe our
efforts tonot only measure pancreatic lipase activity based ombifity to cause a
triglyceride substrate to dissolMaut tocharacterize 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

4.3.1Film Deposition

The sensingmechanismis based on theenzymatic and physicochemical
reactiors presented ifrigure4-1, which featurega) the hydrolysis of triglyceride ester
linkages by Pland (b) he emulsification of triglyceride globules by BAtearinwas
used as a model triglyceride due to its high melting temperature range.&<€)to
remain stable at physiological temperature-837C). The triglyceride used consist of

a mixture of steariand glycerol (SG), where several differeatios were tested he
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combinationdested includstearin 2:1, 1:1, and 1:2 aftearinglycerolafter allowing
to meltin a 100°C water batbrior todeposition. Multiple strategies for film deposition
onto the sensors werested, as depicted Figure4-2. The films used for testing with
Gl species were a@posied via dip-coating of the sensotPCB assembliesSPAS
discussedn Section 3.2.3)depicted inFigure4-2b. The SPAs werere-heated for 5
minutes to above substrate melting temperature (~100t@&n immered and
subsequentlyemowedat ~10 mm/sThe films were air cooled at ambidotming SG
coated SPAs (SGPAs),and resulting thicknesses were measured using calipers.
The SGSPAs were inserted into the capsule via the assembly prodegsiia
4-3, and the capsules were subsequentlyatigted into in pksensitive copolymer
solution, depicted ifrigure4-2c. The copolymer solution utilized for this study was
30% Eudragit L100 in methanopr oduci ng coatings 783N60c¢ |

previouslydescribectoatingprocesgl95].

Fat micelles
PP PP ///"-\\\
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Figure 4-1 (a) Lipase-induced hydrolytic digestion of stearin into glycerol and three stearic acid
molecules. (b) Bile saltinduced 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 capsiles into dyed pH -sensitive copolymer

solutions to form Gl -targeting coatings, repeated for sequential coatings.
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1. Test PCB for
function, connect pins
at Vo, and GND (not
shown).

5. Crimp Vpp and GND
pins  of TG-SPA fo
battery contacts; pair
with phone and enter
low-power mode.

2. Adhere sensor dye
between contact pads
on PCB using super
glue, solder contacts.

6. Apply silicone sealant
to base of bottom
capsule shell, insert TG-
SPA, allow to cure for 1
hour.

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 batter y. Deep Sleep mode is entered for a 3hour
time period via transmitted signal to al low 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.

(

(

(

4.3.2Sensing Characterization

SG-SPA characterization wgerformed while powered by an Agilent E3631A
DC power supply (Santa Clara, CA). For the-SBAs 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 wdmvered into a 50 mL beaker containing
solutions of either negative contiiol.e. buffer onlyi then subsequent test conditions,
described below. All buffer solutions consisted of 40 mL of 0.phdsphate buffered
saline (PBSpn a hot plate set 800 RPM stir via magnetic stir bar to equilibrate the

solutionandtemperature aB9°C. All solutions were prepared using deionized water
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from E-pure Ultrapure Water Purification Systems (RDH resistivity=18.0q -cm;
Thermo Scientific, Waltham, MA).

The sensor capacitance response was determined for each analyte in an
environment that simulated fluids present in the duodenurSB&s were immersed
in pH 7.3 buffer containing varying concentrations of either porcine PL or a BA mixture
of sodium cholatand sodium deoxycholate (Sigma Aldrich, St. Louis, MO). PL was
tested at 1 mM, 100M, and 10eM 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) wassa tested alone at 1060M, a concentration that
exceeds maximum expected outputs by >25@22]. Each solution was incubated for
30 minutes at 39°C prior to insertiomo a beaker for testing the S&PAs to ensure

complete solubility.

4.3.3SEM Analysis for Film Morphology

Preheated sensor die were inserted into molten 2:1 SG solution prepared as
described in Sectiod.3.1 The sensors were then cooled at ambient@23or 24
hours, then incubated in glass petri dishes containing PBS (0.1 M) alone or with either
100 eM PL, 0.7 %w/v BA or 100eM trypsin, respectively. Each solution was
maintained at 39°C under 300 rpm stir. Sensors were removed from solution ladter eit
30- or 60-minutes, rinsed with DIFD, 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-3400scanning electron microscope (SEM).

97



4.3.4pH-Dependent Sampling and Sensing

Following a similar procedure as in SectB.2 measurements were initiated
while suspending the coated capsule in air and powered bypaltner battery
(Powerstream, West &m, 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 depicteidume4-4. 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
transt 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 Gl pH progression along with adjacent or gans. (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 capastigeng platirm. 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-oPAS&and coatecapsules
inserted into various solutions containing biochemical stimuli that would induce
changes in capacitance over different lengths of time when compared-spewfic
controls or buffer alone.

Stearin was the material chosen as our model triglyeeds 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 haing longer chain fatty acids
unmodified stearin is an inefficient substrate for hydrolysis. Other triglycerides such as
oleic acidi a shorter chain fatty acid found in olive dDiare used as standard substrate
for lipase assays; however, these subsgrare 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 lip224]i [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 aneaturally hydrophobic, glycerol is hydrophilic due to polar
TOH 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 hdemonstrated utility for monitoring changes in sensor
capacitance @), | could characterize dielectric properties of the films through
estimation byEquation(9):
¢--a0€E--0 ©

o) o
This is similar to equatiofi7) back in Chapter2, whereit usesl$ (vacuum

&

permittivity), § (dielectric constant), (finger length) w (finger width),n (numbers of
electrode fingers), and (distance of separation), wherkvg can be simplified tcA

(total area of both electrodes). Therefore, changes in the dielectric properties of the
films are proportional to measured capacitan€g, @nd indicate the extent of
hydrolysis or emulsification of the substrate over the sensor. To account for changes in
baseline capacitance between experimérisesentd sensor response as the percent

change in capacitance ( %aeC{l): which is <calc

P o

5 ZpTT (10
When nofilm is present i.e. one of our negative contrdlsand the sensor is

inserted into PBS, the mean %&C is 39.5NKN1.

dielectric constant combined with ionic reactions with the>Sils, which can be

mitigated in he future through more inert film&27]. As expected, insertion into

mol ten and cooled SG solutions produced ne

capacitance are limited to (1) when the SG material is influenced by an environmental

conditioni such as the applied solutionsdaconstituent analytes described iii &nd

(2) due to downstream effects on the Si{dns 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 strategidh®@$Gsolutions onto
our sensa, depicted inFigure 4-5. Drop-casting and dizoating of moltenSG
solution while the substrates were either left at ambient ohpatedor 5 minutesto
SG melting temperaturewere comparedSubstrate temperature was considered a
significant factor due to its effect on surface tension, and therefore wetting of the
solution[228]. In the case ofirop-casting, three phasdse. solid, liquid, gashre
presentat the sensor surface during the entirety of the protess suface tension
becomes a more dominant factor for wetting, and therefore coating, the sensors.
Wetting through digcoating however,causes most of the sensor surface (except for
the edges) to be exposed to oy phases with the ability faccomplete wetng and
sealing layer, reducing the dependency on surface tersdutitionally, 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 phasegyrdhter the
thickness. This discontinuity is reflected by the difference in temperature between the
substrate and film, which observe through thinner films produced when the
substrates are pieeated. Additionally, the SiOfilms on the sensor surfacese
generally hydropiiic, with surface energies of ~73.8 mJ/ntompared tomost
triglycerides which maintain surface energies ramg from 2530 mJ/n%; this
increass with temperature as welproducing further discontinuity and, therefore,
wettingangle[229], [230] Adhesion between tI& O, and SG layers is primarily based
on van der Waals interactions; howeJefpund that the drojgasted films were not
stable, and failed to prevent buffeorin interacting with the sensors (data not shown)

[231]. After comparing the eifacy of the film deposition methods, SEPAs were
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tested using films produced through+heating the substrate to 100°C and-clating,

which yielded an average film thickness of 210+66n8 The total sensor area was
0.06 mn3, indicating each film volme over the sensors to be 1.25%16v. In
comparing the sensor response for different SG film compositions (sefo@)d the

2:1 SG ratio films to be most stable when in buffer aldfigufe 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 0.82x10
cm®, and with a density of 0.8Gfcnt, the stearin mass was found to be 0.72%4,0

or 8.12x1& mol (molecular weight of stearin:891.5 g/mol).

500
jgg m Drop-Cast
® Din-
S 350 Dip-Coated

27 (ambient) 100 (melting)
Temperature (°C)

Figure 4-5 Resulting thicknesses in films with each deposition strategy and initial SPA tem perature. Error
bars depict standard deviation (n=3).
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Figure 4-6 Representative ®nsor response testing after insertion of TG-SPAs into buffer solution (0.1 M
PBS) when TG film composed of either pure steaiin 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 S:G ratio compared to other compositions(n=2).

The standard concentration of PL expected in healthy unstimulated duodenal
fluid rangedrom 1-10eM [232]. Conversely, average duodenal secretions contain 0.7
%w/v BA, which reflects the median concentration tested in this {&38]. Because
PL is dependent on BAs for improving the enzysabstrate intedce 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 thramghlsion separation,
or even overall SG film to solution contact with the sensor surfagere4-7 presents
the capacitive r e3Ppaaovertine ufolheedjate indertionimte S G
the solution at t=0 minutes, where the concentration of the biological stimuli was varied
for PL (0.0:1 mM) and BAs (0.0+7 %w/v), as well as pancreatic trypsin (X0) to
measure potential nonspecific interactiodswever, itmust be noted that these are
representative trials and more runs are required to determine film robustness and

reliability to different concentrations of lipageach sequence begins directly following
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insertion of the SEPA into the test solution. Measments 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 presditte measurement was condectbver the course

of 40 minutes, consistent with the expected transit time of most contents passing
through the duodenum, though longer time scales have been rep284[
Additionally, nonspecific activity testing with extracted duodenal secretions and its
regular contents Wibe necessary for increasing confidence in sensor specificity,
though stearin appears to be a resilient insulator to negative cofitvaisodify the
system for response to lower concentrations, it is likely that parameters such as
concentration of substte 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 26fh thickness produced no significant change

in capacitane 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 tempeature 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 concentrati¢r8], [235]
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Figure 4-7 Sensing in the presence of different biochemical species at varyingconcentrations. (a) PL, (b)
BAs, and (c) pancreatic trypsin.

After measuring the capacitive response to each concentiaieed the slopes

f or astalmetricf

of the capacitive
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to fit the sensitivityWhile we cannot modeahe data without more trial runs in future
works, his 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 emulsifation 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 &i@; films differently. Alternatively, emulsification
does not alter #tnmaterial chemical composition, merely the particle size and therefore
phase properties of the film, allowing enhanced exposure ofSibe films and
subsequently electrode surface to constituents in the environmental fluid, even those
such as divalent tans [236]. These resultproduce 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 remeed at two time points, 30 minutes and 60 minutes, as shown in
Figure4-8. The 3Gminute time point was used to correspond the film morphology to
the endpoints of the 8C / & T v a learlerswhile the @dminute time point was
used to determine if any significant changes in the film morphology occurred beyond
the used duration. Heréobservd little difference between the samples exposed to
either PBS or trypsin, wdreas the surfaces for PL and BA indicate significant

gualitative changes in roughness and crystallization, respectively. For tepBted
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sample, the surface appears significantly smoother, likely an effect of the hydrolytic
interface occurring betweddL and the stearin that reduces surface roughness, and
therefore interfacial surface area, until eventual saturation. ThexpAsed sample,
however, presents the formation of an increasingly fragmented stearin surface, offering
insight as to how hydrolysiand emulsification manifest differently on the substrate.
Based on the capacitive changes observétguare4-7, these structural changes may

be direct indicators for changes in either dielectric properties of the film material or,
through emulsificationinduced fragmentation, surface area of the uwgoeyl
electrodes to the higdlielectric behavior of the buffer. The lack of significant change
between the 30and 60minute 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 lai@u
detection in the duodenum environmefigure 4-9 presents the result of testing the
coated capsule containing the SBAs for performing pHargeted sampling. The
respective conditions are labeledaasd, neutral andlipase where the capsule was
inserted into a pH 3 solutio®.(L M acetic acigto represent acidic contents for the
stomach, pH 7.3 solution (0.1 M PBS) for the duodenum, and addition of PL (1 mM
PLin 0.1 M PBS) as a target analyte, respectivelgre the sensor responses are
overlaid for more direct sequence comparison, and presented in capacitance rather than
%eC to show how they compare from beginni
insertion intothe acid condition, | observe 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 ahé color of the buffer solutioremained
clear as indicated iRigure4-9b-I [195]. After ~19 minutes of incubation in tineutral
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. Additiondiky,coblor of the solution
gained a red hue reflective of the Eudragit L100 coating color, as sEajune4-9b-

ii, indicating sample entry. Once the capsule was indeént® thelipase condition, |
observe an immediate effect similar to the capacitance sequences obseRigdra

4-7a, where there is a rapid increase in capacitana¥ ~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 solutioh,did notdiscern any distguishable 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, shofigune4-9b-iv.

220 T T : :
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s
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@ , (min)

(b)
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 lipas e condition after removal
from the solution . (n=1).
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| then calculate the slope from the first 30 minutes of tgase condition to
yield 0.198 pF/min. Comparing the linearsfibf the slopesshow changes with
concentration of PL. This slope is expectdiew the concentration is ~16M, even
though the applied concentration was 1 mM. This is calculated as-fo&146ss in
sensor response, indicating loss in-SBA response to the analyte when packaged
within the capsule rather than when tested withiputhis is not surprising, though,
considering the differences in fluid dynamics and flow profile of the analyte in the
sensing chamber as opposed to when theSB& is surrounded by the fluid in the
beaker. However, this emphasizes the need to enhamexplosure of the SGoated
sensors to the surrounding environment, which can be implemented by reducing the
thickness of the 3frinted shell at the inlets or by embedding the sensors directly onto
the outermost packaging of the capsule. Ultimately,dRperiment 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 presenteBiguare 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 destabove.

In this section, | described our efforts to develop various triglyceride film
deposition protocols, including the impact of composition and method on stability, and
the subsequembtegration into the capsule system andgiHuble coatings disssed
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 furthetseff
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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 capsidedded

sensing technologies.

4.5 Conclusion

This work presents a proof-concept demonstratioof triglyceridebased
coatings for monitoringluodenal analyteés an integrated capsule systefine system
can measure and wirelessly transmit changes in capacitance due to both film hydrolysis
and emuldication reactions as a result of exposure to PL and BAs, respectiaely
PL, | measurd signals for 10eM-1 mM concentrations, whereas for BA<ould
distinguish between 0.07, 0.7, and 7 w/v% concentrations, each of which are within
physiologically réevant ranges for healthy and abnormal levels. For each
concentration| usedthe 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 ite respective concentratiq@34]. Furthermore)
characterized morphological differences in triglycefidsed films after exposure to
various duodenal contents, giving insight as to the physical manifestation of hydrolytic
versus emulsification reaction mechanism. Findllemonstrated the ability to detect
PL after subsequent targeting at agpecific 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 sensoasarénd 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 respongerdime, thus producing more
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sensitive or optimal fitting equations
sensor responses are also likely to increase sensitivity if the insulating films can be
deposited with reduced thicknesses; this would ghahe 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 Gl regions wtieray be relevant. Next, each
species was tested in isolation, and their simultaneous presence has been shown to
reduce efficacy due to nespecific film interactions depending on the material
usedl44]. Therefore, it is critical thatuture work will focuson characterizing and
optimizing the sensor performance over a wider concentration range, atuliegon

specific speciesto determinefurther reaction specificity, anihcorporateadditional
food-based materials, such as gelatinsubstrates for monitorg other types of
pancreatic enzymgd44]. Additionally, different capsule coating materials could be
used toward measuring these species in different GI environinbated on their pH

I as well as enhance the exposure of the substrate to materiale Extdrnal
environmentFinally, the sensor response can be utilized to trigger the release of on
board actuation mechanisms or drug payloads for feedbat&nced control over
targeted therapies. Ultimatelyhi$ platform provides opportunities for sensing
hydrolytic and emulsification reactionsuch aghroughother enzymes or biologicals
similar to the species discussed in this walong with an innovative packaging

strategy towarghassive Gl targeting iminimally invasive and ingestible diagnostics
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5, Chapt@ancl udi ng Remar ks

Highlights

1 Electrical characterization of filhased sensing strategy for bioelectronic

interfacing

(0]

(0]

o

Distinguishedmpedimetric and geometrteends producetiom
specific and nonspecifidm interactions

Corresponded impedance trends with enzyme concentration
Tailorable for a variety of films for different reactasubstrate
interactions

Characterized for different sensor geometries

Determined potential signal metrics for integrated isgnsystems

1 Development otoatingbasedpackagingstrategyto enable gstrointestinal

targeting ofmicrosystenplatforms

(0]

(0]

(0]

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

Adaptable for multlayered coatings toward dissolution after

sequential pH ranges

Demonstrated resilience to expected gastrointestinal mechanical forces

1 Demonstration of microelectronics sensing system for detecting duodenal

targetswith triglyceride films

o

Various deposition strategiésr triglyceride materials
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A Evaluated with dependency on sensor substiatematerial
composition
o Characterized morphological changes occurring at the microscale in
response to hydrolytic vs emulsification reacs
A Sensor response similarities between pancreatic lipase and bile
acids
o0 Reduced response for nonspecific enzymes
1 Integrationof sensing systemwithin capsule packaggemonstrates 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 tliesign andharacterizationf various critical elements
summarized imMable5-1, required in integrating sensing and targeting strategies into a
capsule platform foevaluating Gl health. This work explored a capacibesed
sensingand detectionmethod relying on the reaction of deposited biomaterial films
with specific biomolecules, specifically pancreatic trypsin, lipase, and bile acids, within
the context of a capsul@zed microelectronics system capable of wirelesstiraal
monitaing. The first experimental chapter, i.e. chaedescribed the development
of a proofof-concept method that measured impedance of these films and isolated
specific relevant electrical elements that colddused to design a microelectrorsc
system with capsulsized form factor, and investigated various deposition strategies

for integration with traditional microelectromechanical systemMEMS)-based
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fabrication processes. Chapt&rthen presents oupassive approach to targeting

specific Gl fluids based on their pH profile. This was achieved using codtings

consisting of copolymers utilized in the pharmaceutical industry for targeted drug

delivery furctions i 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 (pHO 7)) environment s, and used a nove
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 structes used for housing the sensoFsnally, in chapter4, |

demonstraté the platform for measuring triglyceride films and thessponses to

various duodenal contentgich as pancreatic lipase and bile acids, as well as its
integration within the coated capsule package described in chapkgure 5-1

illustrates the prospective data flow from the capsldeice, where wireless data

extraction enables external access to the status of the potential concentration of the
biomolecule of interesit the target region 0 t he p at | dferihgdnsighp hy si ci

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 (Dipcoating) | 35 mm x 12.7 mm 3
MEDG610 (3DPrinting)

Packaging (Inner) | Conformal Coating 33.8mmx11.5mm |34
Silicone Sealant

Epoxy
Sensing Method Capacitance 0.8220 pF 3,4
7.3 pF/mV
Sensing Trypsin (Sensor Only)| Gelatin/Glutaraldehydq 2,4
TargetéSubstrates | Lipase/Bile Acids Stearin/Glycerol
(SPA/Capsule)
WirelessComm. Bluetooth LE 2.4 GHz 3,4
Power Source Li-Polymer 14 mAh/3.3V 3.4

pH-soluble coated capsule A
Sampling
‘ Confirmed?
Enzyme Levels

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 chapter2, | first studied e@latin films, specifically methods for their
deposition and crosslinking for péiglogical stability and their overall integration with
microfabricated impedance sensors for responding to various pancreatic enzymes.
Using IDE sensor designs initially intended fmreasuring biofilm growthl was
interested in observing their utility faneasuring biomaterial film processes that
involved their reduction instedd42]. After preliminary results involving impedance
trendsi such as those over spectra from 10HKHz at specific frequencies and
through Nyquist analyseis specific to our target enzyme, i.e. pancreatic trypkin,
compared them to trends produced when eitherfilm was absent and/or in the
presence of nonspecific enzymes (lipase and amylase). This yielded observable
distinctions such as those seerfigure5-2, betweerthem that then used to optimize
sensor design parameterahich involved characterization of various process
parameters and resulting films that could be produced with different spin speeds and
device geometries while determining feasible sensor pagasnitat could enhance
sensitivity. Impedance results were also decomposed into real and imaginary elements,
enabling our transition to measuring capacitance with a subsequently developed

capacitivesensingand wireles®lectronicglatform

g Post-Buffer P
Pre-Experiment Post-Trypsin

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 capsuleform fa
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 aqured of t he
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 &assp
on coating thickness and measuring the time of dissolution and subsequent filling of
the sensing chambefhe platform wadransitioned into a microelectronics system
depicted inFigure 5-3, with a small form factor for subsequent integration into a
capsule systemafter which additional assembly testing led to its validation as an
independent system, powered with apblymer bdtery and controlled through
commands from a mobile apps described in chapter 3, the primary utility of the
system is not just through its potential forvivo use, but for enabling uséiendly
and realtime measurement acquisitidghrough differentapplied stimuli and their

impacts on various system characteristics.

Voltage
Regulators

0 ®0]00 QOO 2 2 3
\ 4;}‘& Evpes %“ §%é %é
4 2 318 ;

Mcu Sensor Array 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.

Basd on the fundamental approachves developed using capacitance as a

metric for measuring biomaterial film reactions with specific and nonspecific takgets,
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further adapted the sensors used in the microelectronics system, or SPA, to measure
triglyceride flm reactionsin chapterd. 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 thatlso suggested dependencies on film qualiteey]
observed to affect electricalgperties of the sensor surface by measuring capacitance
and morphology, with th&G-SPAs and via SEM, respectivelyrhese features were
analyzedin response to hydrolytic reactions from pancreatic lipase as well as
emulsification from bile acidsThe capaitance 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 platforFurthermore, th&G-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 produtenore significant changes in capacitance,

reflecting the ability to perform plthrgeted sensing with the encapsul&8€dSPAs.

5.2 Future Outlook

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

devices or additional features for more complex functionalities.
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5.2.1GastrointestinaBimulating Biochemical and Biomechanical Conditions

Predicting capsule functiom vivo through benchtop expenentation relies
significantly on how well the testing platform mimics the target environment. The
capsule geometry has been most utilizeztause it is already implemented in
pharmaceuticals for daily use, but can be implied ithahits disruption to nost Gl
functions. Most benchtop tests, such as those performed in this dissertation, consist of
beakerlevel testingand isolated or low complexity solution compositiamgil they
are implemented in animal moddisr the next phase of device characterizations
specifically porcinedue to itsdistinct fundamental similarities to humans in terms of
anatomy, physiology, and nutrition, among othg37]. However, more complex
functions desiré in later capsule designs may produce more risk tGLiesmvironment
of the animal, while therealso may not be enough comparison between them and
humans to imply downstream clinical succeBBis leads to costly experimentation
requirements that can bemediated through lowaost testing setups provide more
relevant results and expectations.

A primary feature of the Gl tract that can alter device function is the sta$e of
biochemical compositiorover time, especially considering its variabilitypon
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 secr&@K and Lundh tests, where injected hormones or
carfully devised meatan stimulate increased pancreatic secretion output for higher
sampling rates and enzyme concentrationthe duodenunf55], [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 secretibras su
those present in the gastric environmérd compensate for this variability, some
procedures implement methodfestablishing control over Gl contemthich can be
observedn the preparation for capsule or normal endoscopic procedures. Here, the
patient is instructed to fast overnight, cleanse with polyethylene dip&@b)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 efficacied-orin vitro characterizatiog) fluids should be altered periodically
through various conditions such as aliquots of enzymes presentedable 1-1,
various local PEG concentrations, or different pH levels for exainpled how the
system responds. For (a), it must be understood howchiated 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 testedwith these fluidswhen integrated into capsules coated with Buglragit
formulations described in Chapter 3, to determine how the timing of coating dissolution
can behae. Ultimately, both sensing and @&lrgeting functions should be tested when
film-coated sensors are integrated within coated capsules, and capacitance signals

shoud be monitored when each stimulus is appireceattime.
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From a nechanicalperspectivemodels for replicating the forcéssuch as
traction, contact, and peristaltic wave propagatigeroduced in Gl peristalsis have
been designetbr capsule devicg[239]. Much work has been done on understanding
the mechanics of various regions of Gl propulsion, with robotic capsule devices aiding
in this evaluation by providing metrics for theiw motility [240], [241] For this
dissertation, simulating intestinal propulsion would aid isiggmtly 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 developbg Prateek Sayyarapaju and |
consisting of 3Bprinted components for intestinal peristalsis simulation. The advent
of 3D-printing has enabled facile fabricationmimerous components types, varying
in characteristics such as rigidity, opacity, and biocompatibility, suclwéhe&n vary
the material for each component to serve best for its respective purpose. The system
consists of a tissumimicking tube, which islesignated 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 musdetactions. The tube is fastened on both
sides to a chain looped around a meterfacing gear, which can be programmed for
different speeds. Different programming can aid in mimicking different peristaltic
motility conditions, while the lumen of thelde 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 sectiobheusecases 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-&imulating fluids on capsule integrity and
sampling. While the system is limited regagl 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.

PermanentTube Cap
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Figure 5-4 Peristalsis simulator, consisting mostly of 3D printed components.

5.2.2Anchoring Capsules

Because content transit through the Gl tract is generally a temporary process,
most capsule devices are designed for metric measurement as single time paints alon
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 thg 2xigin
[244]. System mplantationor retentionis a function required for several devices
intended for longerm residence in the Gl tragg¢hough it can be challenging to embed

such functions into a capsule without clinical interventions such as sUi2géidy

124



One of the ballenges with adhesion in the Gl tract is due to surface variation.
For example, structures such as villi and microvilli, such as those depidtégline
5-5a, are present along the lumen, which are critical for increasing intestinal surface
area and therefore nutrient absorption into underlying blood v¢24éls [247] After
investigating various fabrication processae® of my mentees, Aditya Nilacantared
3D-printed example villi surfaces for potential testing with capbaked anchoring
structuresSome work has been done on capdsidsed adhesion mechanisms to the Gl
mucosaFigure5-5c¢), thoughwe have also designed variomscrohooks bioinspired
by microneedles from common Gl parasites, thathave also 3Eprinted for facile
integration with our capsule shellBigure 5-5d) [231], [248] Though the depicted
concept would require appropriate spatad massdistribution of electronic
components, the michmokscould enable a passive approactanchor theapsule to
the mucosa for measuring a metric in the same location for multiple instaiees.
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 furtherdegeidrol
to the systemwhile in vivo, thereby expanding the time scales for measuring specific

analytes of interegtt target locations in the Gl tract
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FabLab 15.0kV 48, 1mm x75 SE

Tissue Attachment
Mechanism (TAM):
Needle;

Sucker Hole;
O-ring.

TAM Ejection Mechanism:
Spring;

Wax Valve;

Vacuum Chamber.

Capsule Body:
Circuit Board;

Capsule Mold;
Batteries.

() (d)

Figure 5-5 SEM imaging of (a) porcine (reproduced with permission fro m [246]) and (b) 3D-printed villi
with an EnvisionTEC Perfactory 4. (c) Implantation capsule robot (reproduced with permissio n from
[249]). (d) 3D-printed anchoring concept for passive capsule implantation ; left inset: head of Taenia
Solium Soolex (reproduced with permission from [248]), right inset: close-up of microhook mimic .

5.2.3Feedbackiriggered 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 conditi 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 in$280]. Figure5-6 depicts the

organs in or closely related to the Gl tract, and lists various associated conditions that

ingestible capsules could aitrough feedbackriggered therapeutid@51].
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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 Adjacent Organs —Concgglc()) :SCanc o
S‘Iastrit/ilsf ; * Heart + Gallbladder Inflammatory Bowel Disease
= ::;Zr nfections « Liver » Kidneys Diverticulitis/osis
ekt N » Pancreas .« Bladder Irritable Bowel Syndrome

Figure 5-6 Physiology of Gl 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 othese enzymes from an external souyie [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 conditionso 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 mechanismsiang either the previous algorithm or patientabled from
a button on the mobile app, for either actuating a-tlelepse switch or dissolving a

reservoirenclosing membran@31].
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5.3 Conclusion

The Gl tractis a complex environment that, while relatively well understood,
continues to demonstrate itself as a hub for unknown plogstal interactions that
demand interrogatiomngestible 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 inherentritecbconsumption,
remain significant limitations to the range of achievable device functidhs
dissertation addresses fabrication and integrati@tegiesn embedding novel capsule
functions bydesigning systems for (a) interfacing varidoischemical reactions with
electronic sensing modalities through biomaterial films and (b) targeted sampling of
Gl-simulating environments and their contents usingsphible coatings materials as
system packagingDisassociatingelectrical ggnal and sy®Em elements from
interfacing with biomaterial reactions led to a platform design that, while useful for a
variety of capacitive and/or filbased sensinghallenges, was demonstrated here for
detecting pancreatic enzyme activatyd characterizing packagimtegrity within the
context of an integrated capsule.

The discussed designs, fabrication processestemuiting assembled devices
represent significant technological advances to bioelectronics interfacing and the field
of ingestible technologiesThe 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. Theice 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 theelucidation of how targgthysiological metrics, such as enzymes or bile
acids, responth situto different stimuli and during varying conditions. Ultimately, the
strategies implemented with this capsule platform for targeting sampling and sensing
in Gl environmentsacilitate fuure development in neimvasive 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 medicaHlselevant information.
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6.,Appendi ces

6.1 Appendix AMasks Used

A.1 Microfluidic Impedance Sensing

mn_____ B

5 mm

800 pm

Figure 6-1 IDE sensars used in chapter 2. Finger width: | umf finger spacing: K umf 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 dig eachwith different finger geometries: 25, 50,
and 754 m width and spacing and 44, 22, and 14 fingers petelectrode, respectively. Finger length: 2 mm.
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A.3 Sensors used for SPA

AR AR AR DN,
. s o+ L e .
AT B I EA TR T E
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Figure 6-3 IDE sensor patterns used in chapters 3 and 4 for SPAsMask 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 AppendixB: COMSOL Simulation and Results

To reduce computational processing requiremdntegduced 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 groundhandaterial properties
and dimensions used are listedliable6-1. A crosssectioned diagram of our model
and the conditionsused are depicted below in a, electodee simulated with either
no film, a 0.5em thick (to represent partially digested), andr thick (to represent
undigested) filmsFor comparisonhe 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 (phyleigical 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 secondebserved films before and after
each experiment and compared extragachlel capacitance experimental results to
COMSOL Multiphysics simulation results. Direct DC capacitance responses were
calculated for films with a 100m average thickness ore@n (no film) surrounded by
either buffer or air. Simulation capacitance was olg@ifor only two fingers in the

sensor, but was scaled up accordingly for I[DE2].

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 Immx6em 1Immx6em 1 mm x 6 1mmx1emx200nm

(width x depth x x0.4em x1-0.5em emx10em (x2) (4 em 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 ttexes, the capacitance
magnitudes from the experiment are slightly dffsem the simulation results, though
the trends are similar. The decrease in capacitance for theddted sensors from air
to buffer are interesting but not unexpected, as it likely reflects charge dissipation from
the film, which is at the surface the electrode, to the buffer due to its electrical
conductivity (air: 5.5E15 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 capacita 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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0 Film Thickness 0.5 um Film Thickness 1 um Film Thickness

GROUND WORKING
a4 ><1D"4
=10 o8
g 4 - IMExperiment ]
| |simulation
B8.2- 1
19.7
T 8" '
3
c
& 7.8 lag
%
%? 6
&
I 195
I 9.4
(b) Film-Air Film-Buffer  Digested Film-Buffer MNo F|Im Buffer

Figure 6-4 (a) Crosssection 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 (righty -
axis) results. Between electode 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 AppendixC: MATLAB Analysis Cdeand GUI

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

with data arrangement such as that depitctédgure6-6.
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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

%  sin gleton*.

%

% 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*.

%

%
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.

%

%  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 seq uences_5 31 19 OpeningFcn via varargin.

%

%  *See GUI Options on GUIDE's Tools menu. Choose "GUI allows

only one

% instance to run (singleton)".

%

% See also: GUIDE, GUIDATA, GUIHANDLES

% 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_OutputFcn' ,
@multi_data_sequences_5 31_19 OutputFcn,
'gui_LayoutFcn' s s
'gui_Callback’ B
if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end

if nargout
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[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
gui_mainfcn(gui_State, varargin{:});

end

% End initialization code - DO NOT EDIT

% --- 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 a re returned to the command line.
function varargout = multi_data_sequences_5 31 19 OutputFcn(hObiject,
eventdata, handles)

varargout{1} = handles.output;

% Set Value Objects for Plots %

% Filter Setting %

function editl_Callback(hObject, eventdata, handles)

% ---  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(s1);

guidata(hObject, handles);

% End Time 1 Setting %

function edit5_Callback(hObject, eventdata, handles)

% --- Executes during object creation, after setting all properties.

function edits5_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 pushbuttonl1.

function pushbutton11l Callback(hObject, eventdata, handles)
handles = guidata(hObject);

etl = get(handles.edit5, 'String’  );
endtimel=str2double(etl);

guidata(hObject, handles);

axes(handles.axesl);

xlim([0 endtime1l])

% End Time 2 Setting

function edit6é_Callback(hObject, eventdata, handles)

% ---  Executes during object creation, after setting all properties.

function edit6_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject, '‘BackgroundColor’ ),

get(0, ' defaultUicontrolBackgroundColor' )
set(hObject, '‘BackgroundColor' , 'white' );

end

% ---  Executes on button press in pushbutton12.

function pushbutton12_Callback(hObject, eventdata, handles)
handles = guidata(hObiject);

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

guidata(hObject, handles);

axes(handles.axes?2);

xlim([0 endtime2])

% 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 pushbutton13.

function pushbutton13_Callback(hObject, eventdata, handles)
handles = guidata(hObject);

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

guidata(hObject, handles);

axes(handles.axes3);

xlim([0 endtime3])
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% 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&&i sequal(get(hObject, '‘BackgroundColor' ),

get(0, ‘'defaultUicontrolBackgroundColor' )
set(hObject, 'BackgroundColor , 'white' );

end

% --- Executes on button press in pushbutton14.

function pushbutton14_Callback(hObject, eventdata, handles)
handles = guidata (hObject);

et4 = get(handles.edit8, 'String'  );
endtime4=str2double(et4);

guidata(hObject, handles);

axes(handles.axes4);

xlim([O endtime4])

% PLOTTING DATA

%

% ---  Executes on button press in pushbu ttonl.
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(filelD, '%d" ,[8 Inf]);

handles.fileData = temp’;
guidata(hObject, handles);

% Plot 1 St uff

% 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_1=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=table2array(tablel(:,2));

end_date=start_date;
end_totaltime=table2array(tablel(:,1));

timex1l=cell2mat(end_totaltime(1,1));
start_time=strsplit(timex1, )
start_hour=str2double(start_! tlme(l))
start_min=str2double(start_time(2));
timex=cell2mat(end_totaltime(length(end_totaltime),1));
end_time=strs  plit(timex, )
end_hour=str2double(end_time(1));
end_min=str2double(end_time(2));

cap_val_1=[];

for j=1: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_1(j,:) -
cap_val_1(1,:))*100/abs(cap_val_1(1,:));
end
total_cap_val_1=cap_val_1,
total_delta_cap_val_1=delta_cap_1,

% Setting up time %
= 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 s econds 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 1 stuff %

filter = handles.filter;

axes(h andles.axesl);
handles.h1l=plot(handles.axes1,Time_m(m:length(total_delta_cap_val_1)
),smooth(total_delta_cap_val_1(1:length(total_delta_cap_val_1)),filt

er), 'ko -
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', 'MarkerSize' ,5, 'Markerindices' ,1:75:length(total_delta cap_val 1))

hold on

mean(total_delta_ca p_val_1(8:24))
std(total_delta_cap_val_1(8:24))
total_delta_cap_val_1=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.edit5, 'String'’ );
endtimel=str2double(etl);

endtimelp=endtimel*60;
p=polyfit(Time_m(1:endtimelp),total_delta_cap_val_1(1:endtimelp),1);
xp = linspace(0,endtimel);

yp = polyval(p,xp);

plot(handles.axes1,xp,yp+2, 'k -, 'LineWidth' ,2)  %display when want
%trendline

hold on

xlabel(  "Time (min)' , 'FontSize' ,12, 'FontWeight' , 'bold" )

ylabel( '\ DeltaC (%) , 'FontSize' ,12, 'FontWeight' , 'bold" )

%ylim([0 150])
%xlim([0 60])
set(gca, ‘fontsize' ,12, 'FontWeight' ,'bold" |, 'box' , 'off )

ax = gca;
% Place equation in upper left of graph.

Xl = xlim;

yl = ylim;

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

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

caption = sprintf( 'y = %f * X + %f' , p(1), p(2));

text(handles.axes1,xt, yt, caption, 'FontSize" ,10, 'Color , 'k

%%display when wanting equation

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

set(han dles.text2, 'String' , hamel);

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

print([num2str(namel)], ' - dtiffn’ , =10 )

% 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(1:length(total_delta_cap_val_1))filt

er), 'ko -

', 'MarkerSize' ,5, 'Markerindices' ,1:75:length(total_delta _cap_val_1))
’hold on

xlabel(  'Time (min)' , 'FontSize' ,12 , 'FontWeight' , 'bold" )
ylabel( '\ DeltaC (%) , 'FontSize' ,12, 'FontWeight' ,'bold" )

%ylim([0 100])
%xlim([0 60])

set(gca, ‘fontsize' ,12, 'FontWeight' |, 'bold" , 'box' , 'off" )
ax = gca,
% END DATA 1 %
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% ---  Executes on button press in pushbutton2.
function pushbutton2_Callback(hObject, eventdata, handles)

global filename2
global  pathname2
global  currentfolder2

[filename2, pathname2] = uigetfile({ 'C: \ George \ Capsule
Experiments \ BLE\ Calibration \*csv' })
currentfolder2 = fullfile(pathname2, filename2);
if isequal(filename2,0) || isequal(pathname2,0)
return
end

fileID = fopen(fullfile(pathname2, filename2));
temp = fscanf(filelD, '%d" ,[8 Inf]);
handles.fileData = temp’;

guidata(hObject, handles);

% Plot 2 Stuff %

% below this, actual time %
%path=('"C: \ George\");
path=pathname2;
file_path=strcat(path,filename?2);
class(file_path);

Time = GetFileTime(file_path);

Time_ 1=struct2cell(Time);
finish=Time_1(3);
start=strsplit(flename2, )
start_date=str2double(start(5));
%start_hour=str2double(start(6));
%start_min=str2double(start(7));

global name2

tablel = readtable(filename2);
sensorl=table2array(tablel(:,2));

end_date=start_date;
end_totaltime=table2array(tablel(:,1));

timex1=cell2mat(end_totaltime(1, 1))

start_time=strsplit(timex1, )
start_hour=str2double(start_! tlme(l))
start_min=str2double(start_time(2));
timex=cell2mat(end_totaltime(length(end_totaltim e),1));
end_time=strsplit(timex, Y,

end_hour=str2double(end_ tlme(l))

end_mln 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))) - 0.05;
%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_1(j,:) -

cap_val_1(1,:))*100/abs(cap_val_1(1,3));

end

total_cap_val _1=cap_val 1;
total_delta_cap_val_1=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=To tal_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.axes2);
handles.h2=plot(handles.axes2,Time_m(m:length(total_delta_cap_val_1)
),smooth(total_delta_cap_val_1(1:length(total_delta_cap_val_1))filt

er), 'kd -

hold on

total_delta_cap_val_1=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.edit6, 'String’ );
endtimel=str2double(etl);

endtimelp=endtimel*60;
p=polyfit(Time_m(1:endtimelp),total_delta_cap_val_1(1:endtimelp),1);
xp = linspace(0,endtimel);

yp = polyval(p,xp);

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

hold on

xlabel(  'Time (min)' , 'FontSize' ,12, 'FontWeight' , 'bold" )
ylabel( '\ DeltaC (%)" , 'FontSize' ,12, 'FontWeight' , 'bold" )

%ylim([0 150])
%xlim([0 60])

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

ax = gca,;

% Place equation in upper left of graph.

Xl = xlim;

yl = ylim;

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

yt=0.90 * (yI(2) -yla) +y 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(filename2);

set(handles.text3, 'String' , hame2);
set(gcf, 'PaperPositionMode' , 'auto’ )
print([num2st r(name2)], ' - dtiffn’ ,'-r0" )

axes(handles.axes4);
handles.h2=plot(handles.axes4,Time_m(m:length(total_delta_cap_val_1)
),smooth(total_delta_cap_val_1(1:length(total_delta_cap_val_1)),filt

er), 'kd -

', 'MarkerSize' ,5, 'Markerindices' ,1:75:length(total_delta cap_val 1))
'hold on

xlabel(  'Time (min)' , 'FontSize' ,12, 'FontWeight' , 'bold" )
ylabel( '\ DeltaC (%)" , 'FontSize' ,12, 'FontWeight' , 'bold" )

%ylim([0 100])
%xlim([0 60])

set(gca, ‘fontsize' ,12, 'FontWeight' , 'bold" |, 'box" , 'off'" )
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(fileID, '%d" ,[8 Inf]);
handles.fileData = temp’;

guidata(hObject, handles);

% Plot 3 Stuff

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

path=pathname3;

file_path=strcat(p ath,filename3);

class(file_path);

Time = GetFileTime(file_path);

Time_1=struct2cell(Time);

finish=Time_1(3);

start=strsplit(filename3, R
start_date=str2double(start(5));
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%start_hour=str2double(start(6));
%start_min=str2double(start(7));
global name3

tablel = readtable(filename3);
sensorl=table2array(table1(:,2));

end_date=start_date;
end_totaltime=table2array(tablel1(:,1));

timex1=cell2mat(end_totaltime(1, 1))
start_time=strsplit(timex1, )
start_hour=str2double(start_ tlme(l))
start_min=str2double(start_time(2));
timex=cell2mat(end_ totaltlme(length(end totaltime),1));
end_time=strsplit(timex, );
end_hour=str2double(end_ tlme(l))
end_min=str2double(end_time(2));

cap_val_1=[];

for j=1:length(sensorl)
volt_val_1(j,:) = 1/(( 4095/3.3)/(sensorl()))) - 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_1(j,:) -
cap_val_1(1,:))*100/abs(cap_val_1(1,:));
end
total_cap_val_1 =cap_val_1,;
total_delta_cap_val_1=delta_cap_1;

% Setting up time %
= 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(1:length(total_delta_cap_val_1))filt

er), 'k*-

', 'MarkerSize' ,5, 'Markerindices' ,1:75:length(total_delta cap_val 1))

hold on

total_delta_cap_val_1=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.edit7, 'String' )
endtimel=str2double(etl);

endtimelp=endtimel*60;

145



p=polyfit(Time_m(1:endtimelp),total_delta_cap_val_1(1:endtimelp),1);
xp = linspace(0,endtimel);
yp = polyval(p.xp);

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

hold on

xlabel(  'Time (min)' , 'Fon tSize' ,12, 'FontWeight' ,'bold" )
ylabel( '\ DeltaC (%) , 'FontSize' ,12, 'FontWeight ,'bold" )

%ylim([0 50])
%xlim([0 60])

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

ax = gca;

% Place equation in upper left of graph.

Xl = xlim;

yl = ylim;

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

yt=10.90 * (yl(2) - yl(1)) + yl(1);

caption = sprintf( 'y = %f * x + %f' , P(Q), p(2));

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

[filepath,name3,ext] = fileparts(filename3);

set(handles.text4, 'String' , hame3 );
set(gcf, 'PaperPositionMode' , 'auto' )
print([num2str(name3)], ' - dtiffn’ , =10 )

axes(handles.axes4);
handles.h3=plot(handles.axes4,Time_m(m:length(total_delta_cap_val 1)
),smooth(total_delta_cap_val_1(1:length(total_delta_cap_val_1)),filt

er), 'k* -

', 'MarkerSize' 5, 'Markerindices' ,1:75:length(total_delta_cap_val_1))
,hold on

xlabel( 'Time (min)' , 'FontSize' ,12, 'FontWeight' , 'bold" )
ylabel( '\ DeltaC (%) , 'FontSize' ,12, 'FontWeight' , 'bold" )

%ylim([0 150])

%xlim([0 60])

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

% END DATA 3

% ---  Executes on button press in pushbutton4.

function pushbutton4_Callback(hObject, eventdata, handles)
cla(handles.axesl, reset’ );

fclose( ‘'all' );

% ---  Executes on button press in pushbutton5.

function pushbutton5_Callback(hObject, eventdata, handles)
cla(handles.axes2, reset’ );

fclose( ‘all' );

% ---  Executes on button press in pushbutton6.

function pushbutton6_Callback(hObject, eventdata, handles)
cla(handles.axes3, reset’ );

fclose( ‘'all' );

146



% ---  Executes on button press in pushbutton?.

function pushbutton7_Callback(hObject, eventdata, handles)
cla(handles.axes4, reset’ );

fclose( ‘'all' );

function edit2_Callback(hObject, eventdata, handles)

% ---  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)

% ---  Executes during object creation, after setting all properties.
function edit4_CreateFcn(hObject, eventdata, ha ndles)
if ispc && isequal(get(hObject, '‘BackgroundColor’ ),
get(0, ‘'defaultUicontrolBackgroundColor' )

set(hObject, '‘BackgroundColor' , 'white' );
end
% ---  Executes on button press in pushbutton10.

function pushbutton10_Callback(hObject, eventdata, handles)
handles = guidata(hObiject);

I1 = get(handles.edit2, 'String'’  );
12 = get(handles.edit3, 'String' );
I3 = get(handles.edit4, 'String' );

guidata(hObject, handles);

axes(handles.axes4);
legend(l11,12, I3, 'Location’ , 'northwest' )
legend boxoff

function edit9_Callback(hObject, eventdata, handles)

% ---  Executes during object creation, after setting all properties.

function edit9_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject, '‘Back groundColor' ),

get(0, ‘'defaultUicontrolBackgroundColor' )
set(hObject, '‘BackgroundColor' , 'white' );

end
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% ---  Executes on button press in pushbutton15.

function pushbutton15_ Callback(hObject, eventdata, handles)
handles = guidata(hObject);

myl = get(handles.edit9, 'String'  );
maxyl=str2double(myl);

guidata(hObject, handles);

axes(handles.axes4);

ylim([0 maxy1])

% Additional Plot Stuff %

% ---  Executes on button press in pushbutton16.
function pushbutton16_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 isequ al(filenamel,0) || isequal(pathname,0)
return
end

fileID = fopen(fullfile(pathname, filename1l));

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

% Additional Plot Stuff

%

% below this, actual time %
%path=(C: \ George\");
path=pathname;
file_path=strcat(path,filenamel);
class(file_path);

Time = GetFileTime(file_path);
Time_1=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=table2array(tablel(:,2));

end_date=start_date;
end_totaltime=table2arr ay(tablel1(:,1));
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timex=cell2mat(end_totaltime(length(end_totaltime),1));
end_time=strsplit(timex, Y,
end_hour=str2double(end tlme(l))
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_1(j,?) -

cap_val_1(1,:))*100/abs(cap_val_1(1,:) );

end

total_cap_val_1=cap_val_1;
total_delta_cap_val_1=delta_cap_1,

% Setting up time %
= 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:T ime_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’ , hamel);

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

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

% 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(1:length(total_delta cap_val _1)),filt
er), 'k --

', 'MarkerSize' 5, 'Markerindices' ,1:75:length(total_delta_cap_val_1))

'hold on

xlabel(  'Time (min)' , 'FontSize' ,12, 'FontWeight' , 'bold" )

ylabel( '\ DeltaC (%)" , 'FontSize' ,12, 'FontWeight' ,'bold" )

%ylim([0 100])
%xlim([0 60])

set(gca, ‘fontsize' ,12, 'FontWeight' |, 'bold" , 'box' , 'off' )
ax = gca,;
% END Additional Data %

function edit10_Callback(hObject, eventdata, handles)

% ---  Executes during object creation, after setting all properties.
function editl 0_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 pushbutton18.

function pushbutton18  Callback(hObject, eventdata, handles)
handles = guidata(hObject);

I1 = get(handles.edit2, 'String');
I2 = get(handles.edit3, 'String'  );
I3 = get(handles.edit4, 'String' );
14 = get(handles.edit10, 'String'  );

guidata(hObject, handles);

axes(handles.axes4);
legend(11,12, 13, 14, ‘Location’ , 'northwest' )
legend boxoff

% --- Executes on button press in pushbutton19.
function pushbutton19 Callback(hObject, eventdata, handles)
handles = guidata(hObject);

guidata(hObject, handles);

h1l = 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.

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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