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Abstract

Ingestible capsule systems continue to evolve to overcome drawbacks associated with traditional
gastrointestinal (GI) diagnostic and therapeutic processes, such as limitations on which sections of the GI
tract can be accessed or the inability to measure local biomarker concentrations. We report an integrated
capsule sensing system, utilizing a hybrid packaging scheme coupled with triglyceride film-coated
capacitive sensors, for measuring biochemical species present in the duodenum, such as pancreatic lipase
and bile acids. The system uses microfabricated capacitive sensors interfaced with a Bluetooth Low-
Energy (BLE)- microcontroller, allowing wireless connectivity to a mobile app. The triglyceride films
insulate the sensor surface and react either with 0.01-1 mM lipase via hydrolysis or 0.07-7 %w/v bile
acids via emulsification in simulated fluids, leading to measurable changes in capacitance. Cross
reactivity of the triglyceride films is evaluated in both phosphate buffered saline (PBS) as well as
pancreatic trypsin solutions. The film morphology is observed after exposure to each stimulus to better
understand how these changes alter the sensor capacitance. The capsule utilizes a 3D-printed package
coated with polymers that remain intact in acid solution (mimicking gastric conditions), then dissolve at a
duodenum-mimicking neutral pH for triggered opening of the sensing chamber from which we can
subsequently detect the presence of pancreatic lipase. This device strategy represents a significant step
towards using embedded packaging and triglyceride-based materials to target specific regions of the GI
tract and sensing biochemical contents for evaluating gastrointestinal health.

Keywords: Ingestible systems, capsule, capacitive sensing, system integration, gastrointestinal tract.

Introduction

Ingestible capsule systems capable of navigating the gastrointestinal (GI) tract are being
developed to non-invasively address a myriad of clinical applications (1-4). The most recognizable
device is the capsule endoscope, such as the PillCam (Medtronic, Dublin, Ireland), EndoCapsule
(Olympus, Tokyo, Japan), and MiroCam (IntroMedic Co., Seoul, South Korea), which can visualize the
entire GI tract length, but are most useful for imaging the small intestine where access via traditional
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endoscopic techniques remains limited (5—-8). Capsules directed toward monitoring specific GI analytes
have been developed to provide more specific diagnostic information than is available with video
imaging. For example, a capsule containing sensors targeting various gases, specifically H,, CH,4, and
CO,, has been demonstrated for profiling gas content within porcine and human GI tracts and to the
effects of various stimuli such as heat stress, anti-inflammatory agents, high- and low-fiber diets (9-12).
There are also capsules measuring a variety of parameters including: pH, temperature, or pressure, as well
as cancer markers using near-infrared sensors to measure fluorescently tagged antibodies. Integrated
capsule systems have also been designed that enhance drug delivery through programmable control
systems or controlled release (13,14). Several capsules have been developed to detect GI bleeding using
either fluorometric sensors to measure circulating fluorophores or photodetectors measuring heme-
triggered light emitted from engineered bacteria (15—-19). Though they are measuring similar contents, the
electronic architecture — based on their respective transduction mechanisms — and materials chosen vary,
requiring differences in fabrication and integration strategies (20). For the GI bleeding capsules, one
requires intravenous application of the fluorophores while the other utilizes embedded bacteria. In
comparing the gas- or pH-detecting capsules, the phase or state of the detected medium varies, demanding
transducers adaptable for measuring contents whether they are in gas or liquid form, both of which are
present in the GI environment (21).

Recent advances in fabrication methods allowing the integration of a broader range of materials
have fostered the development of more capsule devices. 3D-printing, one of the most ubiquitous and
continuously expanding manufacturing technologies, has improved the time, cost efficiency, and
allowable structural complexity for device prototyping compared to traditional subtractive manufacturing
processes (22). Increased spatial resolution enables 3D-printing of microfluidics and microsystems
packaging, while research for 3D-printed biocompatible materials has led to implementation into medical
and pharmaceutical devices (22-26). Further, food-based materials, including varieties of gelatin,
starches, or oils, are increasingly becoming utilized for edible electronic systems (27-30). Integration of
these materials on sensors, either as electrodes or as electrode-functionalized substrates, have allowed for
catalyzing reactions directly with target analytes; however, fabrication and integration challenges vary
significantly, depending on the chemical composition of the material, and have yet to find utility in
capsule devices (31).

This paper presents an integrated capsule system that utilizes biocompatible and biodegradable
materials as packaging for Gl-targeted fluid sampling, and triglyceride films for sensing digestive
enzymes in a target region. Polymers that dissolve in a specific pH range are used as the packaging
materials and are able to target fluids with characteristics simulating pancreatic secretions due to their
characteristic pH. The pH gradient of the GI tract is relatively well understood, with the gastric — or
stomach — environment known to be highly acidic (pH 1-3) (32), though can occasionally increase outside
this range with different feeding or fasting states (33). Gastric secretions flowing into the duodenum are
then neutralized by bicarbonate secretions entering via the sphincter of Oddi from the pancreas (pH 5-7).
Therefore, systems and sensors entering the stomach must be well protected to remain stable upon entry
into the small intestine. A previously developed packaging strategy is utilized in which biodegradable
polymers, such as various Eudragit formulations, allow fluid to enter the capsule at specific locations
within the GI tract (34). The Eudragit L100 formulation is pH-specific and dissolves above pH 6.0 but
remains stable in lower pH levels, protecting the sensing chamber until the capsule reaches the duodenum
(35-37). A target molecule of interest is pancreatic lipase (PL), which is known to diminish in response to
a variety of pancreatic pathologies such as exocrine pancreatic insufficiency, cystic fibrosis, pancreatitis,
and even pancreatic cancer (38—42). Current methods for elaborating PL activity consist of blood, urine,
or stool tests, which generally require admission to a hospital or clinic, potential blood withdrawal, and
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lab analysis (43). A user-friendly device capable of point-of-care (POC) PL measurements would reduce
the time to reach diagnosis measurements and cost for patients suffering from chronic pancreatic
conditions, which require frequent sampling and analysis (44). Lipase serves additionally as a model
target — for more specific enzymes or other biomolecules that are present only in specific regions of the
GI tract — for detection with the targeting capsule system presented here .

Here, stearin was used as a model substrate for measuring PL activity in a capacitive-sensing
capsule system that is designed to specifically sample pancreatic secretions in the duodenum. The
attractive nature of the sensors is their utility for measuring film solubility in a capsule package, which
can be applied to a variety of targets analytes that induce film- or substrate-dissolving reactions. A similar
sensing strategy for measuring pancreatic trypsin with films made from gelatin is previously reported
(28). Testing of the sensors consisted of observing the sensor response over time frames similar to those
expected while traveling through the duodenum, while immersed in varying concentrations of pancreatic
lipase in a benchtop environment that reflect a similar expected range with appropriate pH.

In using this strategy, the impact of bile acids (BA) were investigated, as they were identified as a
probable interfering species. BAs are synthesized from cholesterol by hepatocytes; they are shown to be
elevated in GI secretions during BA malabsorption and can be further related to conditions such as
irritable bowel syndrome-associated diarrhea and colorectal cancer (45—47). Because of their amphipathic
nature, BAs such as cholic and deoxycholic acid act as natural detergents that emulsify triglycerides to
form micelles through intercalation, aiding their digestion by PL into absorbable monoglycerides and
fatty acids (48). The system was characterized by testing stearin films with BAs to determine potential
nonspecific impacts and how it may affect sensing of PL, then further characterize its integration into a
capsule platform with the downstream goal of wirelessly transmitting metrics of these biochemical
species to a patient for potential clinical evaluation.

Figure 1 illustrates the prospective data flow from the capsule sensor to the patient’s physician.
The system is potentially low-cost, biocompatible, and easily interfaces with a mobile phone for
wirelessly collecting data via Bluetooth Low Energy (BLE) The system offers promise for further
development of ingestible diagnostic systems that would benefit from novel integration and packaging
strategies for measuring biomarkers, such as enzymes, in GI secretions.
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Figure 1: Depiction of application. The pH-soluble coated capsule is ingested and protected from acidic pH,
reflecting that of the stomach, until reaching the small intestine. Upon dissolution, the fluid is sampled via
embedded gratings, and pancreatic lipase reacts with triglyceride coatings to increase the capacitance of the
sensors. The signal is transmitted to a phone wirelessly and shared with a medical practitioner.

Materials and Methods

A. Description of Device, Operation, and Data Acquisition

The capsules were designed and assembled at the University of Maryland, College Park. The
capsule shell is 3D-printed with MED610, a biocompatible resin, using an Objet500 Connex3 (Stratasys,
Rehovot, Israel). The printed circuit board (PCB) and electronic components, were commercially
manufactured (Sunstone, Mulino, OR) and assembled (Screaming Circuits, Canby, OR). Specifications
for the system electronics and capsule dimensions are presented in Table 1, while a detailed method
describing the capsule assembly is discussed in Supplemental Figure S1. The capacitive sensors consist of
interdigitated electrodes, described previously, capped with plasma-enhanced chemical vapor deposited
100 nm SiO, films (49). Figure 2 depicts photographs of the sensor PCB assembly (SPA), and the
subsequent encapsulation in the capsule shell. In commentary of the capsule dimensions, the current
largest capsule standard size is 000, which measures at 9.9 mm x 26.1 mm, whereas the dimensions of the
clinically utilized InteliSite capsule (Innovative Devices, LLC, Raleigh, North Carolina, USA) measures
at 10 mm x 35 mm, indicating larger capsules may still be usable for certain populations (50). Efforts to
reduce dimensions are continuously in development to reduce potential for affecting GI motility, while
more discussion on current capsule dimensions can be found in other studies (4).

Page 4 of 22



Page 5 of 22

Lab on a Chip

Lab on a chip

Voltage
Regulators

MCU Sensor Array FRAM C/V Converter

(©

Figure 2: (a) Top and (b) bottom views of sensor PCB assembly (SPA), and (c) photograph of assembled capsule.
Scale bar =5 mm.

The SPA was powered at 3.3 V and paired to a nearby Android phone via BLE through a custom
application. To operate the device, a signal was transmitted from the phone to trigger the SPA to enter
Deep Sleep mode (2.5 pA) for 2.5 hour, allowing for material deposition processes to be completed.
Following the Deep Sleep duration, the SPA entered Active mode (~ 5 mA), the app would request a
capacitance value from the microcontroller with a sampling rate of 1 Hz. The data is timestamped and
stored into a matrix, which could be uploaded to the cloud after each experiment and downloaded to a PC.
The data was then visualized for analysis with a MATLAB GUI.

3D-Printed Shell Electronics

Outer Diameter 12.7mm PCB Length 25.8 mm

Inner Diameter 11.5 mm PCB Width 10.4 mm

Length 35 mm Sensor Capacitance Range 0.8-220 pF

Inlet area 4 mm? Sensor Capacitance 7.3 pF/mV

Sensitivity

Sensors Operating Voltage 3.3/5.0 A" (component
dependent)

Finger Width 5 pum Current Consumption Active/Deep Sleep: 5 mA/2.5
LA

Finger Spacing 5 um Battery (Powerstream) Li-Polymer/14 mAh/3.7 V

Finger Length 750 um Wireless Communication BLE 2.4 GHz

Number of Fingers 80

Finger Thickness 200/20 Au/Cr nm

Table 1: System specifications.
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B. Deposition of Film and Coating Materials

The sensing mechanism is based on the enzymatic and physicochemical reactions presented in
Figure 3, which features (a) the hydrolysis of triglyceride ester linkages by PL and (b) the emulsification
of triglyceride globules by BAs. Stearin was used as a model triglyceride due to its high melting point
(54-72.5°C) to remain stable at physiological temperature (37-39°C) (51). The triglyceride solution was
prepared for coating onto the sensor surface and consisted of a mixture of stearin and glycerol, where
several stearin:glycerol (SG) ratios were evaluated. The combinations included stearin, 2:1, 1:1, and 1:2
ratios of SG after allowing the suspension to melt in a 100°C water bath prior to deposition. Multiple film
deposition strategies were investigated, as depicted in Supplemental Figure S2. Drop-casting and dip-
coating of molten SG solution, while the substrates were either left at ambient or pre-heated for 5 minutes
to SG melting temperature, were compared. In evaluating overall stability and uniformity, the films used
for testing PL and BA were deposited via dip-coating of the SPAs, depicted in Figure 4a. The SPAs were
pre-heated for 5 minutes to above substrate melting temperature (~100°C), then immersed and
subsequently removed The films were air cooled at ambient temperature, forming SG-coated SPAs (SG-
SPAs), and the resulting thicknesses were measured using calipers.

The SG-SPAs were inserted into the capsule via the assembly process described in Supplemental
Figure S1, and the capsules were subsequently dip-coated into a dyed pH-sensitive copolymer solution,
depicted in Figure 4b. The copolymer solution utilized for this study was 30% Eudragit L100 in
methanol, producing coatings 783+60 um thick using a previously described coating process (49). After
coating, capsules were stored between 24 and 48 hours before experiments at ambient temperature (~23-
24°C), though storage at different temperatures may affect coating stability over time.

Fat micelles

o, // \\ =Y
. ;«OA,A_/\A,A_A.v,\,,«_» . Triglyceride .‘_‘ *
o globule |
Stearin /
H,O l Lipase
. A S — .
HO I o Nu,: N P NN K, Hydrophobic
’ o O Hydrophilc
Glycerol + Stearic Acid (3)
Cholic Acid
(Bile Salt)
() (b)

Figure 3: (a) Lipase-induced hydrolytic digestion of stearin into glycerol and three stearic acid
molecules. (b) Bile salt-induced emulsification of triglyceride globules into micelles.

PCB/sensor

Capsu!e
I::> Insertion and — =
Insertion and : Removal TR A
Removal b Cooled at “ Solvent
ambient H‘ Evaporation
. . pH-specific
Triglyceride |
solution (100°C) Cgﬁﬂgf’ |
(a) (b) —
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Figure 4: (a) Dip-coating of pre-heated PCB/sensor assemblies into triglyceride solution for film
formation. (b) Dip-coating of assembled capsules into dyed pH-sensitive copolymer solutions to form GI-
targeting coatings, repeated for sequential coatings.

C. Sensing Characterization

SG-SPA characterization was performed while powered by an Agilent E3631A DC power supply
(Santa Clara, CA) . For the SG-SPAs prepared in Section B, each experiment was initiated with baseline
measurements while the device was suspended in air. After 5 minutes, the devices were lowered into a 50
mL beaker containing solutions of either negative control — i.e. buffer only — then subsequent test
conditions, described below. All buffer solutions consisted of 40 mL of 0.1 M phosphate buffered saline
(PBS) on a hot plate set to 300 RPM stir via magnetic stir bar to equilibrate the solution and temperature
at 39°C. All solutions were prepared using deionized water from E-pure Ultrapure Water Purification
Systems (DI H,O; resistivity=18.0 Q-cm; Thermo Scientific, Waltham, MA).

The sensor capacitance response was determined for each analyte in an environment that
simulated fluids present in the duodenum. SG-SPAs were immersed in pH 7.3 buffer containing varying
concentrations of either porcine PL or a BA mixture of sodium cholate and sodium deoxycholate (Sigma
Aldrich, St. Louis, MO). PL was tested at 1 mM, 100 uM, and 10 uM concentrations, while BA was
tested across 175, 17.5, and 1.75 mM, equivalent to 7, 0.7, and 0.07 %w/v. To measure potential impact
of nonspecific enzymes, porcine pancreatic trypsin (Sigma) was also tested alone at 100 uM, a
concentration that exceeds maximum expected outputs by >250 % (52). Each solution was incubated for
30 minutes at 39°C prior to insertion into a beaker for testing the SG-SPAs to ensure complete solubility.

D. SEM Analysis for Film Morphology

Pre-heated sensor die were inserted into molten 2:1 SG solution prepared as described in Section
B. The sensors were then cooled at ambient (23°C) for 24 hours, then incubated in glass petri dishes
containing PBS (0.1 M) alone or with either 100 uM PL, 0.7 %w/v BA or 100 uM trypsin, respectively.
Each solution was maintained at 39°C under 300 rpm stir. Sensors were removed from solution after
either 30- or 60-minutes, rinsed with DI H,O, dried for 24 hours, then prepared in a carbon coater to
deposit coatings of conductive carbon (MED 010 Balzers Union Carbon Coater, Balzers Union,
Liechtenstein). The samples were then viewed under a Hitachi S-3400 scanning electron microscope
(SEM).

E. pH-|Dependent Sampling and Sensing

Following a similar procedure as in Section C, measurements were performed while suspending
the coated capsule in air, then subsequently inserted into a test solution. For these experiments, the
electronics were powered by a Li-polymer battery (Powerstream, West Orem, Utah). The capsules were
inserted for a duration of 25 min into several solutions, which mimicked the pH transition between the
stomach (acidic) and duodenum (neutral), as depicted in Figure 5. The solutions consisted of the
following conditions: (i) 0.1 M acetic acid (pH 3), (ii) PBS (pH 7.3), and (iii) 1 mM PL in PBS (pH 7.3).
This sequence was chosen to reflect the capsule transit throughout the GI tract with the subsequent
presence of a specific biomarker residing in the SI, in this case PL.
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Figure 5: (a) Schematic depicting normal GI pH progression along with adjacent organs. (b)
Experimental setup for complete capsule characterization.

Results & Discussion

This work presents a sensing strategy using triglyceride films to detect duodenal contents, such as
lipase and bile acids, in a wireless capacitive-sensing platform. The sensors were designed to measure the
capacitive response when fluid enters the sensing chamber. Under biological stimuli from species in the
environment, the substrate films deposited over the sensors undergo hydrolysis or emulsification reactions
that alter their dielectric property. Gradually, the dissolution of the film substrate exposes the electrode
fingers to the infiltrating fluid, causing an increase in capacitance. The sensor capacitance was measured
for SG-SPAs and coated capsules inserted into various solutions containing biochemical stimuli,
described in C and E, which induce changes in capacitance over different lengths of time when compared
to non-specific controls or buffer alone.

Stearin was the material chosen as our model triglyceride, as described in B. The digestion of
triglycerides, is enabled by emulsion and subsequent hydrolysis by BAs and PL, respectively. Due to its
rigidity and low water solubility — an effect of having longer chain fatty acids — unmodified stearin is an
inefficient substrate for hydrolysis. Other triglycerides such as oleic acid — a shorter chain fatty acid found
in olive oil — are used as standard substrate for lipase assays; however, these substrates are incompatible
with our system function in the small intestine due to having a melting point below physiological
temperature (53). Previous reports modify stearin as a substrate using suspensions with glycerol by
enhancing the quality of the interface it would have with lipase (54—56). Lipase activity on triglycerides is
generally dependent on the surface area, which increases significantly with rougher surfaces or when
emulsified into micelles by BAs. While crystalline stearin films are naturally hydrophobic, glycerol is
hydrophilic due to polar -OH groups, enhancing the interface between the species in solution and the film
substrate, as well as a stable film deposition and adhesion over the sensor surfaces.

Because the platform has demonstrated utility for monitoring changes in sensor capacitance (C),
the dielectric properties of the films can be described through estimation by equation (1):

2ereglwn  gr6pA
d  d ©)
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Here, &, (vacuum permittivity), ¢, (dielectric constant), / (finger length), w (finger width), n
(numbers of electrode fingers), and d (distance of separation), where 2/wn can be simplified to 4 (total
area of both electrodes). Therefore, cumulative changes in the dielectric properties and thickness of the
films are proportional to measured capacitance (C) and indicate the extent of hydrolysis or emulsification
of the substrate over the sensor. To account for changes in baseline capacitance between experiments, the
sensor response as the percent change in capacitance (%AC) can be calculated with equation (2):

Ch—C1

%AC = ( )* 100 (2)

1
Here, C, is the capacitance at n sample in time, where C; is the capacitance at the beginning of
the recorded sequence such as those presented in Figure 6.

When no film is present — i.e. one of our negative controls — and the sensor is inserted into PBS,
the mean %AC is 39.5+1.4, likely a resulting effect of the higher dielectric constant of water as compared
to air combined with ionic reactions with the SiO, films, which can be mitigated in the future through
more inert films (57). As expected, insertion into molten and cooled SG solutions produced negligible
%AC, indicating that changes in capacitance are limited to (when the dielectric properties of the SG
material is influenced by an environmental condition — such as the applied solutions and constituent
analytes described in C (.

Initial tests consisted of the effect of different deposition strategies of the SG solutions onto the
sensors, described in Section B. Substrate temperature was considered a significant factor due to its effect
on surface tension, and therefore wetting of the solution (58). In the case of drop-casting, three phases
(i.e. solid, liquid, gas) are present at the sensor surface during the entirety of the process, thus surface
tension becomes a more dominant factor for wetting, and therefore coating, the sensors. Wetting through
dip-coating, however, causes most of the sensor surface (except for the edges) to be exposed to only two
phases with the ability for a complete wetting and sealing layer, reducing the dependency on surface
tension. Additionally, the order of the wetting transition has a direct impact on the adsorbed film
thickness, such that the greater the discontinuity in the interfacial energy between phases, the greater the
thickness. This discontinuity is reflected by the difference in temperature between the substrate and film,
which were observed through thinner films produced when the substrates are pre-heated. SiO, films on
the sensor surfaces are generally hydrophilic, with surface energies of ~73.8 mJ/m?, compared to most
triglycerides, which maintain surface energies ranging from 25-30 mJ/m? as reported in the literature; this
increases with temperature as well, producing further discontinuity and, therefore, wetting angle (59,60).
Adhesion between the SiO, and SG layers is primarily based on van der Waals interactions; however, the
drop-cast films were found to not be stable, as the films did not produce an adequate enough seal at the
substrate surface and failed to prevent buffer from interacting with the sensors (data not shown) (61).
After comparing the efficacy of the film deposition methods, SG-SPAs were tested using films produced
through pre-heating the substrate to 100°C and dip-coating, which yielded an average film thickness of
210+£60.3 um. The total sensor area was 0.06 mm?, indicating each film volume over the sensors to be
1.25x10 cm?. In comparing the sensor response for different SG film compositions (see C), the 2:1 SG
ratio films were found to be most stable when in buffer alone (Supplemental Figure S3), hence their
implementation in the following sensor characterization experiments. From the 2:1 SG ratio, the volume
of stearin contained within the film was calculated to be 0.84x10-3 cm?, and with a density of 0.862 g/cm?,
the stearin mass was found to be 0.724x107° g, or 8.12x10 mol (molecular weight of stearin:891.5
g/mol).
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Figure 6: Sensing in the presence of different biochemical species at varying concentrations compared to
PBS alone. (a) PL at 10 uM, 100 uM, and 1 mM, (b) BAs at 1.75, 17.5, and 175 mM, and (c) pancreatic

trypsin at 100 uM.

The standard concentration of PL expected in healthy unstimulated duodenal fluid ranges from 1-
10 uM (62). Conversely, average duodenal secretions contain 0.7 %w/v BA, which reflects the median
concentration tested in this work (63). Because PL is dependent on BAs for improving the enzyme-
substrate interface with triglycerides, it was necessary to determine the individual effect of both species
on the dielectric properties of the film, which can range from characteristics such as ratio of stearic acid to
glycerol via hydrolysis, stearin to glycerol through emulsion separation, or even overall SG film to
solution contact with the sensor surface. Figure 6 presents the capacitive response (%AC) of the SG-SPA
over time upon immediate insertion into the solution at t=0 minutes, where the concentration of the
biological stimuli was varied for PL (0.01-1 mM) and BAs (1.75-175 mM), as well as pancreatic trypsin
(100 uM) to measure potential nonspecific interactions. Each sequence begins directly following insertion
of the SG-SPA into the test solution to precede experiments of the sensors within a capsule device.
Measurements were compared to a buffer-only solution (7.3 pH, PBS) as a negative control. The
capacitance responses of films to both PL and BAs produced trends that altered proportionally to the
concentration of the analytes present. Conversely, the signal for trypsin did not produce consistent trends,
and appeared to experience stabilizing transients throughout the time frame of the experiments; the effect
of trypsin at different concentrations requires further investigation. The measurement was conducted over
the course of 40 minutes, consistent with the expected transit time of most contents passing through the
duodenum, though longer time scales have been reported (64). Additionally, nonspecific activity testing
with extracted duodenal secretions and its regular contents will be necessary for increasing confidence in
sensor specificity, though stearin appears to be a resilient insulator to negative controls. To modify the
system for response to lower concentrations, it is likely that parameters such as concentration of substrate
at the sensor surface or film thickness will need to be reduced such that the dielectric properties of the

10

Page 10 of 22



Page 11 of 22

Lab on a Chip

Lab on a chip

film can change faster. This is consistent with our findings where films exceeding 200 pum thickness
produced no significant change in capacitance compared to buffer alone (data not shown), indicating that
either increasing film thickness may reduce reactivity or penetration of the enzyme or that the film is too
thick to see a measurable effect over the experimental time period, requiring more film removal before
observing a change in capacitance. Reducing the film thickness would be feasible through closer
matching of the surface energies, such as through temperature or surface tension, between the SPAs and
SG solution before dip-coating, as well as dissolving the triglyceride in nonpolar solvents such as ethers,
hexane, or chloroform in lower concentrations (29,65).

12 1 ¢
17 0.8 |
~ 08 -
< <06 r
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0.2 | { ] 02 |
[ ]
[ ]
0 1 1 o 1 J
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(a) log Lipase (mM) (b) log Bile Acids (mM)

Figure 7: Semi-logarithmic calibration curves of slope responses for 30 min of (a) PL and (b) BAs
(n=3).X-axis represents the concentration of the analyte in 40 mL solution under 300 RPM stir at 39°C.
Y-axis calculated using %AC/ (At=30 min). Error bars = standard deviation.

After measuring the capacitive response to each concentration, the slopes were used as a metric to
fit the sensitivity. Figure 7 presents calibration curves comparing the slope of the capacitive response for
the first 30 minutes of sampling (%AC/At) compared between concentrations of each analyte at different
magnitudes, indicating a positive correlation between analyte concentration and sensor response within
the tested ranges. (Statistical analysis was performed, consisting of one-way ANOVA between the three
concentrations (0=0.05) for both PL and BA respectively resulting in p-values of 0.12 and 0.17.
Unfortunately, the slope of the response at different concentrations appear to lack distinction, as one can
see that the error bars overlap significantly. The sensor is essentially two capacitors in series, one made of
the SG film and another made using the layer of solution above, consisting mostly of water. As the SG
film dissolves or reacts from the analyte, it becomes thinner and the effect of the water capacitor becomes
larger as its distance to the sensor diminishes. The time course over which this occurs is dependent on
several factors including the film thickness. The up to 55% variation in the starting film thickness could
explain some of the overlap between the measured result at these concentrations.

Enzymatic kinetics remain a complex issue, and the lack of difference between the removal time
of the films (as indicated by the change in capacitance per time) could indicate that the enzymes or
emulsion agents are saturated at the lower concentrations and simply are not able to remove the film at a
higher rate. Furthermore, the major effect leading to a change in capacitance with the film dissolution is
the replacement of the SG film (which has a relatively low relative dielectric constant of ~15.9) with
water having a relative dielectric constant of 80. Another possible effect is differences in the
emulsification and hydrolysis reactions where hydrolysis via PL produces glycerol and stearic acid, each
of which impact the capacitance of the sensor during the course of the experiment. Alternatively,

11
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emulsification does not alter the material chemical composition, merely the particle size and therefore
phase properties of the film, allowing enhanced exposure of the SiO, surface of the sensors to constituents
in the environmental fluid, even those such as divalent cations (66). However, the fact that the
capacitance change curves are similar for the hydrolysis and emulsification reaction indicate that likely in
both cases the change in capacitance is likely due to changes in dielectric constant due to water instead of
being dominated by the production of an intermediate analyte. Future investigations will need to focus on
how to generate a sensor response that is more concentration dependent. Fortunately, a sensor such as the
one demonstrated here could find use in GI diagnostic applications where luminal contents are refluxing
or failing to be absorbed properly, making it present in a portion of the alimentary canal where it is
irritating. Examples of this include bile reflux into the stomach, bile entry into the colon, and acid reflux
into the stomach (67,68)

P X

Figure 8: SEM characterization of SG films at (a) 0-minutes and (b) after exposure to various solutions at
30- and 60-minute time intervals.

Morphological differences comparing the impact of each species on the SG films, were viewed
under SEM (110x magnification), after deposition of a carbon coating for conductivity. The films had
been incubated under stir condition to each solution, and removed at two time points, 30 minutes and 60
minutes, as shown in Figure 8. The 30-minute time point was used to correspond the film morphology to
the endpoints of the %AC/AT values used for Figure 7, while the 60-minute time point was used to
determine if any significant changes in the film morphology occurred beyond the used duration. Here,
there is little difference between the samples exposed to either PBS or trypsin, whereas the surfaces for
PL and BA indicate significant qualitative changes in roughness and crystallization, respectively, though
more on crystallization profiles of stearin can be found elsewhere (69). For the PL-exposed sample, the
surface appears significantly smoother, likely an effect of the hydrolytic interface occurring between PL
and the stearin that reduces surface roughness, and therefore interfacial surface area, until eventual
saturation. The BA-exposed sample, however, presents the formation of an increasingly fragmented
stearin surface, offering insight as to how hydrolysis and emulsification manifest differently on the
substrate. Based on the capacitive changes observed in Figure 6, these structural changes may be direct
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indicators for changes in either dielectric properties of the film material or, more likely, changes in film
thickness through hydrolytic- or emulsification-induced fragmentation, exposing the surface area of the
underlying electrodes to the high-dielectric behavior of the buffer. The lack of significant change between
the 30- and 60-minute time points also imply that the durations used for the data in Figure 7 are enough to
correspond signal saturation to the morphological state.

Finally, the ability to measure PL within the capsule was tested in benchtop environment that
varied the pH overtime and introduced PL at a recorded time point to simulate traveling through the GI
tract and detection in the duodenum environment. Figure 9 presents the result of testing the coated
capsule containing the SG-SPAs for performing pH-targeted sampling, using the experiments for Figures
6-7 as reference to determine differences in performance when the sensors are outside of or inside the
capsule. The respective conditions are labeled as acid, neutral, and lipase, where the capsule was inserted
into a pH 3 solution (0.1 M acetic acid) to represent acidic contents for the stomach, pH 7.3 solution (0.1
M PBS) for the duodenum, and addition of PL (1 mM PL in 0.1 M PBS) as a target analyte, respectively.
Here, the sensor responses are overlaid for more direct sequence comparison and presented in capacitance
rather than %AC to show how they compare from beginning to end of each condition. Upon insertion into
the acid condition, negative drift was observed from ~129.5£0.772 pF, eventually saturating at
115.240.759 pF, though no inflow of solution into the capsule was evident through visual inspection and
the color of the buffer solution remained clear as indicated in Figure 9b-i (49). After ~19 minutes of
incubation in the neutral condition (0.1 M PBS), a distinct increase in capacitance to 146.1 pF was
observed, before reaching saturation at 127.9+0.433 pF. Additionally, the color of the solution gained a
red hue reflective of the Fudragit L100 coating color, as seen in Figure 9b-ii, indicating sample entry.
Once the capsule was inserted into the /ipase condition, there was an immediate effect similar to the
capacitance sequences observed in Figure 6a, where there is a rapid increase in capacitance over ~14
minutes to reach 216.0+£0.602 pF, or 66.8% increase from the beginning, with some signal fluctuation and
decrease as well until it levels around 158.5+0.913 pF, or a 22.4% increase. Due to the opacity of the PL
solution, no distinguishable features were discernable until capsule removal, where there is a noticeable
region in the Eudragit L100 coating where the fluid could enter the capsule sensing chamber, shown in
Figure 9b-iv.
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Figure 9: (a) Combined pH sampling and enzyme sensing in integrated capsule. Measurements were
initiated after immersion into acidic solution for 25 minutes (blue), after which the capsules were
removed and immersed into a neutral solution (red), where a spike was observed around 19 minutes,
indicated by the circle. Finally, the capsule was removed and immersed into a solution containing 1 mM
lipase (black), where a distinct increase in capacitance is observed, indicated by the arrow. (b)
Photographs taken of the capsule at the end of each respective sequence, designated by the label color: b-
i: acid condition, b-ii: neutral condition, b-iii: lipase condition, and b-iv lipase condition after removal
from the solution. Scale bar =5 mm.

The slope from the first 30 minutes of the /ipase condition was calculated to yield 0.198 pF/min.
Comparing the linear fit with that produced in Figure 7a, the slope changes with concentration of PL. This
slope is calculated as a ~3-fold loss in sensor response compared to the mean response for 1 mM lipase
(0.610+0.364 pF/min) while also outside the error range, indicating potential loss in SG-SPA response to
the analyte when packaged within the capsule rather than when tested without it; this is not surprising,
though, considering the differences in fluid dynamics and flow profile of the analyte in the sensing
chamber as opposed to when the SG-SPA is surrounded by the fluid in the beaker. However, this
emphasizes the need to enhance the exposure of the SG-coated sensors to the surrounding environment,
which can be implemented by reducing the thickness of the 3D-printed shell at the inlets or by embedding
the sensors directly onto the outermost packaging of the capsule. Ultimately, this experiment
demonstrated the sequential ability of the capsule package to remain intact in a potential gastric
environment, dissolve from duodenal fluids and allow detection of PL in the same environment. Based on
the results presented in Figures 6-7, it is likely this similar strategy can be leveraged to detect BAs in
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target pH environments as well, in addition to measuring PL or BA related pathologies such as those
discussed above.

Conclusion

This work presents a proof-of-concept demonstration of triglyceride-based coatings for
monitoring simulated duodenal analytes in an integrated capsule system. The contents consist of
preliminary sensor characterization while primarily introducing a system-integrated approach to ingestible
device packaging and the potentials for a novel sensing platform for lipase and bile acids. The device
discussed in this paper demonstrates the ability to measure and wirelessly transmit changes in capacitance
due to both film hydrolysis and emulsification reactions as a result of exposure of stearin films to PL and
BAs, respectively. For PL, signals were measurable for 10 uM-1 mM concentrations, whereas signals
from BAs were distinguishable between 1.75-175 mM concentrations, each of which are within
physiologically relevant ranges for healthy and abnormal levels. For each concentration, the observed
slope produced from the first 30 minutes, which is well within the average duration range for material
traveling through the human duodenum, was usable to relate the signal to its respective concentration
(64). Furthermore, morphological differences were characterized in triglyceride-based films after
exposure to various duodenal contents, giving insight as to the physical manifestation of hydrolytic versus
emulsification reaction mechanism. Finally, the ability to detect PL after subsequent targeting at a pH-
specific environment was demonstrated, and it was found that the design of the sensing chamber and the
respective inlets could be thinned to prevent reduction in the reactive interface between the sensor surface
and environmental contents.

While sensor characterization was limited to environments that only simulated duodenal fluids in
pH and isolated analytes, rather than in vivo systems, there remain several limitations to our methods for
signal analysis and the platform in general. For example, parametric analyses of slopes over different time
intervals may allow for distinguishing between each film response over time, thus producing more
sensitive or optimal fitting equations to match the concentration with the %AC/AT. The sensor responses
are also likely to increase sensitivity if thinner insulating films can be deposited; this would change the
amount of substrate and therefore amount of reaction that needs to occur to increase the rate of change in
dielectric mismatch between the film and environmental solution, potential altering resulting
concentration range for other GI regions where it may be relevant. Next, each species was tested in
isolation, and their simultaneous presence has been shown to reduce efficacy due to non-specific film
interactions depending on the material used (28). Therefore, it is critical that future work will focus on
characterizing and optimizing the sensor performance over a wider concentration range, adding more non-
specific species to determine further reaction specificity, and incorporate additional food-based materials,
such as gelatin — substrates for monitoring other types of pancreatic enzymes (28). Additionally, different
capsule coating materials could be used toward measuring these species in different GI environments —
based on their pH — as well as enhance the exposure of the substrate to materials in the external
environment. The coatings can be used to protect and expose different types of biosensors to their target
regions, enhancing passive localization strategies while notifying the system user of the exact time of
exposure. On a similar note, while stearin has demonstrated the potential utility as a substrate for
measuring time dependency of either hydrolytic or emulsification reactions, more control over testing
conditions would reduce sources of electrical or environmental noise or impedance sensing could be used
to examine additional electrical properties of the films. This includes improving the coating process for
producing more consistent SG film thicknesses, improving the starting conditions for each of the sensors.
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Further investigation is needed of strategies for imparting control to the system or over environmental
features to improve analysis since these systems are directed to function in the GI tract, which is an
inherently chaotic environment.

Ultimately, this platform provides opportunities for sensing hydrolytic and emulsification
reactions, such as through other enzymes or biologicals similar to the species discussed in this work,
along with an innovative packaging strategy toward passive GI targeting in minimally invasive and
ingestible diagnostics.
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