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Miniaturized Capsule System Toward Real-Time
Electrochemical Detection of H2S in the Gastrointestinal
Tract

Justin M. Stine, Katie L. Ruland, Luke A. Beardslee, Joshua A. Levy, Hossein Abianeh,
Santiago Botasini, Pankaj J. Pasricha, and Reza Ghodssi*

Hydrogen sulfide (H2S) is a gaseous inflammatory mediator and important
signaling molecule for maintaining gastrointestinal (GI) homeostasis. Excess
intraluminal H2S in the GI tract has been implicated in inflammatory bowel
disease and neurodegenerative disorders; however, the role of H2S in disease
pathogenesis and progression is unclear. Herein, an electrochemical
gas-sensing ingestible capsule is developed to enable real-time, wireless
amperometric measurement of H2S in GI conditions. A gold (Au)
three-electrode sensor is modified with a Nafion solid-polymer electrolyte
(Nafion-Au) to enhance selectivity toward H2S in humid environments. The
Nafion-Au sensor-integrated capsule shows a linear current response in H2S
concentration ranging from 0.21 to 4.5 ppm (R2 = 0.954) with a normalized
sensitivity of 12.4% ppm−1 when evaluated in a benchtop setting. The sensor
proves highly selective toward H2S in the presence of known interferent
gases, such as hydrogen (H2), with a selectivity ratio of H2S:H2 = 1340, as
well as toward methane (CH4) and carbon dioxide (CO2). The packaged
capsule demonstrates reliable wireless communication through abdominal
tissue analogues, comparable to GI dielectric properties. Also, an assessment
of sensor drift and threshold-based notification is investigated, showing
potential for in vivo application. Thus, the developed H2S capsule platform
provides an analytical tool to uncover the complex biology-modulating effects
of intraluminal H2S.
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1. Introduction

Inflammatory bowel disease (IBD) is char-
acterized by chronic inflammation of in-
testinal tissues and can be associated
with dysbiosis of the gut microbiome.[1]

Although altered gut bacterial composi-
tion has been linked with gastrointestinal
(GI) conditions including colorectal can-
cer (CRC), ulcerative colitis (UC), irritable
bowel syndrome (IBS), and metabolic dis-
eases, the physiologic link between dys-
biosis and observed pathology has yet to
be discovered.[2–5] Moreover, many diges-
tive diseases share vague and overlapping
symptoms such as abdominal pain, nausea,
and diarrhea, posing a challenge in deliv-
ering a timely diagnosis.[6,7] Current tech-
niques to diagnose GI disorders in the GI
tract rely on endoscopic techniques (e.g.,
upper endoscopy and colonoscopy) for vi-
sualizing and sampling the lumen. More
recently, capsule endoscopy has emerged
as a noninvasive alternative to traditional
endoscopy, capable of accessing distal re-
gions of the small intestines (e.g., jejunum
and ileum) and other elusive areas to
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detect morphological indicators of GI disorders. Previously pub-
lished and commercialized GI tract sensing platforms employ
a variety of sensing technologies including acoustic and optical
imaging, as well as physiological readings (e.g., pH, pressure,
temperature); however, these modalities fail to detect specific
molecular biomarkers of microscopic disease.[8] To better under-
stand the association between microbial activity, inflammation,
and disease pathology, sensors that target molecular analytes of
interest and in situ technologies enabling their deployment are
required.

Intraluminal gases have been identified as biomarkers of bac-
terial diversity and overall gut health. These gases diffuse from
the bloodstream to the GI tract or can be released as byproducts
of intestinal microbiota.[9] The concentration, type, and volume
of intestinal gas can serve as an indicator of chronic GI condi-
tions. For instance, elevated hydrogen (H2) and methane (CH4)
levels in the breath may suggest lactose intolerance, carbohydrate
maldigestion and malabsorption syndromes, and small intesti-
nal bacterial overgrowth (SIBO).[10,11] Hydrogen sulfide (H2S) is
one of three gasotransmitters in the GI tract and has received
significant attention as an endogenous mediator of inflamma-
tion, mucosal repair, and homeostasis.[12] Endogenous H2S is
produced enzymatically (from L-cysteine substrates) in tissues
throughout the body, while exogenous H2S is produced by in-
testinal microbiota, such as sulfate-reducing bacteria (SRB).[13]

Depending on the local concentration, source, and bioavailability,
H2S is believed to contribute to both pro- and anti-inflammatory
mechanisms.[14,15] In excess, H2S can inhibit oxidation and desta-
bilize mucus layers protecting the epithelium, and has been ob-
served at elevated levels in numerous diseases, including IBD,
CRC, obesity, halitosis, pouchitis, and periodontitis.[16] In con-
trast, low concentrations of H2S can invoke therapeutic effects,
supporting mucus layer reconstitution and resolving tissue in-
jury and inflammation.[17] Therefore, monitoring H2S levels in
the GI tract would provide insight into how microbial gas pro-
duction influences gastrointestinal physiology and its relation to
disease pathogenesis.

Breath testing, analysis of flatus and fecal samples, and endo-
scopic collection are currently standardized methods for quanti-
fying gut microbial H2S production indirectly; however, nonin-
vasive, real-time solutions are lacking.[10,11] Unlike H2 and CH4,
H2S has a short circulating half-life due to active detoxification
and high chemical reactivity, preventing relevant concentrations
of intestinal H2S from reaching the breath. Moreover, H2S pro-
duced by oral microbes (e.g., halitosis) can interfere with breath
measurements, further complicating the assessment of the H2S-
producing metabolism.[18] Previous clinical studies have success-
fully quantified H2S concentrations in the colon from flatus and
fecal analysis (0.2–30 parts per million [ppm]), forming definitive
associations between the production of H2S, microbial compo-
sition, and diet.[19,20] However, these methods lack the temporal
and spatial resolution required to accurately represent the current
state of the intestines. Notably, they obscure key H2S information
in the small bowel, and as a result, precise H2S concentration
levels are unknown. Fully controllable, miniaturized systems ca-
pable of real-time, onsite detection of short-lived bacteria-derived
inflammatory markers are critically needed for improved disease
management.

Recent advances in flexible electronics, chemical sensors, and
smart packaging have contributed to the emergence of ingestible
capsule technologies capable of monitoring gaseous molecules
in the gut.[21–25] In general, ingestible gas sensors must operate
in both aerobic and anaerobic environments, withstand moisture
and caustic conditions, and minimize interference from other
electroactive molecules.[26] Kalantar-zadeh et al. and others have
demonstrated wireless ingestible capsules equipped with metal-
oxide field effect transistor (FET) sensors capable of monitor-
ing oxygen (O2), H2, and CO2 levels in the GI tract.[21] Stud-
ies were performed to assess microbiota fermentation processes
in response to dietary intervention and exploit the progressively
anaerobic conditions in the small and large intestines to track
the capsule’s position. Metal-oxide FET sensors detect changes
in resistance upon adsorption of the target gas and manipulate
temperature to modulate selectivity. This method, unfortunately,
is not selective enough to sense trace gases, such as nitric ox-
ide (NO) and H2S, which are not easily distinguished from pre-
dominant gaseous species in the GI tract (e.g., H2 and CH4).
Alternatively, electrochemical sensing offers a low-power, real-
time, and scalable sensing modality suitable for detecting NO
and H2S; however, few ingestible capsule devices possess electro-
chemical sensing capabilities, and none are capable of selectively
detecting H2S in the GI tract.[27,28] Implantable electrochemical
sensing modules have successfully detected dynamic changes of
NO in response to induced inflammation, though integration
into a capsule embodiment has yet to be realized.[29–31] Commer-
cial screen-printed H2S sensors, such as the 3SP-H2S-50 (SPEC
Sensors LLC, Irvine, CA), offer a potential path toward system
miniaturization.[32] We successfully detected H2S at room tem-
perature (at 0 V-bias) using a previous ingestible capsule config-
uration, which integrated a 3SP-H2S-50 with a miniature sensor
package.[33] It was found that the modified carbon electrodes were
inoperable under humid conditions, had insufficient operational
lifetime, and lacked selectivity toward H2, making them incom-
patible for embedded gas sensing applications.

To address these challenges, here, we report a fully integrated
gas-sensing ingestible capsule for real-time, wireless detection
of H2S in the GI tract (Figure 1A). The system, as shown in
Figure 1B, features a thin, flexible electrochemical sensor uti-
lizing a Nafion solid-state polymer electrolyte (SPE) and gold
(Au) sensing electrode (Nafion-Au) to selectively monitor physio-
logical H2S concentrations. The capsule electronics integrate an
electrochemical analog front-end (AFE) to facilitate amperomet-
ric measurements and a Bluetooth Low Energy microcontroller
(BLE-MCU) for data processing and wireless transmission. The
components are mounted on a flex-rigid printed circuit board
(PCB) and encapsulated in a soft polydimethylsiloxane (PDMS)
polymer. A 3D-printed spacer unit was placed between the PCB to
allow for integration of future system modalities, resulting in an
overall capsule form factor of 14 × 34 mm2. This size and shape
are compatible with large porcine animal models and can be read-
ily scaled for implementation in vivo. Pretreatment of the Nafion
SPE to increase the conductivity and hydration capacity of the
membrane was investigated. The operability of the ingestible cap-
sule prototype was evaluated in a custom humidity-controlled gas
testing chamber. Electrochemical characterization demonstrated
linear detection of H2S over concentrations ranging from 0.21 to

Adv. Healthcare Mater. 2024, 13, 2302897 2302897 (2 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202302897 by U
niversity O

f M
aryland, W

iley O
nline L

ibrary on [02/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 1. Conceptual overview of the wireless gas-sensing capsule platform. A) Schematic representation of the amperometric gas-sensing capsule
monitoring the exogenous production of H2S from SRB in the gastrointestinal tract and wirelessly transmitting data to an external phone. B) CAD
rendering showing an exploded view of the ingestible capsule, including a flex-rigid PCB, 3D-printed spacer and sensor top, Nafion-Au H2S sensor, and
3 V coin cell battery.

4.5 ppm (14.6 μm) and excellent selectivity to H2S in the presence
of 100-fold greater concentrations of interfering gases, namely
H2, carbon dioxide (CO2), and CH4. This device addresses sys-
tem integration challenges associated with amperometric detec-
tion of H2S in the GI tract and proves capable of identifying fluc-
tuations of H2S levels under simulated GI environment condi-
tions. Such a device can provide new insights into the complex
immune-modulating effects of intraluminal H2S and its role in
disease pathogenesis, unlocking its potential as an inflammatory
biomarker for disease treatment and monitoring.

2. Results and Discussion

2.1. H2S Sensing Mechanisms

Electrochemical detection of H2S has been previously
demonstrated.[34–36] However, these sensors are often in-
compatible with the intraluminal environment, and lack the
selectivity, sensitivity, and low-voltage operation essential for in-
tegration with ingestible capsule platforms. Electrode materials
like platinum and modified carbon that are sensitive to H2S due
to their affinity to H2, do not provide the necessary selectivity for
intestinal H2S sensing, as O2, nitrogen (N2), CH4, CO2, and H2
(up to 50%) make up 99% of intestinal gas.[37] Au is sensitive
to H2S via a high adsorption affinity to sulfur molecules, and
is not reactive to H2.[38] Mubeen et al. utilized this sensing
mechanism to develop an H2S sensor employing single-walled
carbon nanotubes (SWNT) decorated with Au nanoparticles.[39]

However, the sensor required a bias voltage ranging from 1–4 V
for the desorption of sulfur (S) from the Au electrode, resulting
in a slow response and recovery time. When Au is exposed to
H2S, sulfur atoms covalently bond with the Au surface. Au─S
covalent bonds significantly reduce the work function of Au and

require a substantial amount of energy to reverse. Therefore,
while Au alone can be used to sense H2S, further modification
of the working electrode is necessary to achieve the sensitivity
and recovery characteristics to sense trace concentrations of
intraluminal H2S gas in real-time.

The electrochemical H2S sensor (Ø = 12 mm) in this work is
comprised of a thin-film Au working electrode (WE, ∅ = 4 mm),
Au counter electrode (CE), and a silver (Ag) reference electrode
(RE) evaporated on a flexible polyimide substrate (Kapton, 1 mil)
(Figure 2A-i). Laser-cut acrylic wells were then attached to the
sensor to serve as a reservoir for forming the Nafion membrane
from dispersion. To integrate the sensor with the capsule elec-
tronics, Au pins were connected to each electrode contact pad us-
ing Ag epoxy (Figure 2A-ii). Then, 5% w v−1 Nafion dispersion
(EW, 1100 g eq−1) was drop-cast into the acrylic reservoir to suf-
ficiently cover the entire sensor area (Ø = 6 mm), followed by
subsequent pretreatment with sulfuric acid (H2SO4), as shown in
Figure 2A-iii. Finally, a Teflon membrane (Ø = 6 mm, pore size:
5 μm) was lightly pressed into contact with the treated Nafion
film and sealed (Figure 2A-iv). The Teflon membrane functions
as a gas-permeable, liquid-impermeable interface between the
Nafion and the external environment, limiting sensor corrosion
and fouling.

Nafion is a chemical-resistant perfluorinated cationic-
exchange polymer (CEP) with exceptional membrane-forming
capabilities and is often used as an SPE to enhance the sensitivity,
conductivity, and recovery of the fabricated sensor. Dispersion
and baking of Nafion crosslinks the polytetrafluoroethylene
(PTFE) backbone to form stable clusters of hydrophilic sul-
fonic acid end groups surrounded by hydrophobic PTFE. The
hydrophilic regions expand as the membrane is hydrated and
connect into a network of ionic conduction channels if suffi-
ciently hydrated. Water uptake, ion exchange capacity, and ion
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Figure 2. Design and evaluation of Nafion-Au H2S sensor. A) Fabrication and assembly process of the microfabricated H2S. (i) Metal layers are patterned
onto a flexible Kapton film using a paper mask. (ii) Laser-cut acrylic wells were adhered to create an electrolyte reservoir and align Au contacts for
connecting the sensor with the capsule electronics. (iii) Nafion dispersion was drop-cast on the sensor and dried for 24 h, followed by pretreatment with
H2SO4 for 48 h, then rinsed and hydrated using DI water. (iv) The Nafion film was sealed with a 0.5 μm pore Teflon membrane and additional acrylic
well. B) Schematic of electroosmotic drag of H2S via electroosmotic flow of the positively charged water molecules in hydrated Nafion due to an electric
field between the CE and WE. The accumulation of protonated water molecules and H2S at the WE increases the rate of reduction, thereby increasing
negative current flow. C) SEM image of the Nafion coated sensor showing a uniform membrane free of cracks. D) Nyquist log–log plot comparing the
average EIS (N = 3) of the sensors before acid treatment (green) and after 48 h acid treatment (red) with 0.1 m H2SO4. E) Current versus Scan Rate1/2

for CV applied to sensor with 2.3 ppm of H2S present for 20–100 mV s−1 scan rate at 20 mV s−1 intervals. Current response at −0.2 V bias voltage was
taken as the reduction peak. Error bars shown as shaded regions of standard deviation (SD) of mean.

conductivity together determine the conductivity of the Nafion
membrane.[40–44] While this hydration dependence is problem-
atic for some applications, the high-water content of the GI
tract is expected to provide sufficient humidity levels to hydrate
the Nafion and ensure conductivity throughout capsule transit.
When a hydrated CEP is biased, protonated water molecules

(e.g., H5O2
+, H9O4

+) flow from the anode to the cathode of
the sensor, simultaneously transporting H2S and other small
gaseous molecules in the process, as illustrated in Figure 2B.
This electroosmotic drag results in an accumulation of H2S
molecules and protons at the surface of the WE, reducing the
work function of Au and increasing the reduction current.[45–50]
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Investigators have demonstrated that Nafion membrane con-
ductivity increases with decreasing thickness until reaching the
thin-film regime (<10 μm).[51,52] To achieve a uniform Nafion
membrane at the desired thickness, removal of the solvent
and surface interactions between the Nafion dispersion and
Au substrate are critically important. Slowly evaporating the
Nafion dispersion allows for an even distribution of hydrophilic
and hydrophobic regions in the Nafion, resulting in higher
conductivity.[41,53] Therefore, the rate of solvent evaporation was
carefully controlled in order to minimize the risk of cracks form-
ing in the film.[54] To accomplish this, we introduced additional
solvent (80% ethanol) into the sealed container and allowed it to
evaporate for 24 h.[51] The Nafion-Au sensors were then baked in
a furnace at 80 °C for 1 h to remove any remaining solvent subse-
quently placed in a sealed humid container for 24 h to rehydrate.

To enhance water uptake and increase conductivity, Nafion is
often protonated through pretreatment with strong acids (e.g.,
nitric acid (HNO3), hydrochloric acid (HCl), H2SO4, and phos-
phoric acid (H3PO4)) having pKa values less than 1 pKa. During
this process, hydrogen ions (H+) from the acid are donated to the
sulfonic acid end groups in Nafion. Several groups have investi-
gated the efficacy of Nafion pretreatment by varying acid type,
concentration, temperature, and treatment time, then evaluat-
ing the resulting membrane under various humidity values and
temperatures.[48,55,56] Overall, the Nafion pretreatment resulted
in improved conductivity and water uptake for sensors treated
with acids of similar or higher pKa values than Nafion (≈−6 pKa).
Kuwertz et al. found that H2SO4 (−10 pKa) exhibited the highest
conductivity and water uptake in sensing environments with hu-
midity levels between 80% and 100%,[56] closely resembling the
conditions of the GI tract. Therefore, the Au-Nafion sensor pre-
sented in this work was protonated with H2SO4.

To identify a suitable pretreatment procedure for protona-
tion of the Nafion coated Au electrodes, varied concentrations
of H2SO4, treatment time intervals, and solution temperatures
were investigated. Preliminary amperometric measurements
were recorded for each combination of H2SO4 in Figure S1 (Sup-
porting Information). While sensors treated with 1.0 m H2SO4
exhibited higher linearity and a consistent bias voltage, they dis-
played low conductivity and poor sensor durability regardless of
test conditions. This outcome was likely due to a combination
of insufficient acid protonation time and corrosion of the Cr seed
layer beneath the Au WE and Ag RE, leading to reduced electroac-
tive surface area.[57,58] When testing various protonation times
for 0.1 m H2SO4, a protonation time of 24 h or less resulted in
low membrane conductivity. In contrast, a 48 h protonation time
produced stable, conductive sensors without corrosion of the Cr
seed layer. Therefore, the Au-Nafion sensors were treated by dis-
persing 0.1 m H2SO4 (50 μL) and resealing the sensor in a hu-
mid container for 48 h to allow the acid to protonate the film,
followed by rinsing with deionized (DI) water. This resulted in
an evenly dispersed Nafion membrane that demonstrated con-
sistent conductivity and mechanical durability once baked and
treated, providing a final film thickness of ≈45 μm. Inspection
of the WE via a scanning electron microscope (SEM), Phenom
XL (Nanoscience Instruments, Alexandria, VA), confirms a uni-
form membrane without cracks or deformities in the Nafion or
electrode which would impact conductivity and sensor durabil-
ity (Figure 2C). Electrical impedance spectroscopy (EIS) was uti-

lized to characterize the Nafion-coated sensors. Figure 2D shows
the average impedance of the Nafion-Au sensor before and after
acid treatment, confirming significant improvement in the mem-
brane conductivity. While the acid pretreatment is not expected to
impact shelf life, it is important to store protonated Nafion mem-
branes in environments without fluctuations in humidity. The
sensors were stored at room temperature in a dry environment
away from direct sunlight until use.[59,60] As a result, the sensors
were able to retain conductivity for over 12 h of testing.

2.2. Benchtop Characterization of Nafion-Au H2S Sensor

The electrochemical response of the fabricated H2S gas sensor
was evaluated using a benchtop potentiostat (CHI660D, CH In-
struments Inc) and custom gas-testing setup, as described in
Figure S2 (Supporting Information). Specific gas concentrations
of various intraluminal gas species were achieved by controllably
venting gas into a plastic test chamber (2400 mL)—diluted with
air—until the desired concentration was reached. Gas concen-
tration was calculated using Equation (1) with gas-testing setup
and infill parameters summarized in Table S1 (Supporting Infor-
mation). To preserve the conductivity of the Nafion membranes,
all experiments were performed under humid conditions. This
was achieved by periodically venting water vapor into the cham-
ber for 60 s along with the gaseous analytes. Cyclic voltammetry
(CV) was applied in the potential range of +0.2 and −0.2 V (scan
rate: 100 mV s−1) to observe cathodic currents. Figure S3 (Sup-
porting Information) presents the cyclic voltammogram of the
fabricated Nafion-coated H2S sensors at different gas saturation
states: ambient air, 2.3 and 4.5 ppm of H2S. An increasingly neg-
ative reduction current response corresponding with increased
H2S concentration was observed between −0.1 and −0.2 V (vs
Ag), indicating a range of suitable bias voltages to detect H2S.
Therefore, subsequent amperometric measurements were per-
formed at a bias voltage of −0.2 V to maximize the sensitivity
of the Nafion-Au sensor to H2S, while avoiding potential inter-
ference from reduction peaks of O2. The influence of scan rate
on the sensor response to H2S was also examined by comparing
cyclic voltammograms of different scan rates when the sensor
was exposed to 2.3 ppm of H2S (Figure 2E). The results demon-
strated that the current response corresponded to changes in H2S
gas, and that the system was diffusion controlled (linear relation-
ship between current and the square-root of scan rate). The CV
waveforms for each scan rate are summarized in Figure S4 (Sup-
porting Information).

To generate a calibration curve for the H2S sensor, we intro-
duced concentrations ranging from 0.9 to 4.5 ppm of H2S into the
custom gas chamber at 0.9 ppm intervals (refer to Table S1 (Sup-
porting Information) for infill time calculations) following a 10
min warm-up time. Electrochemical sensors typically require a
brief warm-up time to allow the electrodes and electrolyte to equi-
librate under a voltage bias. Negligible differences in sensor read-
out due to changes in temperature when operating either at ambi-
ent (22 °C) or internal body temperatures (37 °C) were observed,
thus all experiments were conducted at room temperature. As
the sensor is intended to continuously measure H2S, the voltage
bias will be applied at least 10 min before ingestion. The ampero-
gram of a single sensor is shown in Figure 3A, where increasing
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Figure 3. Benchtop characterization of H2S sensor. A) Amperogram showing the current response of the Nafion-Au sensor for increasing H2S concen-
trations at 0.9 ppm intervals (range: 0.9–4.5 ppm) and B) the resulting calibration curve normalized to the current response at 4.5 ppm (set to 100%) for
each sensor (N = 3). C) Selectivity of H2S against known interferent gases H2 (500 ppm), CH4 (415 ppm), and CO2 (16 650 ppm) was evaluated, and
the normalized current response was compared (N = 3). Selectivity waveforms depicting the current response for concentration ratios of D) H2S:H2 =
110.8, E) H2S:CO2 = 3688.6, and F) H2S:CH4 = 92.8, resulting in current response ratios [H2S:interferent gas] of H2S:H2 = 12.2, H2S:CO2 = 16.8, and
H2S:CH4 = 16.6. Error bars shown as standard deviation (SD) of mean.

and decreasing sensor current output reflects both an increase
and decrease in H2S concentration. After H2S was vented into
the chamber, the current increased rapidly until reaching satura-
tion after 3 min (including infill time). To return the chamber to
an ambient baseline condition (air), the chamber contents were
removed using a vacuum pump. The required time to return the
sensor to its baseline value was dependent on the gas concentra-
tion in the chamber, though purging for three 20 s pulses with
a 15 s pause between them was sufficient for all test values and
preserved the sensor‘s lifetime. The resulting calibration curve,
shown in Figure 3B, depicts the normalized average current re-
sponse from multiple Nafion-Au H2S sensors (N = 3), where
100% represents 4.5 ppm H2S. A linear current response (cor-
relation coefficient R2 = 0.954) and sensitivity of 12.4% ppm−1

was observed with slight current saturation starting at 3.5 ppm.
At 5.4 ppm, there was no discernable difference between an in-
crease in H2S and noise (Figure S5, Supporting Information).
Differences in the current response, shown by Figure 3B error
bars, can be attributed to slight variations in Nafion membrane
thickness, hydration, and the density of Nafion clusters in the
membrane. As calibration of Nafion-based sensors is highly hu-
midity dependent, the H2S sensors were calibrated in ≈100% hu-
midity, based on the expected humidity of the GI tract.[61]

We characterized the selectivity of the Nafion-Au sensor be-
tween H2S and potential interferent gases in the GI tract. Amper-
ometric measurements of 4.5 ppm H2S were performed in the
absence and presence of 415 ppm CH4, 16 650 ppm CO2, and
500 ppm H2, respectively. The resulting amperograms demon-
strated that accurate detection of H2S remained mostly unaf-
fected in the presence of greater than 100-fold concentrations
of CH4, CO2, and H2 (Figure 3C). Figure 3D–F shows the sen-
sor response for each gas and indicate less than 10% variation
when comparing the combined signal response from H2S and
interferent gases to the H2S baseline. Overall, the fabricated H2S
sensor demonstrated selectivity to H2S in the presence of all in-

terferent gases, including H2, and outperformed the commercial
3SP-H2S-50 SPEC-H2S sensor which showed elevated current
response to H2 (Figure S6, Supporting Information).

2.3. Ingestible Gas-Sensing Capsule Design

Miniaturized potentiostat electronics (Ø= 12 mm) capable of per-
forming amperometric measurements were developed, as shown
in Figure S7A (Supporting Information), to facilitate in situ
sensing using the Nafion-Au H2S sensor. The system incorpo-
rates several commercial off-the-shelf (COTS) components (op-
erated at 3.3 V): 1) an electrochemical AFE, AD5941 (Analog De-
vices, Wilmington, MA), to excite the electrochemical sensor and
record resulting current values, 2) a BLE-MCU, BGM13S (Sili-
con Labs, Austin, TX), and external 2.45 GHz ceramic chip an-
tenna, WLA.01 (Taoglas, San Diego, CA), for wireless data acqui-
sition, and 3) a 3.0 V, 160 mA h lithium manganese dioxide (Li-
MnO2) coin-cell battery (Ø = 11.6), 2L76 (Energizer, St. Louis,
MO), and magnetic reed switch to shut off the device when not
in use (Figure S7B, Supporting Information). Inter-device com-
munication is handled by a serial peripheral interface (SPI) for
system configuration and to facilitate data transfer between the
AFE and BLE-MCU (Figure S7C, Supporting Information). The
BLE-MCU was programmed to receive and transmit data wire-
lessly via BLE using the EFR Connect phone app (Silicon Labs,
Austin, TX) and a custom GATT profile. This allowed for remote
calibration and initiation of amperometry gas measurements, as
well as control of the energy modes of the on-board electronics.

When an amperometric measurement is initiated, the AFE ap-
plies a bias voltage across the WE and RE. The resulting cur-
rent response between the CE and WE is passed through a tran-
simpedance amplifier (TIA), where the signal is converted to a
voltage and amplified. Data are sampled every 100 ms and digi-
tized via an internal analog to digital converter (ADC), then stored

Adv. Healthcare Mater. 2024, 13, 2302897 2302897 (6 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Packaging and characterization of capsule electronics. A) Molding and assembly process of the H2S gas sensing capsule. (i) Capsule compo-
nents are sealed into 3D-printed mold and encapsulated in PDMS. (ii) After the PDMS is cured for 24 h, the capsule is released. (iii) The H2S sensor
is attached to the exposed Au pins of the PCB and (iv) a PLA cap with a sealed Teflon filter is epoxied to protect the H2S gas sensor. B) Photograph
of packaged gas-sensing capsule demonstrating the on (blue light) and off state using a neodymium magnet to trigger the magnetic reed switch. C)
Wireless signal attenuation setup depicting the capsule prior to being surrounded on each side by 100 mm of ground beef (88% Lean, 12% Fat) with
the receiver (phone) placed directly above it. D) Bluetooth attenuation was recorded between the smart phone (sensitivity = −101 dBm) and packaged
capsule system (system baseline = −52 dBm) at a 50 mm interval until measurement failure. Data points represent the averaged RSSI value collected
from ≈30 data packets, showing sustained communication until 720 mm. Error bars shown as standard deviation (SD) of mean.

temporarily to a ferroelectric random-access memory (FRAM)
onboard the AFE. Simultaneously, the BLE-MCU periodically in-
terrogates the status of the FRAM (100 ms interval) to deter-
mine whether data are available for wireless transmission to the
phone. In this active transmission mode, the device consumes
an instantaneous current of 10 mA and average of 3.5 mA. Bat-
tery life-time calculations estimate a 29 h capsule lifetime under
continuous operation of the wireless communication and am-
perometric gas sensor. While the capsule size and form factor
presented here is larger than existing FDA-approved ingestible
electronics,[62] the current dimensions are acceptable for in vivo
large porcine models. Ingestible capsules of varied size and func-
tion, employed in vivo for testing in porcine studies, are sum-
marized in Table S2 (Supporting Information).[25,63–73] The main
limiting factors for further scaling the H2S sensing capsule are
the size of the COTS electronic components and compatibility of
the battery chemistry. Bluetooth LE has an instantaneous current
consumption of ≈10 mA (at+0 dB antenna gain), which prevents
the use of alternative safe battery chemistries, such as silver oxide
(Ø= 9.5 mm), without greatly reducing the wireless transmission
rate (10 s).[74] Future work will focus on sourcing alternative elec-
tronic components with smaller device footprints (e.g., AD5940),
as well as optimize the data acquisition rate to minimize power
consumption, allowing access to smaller coin cell batteries. The
gas-sensing capsule electronics were validated using commercial
screen-printed H2S sensors (3SP-H2S-50) prior to packaging, as
shown in Figure S8 (Supporting Information).

2.4. Characterization of the Packaged Gas-Sensing Capsule

The benchtop validated sensor was integrated with the cap-
sule electronics and packaged in two stages: 1) encapsulation of

the electronic components in a soft polymer and 2) attachment
and sealing of the H2S sensor to preserve the hydration of the
Nafion SEP during subsequent evaluation of the packaged de-
vice. Here, capsule electronics were encapsulated in PDMS at a
10:1 monomer to curing agent ratio and baked at 65 °C for 24 h
prior to removal (Figure 4A-i). PDMS encapsulation is straight-
forward, repeatable via molding, resilient to acidic environments,
and biocompatible.[75] While there are concerns regarding the
potential for liquid uptake through PDMS molds, modified cur-
ing parameters and additional coating of Parylene C have been
shown to minimize this effect.[76,77] The packaged capsule has
a resulting 14 × 34 mm2 cylindrical form factor (Figure 4A-ii).
Figure 4A-iii shows the modular attachment of the H2S sensor
and molded capsule electronics. Finally, a 3D-printed cap (Ø =
14 mm) made from polylactic acid (PLA) was sealed to the PDMS
capsule with a biocompatible epoxy to cover the Teflon protected
sensor while still allowing gas to diffuse from the external en-
vironment (Figure 4A-iv). When not in use, the capsule system
was placed on an external magnet to disconnect the battery via the
magnetic reed switch. This is demonstrated in Figure 4B, where
a small neodymium magnet (1 cm2, ≈600 mT) placed less than
20 mm distance from the magnet reed switch is sufficient to dis-
connect the system as indicated by the blue light emitting diode
(LED).

2.5. Bluetooth Characterization for Ingestible Operation

Wireless medical devices, including ingestible capsules, wearable
sensors, and implantable devices typically operate within the 405,
915 MHz, and 2.45 GHz ISM frequency bands. Bluetooth, which
operates at 2.45 GHz, is a low-power, point-to-point communi-
cation protocol that permits a compact antenna footprint and is

Adv. Healthcare Mater. 2024, 13, 2302897 2302897 (7 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Electrochemical characterization of the ingestible capsule prototype. A) Wireless amperometric measurement of H2S with the sensor-
integrated capsule and B) the resulting calibration curve. C) A drift measurement was conducted following a 10 min warm-up time at 3.6 ppm H2S
concentration. A linear sensor drift (+0.1 nA s−1) was observed after 30 min. D) Amperometric measurement with capsule (different sensor) following
repeated infill and purge of 3.6 ppm. E) Time-lapse photos of ingestible capsule showing feedback responsive triggering of an LED based on increasing
H2S concentration above the proposed threshold value.

widely compatible with consumer electronic products. Known
challenges of wireless communication for ingestible electronics
include inefficient signal propagation within the GI tract, due
to the high radio frequency (RF) signal attenuation in abdomi-
nal tissues (𝜖r = 52.8),[78] high current consumption compared
to sensing circuitry, and limited high-density battery chemistries
that support high current consumption (≈10 mA) in a capsule
form factor. To simulate the expected RF attenuation in vivo, the
capsule was surrounded by 100 mm of ground meat (88% lean,
12% fat) on all sides (Figure S9, Supporting Information), and
wireless signal attenuation testing was performed. The dielec-
tric properties of the tissue analogue can be modified to precisely
mimic the permittivity of human abdominal tissues using liquid
phantoms or ballistic gel. A 100 mm thick layer of ground beef
was utilized as a worst-case approximation to account for poten-
tial variations in dielectric constant between ground meat (𝜖‘ =
45–55) and abdominal muscle.[79,80] This is because most signal
attenuation occurs through abdominal muscle, which has an av-
erage thickness of only 5–10 mm.[81,82]

Previous studies have utilized similar tissue attenuation test
methods or liquid phantoms as tissue analogues to benchmark
Bluetooth signal propagation for medical use.[80,83–85] Further,
capsule systems that utilize Bluetooth have been previously
demonstrated.[74,86–88] In this work, the antenna gain of the BLE-
MCU was restricted to +0 dB gain in order to evaluate Blue-
tooth with minimum power consumption, though transmission
at +8 dB can be utilized sporadically to extend communication
distance. The relative received signal strength (RSSI) between
the device and a smartphone (Google Pixel 6, BLE) was recorded
at various heights above the capsule. Validation of the unpack-
aged capsule electronics are shown in Figure S10 (Supporting
Information). The separation distance from the phone was in-
creased at 50 mm intervals until connection failure (Figure 4C).
Figure 4D presents the averaged RSSI values through 100 mm of
the tissue analogue. Reliable data transmission was maintained

up to 720 mm, with a max RSSI of −99 dBm before disconnect-
ing from the phone (antenna sensitivity is −100 dBm). An aver-
age RSSI value (N = 30) was recorded at each height, showing an
exponential decrease from the average baseline (100 mm separa-
tion) of −52 dBm in air taken as the system loss.

2.6. Electrochemical Measurement with Packaged H2S
Gas-Sensing Capsule

Figure 5A shows the resulting amperometric measurement for
the gas-sensing capsule with a bias voltage of −0.2 V (vs Ag),
when tested under the same conditions as the benchtop sen-
sors. A 14.6% ppm−1 current response was observed, confirm-
ing that the capsule packaging, wireless communication, and
mesoscale electronics does not impact sensor performance. A cal-
ibration curve, shown in Figure 5B, was generated by averaging
the normalized current response from Nafion-Au H2S sensors
(N = 3) equipped to the gas-sensing capsule, where 100% rep-
resents 4.5 ppm H2S. A linear current response (correlation co-
efficient R2 = 0.9766) matched the saturation characteristics of
the benchtop sensor characterization and a 0.13 ppm limit of de-
tection (LOD) was calculated, indicating that the packaging did
not have a negative impact on sensor response time or satura-
tion characteristics. Benchtop testing confirmed H2S selectivity
and sensitivity with the Au-Nafion sensor. However, in this con-
trolled simulated environment the effects of the accumulation of
proteins and lipids on the surface of the Teflon filter were not
assessed, which could alter its diffusive properties leading to a
deteriorated sensor response. Endoscopy capsules like the Pill-
Cam provide an outlook of the anticipated conditions, support-
ing the assumption that the sensor may be partially submerged
during in vivo measurement throughout the GI tract.[89] The at-
tached Teflon filter protects the Nafion membrane from direct ex-
posure to acidic gastric fluids and alkaline bile salts (pH 7–8) in

Adv. Healthcare Mater. 2024, 13, 2302897 2302897 (8 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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the small intestine, a common concern with ingestible electron-
ics, while also contributing to diffusivity through its pore size and
hydrophobicity of the Teflon filter surface. Future efforts will fo-
cus on validating the gas-sensing capsule in solutions with acidic
and slightly basic pH, as well as in simulated in vitro fluids, such
as intestinal digesta or fistulated rumen. This evaluation will be
conducted over the course of 12–24 h to evaluate sensor stability
and the necessity for recalibration.[90]

2.7. Drift Characterization and Threshold Triggered Signaling

To demonstrate the utility of the gas-sensing capsule system to
identify and respond to target gas concentrations, H2S-driven
feedback control was developed to trigger other downstream cap-
sule functions. Previous sensor calibration curves were utilized
to determine a suitable threshold concentration level and cor-
responding current response that represented an elevated H2S
concentration. From the literature, trace H2S concentrations for
patients with UC or SRB-related SIBO may exceed 30 ppm of
intraluminal H2S in the colon, though in healthy patients has
been shown to be substantially less (≈0.2 ppm).[19] Therefore,
high sensitivity and selectivity for trace H2S levels in the large
and small intestine is essential for correlating differences in
healthy and diseased states. In a clinical setting sensor drift must
be accounted for when determining a suitable threshold cur-
rent value in real-time. Amperograms quantifying sensor drift
were recorded to evaluate the stability of the Nafion-Au sensor
(Figure 5C). To accomplish this, the system was placed in the
test chamber and the H2S concentration was fixed at 3.6 ppm
for 2 h. The sensor exhibited negligible drift for 30 min before
the saturated current began to linearly drift back toward the sen-
sor baseline at a rate of 0.1 nA s−1 (R2 = 0.98), Sensor drift is a
known issue with Nafion sensors, and is possibly due to back-
diffusion of water out of the Nafion membrane.[91,92] It is hypoth-
esized that while electro-osmotic drag, H+ transport, and water
transport contribute to the selective gas-diffusing properties of
Nafion, water gradients within the membrane can also cause wa-
ter to diffuse back out of the Nafion membrane after extended
periods of activation. Membrane thickness, acid treatment, and
substrate porosity significantly impact the prevalence of back dif-
fusion, and therefore sensor drift.[93,94]

Considerations for progressively updating the threshold value
will be required, either by introducing a linear correction factor
to account for sensor drift exceeding acceptable 5% deviation in
current response, or by delaying when the measurement occurs
using pH targeting to localize specific sections of the small bowel
amenable to the sensor’s operational lifetime.[95–97] Threshold
triggered signaling was demonstrated by placing the packaged
capsule into the gas testing chamber and repeatedly modulating
the H2S concentration between 0 and 3.6 ppm following satu-
ration. Figure 5D shows the corresponding amperogram sum-
marizing this implementation of the threshold value. Through-
out the experiment the capsule was programmed to wireless
alert the app when the current threshold value was surpassed.
A video demonstrating when the H2S concentration level sur-
passed 3.0 ppm, indicated by a blue LED, was recorded with a
phone (MovieS1, Supporting Information). The subsequent hy-
dration, H2S infill, and H2S purge events are shown in Figure 5E,

highlighting the potential of the system for deployment of com-
plex monitoring and interventions in the GI tract.

To evaluate the H2S sensing platform in vivo, and ultimately
for clinical use, several remaining challenges must be addressed,
including system shelf-life, sensor stability, sensor drift, steril-
ization, and capsule miniaturization. With proper storage Nafion
is expected to have a shelf life of up to 2 years, attributed to its
chemical and mechanical durability. Future testing following an
extended time in storage will be necessary to determine if the
sensors require recalibration before ingestion. As calibration us-
ing a gas-testing chamber would be unrealistic in a clinical set-
ting due to sterilizations concerns, special UV treatments could
be performed to preserve Nafion membrane conductivity over
time, potentially eliminating the need for recalibration.[98] The
effects of such treatments and similar sterilization protocols on
the semipermeable Teflon membrane filter require further inves-
tigation before adaptation of the sensing capsule for clinical use-
cases. Additionally, the PDMS coating may be replaced by a ro-
bust biocompatible alternative, such as biocompatible epoxies or
stereolithography (SLA) 3D-printed shells comprised of surgical
guide resin (Formlabs), which has been demonstrated in similar
capsule platforms that traverse the GI environment.[99,100]

While the introduced gas-sensing platform sufficiently vali-
dates the practicality of an amperometric ingestible capsule for
H2S monitoring in a controlled environment, there are additional
opportunities to improve the sensor’s capabilities in terms of sat-
uration limit and drift characteristics. The current sensor design
saturates at 5.4 ppm, whereas exogenous concentrations of H2S
can reach concentrations up to 30 ppm for patients with UC. Sen-
sor saturation could be attributed to insufficient surface area of
the thin-film Au electrodes, inadequate counter electrode size, or
insufficient water uptake by the Nafion membrane. Further opti-
mization of the Nafion membrane thickness and hydrating prop-
erties will allow tuning of this parameter, including adding feed-
back control to the gas-testing setup humidifying mechanism
to correlate sensor response to humidity. Additionally, as sensor
drift is influenced by Nafion membrane quality, substrate surface
area, and substrate porosity, alternative strategies to reduce drift
would involve reconfiguring the sensor to use a porous polyester
track etch (PETE) membrane as both the substrate and semiper-
meable filter, utilizing a commercial Nafion 117 membrane or
adjusting membrane pretreatment protocols to achieve a high-
quality Nafion thin-film. The paradigm of integrating biosensor
technologies and ingestible capsule systems offers desirable ac-
cess, and is not only well positioned to enhance in vivo H2S mon-
itoring capabilities but allow real-time detection of inflammatory
biomarkers in the GI tract.

3. Conclusion

In summary, this work demonstrates the first wireless ingestible
capsule system for monitoring patterns of H2S production in the
GI tract. To enable H2S sensing in the humid GI environment, an
Au electrochemical sensor was microfabricated and coated with a
Nafion SEP pretreated with H2SO4. The sensor was characterized
in a custom gas-testing setup with 100% humidity using a bench-
top potentiostat, and exhibited a linear hydration-dependent elec-
trochemical response to changes in H2S concentrations. H2S
selectivity was confirmed using similar concentration ratios
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(100-fold) of known interferent gases (H2, CO2, and CH4) pre-
dominant in the GI tract. Front-end electronics were developed
with Bluetooth wireless communication capabilities for portable
amperometric measurement of H2S, allowing modular integra-
tion the Au-Nafion sensor with the ingestible capsule platform.
A capsule form factor (14 × 34 mm2) suitable for in vivo porcine
studies was achieved using a PDMS polymer encapsulation strat-
egy that successfully isolated the electronics from the surround-
ing moisture. Measuring signal attenuation of the ingestible cap-
sule through media analogous to human tissues provided in-
sights into the feasibility of Bluetooth Low Energy for in vivo ap-
plications. Further, analysis of sensor drift and threshold-based
signaling demonstrated the utility of the capsule to perform con-
tinuous monitoring amenable for closed-loop operations. Future
efforts will focus on correcting for sensor drift for prolonged oper-
ation throughout the entire GI transit, miniaturization of system
components to achieve a smaller form factor, and integration of
a pH sensor to support device localization, which together would
support in vivo operation. The proposed platform is of great sig-
nificance toward the study of transient gas dynamics in the GI
tract, and may contribute to elucidating the etiology of inflam-
matory disease.

4. Experimental Section
Fabrication of the Electrochemical H2S Sensor: The electrochemical

H2S sensor is comprised of three electrodes deposited on a flexible poly-
imide film (Kapton, 1 mil): a thin-film Au WE ( 4 mm diameter), Au CE,
and a Ag RE. The concentric electrodes were designed using Autodesk
AutoCAD (San Rafael, CA) and patterned via a series of paper shadow
masks laser cut with a Glowforge Pro CO2 laser cutter (GlowForge Inc.,
Seattle, WA). Prior to deposition, the mask was affixed to the polyimide
substrate and baked in a furnace at 60 °C for 1 h to remove excess mois-
ture. The exposed surface of the polyimide substrate was treated using
an O2 plasma cleaner (PX-250 Plasma Asher, March Instruments) with 4
SCCM of O2 for 90 s at 150 W to improve thin-film adhesion. Metal lay-
ers of Cr/Au (20 nm/100 nm) were deposited using e-beam evaporation
(Angstrom Engineering Inc., Cambridge, ON, Canada), followed by a sep-
arate deposition of Ag (300 nm) for the RE at deposition rates of 1.5, 2, and
2.5 Å s−1, respectively. Sensors were cleaned with a combination of ace-
tone, methanol, and isopropanol (AMI); rinsed thoroughly with DI water
(>18.2 MΩ) from an E-pure Ultrapure Water Purification System (Thermo
Scientific, Waltham, MA), and dried with N2. To confine the Nafion mem-
brane, an acrylic (10 mil) reservoir backed with 9495MP double-sided tape
(3 m, Two Harbors, MN) was laser cut and attached above the sensor. The
acrylic cutout (Ø = 12 mm) had a circular opening (Ø = 8 mm) positioned
around the sensor electrodes, as well as three 1 mm ports aligned with
the sensor contact pads. An identical acrylic layer (∅ = 12 mm), without
the 8 mm cutout, was affixed to the back of the substrate to support the
sensor assembly. To interface the sensor with the capsule electronics, a
20-AWG needle was used to make small perforations through the 1 mm
openings aligned with each contact pad. Au header pins (3016-0-15-15-
21-27-10-0, Mill-Max, Oyster Bay, NY) were inserted through the openings
and secured with Ag epoxy (8330S, Digikey), and cured at 45 °C for 24 h.
All sensors were examined for shorted electrical connections between the
contact pins, cleaned with AMI, rinsed in DI water, and finally dried with
N2. This assembly strategy enables modular integration of the miniatur-
ized H2S sensor within the ingestible capsule form factor.

Formation and Pretreatment of Nafion Solid-State Polymer Electrolyte:
For the formation of the solid-state polymer electrolyte, a 5% w/v Nafion
resin (EW, 1100 g eq−1) mixture of lower aliphatic alcohols and water was
purchased from Sigma-Aldrich (St. Louis, MO) and used as received. The
Nafion dispersion (20 μL) was mixed in its original container for 60 s and

then drop-cast onto the surface of the Au sensor. The sensors and a paper
filter soaked in 80% diluted ethanol were placed in a small plastic Petri
dish (30 mL) and sealed. The Petri dish was kept at room temperature for
24 h to slowly evaporate solvents from the Nafion resin, and then placed
in a furnace for 1 h at 80 °C to completely remove the remaining solvents.
Controlling the rate of solvent evaporation in ensures a uniform distribu-
tion of Nafion across the electrodes, minimizing the risks of cracks form-
ing in the film.[54] The Nafion membranes were placed in a sealed humid
container for 24 h to rehydrate. The films were functionalized by pretreat-
ment with 0.1 m H2SO4 (50 μL) and resealed in the humid container for
48 h, allowing the acid to innervate the film. The sensor was then rinsed
in DI water and stored in a humid chamber until use. Before use, a Teflon
membrane (Ø = 6 mm, pore size: 5 μm) was lightly pressed into con-
tact with the Nafion film and sealed. The Teflon membrane functions as a
gas-permeable, liquid-impermeable interface between the Nafion and the
external environment, preventing sensor corrosion and fouling of the sen-
sor.

Design and Assembly of Capsule Electronics: A double-sided flex-rigid
PCB was designed using Autodesk EAGLE (San Rafael, CA) and consists
of two six-layer circular FR-4 ceramic substrates (Ø = 12 mm) connected
by a 15 mm long polyimide flex connecting region with embedded copper
traces (Sierra Circuits, Sunnyvale, CA) as shown in Figure S5A (Support-
ing Information). Several COTS components were incorporated into the
design: 1) an electrochemical AFE, AD5941 (Analog Devices, Wilmington,
MA), to excite the electrochemical sensor and record resulting current val-
ues using an onboard ADC and FRAM, 2) a BLE-MCU, BGM13S (Silicon
Labs, Austin, TX), and external 2.45 GHz ceramic chip antenna, WLA.01
(Taoglas, San Diego, CA), for wireless data acquisition (signal power: 0
− +18 dBm) and energy management, and 3) a 3.3 V voltage regulator,
TPS610981 (Texas Instruments, Dallas, TX), to maintain a constant operat-
ing voltage across all components (Figure S5C, Supporting Information).
The system is powered by a 3.0 V, 160 mA h Li-MnO2 coin-cell battery, 2L76
(Energizer, St. Louis, MO), featuring a high capacity-to-size ratio. Battery
connections were made using 30 AWG insulated copper wires soldered to
the (+) and (−) terminal of the battery. A nickel cap was spot welded to the
(+) side of the coin-cell to facilitate the solder joint and avoid damaging
the battery. The 30 AWG wires were guided through a 3D-printed spacer
and connected to the corresponding power pins via Au pin receptacle. Ad-
ditionally, a 15 AT magnetic reed switch, HSR-502RT (Hermetic Switch Inc,
Chickasha, OK), is placed between the (+) battery terminal and the volt-
age regulator allowing the electronics to be turned on and off depending
on the capsule’s proximity to an external magnetic field, eliminating power
consumption when in storage. Finally, three 22-AWG Au pins (5 mm) were
mounted to the PCB to align and mount the WE, CE, and RE electrodes
from the H2S sensor. Only digital signals and power traces were routed
between the two rigid substrates to minimize signal noise due to bending
the embedded flex connector (bend radius: 1.2 mm).

Molding of Capsule Electronics: The flex-rigid PCB, 3D-printed spacer,
and battery were encapsulated in PDMS (Sylgard 184, Dow, Midland, MI)
at a 10:1 monomer to curing agent ratio and baked at 65 °C for 24 h prior to
removal. For PDMS encapsulation of the electronics, custom molds were
designed in Fusion 360 (Autodesk, San Rafael, CA) and, using fused fila-
ment fabrication (FFF), were 3D-printed from PLA filament with a Prusa
MK3S+ 3D-printer (Prusa Research, Prague, Czech Republic). The mold
incorporated four embedded neodymium magnets to turn off the capsule
during curing. The electronics were removed from the mold achieving a
14 × 34 mm2 cylindrical capsule. Second, excess PDMS was removed to
expose the Au pin connectors for the WE, CE, and RE electrodes, facilitat-
ing the connection of the H2S sensor and molded capsule electronics. A
PLA cap (Ø = 14 mm) with a 6 mm opening was 3D printed to cover the
Teflon protected sensor and was thermally melded to the rim of the cap to
prevent liquid from shorting the sensor while still allowing gas to diffuse
from the external environment. Finally, a PLA cap was sealed to the PDMS
capsule with a biocompatible epoxy.

Gas Testing Setup: The custom-made gas testing set-up, as shown in
Figure S2 (Supporting Information), provides a humid environment for
modulating various intraluminal gas species. To generate specific concen-
trations, nonflammable calibration tanks (Gasco, Huntington Beach, CA)
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of H2S (50 ppm, N2-diluted), H2 (3%, N2-diluted), CO2 (99.99%), and
CH4 (2.5%, air-diluted) respectively, were vented into a plastic test cham-
ber (2400 mL) until the desired concentration was reached. Gas flow was
regulated at two constant flow rates: 0.2 SLPM (standard liter per minute)
for H2S and 0.4 SLPM for all proposed interferent gases (H2, CO2, and
CH4). Table S1 (Supporting Information) provides infill parameters used
to calculate specific gas concentrations (in ppm) using Equation (1). To
return the chamber to an ambient baseline condition (air), an outlet valve
was opened, and the chamber contents were removed using a vacuum
pump. The required venting time to return the sensor to its baseline value
was dependent on the gas concentration in the chamber, though purging
for three 20 s pulses followed by a 15 s wait time was sufficient for all test
values and preserved sensor lifetime. A Mega2560 Arduino development
board (Adafruit, New York, NY) and serial monitor was used to remotely
control the test setup. A highly humid test environment was maintained
using a water vapor atomizer (vapor rate: 380 mL h−1) for 1 min following
each cycle of gas purging and venting, as high relative humidity is essential
for a conductive Nafion membrane.

Calculation of H2S and Interferent Gas Concentrations: The concentra-
tion of gas in ppm was calculated according to Equation 1

CTank

[
mg
L

]
⋅ Q

[
L
s

]
⋅ tin [s]

VCont
= ppm (1)

where VCont denotes the container volume, CTank, is the concentration of
the gas calibration tank, Q is the flow rate of the calibration gas, and tin is
the infill time required to achieve specific gas concentrations. The volume
of the container (2400 ± 30 mL) includes the volumetric sections of the
test chamber and attached tubing. The initial ambient composition of the
chamber is taken as air (79% N2 and 21% O2) at atmospheric pressure.
N2-diluted H2S is introduced into the container at 0.2 SLPM, or 0.0033
L s−1, for 65 s. Interferent was added into the container at 0.4 SLPM, or
0.0067 L s−1, for 6 s.

Statistical Analysis: Data were presented as mean ± standard devia-
tion (SD). For gas sensing experiments, a sample size (N= 3) corresponds
to the measurement of unique sensors, while for wireless attenuation test-
ing, the number of replications (N = 60) refers to repeated measurements
over time. Raw data collected from H2S sensors and the capsule plat-
form represents an output current response, including a 10 min “warm-
up time” to achieve a stable baseline current before the introduction of
reactive gases. Data points recorded prior to the established “warm-up
time” were excluded as outliers and not used in the evaluation of the sen-
sor response. The remaining data points, after the “warm-up time,” were
analyzed using MATLAB to determine the current response following a 3
min “wait-time” after a gas was introduced. Peak current values were nor-
malized to the highest linear concentration achieved (4.5 ppm) for both
calibration and selectivity evaluation. No statistical methods were used to
assess significant differences.
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