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Abstract

Inflammatory bowel disease (IBD) has become alarmingly prevalent in the last two decades
affecting 6.8 million people worldwide with a starkly high relapse rate of 40% within 1 year of
remission. Existing visual endoscopy techniques rely on subjective assessment of images that are
error-prone and insufficient indicators of early-stage IBD, rendering them unsuitable for frequent
and quantitative monitoring of gastrointestinal health necessary for detecting regular relapses in
IBD patients. To address these limitations, we have implemented a miniaturized smart capsule
(2.2 cm x 11 mm) that allows monitoring reactive oxygen species (ROS) levels as a biomarker
of inflammation for quantitative and frequent profiling of inflammatory lesions throughout the
gastrointestinal tract. The capsule is composed of a pH and oxidation reduction potential (ORP)
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sensor to track the capsule’s location and ROS levels throughout the gastrointestinal tract,
respectively, and an optimized electronic interface for wireless sensing and data communication.
The designed sensors provided a linear and stable performance within the physiologically relevant
range of the Gl tract (pH: 1-8 and ORP: —500 to +500 mV). Additionally, systematic design
optimization of the wireless interface electronics offered an efficient sampling rate of 10 ms for
long-running measurements up to 48 h for a complete evaluation of the entire gastrointestinal tract.
As a proof-of-concept, the capsule the capsule’s performance in detecting inflammation risks was
validated by conducting tests on in vitro cell culture conditions, simulating healthy and inflamed
gut-like environments. The capsule presented here achieves a new milestone in addressing the
emerging need for smart ingestible electronics for better diagnosis and treatment of digestive
diseases.

Keywords

Smart capsule; Ingestible electronics; Inflammatory bowel disease; Oxidation reduction potential;
Wireless sensing

Introduction

Disorders of the human digestive tract can lead to many diseases like gastroesophageal
reflux disease, cancer, Inflammatory Bowel Disease (IBD), lactose intolerance, and hiatal
hernia (“Digestive diseases: MedlinePlus Medical Encyclopedia,” n.d.). Among these
disorders, IBD is a condition involving chronic relapsing inflammation of tissues in the
gastrointestinal (GI) tract (Zhu and Li, 2012). IBD is mainly classified as ulcerative colitis
and Crohn’s disease, usually characterized by persistent diarrhea, abdominal pain, rectal
bleeding, weight loss, and fatigue (Jain, 2011). Currently, 6.8 million people around the
world suffer from IBD (Alatab et al., 2020), whose prevalence rate is expected to increase
by a factor of 1.47 by 2030 (Santiago et al., 2022). Although the exact cause of IBD is

not fully understood, there has been some evidence that associates IBD with heredity, diet,
lifestyle, behavior, and gut microbiota perturbations through antibiotics (Ananthakrishnan,
2015). In a healthy human body, the epithelium, a thin tissue lining the alimentary canal,
forms a physical and immunological barrier that prevents direct contact between luminal
microbiota and the host immune system (Coskun, 2014). Disruption of this epithelium layer
leads to interaction between the mucosal immune system and the microbiota and causes
inflammation in the inner lumen of the Gl tract (Krishnakumar et al., 2022a; Lechuga and
Ivanov, 2017). The immune system reacts to microbial invasion through the recruitment of
neutrophils to the site of inflammation to recognize pathogens and kill them in three ways —
phagocytosis, degranulation, and NETosis, of which the latter is commonly observed in IBD
patients (Rosales, 2018). NETosis is the formation of neutrophil extracellular traps (NETS)
triggered by degranulation of the leukocyte (Brinkmann et al., 2004). This process releases
antimicrobial agents, such as myeloperoxidase (MPO), which mediate the production of
reactive oxygen species (ROS).

Additionally, during NETOosis, neutrophils release alarming proinflammatory chemokines,
such as calprotectin, during inflammation. While the neutrophil action is regulated in
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proportion to the severity of microbial invasion under normal circumstances, IBD patients
have a deregulated immune response which leads to an aberrant level of NETosis at the site
of microbial invasion. Excessive and prolonged NETosis at the site of microbial invasion
leads to chronic inflammation accompanied by the overproduction of associated biomarkers
such as ROS, MPO, and calprotectin.

Although immunosuppressive drugs have been widely used to deescalate inflammation, IBD
has demonstrated a high-risk relapse rate of 28.7% within one year of remission (Zhang et
al., 2020). The severity and relapsing nature necessitate long-term treatment and continuous
monitoring of the inflamed sites throughout the GI tract of the patient. To effectively detect
IBD and prevent risks of relapses, bowel damage must be assessed correctly, and prognostic
factors incorporated, which calls for frequent monitoring of the Gl tract and infective lesions
throughout the treatment (Roda et al., 2020).

To detect elevated levels of biomarkers, fecal analyses using C-reactive protein (CRP) and
fecal Calprotectin (FC) test kits have been widely used (Mosli et al., 2015). Although FC
test Kits offer a simple and convenient assessment, this method cannot provide accurate
information about the IBD location or its stage (Lehmann et al., 2015). Additionally, the
level of different biomarkers highly depends on several factors, such as patients’ diet and
water content in fecal samples (Lehmann et al., 2015). This presents a need for techniques
for more direct monitoring throughout the GI tract and evaluation of the progress of the
disease with therapeutic. Direct monitoring methods can be classified into probe-based and
capsule-based methods. While probe-based endoscopy is the gold standard test for the upper
Gl tract (Goetz, 2018), this method is invasive and does not provide access to monitor

the lower part of the Gl tract (Voderholzer et al., 2005). Owing to the miniaturization of
electronics and advancements in imaging technologies in the last two decades, video capsule
endoscopy (VCE) has revolutionized our ability to noninvasively monitor regions of the Gl
tract that were previously inaccessible (Ahmed, 2022). However, imaging techniques are
still expensive and error-prone due to their subjective nature and lack of proper quantitative
metrics (Rosenkrantz et al., 2015). As a result, early detection of IBD is not guaranteed
using these techniques, as visual markers might not be prevalent in the early stages of
inflammation.

Moreover, an expert technician is required to interpret the visual data, rendering this
approach unsuitable for frequent monitoring (Rosenkrantz et al., 2015). As an alternative,
more objective and quantitative methods that use biomarkers (Gopalakrishnan et al., 2023;
Waimin et al., 2022)as indicators of intestinal and systemic inflammation have been of great
interest to the scientific and medical community (Nejati et al., 2021; Waimin et al., 2020).
To achieve this, Mimee et al. reported a capsule that combined photoluminescent bacteria
with a miniaturized wireless readout to produce a minimally invasive device capable of
in-vivo biosensing (Mimee et al., 2018). Although this capsule provides high specificity,
the complexity, and risk involved in introducing living gene-manipulated microorganisms
into the human body pose limitations to this approach. Another alternative is capsule-based
platforms with integrated gas sensors. Kourosh Kalantar-Zadeh et al. reported a capsule
that detects carbon dioxide (CO5) and other gases and provides information about the gut
microbiome’s general health (Kalantar-Zadeh et al., 2017). However, CO, is an indirect
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indicator of IBD and cannot confidently reflect the inflammation status. Hence, a need exists
to integrate direct inflammation biomarkers sensors into such platforms.

While MPO and Calprotectin are well-known direct biomarkers of inflammation used in
the fecal analysis, their detection methods involve the use of antigen-antibody for their
detection, which limits them to single-use diagnostics applications and cannot be designed
into sensors for continuous profiling throughout the Gl tract. As an alternative, ROS has
been identified as a unique biomarker often linked to elevated levels of inflammation
(Bourgonie et al., 2020) which can be directly assessed by monitoring the Oxidation
Reduction Potential (ORP) levels in the environment using more robust electrochemical
sensors (Saha et al., 2023). Miniaturization and integration of such ORP sensors can allow
an in-situ platform for continuously monitoring and detecting regions of inflammation with
elevated levels of ROS throughout the GI tract.

To address this need, we have designed and developed a capsule with a simple onboard
ORP sensor for detecting inflammation and a pH sensor for tracking the capsule’s

location throughout the Gl tract. This platform combines wireless low-power potentiometric
readout units, optimized to last for 48 h, with cost-effective materials to provide real-time
assessment of potential lesions of inflammation throughout the Gl tract. The simplicity of
the design, in conjunction with the optimal power consumption, makes our smart capsules
suitable for frequent in-situ monitoring through the Gl tract over a long period which in
turn improves therapeutic efficacy and helps early detection of potential risks of relapses in
IBD patients. Similar to other smart capsule technologies, such as the well-known PillCam™
by Medtronic, the developed capsule is intended for single-use applications and follows

the same administration and expulsion process. Once the capsule is ingested, it follows

the natural peristaltic motion of the Gl tract and is eventually expelled through the body’s
normal defecation process.

2. Materials and methods

2.1. Working principle

As illustrated in Fig. 1, the Gl tract consists of the mouth, stomach, small intestine, and large
intestine (McQuilken, 2021), each presenting a distinct luminal pH level (Nejati et al., 2022)
and capsule transit time (Koziolek et al., 2015). The pH level in the mouth varies between
pH 5 and pH 8. However, it reduces to pH 2-3 in the stomach due to the secretion of acids,
such as HCI, necessary for digestion. The overall transit time for a capsule in the stomach
can reach up to 6 h. As the capsule transitions to the beginning of the small intestine, the
luminal pH level increases to pH 6, followed by a gradual increase reaching approximately
pH 7.4 at the terminal ileum with an average transit time of 2—6 h. Subsequently, in the
cecum, the pH level drops below pH 6 and then rises again to a pH of 6.7 at the rectum

with a transit time varying between 6 and 70 h. This unique feature of the luminal pH profile
throughout the Gl tract allows the utilization of a pH-sensitive potentiometric sensor to
convert the luminal pH values to potential readings to track the location of the administered
capsule at different time points as it passes throughout the Gl tract. It should also be noted
that while there may be some variability between patients due to factors such as diet and
diseases, the distinct changes in pH levels between the stomach and the small intestine and
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between the small intestine and the large intestine are often recognized as markers of the
capsule’s transition and entry into a different organ section.

In addition to the distinct pH levels, the small intestine and colon present a plethora of
microbiomes responsible for the digestion and metabolism of food and are particularly
important for assessing inflammation in IBD patients. Since 90% of the microbiome in the
small and large intestines are anaerobic bacterial species, the ORP level, under normal
circumstances in these regions, exhibits a low redox potential (Rigottier-Gois, 2013).
However, with an increase in inflammation, there is a buildup of reactive oxygen species

in response to the deregulated recruitment of neutrophils to the site of inflammation (Lakhan
and Kirchgessner, 2010). Therefore, in patients with IBD, the elevated ROS levels lead to an
increase in the redox potential at the site of inflammation.

The integration of pH and ORP sensors within a smart ingestible capsule offers valuable
insights into the location of inflammation within the Gl tract. It should be also noteworthy
that precise localization of inflammation may be challenging solely based on pH
measurements. However, by combining the information obtained from the distinct pH
changes and the gradual change in the pH profile throughout the small intestine and

large intestine, one can still obtain valuable information about the approximate position

of the capsule within these segments. This information can provide rough estimates,
indicating whether the capsule is in the beginning, central, or end portion of each segment
(e.g., small intestine or large intestine). To realize this integrated system, the pH and

ORP sensing platforms were implemented using low-power electronics and zero-powered
potentiometric measurement modalities. The working electrodes of the pH and ORP sensors
were comprised of ion-selective electrodes (ISE) placed on the cap of the capsule exposed to
the environment while internally connected to potentiometric interfaces inside the capsule.
In order to provide more effective miniaturization/integration of the sensors on the capsule
surface, a common reference electrode was realized on the cap of the capsule using Ag/
AgCl to provide a shared reference potential to both pH and ORP sensors. (Bakker et al.,
2008) (Baltsavias et al., 2020). In accordance with the potentiometric equations (Refer to
Equations in Supporting Information), the wireless potentiometric platform utilizes the pH
potential (V) to track the capsule’s position in the Gl tract. The ORP values (Vprp)

are used to analyze Gl health. In a healthy person, low levels of ROS activity in the

colon translate to a stable and low level of ORP readings. However, in conditions where
inflammation has occurred, a surge in ROS levels at the site of inflammation results in an
increase in Vppplevels in a localized fashion based on Eq. 3. Therefore, a significant spike
in the ORP levels in the wireless readout unit reflects elevated levels of ROS activity which
can be utilized to identify regions of inflammation throughout the Gl tract.

2.2. Fabrication of capsule with integrated electrochemical sensors

The capsule housing was designed using Autodesk® Inventor with an inner diameter, outer
diameter, and external height of 9, 11, and 22 mm, respectively. The cap and the body

of the capsule were 3D printed separately using the stereolithography method (Form 3 by
Formlabs Inc.) (Gopalakrishnan et al., 2022b). After the 3D printing process, all components
were rinsed with pure isopropyl alcohol (IPA) and ultraviolet (UV) photocured for 15
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min at 60 °C. The cap of the capsule consisted of three compartments for pH, ORP, and
reference electrodes (Fig. 2a(i)). Each compartment was designed with feed-through wire
connectors for electrical connection between the electrodes and internal electronics inside
the capsule. After attaching the feed through copper wires, the designated compartments of
the pH and ORP working electrodes were filled with Graphite conductive paste (Dupont
7102) (Krishnakumar et al., 2022b; Mishra et al., 2022; Sedaghat et al., 2019), and the
compartment of the common reference electrode was filled with Ag/AgCI conductive paste
(Dupont 5880) (Heredia Rivera et al., 2022; Heredia-Rivera et al., 2022a) as illustrated in
Fig. 2a(ii). The coated pastes were cured in an oven at 100 °C for 10 min (Zareei et al.,
2021, 2022). While one of the bare carbon electrodes was used as an ORP measurement
electrode without further treatment to prepare the reference and pH electrodes, the Ag/
AgCl electrode (Heredia-Rivera et al., 2022b) and the other carbon electrodes were coated
with a solid electrolyte coating (Fig. 2a(iii) and a pH-sensitive membrane (Fig. 2a(iv)),
respectively (Sedaghat et al., 2020, 2021). The solid electrolyte coating was made by
mixing fine potassium chloride (KCI) particles, polyvinyl chloride (PVC, P/N 81387,

high molecular weight), and cyclohexanone with a weight ratio of 1:1:7. The pH-sensitive
membrane mixture was made by adding 1.5 wt% of H-ionophore (I1), 65 wt% of o-NPOE,
0.5 wt % Sodium tetrakis [3,5-bis(trifluoromethyl) phenyl]borate Selectophore (NaTFPB,
MilliporeSigma) and 33 wt% PVC (high molecular weight) to 3 mL of tetrahydrofuran
(THF). All coated membranes were left to dry overnight under ambient conditions. Three
printed circuit boards (PCB) (each of diameter 8 mm) were designed, manufactured, and
assembled for interfacing the pH sensor and ORP sensor with a microcontroller unit (MCU)
(Fig. 2a(v)) (Kasi et al., 2023). Batteries of diameter 8 mm were integrated along with a
normally closed reed switch for magnetic activation of the capsule (Fig. 2a(vi)). Next, the
PCBs were connected in the following order from the top of the capsule — buffer circuit for
ORP sensor, buffer circuit for pH sensor, and the control unit, with the sensors at the top
of the capsule and the battery unit below the three PCBs. A common reference electrode
and individual working electrodes from the respective sensors are connected to both buffer
circuits. The outputs of the two buffer circuits were connected to the analog pins of the
microcontroller unit (MCU) on the PCB. Power of 1.8 V and ground were supplied to the
buffer circuits from the voltage regulator circuit in the control unit PCB. The magnetic reed
switch was connected between the positive terminal of the battery and the printed circuit
board with the control unit. The electronic components were enclosed within the body of
the capsule (Fig. 2a(Vviii)) by screwing the two compartments (cap and body) of the capsule
together. In order to provide effective water-tightness of the assembled capsule a small
amount (<20 pl) of silicone adhesive (3M 5200 Marine Sealant) was applied to the screw
features on the capsule prior to full assembly. To validate the effective water-tightness of
the capsule assembly process, a series of tests were conducted (Refer to Water-tightness test
in Supporting Information) as shown in Fig. S1. Once the capsule was tightly screwed, the
magnet was attached to the body of the capsule, deactivating the internal electronics until
the designated testing time point. Fig. 2b shows the photograph of the various electronic
components along with the 3D-printed cap and body parts of the capsule prior to the full
assembly. Fig. 2¢c(i) depicts a photograph of the fully assembled capsule with the magnet
securely attached to its body. The activation process of the internal electronics within the
capsule and the subsequent data communication to the receiver is accomplished by simply

Biosens Bioelectron X. Author manuscript; available in PMC 2023 October 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gopalakrishnan et al.

Page 7

removing the magnet from the side wall of the capsule enabling a switching mechanism
(Gopalakrishnan et al., 2017), as illustrated in Fig. 2c(ii).

2.3. Preparation of pH and ORP standard solutions

To simulate the pH and redox potential levels of different parts of the Gl tract and evaluate
the performance of the sensors, representative standard solutions were prepared. pH buffer
solutions with standard pH values ranging from 1.2 to 8.0 were created by accurately mixing
specific amounts of potassium chloride, hydrochloric acid, potassium hydrogen phthalate,
potassium hydrogen phosphate (monobasic), and sodium hydroxide (all chemicals were
purchased from MilliporeSigma) in deionized (DI) water. The chemicals were added in
calculated quantities to achieve the desired pH values. Prior to each experiment, the pH
levels of all solutions were meticulously monitored using a commercial pH probe coupled
with a Hach data acquisition system (Hach, USA). This ensured accurate and consistent
pH measurements throughout the study. The highly oxidizing standard solutions with an
ORP level of 600 mV (labeled as Sol. 1 throughout this study) were purchased from
MilliporeSigma. Solutions with ORP level of 469 mV (at 25 °C), also known as Light’s
solution, were prepared by dissolving 3.92 g of ferrous ammonium sulfate (MilliporeSigma),
and 4.82 g of ferric ammonium sulfate (MilliporeSigma) in 100 mL of DI water acidified
with 5.6 mL of sulfuric acid (MilliporeSigma) and labeled as Sol. 2 throughout this study.
ZoBell’s ORP/Redox standard solution (227 mV, 25 °C) was purchased from Hach Co.
(Colorado, USA) and labeled as Sol. 3 throughout this study. For the preparation of the
reducing solutions based on quinhydrone, first, phosphate buffer solution (PBS, pH =

7) was made by dissolving the calculated amounts of potassium dihydrogen phosphate
(MilliporeSigma) and anhydrous disodium hydrogen phosphate (Mallinckrodt Co, UK) in
1 L DI water. Then, a stock ORP standard solution with a nominal potential of 86 mV (at
°25 C) was prepared by dissolving 10 g of quinhydrone within 1L of that PBS, which was
labeled as Sol. 4 throughout this study. The highly reducing ORP standard solutions (with
nominal potentials of =50 mV (Sol. 5), =250 mV (Sol. 6), =450 mV (Sol. 7), and =550 mV
(Sol. 8) at room temperature) were prepared via controlled addition of 1 mM NaOH to 200
mL of the previously prepared Sol. 4 stock solution.

2.4. Cell culture studies

To validate the increase in the ORP levels and to correlate it to an ongoing inflammatory
response, in-vitro studies were performed using the Human Leukemia cell line (HL-60)
procured from the American Type Culture Collection (ATCC) Cell Culture Line (CCL-240).
The HL-60 cells were used as a model to trigger the inflammation process as they can
easily be differentiated into neutrophils, a primary immune cell encountered in IBD-related
diseases. The cells were cultured in Iscove’s Modified Dulbecco’s Media (IMDM)/F-12
media containing 10% Fetal Bovine Serum (FBS), 100 U/ml penicillin, and 100 pg/ml
streptomycin with 5% Carbon Dioxide (CO,) at a 37 °C humidified incubator in a T75 flask.
The cells were passed every 72 h, and the concentration was maintained at 5 x 10° cells/ml
within each pass (counted using countess cell counter, Invitrogen, Thermo Fisher Scientific,
Massachusetts, USA). Then, the cell lines were differentiated into neutrophils by adding

1 uL of 10 mM All-Trans Retinoic Acid (ATRA) in the culture media without penicillin

and streptomycin and were incubated for 7 days. Following the formation of neutrophils,
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to mimic the neutrophil invasion and overall immune system response artificially, the cells
were treated with phorbol 12-myristate 13-acetate (PMA). For this process, the cells were
seeded into a 24-culture plate, and PMA was administered to the cells inside an anaerobic
chamber to generate similar physiological conditions in the Gl tract. To simulate low and
high levels of inflammation, two concentrations of PMA (90 nM and 180 nM) were added
to the culture plates seeded with the cells alongside an untreated control as a baseline.

As a validation for the induction of inflammation with PMA, conventional inflammatory
biomarkers such as MPO and Calprotectin levels were analyzed using a quantitative MPO
Activity Assay kit procured from EnzChek, Thermo fisher (Massachusetts, USA) and
Calprotectin levels using BUHLMANN fCAL® ELISA (New Hampshire, USA). The ORP
levels after inducing the inflammation were measured using a commercial Hach probe and
the integrated electronic capsule to quantify the increase in ROS levels.

3. Results and discussion

3.1. Design of electronics

The electronic unit of the smart capsule is composed of three printed circuit boards
(PCBs), two 1.5 V button cell batteries, an RF antenna, and a reed switch, as shown

in the exploded view of the capsule (Fig. 3a). The control unit is realized on the first

PCB and is composed of a microcontroller, a voltage regulator circuit, and a crystal
oscillator. The microcontroller used is an nNRF52832 MCU for its exceptionally low energy
consumption (nRF52832), which collects the data from the electrochemical sensors and
facilitates wireless communication between the capsule and the portable external receiver
(Gopalakrishnan et al., 2021, 2022a). Potentiometric electrochemical sensors, such as pH
and ORP sensors, are characterized by extremely high source impedance (10°-1012Q)
(Light, 1997). This high impedance arises from the nature of the sensing mechanism,
necessitating minimal current drawn from the sensors to ensure accurate and long-term
stable measurements (CAMMANN and XIE, 1989; Saha et al., 2022). Therefore, to
minimize the current drawn from developed pH and ORP sensors on the capsule, high-
impedance buffer circuits were used as an interface between sensors and the MCU.

Inset in Fig. 3a shows the schematic of the buffer circuit designed using Op-Amps in a
double-stage unity-gain configuration all of which were assembled on a single PCB unit.
Texas Instruments OPA373 Op-Amp, chosen for providing a high input impedance with
considerably low input bias current, which operated at a bias voltage of 1.8 V (OPAx373)
and regulated by an Analog Devices’ LT6656 (LT6656). Two buffer circuits were realized
on the second and third PCBs for interfacing pH and ORP sensors with the MCU. Fig. 3b
illustrates the block-level architecture of the communication system employed in the smart
capsule. The RF antenna was specifically designed for transmission within the frequency
range of 2.40 GHz-2.50 GHz, which corresponds to Bluetooth communication. Rigorous RF
characterizations were conducted, demonstrating the electronic unit’s capability to maintain
reliable and stable data transmission at a frequency of 2.49 GHz in both air and liquid
environments (refer to Supporting Information Fig. S2). The capsule utilizes Bluetooth
communication protocol to periodically transmit data to the base station, which is based on
a Raspberry Pi platform. This base station serves as a receiver for the transmitted data. To
facilitate further analysis and visualization by healthcare professionals, the collected data is
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then transferred from the base station to a computer of choice through the integrated Wi-Fi
communication module (refer to Supporting Information Fig. S3).

3.2. ISE interface circuit analysis

3.3. Power

Two analyses were conducted to evaluate the performance of the ISE buffer circuit interface
utilized in the integrated capsule platform. The first test aimed to determine the linear
operating range of the buffer circuit, while the second test assessed the stability of the circuit
at high input impedance. To simulate the behavior of the ISE, the electrical equivalent of

the sensor was modeled as a signal generator acting as a voltage source connected in series
with a high resistance (Fig. 3c). The output of this circuit was connected to the designed
buffer circuit. The signal generator was connected between the Viyprkingand Vierpins on

the PCB, mimicking the input voltage from the sensors. The input voltage was varied from
-2V to +2V to cover a wide range of operating conditions. The output of the buffer circuit
was measured for different input resistance values (1 MQ, 100 MQ, and 1000 MQ) using a
potentiometer. The measurements were plotted as a function of the differential input voltage
(Fig. 3d). The results demonstrated that the buffer circuit exhibited high linearity within the
range of —1V to +1V, which corresponds well to the expected voltage range produced by the
two ISE (pH and ORP sensors) used in the capsule design. Furthermore, Fig. 3e illustrates
the stability of the buffer circuit in the high-impedance mode of sensing. The plot shows
minimal fluctuations within the linear operating range, even for input resistances on the
order of 1 GQ. This observation suggests that the designed buffer circuit interface effectively
maintains its performance in the typical resistance range of many ISEs.

management

To ensure efficient power management and uninterrupted operation of the capsule
throughout the entire Gl tract while maintaining appropriate data sampling rates and
resolution, a systematic power consumption analysis was conducted on the fully integrated
capsule. As data transmission is a significant power-consuming aspect during remote
monitoring, the study aimed to investigate the impact of data transmission rate, determined
by the data sampling frequency, on the capsule’s operational lifespan (Fig. 3f). The data
sampling frequency was varied from 15 Hz to 800 Hz, and the current drawn from the power
supply was measured. The results revealed an idle current consumption of 2.5 mA during
standby mode (without data communication), while peak current consumption ranged from
5.0 mA to 8.0 mA during data transmission, irrespective of the data transmission rate (Fig.
39g). By analyzing the current waveforms obtained for each data sampling frequency, the
energy consumption rate of the capsule was calculated and plotted (Fig. 3h). Considering

the integrated battery capacity of 150 mAh, the findings indicated that lower sampling
frequencies (15 Hz) provided an operational lifespan of 60 h. However, operating the
capsule at higher sampling rates (800 Hz) significantly reduced the battery life to less than
20 h. Considering the average Gl transit time of 48 h for the capsule to traverse from the
mouth to the end of the colon (Kinget and Kalala, 2009), the optimal sampling frequency
was determined to be 60 Hz. This frequency allowed for high-resolution data sampling while
effectively preserving battery life during the capsule’s transit throughout the GI tract.
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3.4. Performance of pH sensor

To test the performance of the electrochemical sensors, the integrated pH on the capsule
cap was placed in different buffer solutions with pH values varying from 1.2 to 8.0, and

the generated potential was measured using the developed miniaturized readout unit and
commercial potentiostat (Lawson Labs, Inc.) for ground truth readings. The capsule was
retained in each solution for 10 min and subsequently moved to the next solution in the
order from lower to higher pH and then back to lower values of pH, Fig. 4a. Fig. 4b shows
the resulting potentiometric response of the pH sensors with two readout units. It can be
observed that the miniaturized readout unit shows less than +5 mV difference from the
commercial potentiostat, indicating the combined stability of the sensor and readout unit.
The calibration curve shows an average linear sensitivity (r2 = 0.9925) of —43.2 mV/pH
with great repeatability performance, Fig. 4c. Sensor stability and drift are of major concern
in many electrochemical sensors. Therefore, the long-term stability of the sensors with the
miniaturized readout unit was tested by placing the pH sensor in solutions of pH values 1.25,
5.00, and 8.00 while continuously recording output potential for 24 h. The results of these
tests showed a stable output voltage with less than +4 mV drifts over the 24 h test, Fig.

4d. These results further confirm the high stability of the pH sensor and readout unit for
practical implementation within the physiologically relevant range of the Gl tract.

3.5. Performance of ORP sensor

To verify the performance of the ORP sensor, the integrated ISE sensors on the capsule cap
were placed in standard ORP solutions varying from —400 mV to +625 mV. The capsule
was placed in each solution for 10 min and subsequently moved to the next solution. The
experimental setup was similar to that of the pH performance tests. In this case, the output
potential of the ORP sensor was continuously recorded using the designed portable read-out
unit and commercial potentiostat, Fig. 4e. Fig. 4g shows the output potential measurements
of the ORP sensor in response to increasing and decreasing levels of ORP using both
readout units. The sensor exhibits distinct potential change at each ORP level with a fast
response time of 25 s and less than +4 mV difference between the two measurement readout
units, Fig. 4f. The readings from the ORP sensors with the portable readout unit show an
overall low hysteresis and good linear sensitivity with a correlation coefficient r2 = 0.974
across the ORP range of —400 mV to +625 mV, Fig. 4g. To test the long-term stability

of the electrodes, the ORP sensor was placed in different ORP solutions for 24 h while
continuously recording the output potential using the developed portable readout unit. As
observed, the output values stayed relatively constant with a minimal deviation of less

than 4.2 mV over 24 h, which was significantly smaller than the potential levels of each
solution.

3.6. Invitro characterization of integrated capsule

To evaluate the capability of the fully integrated capsule to measure and wirelessly transmit
both pH and ORP data simultaneously, two in vitro scenarios were created to simulate

a healthy and inflamed Gl tract. For the healthy Gl tract simulation, four solutions were
prepared with pH values of 5.5, 3.5, 6.0, and 6.7, representing the pH levels inside the
mouth, stomach, small intestine, and colon, respectively. The corresponding ORP values of
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each solution were 100 mV, 400 mV, 100 mV, and —50 mV, reflecting the ROS levels in
the respective organs (Fig. 5a). These solutions were used to mimic the movement of the
capsule through the various organs of the healthy Gl tract (Fig. 5b(i)). To simulate inflamed
conditions in the small Gl tract, the solution representing the small intestinal condition
was modified. Instead of having an ORP value of 100 mV, it was replaced with a higher
ORP value of 550 mV while maintaining the pH value of 6.0 (Fig. 5a). The integrated
capsule was sequentially placed in each of the prepared solutions to imitate its movement
through the organs of the inflamed Gl tract (Fig. 5b (ii)). The potential values measured

by the integrated capsule were remotely recorded using the portable external reader. These
recorded values were then converted to corresponding pH and ORP levels of the respective
gut environments, providing insights into the pH and oxidative stress levels in both healthy
and inflamed conditions.

The results obtained from the studies demonstrate the high accuracy of the wirelessly
collected pH measurements, with a relative standard deviation (RSD) of 3.33% and a
negligible ApH of 0.2 compared to the ground truth values (Fig. 5¢). Similarly, the ORP
measurements also exhibited accurate readings for the healthy Gl tract, with an RSD of
1.20% and a AORP of less than 5 mV relative to the ground truth readings (Fig. 5d). These
findings further validate the reliability and robustness of the remote monitoring approach.

Notably, in the artificially simulated inflammation scenario in the small intestine, the
integrated capsule detected a significant increase of approximately 450 mV in the ORP

level compared to the healthy simulating condition (Fig. 5d). This observation confirms the
ability of the integrated system for remote monitoring and assessment of pH and ORP levels
in gut-like environments, facilitating effective GI health monitoring. In order to further
validate the performance and accuracy of our integrated pH and ORP sensors in the complex
environment of the Gl tract, a series of experiments were conducted with the capsule in

Gl fluid (Figs. S4a and S4b) that was freshly collected from the cecum section of the

pig models (Refer to G/ fluid testin Supporting Information). As observed in Figs. S4c

and S4d, the integrated sensors demonstrated high accuracy (+1.010% error for pH and
+2.419% error for ORP), and stability (negligible drift of <0.050/h for pH and <-0.466
mV/h for ORP), which were comparable to the results obtained from the commercial probes.
Furthermore, to validate the biocompatibility of all the materials used in the construction

of the capsule and use in ingestible applications, a series of in vitro tests were conducted
(Refer to Biocompatibility Assessmentin Supporting Information). As observed in Fig. S5,
all the constituents of the capsule and sensing electrodes demonstrated cell viability of >80%
indicating high levels of biocompatibility.

3.7. Cellular inflammation assessment with integrated capsule

The pathogenesis of inflammation in IBD involves various cellular and molecular processes,
including the deregulation of T-cells, overexpression of proinflammatory biomarkers, and
increased activity of neutrophils at the site of inflammation. Neutrophils play a crucial role
in IBD inflammation by forming NETSs and releasing MPO-mediated ROS in a process
known as NETosis (Fig. 6a). To validate the formation of ROS and the subsequent increase
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in ORP levels in a physiologically relevant gut environment, in vitro studies were conducted
using differentiated neutrophils under anaerobic conditions.

The inflammation induction process and changes in ORP levels in the culture environment
were assessed using standard inflammation monitoring kits and a commercial ORP
monitoring probe. Differentiated neutrophils were treated with two different concentrations
of PMA, namely 90 nM and 180 nM, and the inflammation process was validated by
measuring the levels of MPO and Calprotectin (Fig. 6b). The levels of MPO and calprotectin
were observed to increase by approximately 6.0 ng/mL and 0.2 ng/mL, respectively, with

a PMA concentration of 180 nM, confirming the induction of inflammation. In contrast,

a PMA concentration of 90 nM showed low expression of MPO and calprotectin levels,
consistent with previous studies that observed significant NETs formation only at PMA
concentrations above 100 nM (Smith et al., 1998). ORP levels were measured using a
commercial probe to validate the use of ORP as an effective marker of inflammation. Fig.
6¢ demonstrates the recorded changes in ORP levels in the culture media upon exposing
neutrophils to 90 nM and 180 nM of PMA. An increase of 60 mV in ORP levels was
observed with a PMA concentration of 90 nM, while a higher increase of 120 mV was
observed with 180 nM of PMA. The cells without PMA exposure showed no noticeable
change in ORP levels, confirming the potential use of ORP levels as an effective biomarker
to differentiate between healthy and inflamed tissue conditions.

Subsequently, the integrated capsule was tested to evaluate its ability to detect the risk

of inflammation in physiologically relevant conditions. The fully assembled capsule was
placed in a 6-well plate containing differentiated neutrophils and culture media and placed
in an aerobic chamber (Fig. 6d(i)). pH and ORP levels in the culture media were wirelessly
recorded and demonstrated a stable pH value of 7.5 with negligible changes in ORP levels
prior to the introduction of PMA into the culture media. However, upon the addition of 100
nM PMA into the culture media, a clear increase in ORP levels of approximately 70 mV was
observed (Fig. 6d(ii) & 6€), while the pH value remained unaffected (with a fluctuation of
approximately 7.30% in readings). These results were consistent with the previous findings
using the commercial ORP probe. The observed results further validate the ability of the
integrated capsule to monitor pH reliably and remotely and ORP levels within the area

of interest, making it an effective platform for assessing potential risks and inflammation
lesions throughout the Gl tract.

4. Conclusions

IBD has become a critically important global disease due to its increasing prevalence
around the world. The rampant cases of IBD are exacerbated by the elevated rates of
relapses reported among patients in remission, which necessitates frequent monitoring

of the Gl health of patients using easily accessible and inexpensive medical tools. To
address this need, we have designed and developed a smart capsule with integrated pH

and ORP sensors to track the capsule’s location and measure inflammation-indicative ROS
levels throughout the G tract. The capsule’s performance was validated through in vitro
studies, demonstrating its ability to differentiate between healthy and inflamed conditions
in the GI tract. By optimizing the wireless transmission capabilities, we ensured continuous
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monitoring of pH and ORP levels during the capsule’s passage through the Gl tract within
the expected transit time (48 h). Furthermore, in a cell culture medium simulating the

Gl environment, the capsule successfully detected and recorded increased ORP levels

upon the introduction of inflammation. This capsule represents a promising approach to
overcome the limitations of current invasive monitoring methods for IBD. By providing
non-invasive, frequent monitoring, it has the potential to reduce the risk of relapses and
improve therapeutic management. Moving forward, in vivo studies with animal models will
be crucial to validate the performance and clinical utility of the capsule prior to its use

in clinical studies involving human subjects. Further advancements of the platform must
involve exploring the possibility of creating capsules with more rounded surfaces, edges, and
more compact sizes to minimize discomfort during swallowing and transit through the Gl
tract.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Conceptual illustration of a healthy and inflamed Gl tract and the working principle of the

wireless smart capsule in measuring the pH and ORP levels corresponding to the location of
the capsule and ROS levels in the Gl tract, respectively.
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Fig. 2.
Fabrication process of the Smart capsule (a) (i) 3D printing of the capsule housing with

sensor connectors. (ii) Carbon paste dispensing in two compartments and Ag/AgCl paste
dispensing in one compartment followed by oven drying. (iii) pH-sensitive membrane
coating on pH sensor working electrode and oven drying. (iv) Solid electrolyte coating on
Ag/AgCl electrode and oven drying. (v) Fabrication three PCBs including two buffer circuit
interfaces for pH and ORP measurements and one PCB with MCU data connection and
communication. (vi) Assembly of three PCBs with batteries and reed switch. (vii) Placement
of the electronic components into the 3D printed capsule and connection to pH and ORP
sensors. (viii) Placement of external magnet to the body of the capsule deactivate the

reed switch and powering of the integrated electronics. (b) Photograph of the all-electronic
components used in the capsule. (c) (i) Photograph of the fully integrated capsule with the
magnet in place to deactivate the device when not in use. (ii) The capsule is activation and
data communication are achieved by removing the magnet with a small force.
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Fig. 3.

Dgsign and characterization of the electronic modules of the capsule. (a) Exploded view of
the capsule with the electronic components. Inset illustrates the circuit diagram of the ISE
interface. (b) Block level architecture of the communication system between the capsule and
the reader. (c) Schematic of the experimental setup to assess the performance of the ISE
interface circuit using an electrical equivalent circuit of the sensor and an external readout
unit. (d) The output voltage of the buffer circuit plotted as a function of the input voltage
for various values of series resistance demonstrating the linearity and working range of the
potentiometric readings. (e) The output voltage of the buffer circuit plotted as a function of
the series resistance demonstrating the stability of the circuit to varying internal resistances
of the ISE. (f) Schematic of the test setup to determine the power consumption capsule
electronics at different data transmission rates. (g) Current measurements from the power
source at different data transmission rate. (h) Average energy consumption and lifetime of
the capsules plotted as a function of measurement and data transmission frequency.
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Fig. 4.
Assessment of pH and ORP sensors with interface readout circuit. (a) Schematic illustration

of the experimental setup used to characterize the developed pH sensor in various pH
solutions with measurements using the developed miniaturized electronics and a standard
commercial potentiostat. (b) The measured output voltage of the pH sensor in various pH
solutions as a function of time. (c) Calibration curve for the pH sensor collected using
miniaturized electronics (RSD = 0.967%) and a standard commercial potentiostat (RSD =
0.865%). (d) Long-term stability measurements of the pH sensor with miniaturized readout
electronics. (€) Schematic illustration of the experimental setup used to characterize the
developed ORP sensor in various ORP solutions with measurements using the developed
miniaturized electronics and a standard commercial potentiostat. (f) The measured output
voltage of the ORP sensor in various ORP solutions as a function of time. (g) Calibration
curve for the integrated ORP sensor (RSD = 3.650%). (h) Long-term stability ORP sensors
with miniaturized readout electronics.
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Fig. 5.

In vitro characterization of a fully assembled capsule with pH and ORP sensors. (a)

Photograph of the experimental setup for in-vitro characterization of the integ

rated capsule

with the external reader and display interface. (b) Photograph of four solutions prepared
to simulate the pH and ORP levels in the mouth, stomach, small intestine, and colon in
(i) healthy and (ii) inflamed conditions in the small intestine. (c) pH levels measured by
the smart capsule in four solutions acting as a surrogate for various organs of the Gl tract.
(d) ORP levels measured by the smart capsule in four solutions representing healthy and
inflamed Gl tract conditions. A spike in ORP level is observed at the simulated site of

inflammation.
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Assessment of capsule performance in a simulated gut environment with cellular
inflammation. (a) Schematic illustration of various stages of cellular inflammation in IBD
conditions. (b) Calprotectin and MPO levels as a function of the concentration of PMA
introduced in the differentiated neutrophils cells culture. (¢) Change in ORP level of culture
media after introducing various PMA concentrations (RSD = 4.20%). (d) Photograph of the
capsule placed inside a well plate containing neutrophils cells (i) before and (ii) after the
introduction of PMA while continuously recording pH and ORP levels through the external
reader. (e) Measured AORP and pH with the smart capsule before and after introducing
PMA into the neutrophils cell culture media (RSD = 4.78%).
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